Forensic Medicine
of the
Lower Extremity

Human

Identification

and Trauma

Analysis of the Thigh,
Leg, and Foot

EDITED BY

JEREMY RICH, DPM
DorotHy E. DEAN, MD
RoBERT H. POWERS, PhD

* HUMANA PRESS



Forensic Medicine of the Lower Extremity



F O R E N S 1TUC

SCIENCE AND MEDICINE

Steven B. Karch, MD, Series EDITOR

FORENSIC MEDICINE OF THE LOWER EXTREMITY: HUMAN IDENTIFICATION AND TRAUMA ANALYSIS
OF THE THIGH, LEG, AND FOOT,
edited by Jeremy Rich, Dorothy E. Dean, and Robert H. Powers, 2005

FORENSIC AND CLINICAL APPLICATIONS OF SOLID PHASE EXTRACTION,
by Michael J. Telepchak, Thomas F. August, and Glynn Chaney, 2004

HaNDBOOK OF DRUG INTERACTIONS: A CLINICAL AND FORENSIC GUIDE,
edited by Ashraf Mozayani and Lionel P. Raymon, 2004

DIETARY SUPPLEMENTS: TOXICOLOGY AND CLINICAL PHARMACOLOGY,
edited by Melanie Johns Cupp and Timothy S. Tracy, 2003

BUPRENOPHINE THERAPY OF OPIATE ADDICTION,
edited by Pascal Kintz and Pierre Marquet, 2002

BenzobiazeriNes AND GHB: DETECTION AND PHARMACOLOGY,
edited by Salvatore J. Salamone, 2002

ON-SiTE DRUG TESTING,
edited by Amanda J. Jenkins and Bruce A. Goldberger, 2001

BRAIN IMAGING IN SUBSTANCE ABUSE: RESEARCH, CLINICAL, AND FORENSIC APPLICATIONS,
edited by Marc J. Kaufman, 2001

ToxicoLoGy AND CLINICAL PHARMACOLOGY OF HERBAL PRODUCTS,
edited by Melanie Johns Cupp, 2000

CRIMINAL POISONING: INVESTIGATIONAL GUIDE FOR LAW ENFORCEMENT, TOXICOLOGISTS,
FORENSIC SCIENTISTS, AND ATTORNEYS,
by John H. Trestrail, 11l, 2000

A PHysiclaAN’s GUIDE TO CLINICAL FORENSIC MEDICINE,
edited by Margaret M. Stark, 2000



FORENSIC MEDICINE
OF THE LOWER EXTREMITY

HUMAN IDENTIFICATION AND TRAUMA ANALYSIS
oF THE THIGH, LEG, AND Foor

Edited by

Jeremy Rich, ppm

Department of Medicine, Brigham and Women’s Hospital,
Harvard Medical School, Boston, MA

Dorothy E. Dean, mp
Office of the Medical Examiner, County of Summit, Akron, OH

Robert H. Powers, rhD

Division of Scientific Services, Controlled Substances/Toxicology
Laboratory, Connecticut Department of Public Safety, Hartford, CT

Foreword by

Kathleen J. Reichs, phD, DABFA
Office of the Chief Medical Examiner, Chapel Hill, NC
and Laboratoire des Sciences Judiciaires et de Médecine Légale, Quebec, Canada

.- HUMANA PRESS
AN Torowa, NEW JERSEY



© 2005 Humana Press Inc.
999 Riverview Drive, Suite 208
Totowa, New Jersey 07512

www.humanapress.com

All rights reserved. No part of this book may be reproduced, stored in a retrieval system, or transmitted in any form or
by any means, electronic, mechanical, photocopying, microfilming, recording, or otherwise without written permission
from the Publisher.

The content and opinions expressed in this book are the sole work of the authors and editors, who have warranted due
diligence in the creation and issuance of their work. The publisher, editors, and authors are not responsible for errors
or omissions or for any consequences arising from the information or opinions presented in this book and make no
warranty, express or implied, with respect to its contents.

Production Editor: Nicole E. Furia

Cover design by Patricia F. Cleary

Cover Illustration: Figures 23 and 29 from Chapter 10, “Injuries of the Thigh, Knee, and Ankle as Reconstructive
Factors in Road Traffic Accidents,” by Grzegorz Teresinski.

Due diligence has been taken by the publishers, editors, and authors of this book to ensure the accuracy of the information
published and to describe generally accepted practices. The contributors herein have carefully checked to ensure that
the drug selections and dosages set forth in this text are accurate in accord with the standards accepted at the time of
publication. Notwithstanding, as new research, changes in government regulations, and knowledge from clinical expe-
rience relating to drug therapy and drug reactions constantly occurs, the reader is advised to check the product information
provided by the manufacturer of each drug for any change in dosages or for additional warnings and contraindications.
This is of utmost importance when the recommended drug herein is a new or infrequently used drug. It is the respon-
sibility of the health care provider to ascertain the Food and Drug Administration status of each drug or device used in
their clinical practice. The publisher, editors, and authors are not responsible for errors or omissions or for any conse-
quences from the application of the information presented in this book and make no warranty, express or implied, with
respect to the contents in this publication.

For additional copies, pricing for bulk purchases, and/or information about other Humana titles, contact Humana at the
above address or at any of the following numbers: Tel.: 973-256-1699; Fax: 973-256-8341; E-mail:
humana@humanapr.com or visit our website: http://humanapress.com

This publication is printed on acid-free paper. @
ANSI 739.48-1984 (American National Standards Institute) Permanence of Paper for Printed Library Materials.

Photocopy Authorization Policy:

Authorization to photocopy items for internal or personal use, or the internal or personal use of specific clients, is granted
by Humana Press Inc., provided that the base fee of US $30.00 per copy is paid directly to the Copyright Clearance Center
at 222 Rosewood Drive, Danvers, MA 01923. For those organizations that have been granted a photocopy license from
the CCC, a separate system of payment has been arranged and is acceptable to Humana Press Inc. The fee code for users
of the Transactional Reporting Service is: [1-58829-269-X/05 $30.00].

Printed in the United States of America. 10 9 8 7 6 5 4 3 2 1
eISBN 1-59259-897-8
Library of Congress Cataloging-in-Publication Data

Forensic medicine of the lower extremity : human identification and trauma
analysis of the thigh, leg, and foot / edited by Jeremy Rich, Dorothy E.
Dean, Robert H. Powers ; foreword by Kathleen Reichs.
p. cm.

Includes bibliographical references and index.

ISBN 1-58829-269-X (alk. paper)

1. Forensic osteology. 2. Leg. I. Rich, Jeremy II.
Dean, Dorothy E. III. Powers, Robert H.

RA1059.F675 2005

614'.17--dc22

2004017442



Foreword

Publius Syrus stated back in 42 B.C.,

“You cannot put the same shoe on every foot.” (Maxim 596)

Though written long before the advent of forensic science, Syrus’ maxim summarizes
the theme of Forensic Medicine of the Lower Extremity: Human Identification and Trauma
Analysis of the Thigh, Leg, and Foot.

Put simply, the lower extremity is a tremendously variable anatomic region. This
variation is beneficial to forensic experts. Differences in the leg and foot can be used to
establish individual identity. Analysis of damage to the lower limb can be used to
reconstruct antemortem, perimortem, and postmortem trauma.

As a forensic anthropologist, I analyze cases involving decomposed, burned, mum-
mified, mutilated, and skeletal remains. Many of the corpses I examine are incomplete.
Occasionally, I receive nothing but the legs and feet; a lower torso dragged from a river;
a foot recovered in a city park; dismembered drug dealers in plastic bags; victims of
bombings and airline disasters; and the dead commingled in common graves.

Though the leg and foot contain much that is useful in forensic analysis, before this
publication, investigators faced a twofold problem. Little research that focused on the
lower extremity was available in the literature, and the existing research was published
in diverse sources, making its location and synthesis a daunting task.

Recognizing this difficulty, Jeremy Rich, Dorothy E. Dean, and Robert H. Powers
brought together into one volume articles addressing a broad range of topics specific to
the forensic examination of the lower limb. Each chapter deals with a technique or
research area in terms of methodology, reliability, and interpretive import.

Included in these chapters are descriptions of the biochemical events of decomposition;
discussions of osteology, emphasizing the implications of skeletal anatomy for age, sex,
race, and height estimation; and extensive outlines of the role of radiology. They also
include thorough explorations of trauma analysis and reconstruction, including details
on such specialty areas as slip-and-fall incidents, and impact, traffic, and pediatric injuries,
as well as considerations of foot and footprint identification.

As an active practitioner, I greet the publication of this volume with thankful appreciation.
Forensic Medicine of the Lower Extremity: Human ldentification and Trauma Analysis
of the Thigh, Leg, and Foot will simplify my task. The book is, appropriately, a major
step forward.

Kathleen J. Reichs, PhD, DABFA



Preface

There remains a paucity of text literature regarding forensic implications of the
lower extremity. Forensic Medicine of the Lower Extremity: Human Identification and
Trauma Analysis of the Thigh, Leg, and Foot encompasses human identification,
biomechanics, trauma analysis, and new areas for potential forensic research with regard
to the thigh, knee, leg, ankle, and foot. Initially, the reader may question what makes the
lower extremity different enough from other anatomic regions that it merits a separate
text. Simply put, the lower extremity can provide a plethora of forensically useful
information from an identification and biomechanical perspective.

The anatomic regions used for identification may include the dentition, skull, lumbar
spine, and pelvis. If the remains are from an isolated body part as may be frequently
encountered in violent deaths, mass disasters, and/or cases of human rights abuse including
torture, the task of positive identification and trauma analysis may represent a significant
and daunting task for forensic experts. Moreover, the aforementioned anatomic regions
may be unavailable or too destroyed to be of forensic value.

Forensic Medicine of the Lower Extremity: Human Identification and Trauma
Analysis of the Thigh, Leg, and Foot focuses on the use of the lower extremity to facilitate
the identification of decomposed, mutilated, incinerated, and/or fragmented human
remains. Additionally, trauma analysis is discussed with an emphasis on accident
reconstruction and the biomechanics underlying the trauma from both a theoretical and
practical perspective. The book is meant not as an all-inclusive discussion of forensic
aspects of the lower extremity, but rather as a treatise on topics specific to the potential of
this region relative to investigations involving human identification and trauma analysis.
Areas for future research are presented, and each chapter is followed by references for
further study.

Forensic Medicine of the Lower Extremity: Human Identification and Trauma
Analysis of the Thigh, Leg, and Foot is divided into three parts. Part I of the text lays the
groundwork for the applied forensic processes detailed in later chapters. The biochemical
decomposition processes of human remains are discussed to help develop a greater
appreciation of the mechanistic events surrounding a death scene. Perhaps the most
challenging task of the forensic team is the positive identification of the remains. A
discussion of human development, skeletal variations, and forensic analysis is included.
Forensic radiology is explored, with emphasis on the use of radiographs to facilitate

Vil



viii Preface

identification and evaluate trauma. This section also discusses the practical aspects and
processes of identification from the lower extremity.

Part II focuses on ante- and postmortem processes that can produce identifiable
markers in the remains. Soft tissue and skeletal injuries and their implications for accident
investigation and reconstruction are reviewed. A discussion of the physics of skeletal
trauma is also presented. These chapters translate the theoretical considerations of the
preceding chapters into practical information relevant to clinical observation and/or
forensic inference.

Part III discusses case studies involving the foot and ankle and presents potential
areas of investigation that may offer promise in medicolegal contexts. Specific
identification processes and ongoing research are reviewed including the forensic potential
of feet and footwear and barefoot impression evidence.

Forensic Medicine of the Lower Extremity: Human Identification and Trauma
Analysis of the Thigh, Leg, and Foot serves as a comprehensive review of both the
theoretical and practical aspects of the lower limb for the forensic expert. The readership
may include physicians, physical anthropologists, engineers, and criminalists, along with
other forensic investigators.

We are indebted to all the authors who contributed to this text. It was a privilege to
have worked with such a distinguished group. The editors and authors also extend their
appreciation to Nicole Furia, Elyse O’Grady, and the staff at Humana Press for assisting
in the preparation of this book.

Jeremy Rich, ppm
Dorothy E. Dean, mp
Robert H. Powers, phD
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Color Plates

Color Plates 1-4 appear as an insert following p. 240.

Color Plate 1:

Chapter 7, Figure 1. Epidermolysis bullosa mimics scalded skin from a hot liquid in this
infant. The distribution of this disease mimics injury patterns that are usually found in
children struggling to get away from the heat source. A bulla (blister) is also seen on the
proximal thigh. See discussion on pp. 247-248.

Color Plate 2:

Chapter 7, Figure 2 A,B. Stevens-Johnson syndrome in the distal lower extremity
intraoperatively (A) and showing healed lesions (B). These lesions mimic thermal trauma,
such as that caused by cigarette burns or wounds induced with a heated implement. See
discussion on pp. 248-250.

Color Plate 3:
Chapter 10, Figure 22. The pattern of hip dislocation in a frontal collision depends on the
initial sitting position of vehicle occupants. See discussion on pp. 326-327,333.

Color Plate 4:
Chapter 10, Figure 29. The direction of knee joint dislocation and rotation of the saddle in
car-bicycle collisions in relation to the direction of the impact. See discussion on p. 333.
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Chapter 1

The Decomposition of Human
Remains

A Biochemical Perspective

Robert H. Powers, PhD

1. INTRODUCTION

The end result of decomposition of humans is more intimately familiar and per-
haps of greater interest to forensic pathologists than to any other group whose duties
include the evaluation and investigation of postmortem remains on a routine basis.
From such remains, the forensic pathologist may be asked to make an evaluation of the
cause and manner of death and, perhaps, how long the body had been in situ. These
determinations may be challenging, even for the experienced investigator, depending on
the condition and location of the remains. The extent, pattern, and nature of decompo-
sition in a specific circumstance may be of great significance and utility in the forensic
investigation of a death. Conclusions and inferences drawn from the investigation can
be the subject of scrutiny, consideration, and documentation.

Clearly, an understanding of the processes of decomposition can be of benefit for
such purposes as estimation of the postmortem interval, recognition of postmortem
artifacts, and in an overall evaluation of the death scene. For the forensic pathologist
faced with the even more complex issues associated with partial remains, such as the
lower extremity, knowledge of the mechanistic processes of decomposition may facili-
tate an understanding of the specific circumstances of the death in question.

Because the physical appearance and sequence of decomposition events has been
extensively detailed and reviewed in the forensic literature, the focus of this chapter is
to explore the biochemical reactions and processes that provide the ultimate basis for

From: Forensic Science and Medicine
Forensic Medicine of the Lower Extremity: Human Identification and Trauma Analysis
of the Thigh, Leg, and Foot
Edited by: J. Rich, D. E. Dean, and R. H. Powers © The Humana Press Inc., Totowa, N]J
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4 Powers

the visible (or otherwise detectable) evidence of the decomposition with which we
regularly deal with in medicolegal contexts.

There are many macroscopic processes or events that can impact the fate of post-
mortem remains in an unpredictable and variable nature, such as physical disruption,
scavenging, and deliberate or accidental burial. However, the common underlying
sequence of biochemical events provides a basis for understanding decomposition as a
logical progression of natural processes. It is anticipated that an enhanced understanding
of the biochemistry of decomposition of human remains will be useful to some investi-
gators, and facilitate the evaluation, and extraction of useful information from the seem-
ingly unpredictable and chaotic processes lying at the center of a crime or death scene.

Life can be viewed in its essence, as an energy-utilizing sequence of interrelated
chemical reactions whereby order and structure, of truly magnificent scope and com-
plexity, is derived from an intricate and multifaceted process of breakdown, combination,
synthesis, and modification or rebuilding of biomolecules from an otherwise random or
partially organized collection of both simple and more complex available molecules,
ions, and atoms. The maintenance of life—or more accurately, the maintenance of the
underlying order, as reflected in molecular and macromolecular structures—requires
the continued input and utilization of energy. The interlinked reactions of life comprise
overall, an endothermic process both in total and on an individual basis. Clearly, the ter-
mination of a life results in the cessation of the flow of energy available to maintain, sup-
port, and reproduce the molecules, structures, and biochemical processes of the organism.

Organic biomolecules are—as considered from the temporal perspective of days,
months, or years—extremely fragile and ethereal constructions, readily broken apart by
relatively small amounts of thermal, electrochemical, or electromagnetic energy. Within
living organisms, the molecules of life are primarily “reduced,” in the chemical sense,
in that they are hydrogen-rich and able to react with molecular oxygen either directly or
via intermediate molecules as electron donors or “reducing agents.” Indeed, a major
form of energy storage in living cells is long-chain carbohydrate molecules. The energy
potential of such molecules, which is released upon oxidation, is readily demonstrable
in the burning wax of a candle, the fat stores of animals preparing for winter hiberna-
tion, and the utilization of geochemical (although essentially biological in origin) oil and
its refinement product, gasoline.

Despite the reduced state of most biomolecules, our earthly environment provides
an oxidizing atmosphere and (generally) oxygenated aqueous ecosystems. In such a sys-
tem, the ultimate fate of organic molecules is the corresponding oxidation products of
component atoms. Hydrogen yields water and other oxidized products such as hydro-
gen sulfide. Carbon ultimately yields carbon dioxide. Nitrogen and other elements yield
corresponding oxide forms. The facility with which organic molecules are able to trans-
fer single electrons to molecular oxygen provides the underlying basis for aerobic life,
given that the energy of that transfer is captured and made available to the organism in
the form of high-energy molecules, such as adenosine triphosphate (ATP).

The relative fragility of organic molecules necessitates active biological structures to
maintain some degree of flux at the molecular level, in that the molecules from which such
structures are comprised are always degrading (albeit at different rates). Damaged or
degraded molecules are then constantly being replaced by newly synthesized (or otherwise
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acquired) versions of the same molecule (with the rate of repair dependent to an extent
on the health and age of the individual). Complex and elegant enzymatic systems exist to
perform the functions of evaluation, repair, and/or replacement of biomolecules.

As a consequence of death, the molecules created by the organism that serve as
the building blocks of its corporeal body, internal structures, and organs—both on the
macro and micro scale—must, as noted above, ultimately undergo oxidation and degra-
dation in an environment where the normal repair and replacement mechanisms are no
longer operative. The process in total, whereby the structures and biomolecules of an
organism become less organized or broken down—either by chemical or biochemical
processes—and the constituent molecules and atoms are made available to new life, is
referred to as “decomposition.” The extent to which this process is dependent on the
chemical nature of the surroundings is readily illustrated by the recovery of well-preserved
specimens—both human and otherwise—from bogs (or, more accurately, peat excava-
tions of ancient bogs). The subsurface ecosystem of a bog is severely oxygen depleted and
acidic, resulting—for any unfortunate individual trapped therein—in a preservative entomb-
ment that precludes normal molecular oxidative degradation and will not support the aero-
bic life forms (nor many anaerobes) necessary for a complete decomposition process.

In contrast to the synthetic functions of the living organism, postmortem decom-
position of the body is reflective of a collection of physical and degradative biochemi-
cal processes that will be situationally dependent for any given body. To an extent, the
temporal sequence, and even occurrence, of particular decomposition events in a spe-
cific situation will be the result of the combined effects of environmental conditions and
the physical setting of the body, as well as the physical actions associated with death.
Similarly, the rate at which changes will occur—correlating with the physical state of the
remains at any point—will also be a function of those circumstances. With the excep-
tion of physically disruptive processes, decomposition is essentially a biological and
biochemical phenomenon, mediated by enzymes that are already present in the body, by
digestive enzymes and the activities of exogenous flora and fauna colonizing the
remains. All of the processes are driven by the stored chemical energy that the decom-
posing body represents. This chapter is devoted to understanding—in a general but
mechanistic and biochemical sense—the nature of the decomposition processes to
which remains of the lower extremity may be subjected.

2. THE DECOMPOSITION SEQUENCE

In the absence of physical disruption and in unfrozen, unpreserved tissue, the pro-
cesses of decomposition follow a reasonably predictable pattern. The breakdown of
body tissues consists primarily of two processes: autolysis and putrefaction. Autolysis
is an aseptic phenomenon caused by the release and subsequent uncontrolled activity of
intracellular enzymes that hydrolytically break down cellular constituents that may
serve as catalytic substrates. The autolytic process sets the stage for the subsequent
massive transformation of previously (more or less) solid tissue to gas, liquid, and salt
products during the septic process of putrefaction.

In contrast to autolysis, putrefaction is the consequence of a “population explo-
sion” of xenobiota in the body, as various organisms (both micro- and macrobiological
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endogenous and invasive plants, animals, and fungi) compete for the available energy
the decomposing tissues represent. Although the difference between autolysis and
putrefaction may be relatively clear and definable on a molecular level, the distinction
between the processes in an actively decaying corpse may be considerably less so, with
both functions occurring to some extent simultaneously.

Although recognizing that there may be significant variations in the time course
of the decompositional process within any specific corpse, generally five stages of
decomposition have been identified in unpreserved bodies:

1. Fresh (~0-2 d): Begins at the moment of death and includes the autolytic processes.
Usually relatively few changes are readily observable on a macrobiologic scale. This
stage ends with the beginning of putrefaction. Generally, insect infestation and utiliza-
tion of the corpse is not extensive at this stage.

2. Bloated (~2-6 d): Begins as the processes of putrefaction start to produce enough
gaseous byproducts to start inflating the abdomen and other soft tissue. This activity
reflects the geometric rates of growth of invasive and/or opportunistic organisms—pri-
marily anaerobic bacteria—in the corpse. Insect activity may be significant during this
stage and particularly enhanced as fluids start to seep from the body.

3. Decay (~5-11 d): Begins as the skin of the abdominal wall ruptures or is otherwise
breached, thereby allowing the release of trapped putrefactive gases. This process may
be facilitated by insect feeding or other scavenger activities. The body may appear
moist and blackened. During this stage, a significant loss of soft-tissue mass will
occur, primarily as a consequence of maggot feeding activity. Toward the end of the
decay stage, the body will begin to dry and the insect population may shift somewhat
toward scavenging and predatory beetles.

4. Postdecay (~10-25 d): The nature of the postdecay process is a function of the degree
of moisture available in the immediate surroundings of the body. In dry climates,
remains will be primarily bones, dried skin, and cartilaginous materials. In moist
regions, byproducts of decomposition may remain in the vicinity of the body (e.g., in
adjacent soil) for an extended period of time.

5. Dry state (~>25 d): This is generally defined as the stage at which only bones and
hair remain, and no significant odor distinct from normal soil or forest duff is readily
discernable.

2.1. Autolysis

Autolysis is the “self-digestion” of the cell. In the context of postmortem decom-
position, it refers to the process by which catabolically active enzymes are able to act
on cellular organelles and molecular components that would not normally serve as
substrates. The release of these enzymes from their subcellular locations marks the
beginning of an irreversible process that will eventually result in the complete reduction
of the newly dead organism to the remnants of decomposition, available to serve as food
for other life forms that can derive energy and nutrients from the decaying corpse. The
potential for the autolytic, enzymatic breakdown of cellular biomolecules exists in
every cell as a consequence of the presence of the biochemical machinery necessary to
process nutrients, degrade toxic species, and recycle structural and functional molecules
and, indeed, entire cellular organelles. That tissues differ in rates of autolytic processes
can be understood in terms of differential enzyme complements and reflects the functional
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distinctions of the tissues. Hence the liver, with a broad spectrum of highly active
catabolic enzymes, undergoes rapid autolysis, whereas tissues with more limited bio-
chemical activity, e.g., muscle, tend to degrade more slowly.

Interestingly, the essentially aseptic nature of the autolytic process can be under-
stood on reflection that the “aging” process used to enhance the flavor and texture of
certain meats and game produce a tenderized yet not microbially contaminated product.
The operation of autolytic processes in a manner that is protected from either infection
or other means of contamination is primarily responsible for the change in physical
properties of the muscle mass.

Clearly some mechanism for isolating or segregating the activities of catabolic
enzymes with generalized substrate capability is required in the cell, because the main-
tenance of intracellular structures is in the interest of the organism. The primary segre-
gating elements for catabolic enzymes and processes within the cell are the lysosomes,
peroxisomes, and, to a lesser extent, mitochondria. An understanding of autolysis and
hence of the entire decomposition process requires familiarity with the enzymatic com-
plements and mechanism for the release of enzymes from these subcellular organelles
after the death of the organism (/,2).

Subcompartmentalization of catabolic enzymes within the lysosomes, peroxisomes,
and other subcellular vesicles protects the operating molecular machinery of the cell from
the degradative potential of these enzymes. In addition to the limitation of activity by intra-
cellular segregation, there is elegant additional protection of intracellular constituents. The
activity of the lysosomal hydrolases is optimal at an acidic pH (~5.0), which is significantly
distinct from the somewhat more basic pH (~7.2) of the surrounding cytosol.

With the death of the organism and the associated circulatory failure, there is a con-
comitant failure of oxygen transport and delivery to cells. Molecular oxygen serves as the
terminal electron acceptor in the electron transport chain in biochemical reactions known
collectively as oxidative phosphorylation. This sequence of connected reactions is the pri-
mary source of high-energy ATP molecules in the body, which in turn provide the energy
for a multiplicity of cellular functions by hydrolysis of phosphate ester linkages (3). A
consequence of oxygen deprivation is the failure of oxidative phosphorylation to take
place, causing a shift in cellular metabolism favoring anaerobic glycolysis, a fermenta-
tive process which acts to compensate for the energy deficit. Anaerobic glycolysis results
in the conversion of glucose to pyruvate and eventually to lactate. The elevation in lac-
tic and pyruvic acid levels in the cell causes the intracellular pH to decline and the intra-
cellular buffering capacity to become quickly overwhelmed. As the glycolytic process
continues, intracellular glucose is rapidly depleted, as is the glucose polysaccharide
glycogen; thus, it eventually deprives the cell of even this limited resource of ATP pro-
duction. Anaerobic glycolysis is less efficient than oxidative phosphorylation, in that it
leaves an incompletely oxidized product (lactate) and it is further limited to the available
substrate, endogenous glucose, and molecules that can be readily converted to glucose,
e.g., glycogen (3).

The consequences of the limitation in ATP synthesis are multifaceted and ulti-
mately devastating for the cell. Many cellular transport mechanisms depend on ATP to
provide the energy required to drive energetically unfavorable processes. Many nutri-
ents and other molecules essential to the life of the cell are actively transported across
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cellular membranes by mechanisms that require ATP hydrolysis. The cellular membrane
potential, ranging from approx —10 mV to as much as -90 mV (depending on the tissue
or cell type) is also maintained by the action of the sodium—potassium ATPase pump; ter-
mination of the activity of this structure allows intracellular sodium to accumulate while
potassium diffuses out of the cell through permanent membrane ion channels (4). As the
membrane potential disappears, calcium ions enter the cell (a key indicator and perhaps
contributor to the impending death of the cell). The intracellular accumulation of solute
ions occurs concomitantly with cell swelling, a function of an increase in the intracel-
lular water content, which is driven by osmotic pressure. Typical necrotic changes in the
cell, such as vacuolization and dissociation of cellular organelles, further characterize
the cellular demise. Of major significance for autolysis is the disruption of the lysoso-
mal membrane consequential to intracellular acidification and ionic changes. The leak-
age of the lysosomal acid hydrolases into an acidic environment at a now near-optimal
pH for hydrolytic activity facilitates the enzymatic breakdown of cellular components
and membranes.

Lysosomes have a single limiting membrane, and the intravesicular pH is main-
tained at approx 5.0 (corresponding to the optimal pH for hydrolytic enzymes) by a
membrane-bound hydrogen ion pump. Lysosomes typically contain a broad spectrum of
enzymes capable of hydrolytically cleaving polysaccharides, proteins, nucleic acids,
lipids, phosphoric acyl esters and sulfates (Tables 1 and 2). Lysosomal action is primar-
ily mediated as a consequence of the fusing of a primary lysosome with an intracellular
vesicle produced via phagocytosis (for extracellular materials) or by the analogous bud-
ding of an intracellular membrane (for intracellular materials). The fused product is
referred to as a digestive vacuole, and it is in this protected environment that complex
biomolecules are hydrolytically “de-constructed” (5).

As previously noted, the capability of the cell to rapidly degrade molecules of sig-
nificant size and complexity requires compartmentalization and segmentation of the
process. The integrity of the lysosomal membrane also prevents the unwanted destruction
of other intracellular components, the loss of which could have a negative impact on the
viability of the cell. Clearly a loss of lysosomal membrane integrity can result in the
appearance within the cytosol of a significant and indiscriminant hydrolytic function with
the potential to damage cellular organelles, membranes, and other important biomolecules.

Peroxisomes function primarily in the breakdown of lipids, with long chain fatty
acids (>20 CH, groups) processed essentially exclusively within these organelles.
Medium-chain fatty acids (~10-20 CH, groups) may be degraded in either mitochon-
dria or peroxisomes. Although the reactions of the mitochondria and peroxisome are
similar in many respects, some significant differences serve to point out the functional
distinctions. The mitochondrial oxidative phosphorylation process oxidizes flavin ade-
nine dinucleotide, reduced (FADH),, to yield FAD, with FADH, regenerated by the oxi-
dation of a fatty acyl CoA molecule. In contrast peroxisomal FADH, is generated by the
same enzyme-catalyzed reaction but oxidized in the process of the reduction of molec-
ular oxygen to hydrogen peroxide, a potentially cytotoxic molecule (/).

Peroxisomes contain significant quantities of the protective enzyme catalase, the
activity of which breaks hydrogen peroxide down to water and oxygen. In the peroxi-
some, unsaturated fatty acyl CoA molecules are converted to the hydroxy analogs, which
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Table 1

Lysosomal Enzyme Classes: Examples and Typical Substrates

Enzyme Type

Lipid Hydrolases:
Lipases

Esterases
Phospholipases

Nucleic Acid Hydrolases:
Ribonuclease
Deoxyribonuclease

Phosphatases:
Phosphatase
Phosphodiesterase

Polysaccharide Hydrolases:

a-Glucosidase
a-Flucosidase
B-Galactosidase
a-Mannosidase
B-Glucuronidase
Hyaluronidase

Arylsulfatase
Lysozyme

Protein Hydrolases:
Cathepsins
Collagenase
Elastase
Peptidases

Sulfatases:

Typical Substrate

Triacylglycerol esters
Cholesterol esters
Fatty acyl esters
Phospholipids

Ribonucleic acids
Deoxyribonucleic acids

Phosphomonoesters
Phosphodiesters

Glycogen
Membrane fucose
Galactosides
Mannosides
Glucuronides
Hyaluronic acid
Chondroitin sulfates
Organic sulfates
Bacterial cell walls

Proteins
Collagen
Elastin
Peptides

Heparan sulfate
Dermatan sulfate

are subsequently oxidized to their corresponding ketones by means of hydroxy fatty
acyl dehydrogenase with the concomitant formation of NADH. In the absence of an
active electron-transport chain and associated cellular synthetic processes, there is
no metabolic “sink” for the reducing equivalents and nicotinamide adenine dinu-
cleotide is exported to the cytosol. Therefore, peroxisomal catabolism of fatty acids
represents a source of both acetyl CoA and reducing equivalents in the form of
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Table 2
Autolytic Events: Cellular Death

Organism Death
Termination of Respiration and Circulation

|

Termination of Oxidative Phosphorylation
Depression of ATP-dependent Functions

Shift to Anaerobic Glycolysis
Depression of Intracellular pH

Loss of Membrane Potential
Sodium, Calcium Influx
Potassium Efflux

Termination of Cellular Biochemistry
Loss of Lysosomal/Peroxisomal Membrane Function
Leakage of Lysosomal/Peroxisomal Enzymes

Enzymatic Distruction of Biomolecules

l

Loss of Cellular Membrane Patency
Leakage of Cellular Contents

v

Putrefactive Processes
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nicotinamide adenine dinucleotide. Significant for the autolytic process, the enzymatic
systems contained in the peroxisome represent the catabolic potential for fatty acids and
also for the production of active oxygen species, e.g., hydrogen peroxide. The peroxi-
somal membrane suffers the same fate in the necrotic cell as the lysosome, with the
leakage of its enzymatic machinery into the cytosol, where it becomes available to further
catalyze the destruction of cellular components.

Failure of respiration and hence, cellular oxidative phosphorylation, is therefore
the key trigger in the autolytic process. Termination of the availability of high-energy
molecules that are routinely required to maintain the integrity of the cell, key cellular
components and processes (e.g., membranes), synthetic capability, and ion and molec-
ular pumps causes significant changes in the biochemical operation of the cell. This
process ultimately leads to the lysis of intracellular organelles, of particular signifi-
cance being lysosomes and peroxisomes, and the release of their constituent enzymes
into the cytosol, where their catalytic actions can break down and destroy the very
molecules that had previously served to define the living cell and functions in it.

2.2. Rigor Mortis

The postmortem depletion of cellular energy stores leading to autolysis also produces
a well-recognized macro-scale phenomenon characterized by the stiffening of voluntary
and involuntary muscles, known as rigor mortis. Mechanistically, this process is the result
of association of the muscle proteins actin and myosin as intracellular pH decreases to less
than approx 6.5 and calcium—normally sequestered in the sarcoplasmic reticulum (SR)—
leaks into the cytosol as the SR membrane is compromised during autolysis. Cytosolic cal-
cium then binds to troponin, causing a conformational change that results in the
“unmasking” of myosin binding sites on the actin molecule. In living cells, the subsequent
dissociation of the actin-myosin complex is promoted by ATP as part of the normal
sequence of events that results in muscle contraction (6). However, in the ATP-deficient
postmortem environment in dead or dying cells, the actin-myosin complex remains until it
is either denatured or enzymatically degraded (7). The process causes the “death stiffness”
of muscles, or rigor mortis. In contrast to active muscle contraction, there is no process of
actin—myosin translocation in rigor mortis and, hence, no shortening of muscle fibers.
Thus, rigor is characterized by muscles that are stiff but not contracted. Although rigor mor-
tis occurs in the muscles, it is readily detectable only when the affected muscles are con-
nected to central joints, such as the knees.

2.3. Livor Mortis

Lividity is a discoloration of the skin—generally to a dark purple—that results
from the pooling of deoxygenated blood in the veins and capillary beds of the body as
circulation fails. This process occurs in direct response to gravitational forces. The blood
remains fluid after death as a consequence of the release of plasmin, a fibrinolytic
enzyme, from the vasculature and serous surfaces. This process depletes the blood of
fibrinogen, thereby eventually rendering the blood permanently incoagulable (~30-60 min
after death, depending on the ambient temperature). Blood, by providing an ideal liquid
growth medium, facilitates the rapid growth of xenobiotics during the putrefaction stage
and serves as a conduit for the spread of microbes throughout the body.
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The characteristic color of body surfaces during lividity is reminiscent of
cyanosis, i.e., the bluish discoloration of skin, nail beds, and mucous membranes that
develops in clinical settings as a consequence of inadequate oxygenation. In the post-
mortem environment, the continued kinetically driven dissociation of oxygen from the
hemoglobin molecule continues, changing the absorption spectra of the blood and
producing the characteristic and readily observable change in color (7).

2.4. Putrefaction

The result of autolysis is the development of a slightly acidic, anaerobic, nutrient-
rich environment, with significant degradation of biomolecules at the cellular level. In this
fertile milieu, devoid of normally protective and defensive cells and barriers, the prolifer-
ation of both invasive and opportunistic endogenous micro-organisms can be rapid and
extensive. Ultimately, bacterial growth can affect and transform all the tissues in the body,
being limited only by environmental factors, such as temperature and humidity.

The decomposition processes that begins as bacteria proliferate results in the pro-
duction of gases and other metabolic products. These consequences of microbial growth
result in some of the characteristic color changes, bloating, and odor changes that are
universally recognized as the hallmarks of a decaying body and are collectively referred
to as putrefaction. On the molecular level, the actions of microbial degradation trans-
form the complex biomolecules of the body into gases, liquids, and simple molecules.
Putrefaction results in the complete (albeit gradual) loss of structural integrity and rec-
ognizability of tissues and, indeed, the ultimate reduction of those tissues into their
component molecules, molecular fragments, and atoms.

The primary source for the opportunistic microbiological colonization in the decom-
posing body is the microbially rich environment of the gastrointestinal tract. These enteric
micro-organisms can cross the failing membrane barriers, a process that is facilitated by
the autolytic degradation of body tissues, and migrate and proliferate throughout the body.
Hence, the pronounced impact of autolytic processes on the structural integrity of the
cellular membranes and the end of the viability of regular “defensive” or protective cells
(e.g. macrophages and neutrophils) as a function of pH changes and the loss of available
oxygen, provides the basis for the population explosion the putrefactive period represents.
Characteristic microbial species observed during putrefaction include various Bacilli and
Pseudomonas, Bacterioides fragilis, Eschericia coli, Clostridium perfringens, Proteus
mirabilis, Staphylococcus epidermidis, and Staphylococcus faecalis (8).

Although the primary source of anaerobes in decomposition processes is the
intestinal tract, other organisms—such as those found in the respiratory tree—may be
present and able to take advantage of the conditions for growth. Naturally, any signifi-
cant antemortem infection (e.g., septicemia or pneumonia) will give the causative agent
a “head start” on the putrefactive process and may therefore result in an unusual micro-
biological population, at least during the initial stages of decomposition. The rate of
putrefaction will vary with temperature, which will affect primarily the rate of enzymatic
activity, with acceleration occurring until temperatures become inconsistent with the
maintenance of protein structures.

In the absence of a septic condition, putrefaction begins in the stomach and
intestines. The gastric mucosa and intestines acquire a dark purple-brownish color as a
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result of the release of heme compounds. The mucosal epithelium of the airways
becomes deep red, and a hemolytic plum coloration may be noted in the myocardium
and large blood vessels, again a result of the release of heme. Changes in organ struc-
ture are readily apparent, as seen in the thinning and softening of the myocardium. The
liver develops a honeycomb pattern as a result of extensive gas formation. The brain
similarly goes through a structural disintegration process that may proceed to complete
liquefaction. The spleen becomes exceptionally soft and may extrude through its delin-
eating capsule. The lungs become filled with and surrounded by fluid.

Putrefactive processes are generally first represented by the generation of a green-
ish color—a consequence of the formation and accumulation of sulphhemoglobin in the
abdominal wall where it coincides with the large intestine. Eventually, the discoloration
spreads over the entire abdominal wall and may extend over the entire body. Coincident
with this color change is the appearance of the superficial veins of the skin as a pattern
of lines often described as “marbling.” As the process continues, the skin eventually
acquires a dark pigmentation that may range from a red-tinged greenish color through
purple to black.

The skin color changes are accompanied by structural disintegration of the tissue
that results in the characteristic skin-slippage that accompanies the process of decom-
position. Large sections of epidermis may be dislodged as a consequence of even a
small amount of shear. The newly exposed basal layers appear moist and pinkish and
may take on a yellow—tan parchment appearance when they dry. Blisters as large as 20 cm
may develop. These blisters are generally filled with a dark fluid and gases of putrefac-
tion and may be easily disrupted to expose a dermal surface similar to that seen as a
result of skin-slip.

Putrefaction is often characterized by pronounced bloated, distended bodies as a
consequence of the formation of gas in the stomach, intestine, and abdominal cavity.
The gas, a consequence of microbial action, is composed of hydrogen sulfide, methane,
carbon dioxide, ammonia, and hydrogen, and is responsible for the characteristic odor
of putrefaction, along with low molecular-weight organic compounds, including mercap-
tans, indoles, and the aptly named cadaverine and putrescine. This gas invades all body
tissues and causes a generalized swelling to occur, which is characteristically crepitant
to palpation. The pressure generated by the evolution of this gas may contribute to the
separation of necrotic tissue layers.

At the molecular level, it is the ability of the bacterial species to secrete enzymes
into their immediate environment that provides both the basis for the delivery of nutri-
ents back to the microbe, yet also results in the degradation of biomolecules in the vicin-
ity of the organism. These exoenzymes are responsible for the significant denaturation
and breakdown of proteins into their constituent amino acids, which may be taken up
and utilized, or further catabolized by the microbial population. The gas that character-
izes the putrefactive process arises as a direct consequence of protein breakdown.
Sulfur-containing amino acids are readily reduced to yield hydrogen sulfide, which
plays a significant role in the production of the greenish sulfhemoglobin pigmentation
and the reaction with reduced (ferrous) iron (released from the iron transport protein
transferrin or the iron storage protein ferritin) that produces a black precipitate of fer-
rous sulfide. Ornithine—a four-carbon diamine amino acid—and lysine, its five-carbon
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analog, are readily decarboxylated to produce carbon dioxide, but more significantly for
humans and “cadaver dogs” results in the production of the four-carbon “putrescine”
and five-carbon “cadaverine,” which are associated with a decomposing body.

2.5. Formation of Adipocere

Adipocere is a decomposition product of adipose tissue and may be an extensively
formed a consequence of the putrefactive process in the presence of appropriate envi-
ronmental conditions—generally high humidity or an aqueous environment coupled
with relatively warm temperatures, conducive to the growth of putrefactive organisms.
The formation of adipocere is a specific consequence of bacterial action, in which tria-
cyl glycerols and other fatty esters are enzymatically hydrolyzed to produce both fatty
acids and salts (9,10). Other bacterial reactions that will subsequently affect the chem-
ical composition and physical nature of the final product are hydrogenation, stereoiso-
merization, hydration, and dehydrogenation (/7). The physical nature of the material
(increasingly hydrophobic as a consequence of the reactions noted above) limits addi-
tional breakdown and utilization of the high-energy molecules. The final nature of
adipocere varies with the extent of hydration and the fatty acyl cation. Sodium salts pro-
duce a relatively soft material, whereas potassium salts are harder. Replacement of
sodium with calcium creates an insoluble, somewhat brittle material (7). Hence, the
adipocere may vary from a grayish white, relatively soft, greasy substance to a crumbly,
friable material as the water content is reduced (9).

2.6. Mummification

Mummification (or dehydration of tissues) is neither a direct consequence of
autolysis or putrefaction but is, in a sense, a competing process. As a function of envi-
ronmental conditions, the rate at which water evaporates from the body or from exposed
sections of the body can be rapid enough to reach a point where dehydration of indi-
vidual tissues precludes the bacterial action of putrefaction. However, such tissues are
subjected to slow oxidative processes that result in the characteristic darkening of the
tissues. Internal organs in circumstances of mummification may be somewhat pre-
served, but usually have undergone some degree of autolysis and putrefactive changes
because of the relatively protected and hydrated conditions. Clearly, conditions favor-
ing the dehydration of bodies will facilitate mummification, but the effects of cold
should not be discounted. When microbial activity is sufficiently slowed by tempera-
ture, the evaporation (or sublimation from frozen tissues) of water in a low-humidity
environment may provide conditions for partial or complete mummification.

3. FACTORS AFFECTING DECOMPOSITION PROCESSES

The dependence of the processes of decomposition on physical environmental
factors, such as humidity and temperature, was noted previously in this chapter.
However, the “contamination” or poisoning of the decomposing remains—either delib-
erately via an embalming process or accidentally by leaching of adjacent metal ions or
the deposition of the body in a matrix that is unable to support microbial growth—can
severely inhibit or effectively preclude any appreciable amount of decomposition.
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Chapter 2

Forensically Significant Skeletal
Anatomy

Nancy E. Tatarek, PhD and Dorothy E. Dean, MD

1. INTRODUCTION

Forensically significant cases are those in which remains are recovered that have
come from humans who died violently or unexpectedly, or for which the cause of death
or manner of death is potentially a legal or otherwise significant issue (this may exclude
very old or prehistoric remains). This text discusses the subset of forensically signifi-
cant remains that are partially or completely decomposed, fragmented, or unidentified.
This chapter is not meant to reiterate what other experts have described. Rather, we pre-
sent the authors’ philosophy regarding the evaluation of cases in which the lower
extremities, or parts thereof, represent the majority of the forensically significant and
useful remains recovered. Results expected from the analysis of such remains form a
biological profile that is potentially capable of providing positive identification (which
is discussed further in later chapters) leading to and perhaps facilitating the determina-
tion of the cause and manner of death, a task that usually requires the integration of data
from multiple sources and which is outside the scope of this book.

Fragmentary or partial remains, such as a single lower extremity, clearly pose a
somewhat more daunting task than a more complete set of remains. Human anatomy is
easily recognizable when complete, fleshed remains are involved. Skeletonized remains
are less familiar and can be confused with nonhuman skeletal elements or even wood
or rocks. The lower extremity is composed of the thigh, the knee, the leg, the ankle, and
the foot. Basic familiarity with the overall skeletal anatomy of the femur, tibia, fibula,
patella, and foot bones can aid investigators in determining exactly which segments are
present (and of course, those that are missing) in medicolegal investigations involving
lower extremity remains. This chapter is a summary of some of the more forensically
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Fig. 1. Anterior view of femoral proximal end. The “ball-and-socket” of the ball and socket
hip joint.
important skeletal landmarks and is intended to aid in the identification of the bone to

which they belong. Readers interested in a more detailed account should consult one of
the several excellent human osteology books available.

2. FORENSICALLY SIGNIFICANT SKELETAL ANATOMY

The thigh contains the largest bone in the human body: the femur. The proximal end
of the femur consists of a rounded head made of spongy bone that forms the ball of the ball-
and-socket hip joint (Fig. 1). This head is distinctive in shape and size; the femur is the only
bone in the human body with this skeletal configuration. The distal epiphysis forms part of
the knee and is made up of two large condyles. Anteriorly the femur is devoid of signifi-
cant landmarks. Posteriorly, the linea aspera is the point of muscle attachment for the short
head of the biceps femoris, and next to it is a nutrient foramen. In heavily muscled indi-
viduals, the linea aspera can be quite large, forming a large bony ridge that runs the length
of the femur. Juvenile and adult femoral morphology is largely similar, with the exception
that unfused juvenile femora consist of multiple segments and adult femora (barring trauma
or abnormal development) consist of a single segment.

The patella (knee cap) is the largest sesamoid (bone nodule) in the human body. It
lies anteriorly to the lower extremity of the distal end of the femur and slightly superior
to the proximal tibia. The patella has two articular surfaces posterior—a larger lateral and
slightly smaller medial surface. Multiple nutrient foramina on the anterior surface may be
mistaken by the inexperienced as rocks with pits caused by erosion. If the entire patella is
covered with mud, it may be mistaken at the forensic scene for a clump of mud or a rock.
Variation in the patella is common; triangular, elliptical, circular, and oblique shapes have
been documented (/). A comprehensive discussion of markers of stress and injury in the
knee joint is provided in Chapter 3.

The lower leg contains two bones, the tibia and the fibula. The tibia is the larger
and is commonly known as the “shin bone.” (Fig. 2). The tibial shaft is somewhat tri-
angular compared with the relatively more rounded femoral shaft. The proximal posterior
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Fig. 2. Lateral view of tibial proximal end.

shaft is marked by the popliteal line, which forms a boundary for insertion of the popli-
teus muscle. A nutrient foramen also appears at the same location lateral to the popliteal
line and nearly always slopes distally, exiting the bone proximally (/) (Fig. 3). The
proximal epiphyseal end is formed by two large, flat condyles and the tibial tuberosity
on the proximal anterior side. The distal epiphyseal end is characterized by the medial
malleolus, a projection of bone that is felt on the medial aspect of the ankle.

The fibula is the smaller of the two leg bones and its distal end forms the outside
part of the ankle. In contrast to the relatively wider tibia, the fibula is irregular and nar-
row in shape. The proximal epiphysis consists of a slightly rounded formation with a
styloid process (posterior projection of bone), and its the distal end consists of a lateral
malleolus, which forms the outside part of the ankle. The fibular shaft is largely unre-
markable, offering no distinguishing features because it bears no weight. Unlike the
femur, it is not expected to be significantly larger in well-muscled individuals.

The human foot is made up of 14 phalanges, 5 metatarsals, and 7 tarsals (calcaneus,
talus, cuboid, navicular, and the first, second, and third cuneiforms). Additionally, two
sesamoids sit inferiorly on the distal first metatarsal. The calcaneus forms the heel and the
talus articulates with the distal tibia, forming the medial aspect of the ankle. The human
foot is unique amongst mammalian extremities, because it is constructed for upright walk-
ing. The four toes are in line with the first (big) toe (the hallux), unlike the toes of other
apes (humans are considered apes), in which the hallux is offset from the remaining toes.
To a large extent, the human foot has lost its grasping ability, which is characteristic of the
other apes. In humans, the tarsals usually form an arch—an ideal structure for weight-bear-
ing in a bipedal animal. The relatively large number of skeletal elements and articular sur-
faces results in a number of unique skeletal features, including trabecular patterns and
osteophytes, which may be useful within forensic contexts, e.g., for comparing radiographs
(2,3). Similar to the patella, the tarsals also exhibit foramina for blood vessels that may be
confused with surface erosion by the untrained eye. Additionally, the foot may often be well
preserved when it remains in footwear, frequently surviving intact for forensic analysis.
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Fig. 3. Arrow denotes tibial nutrient foramen.

3. EMBRYOLOGY

The development of the human is complex, yet orderly. There are critical periods
of human development during which certain major elements are formed. For the lower
extremity, the critical period begins during the third week after fertilization with the
formation of the cardiovascular system, including vessels for limbs. During the third
and fourth weeks, limb buds appear. By the end of the eighth week, all the major organ
systems have begun to develop. It is between the third and eighth weeks of gestation
that in utero exposure to toxins (teratogens) may cause abnormal development of the
limbs persisting into extrauterine (postnatal) life (4). Examples of such toxins are
numerous and include thalidomide and cocaine. However harmful teratogens are, their
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Fig. 4. Anterior views of six adult femora, illustrating variation in size.

effects may become useful when evaluating forensically significant case material. For
example, fetal malformations caused by maternal substance abuse may provide anatomic
features unique to that individual that can be used to assist identification efforts. Alcohol
consumption by the mother can cause fetal alcohol syndrome, and cocaine use may cause
vascular malformations. Both of these teratogens may result in potentially unique anatomic
features that can be used for premortem and postmortem comparisons.

Normal bone growth involves the development of blood vessels that penetrate the
cortices via nutrient canals. Both the location and angle of entry of vascular elements into
the bony cortex are highly variable from person to person and even from one side of the
bone to the other in the same individual. This variation may be of significant forensic util-
ity. For example, the nutrient artery for the femur arises from the deep femoral artery and
enters the femur posteriorly along the linea aspera, but the location of entry of the vessel is
somewhat variable. If two femora are recovered whose general physical characteristics
indicate that they are from the same individual, the disparate positions of the nutrient canals
should not dissuade the examiner from the concluding that they are from the same person.

Because muscles attach to bone, the absence of one or more muscles can cause
limb deformities. Any muscle of the body may fail to develop. If the opposing muscle
is present, the limb contracts at the joint. Such deformities can be corrected with braces
or surgical repair. Although functionally insignificant, slight variations in muscle
development or attachment can be used forensically. Additionally, population differ-
ences in skeletal development can cause a slight variation in limb appearance, espe-
cially with regard to limb length (Figs. 4, 5). The ratio between the lengths of the tibia
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Fig. 5. Anterior views of five adult tibiae, illustrating variation in size.

and femur varies and may provide clues to ethnicity (/). (Postnatal aberrations will be
discussed in a later chapter.)

4. PROCEDURAL APPROACHES

When confronted with decomposed or partial human remains, attention to anatomi-
cal detail, careful consideration of the available human remains, and scrutiny of the sur-
rounding scene or environment are important for identification and trauma analysis purposes.
Because of the complexity of procedures involved in examining human remains within
various contexts, the authors advocate a multidisciplinary team approach to the recovery
and analysis of suspected human remains. Thus, when remains are discovered, securing
the scene and maintaining it in an undisturbed fashion until all appropriate personnel (e.g.,
medical examiner/coroner’s agent, law enforcement, forensic anthropologist, odontolo-
gist, and radiologist) are present is important. Although it may seem obvious, the authors
cannot emphasize enough that human remains can look remarkably like sticks, rocks, or
chunks of mud or dirt. The following figure presents a summary list of questions that may
be of use in the analysis of suspected human remains (Fig. 6).

Fragmentary, burned, mummified, or partial lower extremities can resemble wood,
rock, or other features of the surrounding scene, such as foam or asbestos (Figs. 7, 8).
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Is it a bone?

v

Is soft tissue present?

v

Is it human?

v

Is it forensically important?

ol

If No and prehistoric, follow ¢
NAGPRA laws.

Is it whole or partial?

v

Which bone is it?

v

Is it adult or juvenile?

v

Is there trauma present?

v

Is there pathology present?
What are the individualizing
features?

v

Take a sample for DNA
analysis?

Fig. 6. Chart used to illustrate an algorithm in the analysis of fragmentary remains.

Juvenile remains—being smaller in size and having unfused epiphyses—are more
likely to be confused with wood or mud than are whole adult remains. Adult tarsals,
metatarsals, phalanges, and sesamoids are also likely to resemble wood, rocks, or mud
due to their irregular shapes (Figs. 9, 10). Shafts of the infant femur, tibia, and fibula
may be confused with small twigs or animal bones, while the epiphyseal ends may be
confused with lumps of mud, dirt, or clay, particularly in outdoor settings (Fig. 11).
Within an archaeological context, juvenile remains are sometimes not recovered due to
preservation issues or, more commonly, lack of recognition by individuals who are
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Fig. 7. Anterior views of fragmentary and whole femora.
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Fig. 8. Anterior views of fragmentary and whole tibiae.
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Fig. 9. Photograph comparing a human first metatarsal (left) to a small twig.

inexperienced with children’s skeletons. Within a forensic context, recognition of vari-
ous juvenile segments and fragmentary adult segments is vital to facilitate recovery and
subsequent analyses.

The next step in the analysis is to determine whether the remains are human.
Numerous authors have documented similarities between both adult and juvenile human
remains and those of various animals, particularly with respect to the lower extremity
(5,6). Adult animals—such as dogs, sheep, goats, and rabbits—have smaller extremities
than adult humans. The skeletal remains of adult cattle, horses, or other larger animals
will exhibit limbs that are larger than those of adult humans. Differences in morphol-
ogy and bone texture can yield clues as to species (Fig. 12). For example, human infant
remains can be confused with avian skeletal remains; however; the lighter, hollow bones
of birds help distinguish these materials from human skeletal remains. Comparative
mammalian skeletal collections are also useful during this stage of the analysis. Extremely
fragmented remains may not contain enough diagnostic features to assign a species
designation.

If the remains are determined to be human, the next step is to consider their poten-
tial forensic significance. Human remains may be found within many contexts, not all of
which necessitate forensic investigation or personal identification. Commonly, informa-
tion gained from the context of the remains and the condition of the remains themselves
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Fig. 10. A photograph similar to that of Fig. 9; with a closer color match.

will aid in the determination. The accompanying presence of archaeologically signifi-
cant materials such as arrowheads or pottery may indicate ancient remains. Tombstones,
coffin hardware, buttons, and clothing may provide data with respect to the time frame.
Extreme drying of remains, with little adherent soft tissue, often indicates remains of no
forensic significance. In the United States, Native American Graves Protection and
Repatriation Act (NAGPRA) laws dictate that law enforcement agencies, coroners, and
medical examiners must identify the nearest Native American group and notify them of
any finds before proceeding with removal (7). Experienced forensic or physical anthro-
pologists will need to examine the remains in sifu. In some situations, the determination
of forensic significance can be made before any further investigative effort is undertaken.

The discovery of forensically significant remains should culminate in a recov-
ery using standard archaeological procedures to maximize the preservation of infor-
mation and maintain the chain of custody at the scene. A thorough search of the scene
as well as detailed photography, mapping, packaging, and transporting of human
remains are necessary to optimize the forensic recovery and subsequent evaluation.
Scene context (indoor or outdoor, size of the scene, landscape, weather), available
personnel, budget, resources, and legal issues all contribute to the nature of a recov-
ery operation (7). Forensic anthropologists can often be located by contacting the
nearest university with an anthropology department. These individuals, who have
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Fig. 11. Photograph illustrating similarities between non-human skeletal elements (left
and right) and human infant or fetal skeletal elements (center).

advanced degrees and training in archaeology and human osteology, are typically best
equipped to handle the recovery and analysis of fragmentary human remains. Following
the team approach, the forensic anthropologist should be consulted early in the inves-
tigation and ideally would participate in recovery efforts.

Suspected and known human remains should be transported to a laboratory. All
remains should be photographed immediately—in tofo and each element separately—
upon their arrival at the laboratory. Traditionally, 35-mm film cameras can provide a
high level of resolution. However, high-quality digital cameras can also achieve high
resolution. Inclusion of an American Board of Forensic Odontology standard grey scale
in photographs is essential for accurate measurements and dimensions. Radiography is
a routine procedure in forensic examinations and is useful for separating human from
nonhuman and nonskeletal materials. Radiographs should be performed prior to the
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Fig. 12. Photograph of broken bird bone to illustrate the thin walls of the medullary
cavity.

removal of any clothing, soft tissue (if defleshing is desired), debris, or other adherent
material. Highly decomposed remains frequently result in variable soft tissue density,
which may obscure skeletal detail in the radiograph. Therefore, we recommend that the
examiner who requires fine skeletal detail on radiograph remove the soft tissue and
radiograph the remains again with various image orientations (e.g, anterior-posterior,
lateral, medial, and oblique views). The authors have had success in macerating soft tis-
sue using an enzymatic detergent followed by a wash in household ammonia, as
described by Fenton et al. (8).

Radiographically, bone may demonstrate a discernable medullar cavity and trabec-
ular latticework. Radiographs will also highlight potential features for individual identi-
fication (described in Chapter 6). It should be noted that prior to defleshing, tissue
samples should be preserved in case of a need for pathological, DNA, or toxicological
analysis. Thorough documentation of the soft tissue should be accomplished prior to tis-
sue removal, and photographs should be taken and any individual characteristics noted.

Subsequent to radiography, an inventory of the remains should be made. This
serves two purposes: first, a permanent inventory of the collected and any missing
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remains can be maintained and distributed to other agencies and is vital for compari-
son with any subsequent discoveries; second, information regarding the remains pre-
sent also dictates the next steps of the analysis, i.e., determination of race, age, sex,
and stature (which constitutes the biological profile). Investigators should make notes
of any signs of pathology or disease processes, such as osteomyelitis or antemortem
fractures, which can be compared with antemortem medical records for presumptive
identification.

Documentation of any and all individualizing characteristics present on the soft
tissue or skeletal elements can also aid in making a positive identification. Soft tissue
characteristics may include tattoos, scars, birthmarks, or concentrations of melanin;
characteristics intrinsic to the bone itself include the trabecular pattern (2). Fractures in
various stages of healing can be compared with medical records, leading to a positive
identification. Surgical alterations or implants such as rods, pins, or hip replacements
can also be useful. Some implants are imprinted with serial numbers, which are recorded
at the time of surgery and can be linked to an individual using available antemortem
medical records.

Comparison with records of missing individuals is the final stage in the process.
However, there is the possibility of finding no match between the remains and an indi-
vidual, given the fragmentary nature of the skeletal materials. For example, a small
segment of a human fibula may be forensically significant but otherwise unidentifi-
able. Some jurisdictions may choose not to treat the remains as forensically significant,
because the removal of all or part of a skeletal element in the lower extremity is theo-
retically compatible with life (e.g., surgery). Fragmentary remains can be scattered
across great geographical distances because of a traumatic event or animal scavenging;
therefore, communicating with other agencies regarding the inventory of the remains
is vital.

5. SUMMARY

The process of recovering, analyzing, and positively identifying forensically sig-
nificant skeletal remains is enhanced by adherence to the procedures outlined in this
chapter and by focusing on an integrated multidisciplinary approach.
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Chapter 3

Normal Osteology of the Knee Joint
and Markers of Stress and Injury

Emily A. Craig, PhD

1. INTRODUCTION

Analysis of the knee for forensic identification has often been overlooked in favor
of studies of skeletal elements that have more individualizing features than the knee.
However, there may be instances when careful analysis of the knee can provide clues to
a person’s identity.

All the musculoskeletal tissue at the knee should be examined carefully for evi-
dence of antemortem injuries, repetitive stress, and surgical modifications, which, it is
hoped, correlate with a specific overuse syndrome or ideally with a putative victim’s
medical record. In skeletonized remains, osteologic evidence (and perhaps some non-
absorbable sutures) may be the only evidence remaining for analysis. In other cases,
analysis of the connecting ligaments and capsular structures often can provide answers
to the puzzle of victim identification. Therefore, these structures should never be
removed during hasty attempts to expose the bone.

This chapter will help forensic experts become familiar with the most common
anatomic terminology and conditions involving the knee and provide a condensed
anatomy atlas of that region. All illustrations depict the right knee.

2. OSTEOLOGY
2.1. Femur

The femur is the longest bone of the human body. It consists of a rounded proxi-
mal head that articulates with the acetabulum at the hip, a nearly cylindrical shaft, and
a distal metaphysis that forms two large rounded condyles that articulate with the tibia.
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Head

Greater trochanter

Lesser trochanter

Shaft Patellar surface

Lateral tibial Medial tibial
surface surface

Intercondylar notch

Distal metaphysis

Fig. 1. Anterior femur: (A) Anterior view of the entire femur; (B) The distal articular sur-
face shows how the patellar surface blends into the medial and lateral tibial surfaces.

Because of its relationship with the osteology of the knee, the distal portion of the femur
will be the focus of this section. This distal portion is widely expanded to provide a
large surface for the transmission of body weight to the top of the tibia. It is made up of
two large condyles that are partially covered by articular cartilage. These two condyles
are separated posteriorly by the intercondylar notch but are united anteriorly, where they
provide an articular surface for the patella.

2.1.1. Articular Surfaces

The patellar and the tibial surfaces are the two major divisions of the distal artic-
ular surface. The patellar surface is concave from side to side and has a groove along
its long axis. It is higher on the lateral side and is separated from the tibial surfaces by
two relatively indistinct grooves. The tibial surface is further divided into medial and
lateral parts. Anteriorly the tibial surfaces are continuous with the patellar surface, but
posteriorly they are separated by the intercondylar notch or fossa (Figs. 1, 2). Normally,
all of these articular surfaces are covered with a thick layer of cartilage that protects the
underlying bone.

2.1.2. Condyles

The femoral condyles are convex from side to side and front to back, and both pro-
ject posteriorly past the plane of the posterior shaft of the femur. The medial femoral
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condyle condyle

Intercondylar notch (fossa)

Fig. 2. Anterior and posterior views of the distal femur.

condyle is larger and rounder than the lateral condyle and projects downward and medi-
ally to such an extent that the lower surface of the lower end of the bone appears to be
practically horizontal when seen from the side (Fig. 3). The lateral femoral condyle is less
prominent but is longer from front to back. It is wide and steeply sloped medially to lat-
erally, where it creates a large weight-bearing surface against the interspinous eminence
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Adductor tubercle

Medial epicondyle
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Linea aspera

Groove for popliteus Lateral epicondyle

Fig. 3. The epicondyles of the femur: lateral and medial views.

of the lateral tibial plateau. The lateral femoral condyle is comparatively narrow posteri-
orly, where it is not in weight-bearing apposition with the tibia.

2.1.3. Epicondyles

Immediately superior to the femoral condyles are the epicondyles and their
tubercles, which provide attachments for many muscles, tendons, and capsular liga-
ments (Fig. 4). Some of these attachment sites are well defined on the bone, but oth-
ers are much more subtle. The attachment site of the tibial collateral ligament on the
medial femoral epicondyle is a distinct raised area immediately anterior and inferior
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Short head of biceps

Fibular collateral ligament "Cheek" of femur

Tendon of popliteus

Fig. 4. Attachment sites for soft tissues. Just above the articular surfaces, the distal femur
has numerous sites of attachment for periarticular soft tissues (70,17).

to the adductor tubercle, which in turn is the attachment site for the adductor tendon
as well as for the vastus medialis obliquus muscle. Just inferior to the medial epi-
condyle is the attachment site for the mid third of the medial capsular ligament;
slightly posterior to this is the insertion site of the posterior oblique ligament and
capsular arm of the semimembranosus (Fig. 5).

The lateral epicondyle provides attachment sites for the fibular collateral ligament,
the tendon of the popliteus muscle, fibers of the iliotibial tract, and the lateral capsular
ligament. Just superior and posterior to the epicondyle is the most distal extent of the
linea aspera. This raised area of bone provides attachment sites for the iliotibial tract,
the vastus lateralis, and the short head of the biceps. Between the lateral epicondyle and
the linea aspera is the attachment site for the lateral head of the gastrocnemius.
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Fig. 5. The capsular expanse of the semimembranosus covers the entire posteromedial
corner of the knee joint (illustration by the author, reproduced with permission from ref. 1;
Hughston Sports Medicine Foundation, Inc., Columbus, Georgia).

The so-called “cheek” of the femur (/) provides an attachment site for the synovial
membrane and separates both medial and lateral epicondylar areas of bone from the
articular surfaces.

2.1.4. Intercondylar Notch

The intercondylar notch separates the medial and lateral femoral condyles and is the
attachment site for the cruciate ligaments, the ligaments of Wrisberg and Humphrey, and
the frenulum of the patellar fat pad (Figs. 1, 6-8). A large portion of the notch is rough
and pitted by vascular foramina, but it is relatively smooth where it provides attachment
for ligaments. To accommodate the ligaments, the notch is widened posteriorly where it
is not in apposition with the tibia. In the most posterior superior portion, the notch con-
nects to the intercondylar line, a distinct ridge of bone that provides attachments for the
oblique popliteal ligament and the posterior portion of the arcuate ligament (Fig. 9).

2.1.5. Popliteal Surface

A large portion of the posterior distal femur is described as the popliteal surface.
It is the floor of the upper part of the popliteal fossa of the knee and is covered by fat,
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Anterior cruciate ligament

Lateral side of
intercondylar notch

Ligament of wrisberg

Posterior cruciate ligament

Medial side of

Ligament of humphrey intercondylar notch

Fig. 6. Sagittal sections of the femur expose medial and lateral sides of the intercondylar
notch and show the attachment sites for the cruciate ligaments as well as the ligaments of
Humphrey and Wrisberg (712). The frenulum of the infrapatellar fat pad, shown in Fig. 8,
also inserts in the notch but the bony landmarks are ambiguous and variable (7).

which separates it from the popliteal artery. It is a relatively flat, slightly concave sur-
face that is deeply pitted with vascular foramina. Lateral to this is a raised area of bone
where the plantaris, the lateral head of the gastrocnemius, and the arcuate ligament
attach. At the most medial edge of the popliteal surface, the bone expands to provide an
attachment site for the medial head of the gastrocnemius, the adductor aponeurosis, and
the semimembranosus retinaculum (Figs. 2, 9,10).

2.2. Tibia

The tibia is the larger of the two bones of the lower leg and, except for the femur,
is the longest bone of the skeleton. The proximal end is flattened and expanded to pro-
vide a large surface for bearing body weight transmitted through the lower end of the
femur. The shaft is prismoid in section, especially in the proximal third. The distal end
is smaller than the proximal end, and there is a stout process—the medial malleolus—
at the end. The proximal end forms a large portion of the knee joint.
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Fig. 7. The intercondylar notch is widened posteriorly to accommodate the proximal
attachments of the posterior cruciate, the anterior cruciate, and the ligament of Wrisberg.
(illustration by the author, reproduced with permission from ref. 7; Hughston Sports
Medicine Foundation, Inc., Columbus, Georgia).

2.2.1. Articular Surfaces

The uppermost portion of the tibia is expanded, especially in the transverse axis,
into two prominent condyles. The articular surface of the larger medial condyle is
concave and essentially ovoid. It is flattened where it comes in contact with the
medial meniscus, and the imprint of the medial meniscus can frequently be seen on
the bone. The articular surface of the lateral tibial condyle is more circular in outline
and likewise bears a flattened imprint of the corresponding lateral meniscus (Fig. 11).
Both articular surfaces are normally covered with thick cartilage, and they rise
sharply in the center of the joint to form their respective sides of the intercondylar
eminence.

As the anterior articular margins of the two articular surfaces recede from each
other, the middle of the tibial plateau broadens into a fairly flat, smooth area that is
devoid of cartilage. The infrapatellar fat pad covers this portion and separates it from
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Fig. 8. Suprapatellar plica. The suprapatellar plica is a fold of the normal synovium sur-
rounding the knee. It originates superolaterally over the supracondylar fat pad. It is teth-
ered superiorly by the articularis genu. When healthy and smooth, it glides over the
medial articular surface and inserts distally into the infrapatellar fat pad (illustration by the
author, reproduced with permission from ref. 7; Hughston Sports Medicine Foundation,
Inc., Columbus, Georgia).

the patellar ligament. The medial and lateral menisci insert between this smooth, flat
area and the articular surfaces just posterior to this fat pad. The area of attachment for
the anterior cruciate ligament fits between the meniscal attachments and the inter-
condylar spines or eminences. Immediately posterior to the intercondylar eminences
are attachment sites for the posterior horns of the medial and lateral menisci. Behind
these, the posterior intercondylar area slopes sharply downward into a fovea and pro-
vides an attachment site for the lower end of the posterior cruciate ligament. The pos-
terior intercondylar area ends in a ridge to which the posterior capsular structures are
attached (Figs. 10, 11).
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Fig. 9. The posterior portion of the distal femur consists of a central popliteal surface with
attachments for periarticular structures across almost the entire distal expanse. These peri-
articular structures are shown in Figs. 5,9, 10, 16, 17).

2.2.2. Tibial Tuberosity

A large tuberosity that is divided into a lower roughened region and a smooth
upper region is present on the anterior surface of the proximal tibial shaft. The patella
ligament inserts on the lower region. The upper surface of this tuberosity is tilted back-
ward relative to the long axis of the shaft, but the inferior surface projects forward in a
triangular protuberance (Fig. 12).

2.2.3. Condyles

On the lateral side of the tuberosity, the tibia first forms a ridge that provides
attachment sites for the lateral capsule and fibers from the iliotibial tract (Figs. 12, 13).
The strongest, direct attachment for the iliotibial tract, however, is on the lateral tibial
tubercle. A prominent ridge just posterior to the tubercle provides an attachment site for the
lateral capsular ligaments. The lateral tibial condyle is somewhat flattened below and
articulates with the head of the fibula posteriorly. The fibular facet is directed down-
ward and laterally to match the articular surface of the head of the fibula. The posterior
edge of the fibular facet is on the posterolateral portion of the proximal tibia, just below
the posterolateral tibial plateau. The most posterior third of the lateral condyle has an
acute posterior slope just medial to the plateau (Figs. 12, 14, 15).

The medial tibial condyle projects much farther posteriorly than does the lateral
condyle, and the entire nonarticular surface provides an extensive attachment site for
the tendon and retinaculum of the semimembranosus. The superior posteromedial edge
of this condyle has a distinct groove for the direct arm of the semimembranosus, and
the tibial attachment for the posterior oblique ligament and the mid third of the medial
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Fig. 10. Proximal surface of the tibia with associated soft tissues: superior view (illustra-
tion by the author, reproduced with permission from ref. 7; Hughston Sports Medicine
Foundation, Inc., Columbus, Georgia).

capsular ligament is just above this groove. The most medial portion of the medial tibial
condyle is raised to create a smooth projection that secures a bursa over which the tib-
ial collateral ligament glides. This ligament produces a distinct ridge that extends down
the medial shaft of the tibia. As the distal condyle blends into the shaft, it drops off
sharply and angles anteriorly to produce the medial surface of the tibial tuberosity and
provide an attachment site for the tendons of the sartorius, gracilis and semitendinosus
(Figs. 14, 16-18).

2.2.4. Posterior Surface

The proximal tibia expands posteriorly and angles obliquely from the medial to
lateral direction. Distally it ends abruptly as the shaft drops off to form a deep depres-
sion to accommodate the bulk of the popliteus muscle. Medial and posterior to the fibu-
lar facet, the tendon of the popliteus produces a distinct groove on the bone. The
posterior border of the tibial plateau ends in a sharp ridge medial to this popliteal
groove, and the posterior popliteal ligament inserts in the area inferior to the ridge.
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Fig. 11. Proximal surface of the tibia: superior view.

A deep fovea in the central part of the posterior proximal tibia marks the lower site of
attachment for the posterior cruciate ligament. A distinct osseous ridge extends from
just below the posterolateral tibial plateau and runs obliquely toward the medial border
of the tibial shaft, the bony origin of the soleus muscle (Figs. 7, 11, 14, 18).

2.3. Fibula

The fibula, the lateral bone of the leg, is more slender than the tibia. It does not
share in the transmission of body weight but functions primarily as an anchor for the
muscles of the lower leg. The shaft, which has a variable shape that is molded by the
muscles to which it gives attachment, ends distally as the lateral malleolus.

The head of the fibula is the only portion that contributes to the structure of the knee
joint. The shape of the head is extremely variable, and all its diameters are expanded in rela-
tion to the shaft. Its upper surface contains an articular facet that joins onto the inferior lat-
eral tibial condyle, but the exact location of the articulation with the tibia is not constant.
The styloid process projects upwards from the lateral part of the superior surface of the
head and is the site of attachment for the arcuate ligament. Anterior to this is a small depres-
sion that marks the attachment of the fibular collateral ligament. Short, strong ligaments
totally surround the tibiofibular articular surfaces and create what is an almost immovable
“plane joint” between the two bones. The tendon of the combined long and short heads of
the biceps femoris inserts on the anterior surface of the head of the fibula (Fig. 15).
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Fig. 12. Proximal tibia: anterior and lateral views.

2.4. Patella

The patella is a large sesamoid bone within the quadriceps femoris tendon that
articulates with the patellar surface of the distal femur. The anterior surface is flattened,
with just a slight convex curve. The surface is perforated with many nutrient foramina
and is marked with numerous rough, longitudinal striae. The inferior half is roughly tri-
angular and the superior border is rounded. The medial and lateral borders are relatively
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Fig. 13. Anterior and lateral views of the proximal tibia showing soft tissue attachment sites.

thin but provide substantial areas for musculotendinous attachments. The superolateral
border is the site of attachment of the vastus lateralis tendon, where a distinct notch
often is present or even an accessory ossification center.

An articular surface covers most of the posterior patella and molds to fit smoothly
against the femur. It made up of a large medial and lateral facet; a central ridge; and
a single, small, medial facet that is sometimes referred to as the “odd” facet (2). The
lateral facet is the largest and deepest of the three facets.

Just inferior to the articular surface is an area known as the apex. The inferior border
of the apex is roughened and provides attachment for the patellar ligament. Its superior
surface is covered by the infrapatellar fat pad and an extension of synovium termed the
ligamentum mucosum or frenulum (Fig. 19).

2.5. Fabella

Fabella, a term derived from the Latin word for “little bean,” is a sesamoid bone
buried in the lateral head of the gastrocnemius muscle near the musculotendinous junction.
The fabella is approximately 13.5 mm long and 3.5 mm wide on average but can be as
large as 22 mm X 14 mm (3-5). Data on the occurrence of a fabella vary greatly; the
reported frequency ranges from 9.8 to 22% in the normal population and up to 35% in
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Fig. 14. Bony topography of the posterior and medial proximal tibia.

patients with clinically significant osteoarthritis of the knee (3,4,6). Among individuals
who have a fabella, it is bilateral in 71 to 85% (6,7).

The anterior surface of the fabella is covered with cartilage and forms an articula-
tion with the posterior surface of the lateral femoral condyle. The fabella articulates with
only a portion of the lateral femoral condyle when the knee is in extension, and the con-
cave curve of the fabella touches only a small arc of the condyle. This limited contact area
produces a fabella articular surface that curves very gently in both a superior—inferior and
a medial-lateral direction. The overall shape of the fabella is variable, but the curve of the
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Fig. 15. The fibula: (A) Anterior view of the entire fibula; (B) Lateral view of the fibula and
its relation to the tibia.

anterior articular surface is very consistent and its most distinguishing feature. This curve
distinguishes a fabella from a toe sesamoid. Where the toe sesamoid forms a joint with the
first metatarsal, the curve is opposite that of the fabella—femur articulation (8) (Fig. 20).

3. SKELETAL EVIDENCE OF KNEE INJURY AND STRESS

The knee is the largest and one of the strongest joints in the human body. It is a
major weight-bearing joint and is subjected to stress and injury even during sedentary
daily living. During athletic competition and other strenuous activity, the stress is increased
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Fig. 16. These thick, strong tendons and capsular structures that cover the posterior aspect
of the knee help mold the contours of the underlying bone (illustration by the author, repro-
duced with permission from ref. 7; Hughston Sports Medicine Foundation, Inc., Columbus,
Georgia).

to incredible levels. Some of these injuries and stresses can produce changes in the bone
that become part of the permanent osteological evidence and thus can be used to recre-
ate a pattern of activity. In forensic cases, this type of analysis can lead to a correlation
with a medical record and possibly a positive identification. It is important to be able to
recognize changes in the bone that are due to injury and to the stresses caused by such
factors as misalignment and other mechanical forces.

The process of bone remodeling is controlled by an intricate system of bone depo-
sition and resorption. The biomechanical principles that apply to long-bone response
and remodeling are not quite the same as those that apply to synovial weight-bearing
joints such as the knee, but the physiological principles are similar.
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At the ends of the femur and tibia, the trabeculae are arranged to resist both tensile
and compressive forces. When a change occurs in overall body weight, biomechanical
forces, or both, there is a corresponding thickening or thinning of the trabeculae. This
change in trabecular thickness, rather than cortical bone remodeling, is the primary stress

response at the joint.

Other forces and factors in and around the articular surfaces of weight-bearing
joints affect the response to injury and stress. In addition to bone, cartilage is the pri-
mary connective tissue involved in and around large synovial joints. Articular cartilage
covers the gliding and load-bearing surfaces of the bones; fibrocartilage attaches liga-
ments and tendons to the bones, and fibroelastic cartilage constitutes the bulk of the

interarticular menisci.
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Fig. 17. The tendons of the sartorius, gracilis, and semitendinosus muscles come together
as the pes anserinus tendon group. Here the large distal retinacular portion of the vastus
medialis is also evident (illustration by the author, reproduced with permission from ref. 7;
Hughston Sports Medicine Foundation, Inc., Columbus, Georgia).

The articular cartilage is continuous with the synovium, or synovial membrane.
This synovium is a vascular mesenchymal tissue that lines the joint space and produces
the joint fluid that serves to lubricate, nourish, and remove cellular debris within the
joint capsule.

Trauma to a large synovial joint affects primarily the ligamentous, capsular, and car-
tilaginous structures, but these in turn can affect the osseous structures because of the action
and interaction of all anatomic and biomechanical parts. Trauma to the synovial mem-
brane and cartilaginous surfaces is a contributory factor to the later onset of degenerative
arthritis. Miltner et al. (9) pointed out that this synovial membrane becomes congested with
small hemorrhages, resulting in the formation of pannus at the osteocartilaginous junction.
This causes fibrillar degeneration of the surface layers of cartilage on the side of injury and
cell damage and fissuring of the intermediate layer of cells on the opposite side. This latter
change is the primary culprit in the onset of late traumatic arthritis.

Ligament injuries may be complete or incomplete. Complete ligament injury will
result in demonstrable instability that if left untreated may become permanent and cause
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Fig. 18. Proximal view of the posterior and medial tibia showing the soft tissue attach-
ment sites.

irreparable damage to cartilaginous and osseous structures. Repeated microtrauma can
lead to the same sequence of hemorrhage, pannus, and fibrillar degeneration.

Postmortem evidence of these injuries and instabilities can be seen in and around
the ends of long bones. They are sometimes overlooked or attributed to the general con-
dition of “arthritis.” For forensic identification experts, however, it is important to be
able to recognize and classify evidence of knee injuries and specific stress that may
offer clues leading to identification of the victim.

As a consequence of diagnostic coding protocols that have been established by the
health insurance industry, the recognition and exact classification of an injury is often
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Fig. 19. Anterior and posterior views of a right patella. The top two views show the
bony topography of the patella. The bottom two views indicate the attachment sites of
soft tissues.

necessary to trace an individual’s medical history. The ability to provide autopsy docu-
mentation that an individual at one time likely sustained an “acute avulsion of the ante-
rior cruciate ligament” or a “lateral tibial plateau fracture” will prove to be an advantage
when attempting to match damaged, decomposed, or skeletal remains with the medical
records of missing persons.

This section will illustrate the typical appearance of bones that have incurred
repeated mechanical stress and some of the most common knee injuries.

Femur: STRESS RELATED:
Age-related gonarthrosis (Fig. 21)
Injury-related gonarthrosis (Fig. 22)
Suprapatellar plica anatomy (Fig. 8)
Suprapatellar plica defect on bone (Fig. 23)
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Fig. 20. Articular surfaces of a fabella and a toe sesamoid. The articular surface of the
fabella is gently concave in superior—inferior and medial-lateral directions. There is a
central convex curve in a toe sesamoid (7).

Fabella articulation (Fig. 24)
Subluxing patella (Fig. 25)
Osteochondritis dissecans (Fig. 26)
Pellegrini—Steida disease (Fig. 27)

INJURY RELATED:
Supracondylar and condylar fractures (Fig. 28)
Ligament avulsions (Fig. 29)

Tibia: STRESS RELATED:
Meniscal wear (Fig. 30)
Age-related gonarthrosis (Fig. 31)

INJURY RELATED:

Condylar fractures (Fig. 32)

Tibial plateau fractures (Fig. 33)
Avulsion fractures (Fig. 34)
Osgood—Schlatter disease (Fig. 35)

Patella: Patellar injuries (Fig. 36)

4. CONCLUSIONS

Evidence of antemortem injuries and stress usually remains as permanent osteo-
logical features in the bone. If recognized and correctly classified, this evidence can
become a critical element in the process of victim identification.
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Fig. 21. Age-related gonarthrosis. Age-related, degenerative gonarthrosis is undoubtedly
the most commonly encountered abnormality in the distal femur. It first appears as a general
increase of bony lipping of the articular margins and can eventually involve all articular
surfaces.

The first step is to recognize the anatomic or mechanical causation of the defect
to identify individual clinical diagnoses that can perhaps be linked to these defects. The
second step is to correlate these findings with the medical histories or medical records
of suspected missing persons who match the additional criteria of age, race, sex, and
stature.

The ultimate goal in forensic analysis is, of course, to identify the skeletal remains,
and more often than not the final identification will be based on dentition or DNA.
Sometimes, however, evidence from the postcranial skeleton can provide critical clues
leading to putative identification based on clinical history. In some cases, individual fea-
tures of the knee can provide the investigator with enough evidence to make a positive
identification if there is comparative documentation such as a radiograph, computed
tomography, or magnetic resonance imaging.
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Fig. 22. Injury-related gonarthrosis. When a single specific injury to the knee results in
gonarthrosis, the pattern can differ from degenerative changes. A fracture or a significant
ligamentous injury can start a series of events that lead to significant arthritic changes in
only one joint. This may or may not lead to generalized gonarthrosis.
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Fig. 23. Suprapatellar plica. Trauma or repetitive irritation can produce fibrosis of the
plica, which in turn creates distinct scars on the femur (7).
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Fig. 24. Fabella articulation. The fabella articulates with a very small portion of the pos-
terior lateral femoral condyle. This often causes chondromalacia that can lead to a dis-
crete bony lesion (13,14).

A subluxing patella will
create defects on patellar surface
of the femur

Fig. 25. Subluxing patella. Evidence of chronic patellar subluxation presents as significant
degenerative arthritis on the patellar articular surface (75).
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Fig. 26. Osteochondritis dessicans. Osteochondritis dissecans creates a discrete lesion on
the tibial articular surface. An area of subchondral bone undergoes avascular necrosis,
and degenerative changes occur in the cartilage overlying it. The lesion is usually located
on the medial femoral condyle, where weight is born against the medial eminence, but it
can occur elsewhere on this articular surface and also on the lateral femoral condyle (76).
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along the path of the
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Fig. 27. Pelligrini-Stieda disease. Pelligrini-Stieda disease is characterized by a bony for-
mation that starts in the superior portion of the tibial collateral ligament and can extend
to the tibia in severe cases. It is due to previous trauma to the medial capsular structures

of the knee (1,17).



Normal Osteology of the Knee Joint and Markers of Stress and Injury 61

Minimal Medial condylar Lateral condylar Conjoined shaft
displacement displacement displacement & supracondylar

Fig. 28. Condylar and supracondylar fractures. Condylar and supracondylar fractures of
the femur can take many forms, and Neer et al. proposed a useful classification of these
(18), which are redrawn here. Severe displaced fractures are now most likely to be treated
with open reduction and internal fixation (Left knee).
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Fig. 29. Avulsion fractures. Avulsion fractures always occur at the site of attachment of a
muscle, ligament, or tendon. By referring to the osteology section, one can determine the
associated soft-tissue component of any avulsion fracture (16,79). Three of the most com-
mon sites of avulsion fracture are shown here: (A) Posterior cruciate ligament; (B) anterior
cruciate ligament; (C) tibial collateral ligament.

Typical area of
meniscal wear

Fig. 30. Meniscal wear. Tears of the menisci create distinctive patterns of wear on the
articular cartilage, and in severe cases, these torn menisci can permanently scar the artic-
ular surfaces of the bone.
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Liping begins at the
articular margins

Fig. 31. Age-related gonarthrosis. Age-related degenerative gonarthrosis of the tibia is a
very common finding. It generally starts on the outer edge of the articular margins and
against the intercondylar eminences. It slowly progresses until the entire articular surfaces
are involved.
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Fig. 32. Condylar fractures. Fractures of the tibial condyles often heal with displacement. This
can change the position of the weight-bearing surfaces to valgus or varus weight-bearing
alignment, an increase in joint space, and usually some rotational deformity (20). The most
commonly used classification for tibial condylar fractures is that described by Hohl (27).
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Posterolateral tibial
plateau fracture

Fig. 33. Tibial plateau fractures. Tibial plateau fractures are technically just variations of
tibial condylar fractures, but they are much more subtle in the clinical situation and are
more difficult to recognize and classify (7).
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Fig. 34. Avulsion fractures. Just as on the femur, avulsion fractures of the tibia occur at the
attachment site of ligaments and tendons. Three of the most common sites of avulsion
fractures are shown here: (A) Segond fracture (lateral capsular ligament); (B) Anterior cru-

ciate; (C) Posterior cruciate.
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Tibial tuberosity shows
excessive overgrowth of bone

Fig. 35. Osgood-Schlatter disease and tibial tuberosity avulsion fracture. The tibial
tuberosity is the insertion site of the patellar ligament, and as such is subjected to stresses
from the quadriceps femoris. An overgrowth of bone here can develop following repeated
microtrauma to the growing epiphysis. The tuberosity occasionally fractures as a result of
forceful contraction of the quadriceps (22,23).

Fig. 36. Patellar injuries. Injuries and stress to the patella can leave significant evidence
on the cartilage and bone Patellar fractures sometimes heal without surgical intervention,
but the original fracture patterns may remain evident for years (2).
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Chapter 4

Anthropological Analysis
of the Lower Extremity

Determining Sex, Race, and Stature
From Skeletal Elements

Nancy E. Tatarek, PhD and Paul W. Sciulli, PhD

1. INTRODUCTION

Human remains in an advanced state of decomposition, fragmentation or inciner-
ation, or remains that are comingled often present challenges for coroners, pathologists,
and law enforcement agencies. These agencies often turn to anthropologists for their
expertise in the analysis of human remains. For a variety of reasons—including cover-
age with clothing and footwear, the amount of tissue, and the large size of the bones—
the leg and foot are frequently preserved and recovered in even the most extreme
circumstances (e.g., from a shark’s stomach) (/). The human lower extremity possesses at
least 30 skeletal elements, including sesamoid bones. If these remains are analyzed thor-
oughly, they can be used to assess an individual’s age at death, sex, ancestry, and stature.
This baseline biological information, known by physical anthropologists as the biolog-
ical profile, can narrow the search for missing persons. Methods of determining the age
at death are discussed elsewhere in this volume. The focus of this chapter is on the remain-
ing three aspects of the biological profile: sex, ancestry, and stature. Some anthropologists
complete the biological profile in the following order: ancestry, sex, age, and stature,
whereas others prefer the order of age, sex, ancestry, and stature. In all probability, most
analyses occur in an integrated manner as the experienced anthropologist examines a set of
skeletal remains. In this chapter, both morphological and metric methods of analysis are
addressed and problems and pitfalls associated with some of the approaches are discussed.

From: Forensic Science and Medicine
Forensic Medicine of the Lower Extremity: Human Identification and Trauma Analysis
of the Thigh, Leg, and Foot
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2. SEX ESTIMATION

English speakers increasingly use the term gender when describing males and
females (2). In anthropological terms, sex refers to the biological status of a human
being—either an XX chromosomal constitution for a female or an XY for a male.
Gender applies to the roles that individuals take on within a cultural context. Sex can be
estimated from a set of human skeletal remains; establishing gender requires material
cultural goods, such as clothing, jewelry, and accessories. This chapter will follow the
anthropological parlance.

Compared with some nonhuman primates, especially gorillas and baboons, humans
exhibit relatively little sexual dimorphism (differences between males and females).
The range of sexual dimorphism among humans usually falls within a normal distribu-
tion, with an overlap of the ranges for males and females. The degree of overlap varies
with a number of variables, including ancestry, environment, nutrition, and activity (3).
In well-nourished populations, it is reasonable to expect that some females might man-
ifest either a mixture of male and female features or even that their features will fall well
within the range of male traits (3). Such cases are both the bane of the anthropologist
and a testament to the plasticity of human development. In any event, those traits that
exhibit the greatest sexual dimorphism are the most useful for estimating sex.

2.1. Sex Estimation Before Adulthood

Any degree of sexual dimorphism discernable in the lower extremity, as in the entire
human skeleton, is best developed after individuals go through puberty. Thus, it is difficult
to assign sex to infant and juvenile skeletons. No extensive and reliable studies currently
exist on postcranial morphological or metric sex differences in prepubescent children.

2.2. Morphological Sex Estimation in Adults

Osteologists consider sexual dimorphism in the adult human skeleton (postpubertal
individuals may also fall into this category) to be both well documented and less consis-
tent than metric or measurable differences (4). Generally, males are larger and more
robust, with heavier lower extremities (5,6). For example, in males the femoral heads and
condyles are larger and the femoral midshaft is broader and thicker in cross -section than
in females (5). Hrdlicka reported that males display longer and heavier muscle attach-
ments, specifically the linea aspera of the femur (6). Boyd and Trevor (7) noted that
regions of articulation can indicate sex, with males generally possessing larger joint sur-
faces; however, these authors cautioned that this feature is best applied in an analysis of a
series of skeletons (i.e., a population) and is not as useful in forensic contexts in which the
population specifics are largely unknown. Walsh-Haney (8) suggested that it is necessary
to avoid a general size description in morphological analyses of skeletal remains and that
assessment of all available characteristics (muscle attachments, shaft circumference, head
diameter) is important to ensure a complete evaluation.

2.3. Estimating Sex From Metrics of Skeletal Elements
in the Lower Extremities

Human populations generally exhibit some degree of sexual dimorphism. Although
the degree of sexual dimorphism varies somewhat among human populations, its presence



Anthropological Analysis of the Lower Extremity 71

and the observation that males are on average larger than females allows the sizes of skeletal
elements to be used to estimate sex (9).

In the simplest case, investigators might take into consideration that in a given
population in which the size of a single measure (X) of a bone from the lower extremity
differs in males and females and that the mean measurement in males is «, and in females
it is u,. These investigators may determine further that the measure has a normal distri-
bution in both sexes and that the sexes share a common variance for that measure. If we
are presented with a bone from an individual of this population that measures X, how
do we determine whether that individual is male or female?

If the mean is larger for males than for females (i.e., u, > u,), then it may be rea-
sonable to designate the individual as male if X, is greater than (u, + u,)/2, and as
female if X is less than (u, +u,)/2, where (u, +u,/2) is the average for males and
females and serves as the cut-off or sectioning point for the assignment to sex.

An example of this method is given by a study of the circumference of the tibia at
the nutrient foramen (/0), which was measured on 40 male and female African-American
skeletons obtained from the Terry collection housed at the Smithsonian Institute. The
mean and variance for this measure in males were 100.43 mm and 43.96 mm?, respec-
tively, and for females were 90.08 mm and 37.09 mm?, respectively. The sectioning point
(average of the sexes) is as follows:

(100.43 + 90.08)/2 = 95.26 mm
and the sex assignment rule is as follows:
If X > 95.26 mm, assign to males
If X <95.26 mm, assign to females

where X represents the circumference of the tibia at the nutrient foramen. In this sam-
ple, the assignment rule correctly identified 77.5% of males and 82.5% of females.

More complex cases involve multiple measures of a bone or bones taken in the lower
extremity. Suppose we have such multiple measures of a lower extremity bone in the two
sexes, the measures differ between the sexes, the measures have a multivariate normal dis-
tribution in each sex, and the variance—covariance matrices are equal between the sexes.

Then X; and S, are the sample mean vectors and variance—covariance matrices of
the sexes (i =1,2). The sample discriminant rule is then to assign an individual of
unknown sex with a vector of measures, X, to males if

h(x)=S"(x,, —xp)[x—(%4[x, +X])]>0

and to females if this quantity is greater than 0. Here S7! is the inverse of the pooled
variance—covariance matrices with the pooled matrix:

S=(Xn8,)/(n~2)

The vectors X,, and X5 are the mean vectors of males and females, respectively, and x
is the vector of measures of the individual to be assigned to a sex.

An example of this type of analysis is given in a study of Japanese skeletons by
Hanihara (/7). As part of a larger study, Hanihara presented data on the bicondylar
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length and the distal breadth of the femur in 48 males and 40 females. The mean
vectors and the variance—covariance matrices were as follows:

X, = (411.00, 8.53) X = (372.85, 70.45) (Iength, breadth)
_(408.13 35.79 (35646 44.99
m\ 3579 1831) T | 4499 1486

The pooled variance—covariance matrix was as follows:

~(393.59 40.90
| 4090 17.13

The sample discriminant rule would assign an individual of unknown sex to male
if the following were true:

L-361.98
h(x) = (.0485 .4640)( )>

B-75.42
h(x) = 0.0485L + 0.4640B — 54.0 > 0

An unknown individual with measurements equal to those of the male mean vec-
tor would have h(x) = 3.22 and would be assigned to males while an unknown individ-
ual with measures equal to the female mean vector would have A(x) =—3.22 and would
be assigned to females.

This type of analysis can be extended to additional measures with the main com-
plication that the sample discriminant rule becomes longer: one factor for each measure
plus the final constant.

In the following presentation, sample discriminant rules will be provided for
skeletal elements of the lower extremity along with measures of the success of the rules
in discriminating between males and females (see Appendix).

3. ESTIMATION OF ANCESTRY (RACE)

Anthropologists agree that humans comprise a single species, Homo sapiens.
However, they differ with respect to their views on race. In general, physical anthro-
pologists disavow the use of racial categories to describe humans (e.g., 12,13). In con-
trast, forensic anthropologists are faced with a paradox: the idea of the nonexistence of
race along with the need to estimate race for law enforcement agencies. As aptly put by
Norman Sauer in a 1992 article (/4):

The race controversy in anthropology is a debate about natural groupings of human bio-
logical diversity, a question of taxonomy. Forensic anthropologists, when they assign a
race label to a skeleton, are involved in a process that uses a narrowly defined set of bio-

logical variables for a very specific end, that is, to construct a biological profile that will
match a missing person report.

Essentially, forensic anthropologists apply biological characteristics to socially
meaningful labels, a process that is necessary to operate within the cultural labeling system
prevalent in the United States. Again quoting from Sauer (/4):

Rather it is a prediction, based upon skeletal morphology, that a particular label would
have been assigned to a particular individual when that individual was alive.
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Of all the tasks a forensic anthropologist must perform, determination of ancestry
is perhaps the most difficult. Migration, immigration, admixture, and changes in social
construction of racial identity impact attempts to link biological traits to social labels. For
example, an individual may exhibit skeletal traits associated with individuals of African
or African-American descent, but the individual may self-identify as white or Caucasian,
and this identity may be recorded on the individual’s driver’s license or physician’s med-
ical reports. In addition, individuals of mixed heritage may choose to identify with one
rather than the other yet possess skeletal traits representative of both.

The lack of complete random mating in our species, coupled with variation in the
environment, results in a discontinuous distribution of human populations. Humans are
not evenly spread over the landscape but are usually grouped into populations that often
show some degree of biological differentiation. Obviously not all populations differ to
the same degree and not all biological features show the same amount of differentiation.
The degree of differentiation results from the complex historical processes that have
affected and are continuing to affect the populations. If differences among populations
do occur in biological features, and if part of the identification of an individual is the
population to which they belong or from which they are descended, then the use of
those features will provide an important practical service in forensic identification.

Most of the highly discriminant morphological or metrically identifiable skeletal
characteristics in humans are confined to the skull (9, /5). Certain studies (e.g., /6) high-
light an anterior curvature to the femur that is linked to a difference in race. However,
with respect to ancestry, postcranial differences are largely nonexistent.

Skeletally, human ancestral groups do differ with respect to their limb proportion (/7);
ratios of limb length to stature, intramembranal ratios (crural index: leg length:femur length)
and intermembranal ratios (arm length:leg length). The crural index is calculated as follows:

(Tibial length x 100)/femoral length (17)
The intermembranal ratio is calculated as follows:
(humeral length + radial length) x (100/[femoral length + tibial length]) (17)

Although considered largely nondiscriminatory, the crural indices were larger for indi-
viduals of African or African-American descent because of relatively longer tibiae (/7).
These indices can best be utilized to corroborate an estimation constructed from other
skeletal indicators.

3.1 Ancestry Estimation Before Adulthood

As with sex characteristics, skeletal traits linked to different ancestral groups do
not fully develop until after puberty. Traits commonly used to estimate sex in adults in
metric analyses have not yet been determined in juveniles.

3.2. Morphological Ancestry Estimation in Adults

As reviewed by St. Hoyme and Iscan (/8), osteological studies in the 1960s and
1970s demonstrated a visual difference in the anterior curvature of the femur. Individuals
identified as Caucasian possessed a curvature nearer the midshaft and less straight than did
those identified as African Americans (maximum curvature between trochanter and mid-
shaft). Native Americans and Aleutian femora possessed the greatest degree of curvature.
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3.3. Estimating Ancestry From Lower Extremity Metrics

The primary method of estimating the ancestry of individuals from skeletal ele-
ments of the lower extremity is discriminant analysis. Because the method is the same
as that used to determine sex and was presented in the section on estimating sex, only
an example of this type of analysis will be presented here.

Iscan and Cotton (/9) investigated the utility of a variety of measures of the pelvis,
tibia, and femur for distinguishing between African-Americans and European
Americans.

The sample consisted of 111 European Americans and 113 African-Americans from
the Hamman-Todd collection. Here we present the results for females (55 European
Americans and 61 African-Americans) using only femur and tibia measurements.

Nine measures (five from the femur and four from the tibia) were used: femur
length (FL), femur anterior—posterior (AP) diameter (FAP), femur mid-length diameter
(FML), femur midshaft diameter (FMS), femur head diameter (FH), tibia length (TL),
tibia AP diameter (TAP), tibia distal epiphyseal breadth (TDE), and tibia circumference
at the nutrient foramen (TNF). The allocation rule is to classify the individual as
African-American if the following were true:

+ 0.024(FL) + 0.249(FAP) — 0.188(FML) — 0.102(FMS) — 0.133(FH)
+ 0.062(TL) — 0.154(TAP) + 0.164(TDE) + 0.073(TNF) => 0

and as European American if the result is less than zero. Misallocation to ancestral
group occurred in 20.5% of the cases.

4. ESTIMATION OF STATURE

Stature or height estimation is defined in anthropological terms as the estimation
of living height from skeletal remains, which, in this context, refers specifically to the
lower extremity. Anthropologists thus distinguish between living stature and skeletal
stature. Living stature is that measured in the living person and may reflect reported
stature. Skeletal stature applies to stature estimated from whole or part of a human
skeleton. (Some texts use the term cadaver stature to indicate a height taken from a
deceased but fully fleshed individual.)

The height or stature of any adult can be separated into the contributions of five
body segments: head, thorax, pelvic region, leg, and foot. If the skeletal elements rep-
resenting those parts of the body are present (i.e., skull, vertebrae, sacrum, femur, tibia,
and calcaneus and talus), stature can be estimated by measuring each element and
adding the measures to yield skeletal height, then correcting this estimate to account for
missing soft tissue, which will then yield an estimate of stature (20,21,22). By using all
the body segments that contribute to stature, the Fully method is generally believed to
provide accurate estimates of stature. This method also has the advantages of not
requiring information about sex and ancestry to obtain an estimate of stature (see
Subheading 4.1.).

One drawback of the Fully method is the assumption that the correction for soft
tissue thickness, which is derived from French males, is applicable to individuals from
all populations.
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4.1. Fully Method of Stature Estimation

Thomas Dwight published a paper in 1894 (23) on what he termed the anatomical
method of stature estimation. Dwight’s method involved articulating the entire skeleton on
a measuring board and correcting for the curvature of the spine and thus estimating stature.
During the mid-1950s, Georges Fully (20) developed his own anatomical method—a much
simpler version of Dwight’s method. Because Fully’s anatomical method involves the
lower extremity, it is included here. Fully’s anatomical method requires the observer to take
the following measurements from the skeleton:

e Skull: basion to bregma height

* Second cervical to the fifth lumbar vertebrae: maximum body height
» First sacral element: anterior height

e Femur: oblique length

e Tibia: length without tibial spine

e Foot height: talus and calcaneus articulated

Fully used the following factors to correct for the loss of vertebral disk tissue:

* For skeletal heights of 153.5 cm or less, add 10.0 cm
¢ For skeletal heights of 153.6-165.4 cm, add 10.5 cm
e For skeletal heights of 165.5 cm or more, add 11.0 cm

Stewart (21) expressed doubt about the applicability of this method across popu-
lations because the formula was developed based on measurements of Europeans.
However, other researchers (24,25) have found that both the method and the correction
factors are satisfactory for population areas as diverse as those found in South Africa
and North America. Lundy (26) tested Fully’s method against Trotter and Glesar’s equa-
tions and found the two to be in close agreement.

4.2. Estimating Adult Stature From Skeletal Elements
of the Lower Extremity

If the full skeleton is present, the Fully method will likely provide the best estimate
of stature. However, skeletal elements are missing or damaged in many cases and thus can-
not be measured. In these cases, separate skeletal elements or some combination of ele-
ments must suffice as a source of data from which the estimate of stature is to be made.

The most common method used to obtain stature estimates from separate skeletal
elements is linear regression (27,28). With this technique, the known statures of adults
in a given population are plotted against the lengths of skeletal elements and the best
lines are fitted to the scatter plots. Because of size differences between the sexes, the
analyses are performed separately for males and females. Because different populations
often have different bodily proportions, individuals from only the specified population
are used. The resulting linear regression equations (representing the best-fit lines) are
population- and sex-specific. The regression equations are in the form of

y/:a+bx

where w is the estimated stature (the value that falls on the line, given a skeletal element
length), a is the y-intercept, b is the slope of the line, and x is the length of a skeletal
element. For example, Genoves (29) provides a stature reconstruction formula by sex
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for indigenous Mesoamericans. The formula for stature reconstruction is based on the
total (maximum) length in centimeters of the femur of Mesoamerican males is:

stature = 66.38 + (2.26 x femur length) cm (1)

Thus, the estimated stature of a Mesoamerican male with a total femur length of
43.0 cm is:

stature = 66.38 + 2.26 (43.0) cm
=66.38 +97.18 cm
=163.56 cm

In the United States, stature is usually recorded in English measurement units. The
following formula can be used to convert this stature estimate to feet and inches:

( 163.56cm )x lin. o l.ft 5374
1 2.54 cm 121n.

(O.37ft )x 121in. _45in
1 11t

Thus, the estimate of 163.56 cm equals approx 5 feet 4.5 in.

Although ¥ (163.56 cm) is the best estimate of stature, given the data on which
the equation is based, it is still only an estimate. We need some information about the
precision of this estimate, especially if the estimate is to be used for personal identifi-
cation. We can express the precision of this estimate by calculating the confidence interval
(CI). To calculate the CI for a given estimate we need to be furnished with or must be
able to calculate from the data presented the following quantities:

S)z,*x: the residual mean square (the variance of the statures after taking into account the
dependence of stature on skeletal element length), or
S+, the standard error of the estimate (or standard error of regression). This is the square
root of the residual mean square.
n the number of individuals on which the regression equation is based.
X:  the average value of the skeletal element in the populations on the estimate was
made (in this case, the total femur length).
;. the value obtained from the individual for which stature is to be estimated (in this
case, 43 cm).
Zx?: the sum of squares of x, (the values of the skeletal elements length squared and
summed). This is also written as 2.(x; — X)?, the numerator of the variance of x.

Given these quantities, we can calculate a number of standard errors and Cls.
Assume, for example, that our question is as follows: “What is the mean stature of all
Mesoamerican males with a total femur length of 43 cm, and what is the CI for this
estimate?” The following calculation would be appropriate:

Given ¥ = 66.38 + 2.26 (43.0)
¥ =163.56 cm
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The standard error for this estimate is:

—_7)2
S, =JS§[G)+[°‘Z—X§)H @

Based on the data presented in the Genoves (29) study for a sample of 22 indi-
viduals, the standard error is as follows:

— 2
5, J11,68X[(L)+w]:@

22 93.49

=0.73
and the 95% confidence interval (CI) can be obtained from

95% CI= (3, 10,45020)) X Sy, ) = ; £ 2.086 x 0.73 3)
=163.56+1.53

where the lower limit (L,) and upper limit (L,) are as follows:
L, =163.56—-1.53=162.0 cm
L,=163.56 +1.53 =165.1 cm

In equation 3, 1, s, is the value of the 7 distribution for 20 degrees of freedom
(N-2) with probability set at 0.05.

By contrast, consider the following question: “If 20 Mesoamerican males with a
total femur length of 43.0 cm were taken from the population, what would their mean
stature be and what is the CI for this calculation?” In this case, the following calcula-
tion would be appropriate:

¥ = 66.38 + (2.26 x 43.0) cm
Y =163.56 cm

The standard error for this estimate is as follows:

—x)? 4
o (G150 .

1 1) (43.0-4321)2
1168 | — |+ — |+ 22220 112
\/ [(22) (20) 93.49 ]

= 1.06

and the 95% CI for this estimate is as follows:
95% CI=Y, % 1,459 X (S,)20 = 3; £2.086 X 1.06
=163.56+2.21

where
L, =163.56 -2.21=161.35
L,=163.56 +2.21 =165.77
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Finally, consider the kind of question that is commonly asked in forensic settings:
“What is the stature of a single Mesoamerican male with a maximum femur length of
43.0 cm, and what is the CI?” The following estimate would be appropriate:

Y = 66.38 +2.26 (43.0) cm
=163.56 cm
The standard error for this estimate is:

EOE]
e \/S}r*x[ ”iJJr n * > x?
(Sgr = \/11.68 (1+(L)+(Mm

l 22 93.49

=+/12.22
=3.50

and the 95% CI for this estimate is as follows:

95% CI= (3, % 1,45020)) X Sy, ) = ; £ 2.086 X 0.73

=2.08 x3.50

=7.30
where

L, =163.56 —7.30 = 156.26 cm
L,=163.56 +7.30 = 170.86 cm

The CI using equation 5 is often referred to as the prediction interval and should
be used in forensic cases involving single individuals.

As one can see from these hypothetical questions, the accuracy of prediction
increases with the amount of data upon which the prediction is based. For the entire sam-
ple (equation 2), the CI is 3.06 cm; for 20 individuals (equation 4), the Cl is 4.42 cm; and
for a single individual (equation 5)—the most common situation in forensic cases—the
Cl is 14.6 cm or almost 6 in.

Konigsberg et al. (30) have shown on the basis of both theoretical arguments and
practical examples that this method of inverse calibration (regression of stature based
on bone length) is generally the preferred method when there is some a priori reason
for presuming that the individual whose stature is to be estimated comes from the group
with the same stature distribution as is represented within the reference sample, i.e., the
same sex and ancestral group or a group with the same relationship between stature and
long bone length. If this is not the case, Konigsberg et al. (30) provide recommenda-
tions for estimating stature.

The following presentation contains a discussion of stature reconstruction formulas
for lower extremity skeletal elements, along with the data required to calculate prediction
intervals (Tables 1-6; Appendix).
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Table 1
Confidence Interval Calculations for Stature Estimation in European Males
Source Bone N Mean SDa SEb S(x - X)2
Simmons Femur, VHA 200 99.10 5.87 6.10 6856.92
(1990) Femur, LCH 200 41.35 291 6.24 1685.15
Femur, VHD 200 48.27 3.17 6.77 1999.73
Holland Tibia, BB 29 75.78 3.36 241 316.11
(1992)¢ Tibia, MCL 29 47.93 3.95 5.24 436.87
Trotter and Femur, R 2227 47.077 2.382 4.04 13197.55
Gleser Femur, L 2345 47.150 2.345 3.987 12889.71
(1958) Tibia, R 2483 38.429 2.226 3.97 12298.50
Tibia, L 2482 38.457 2214 3.95 12161.36
Fibula, R 2207 38.258 2.084 3.84 9580.78
Fibula, L 2217 38.276 2.058 3.80 9385.57

Femur VHA, upper breadth of femur; femur LCH, lateral condyle height; femur VHD, vertical
diameter of femoral head; Tibia BB, biarticular breadth; Tibia MCL, medial collateral ligament.

aStandard deviation.

bStandard estimate of regression.

“Measurements in mm (all other measurements in cm).

4.3. Stature Estimation From Fragmentary Bone

Taphonomy, trauma, excavation, and transport of skeletal remains can cause skele-
tal elements to become fragmented. Several authors (3/-35) have developed method-
ologies for compensating when remains are fragmentary. Of relevance here are the
methods based on the femur and the tibia. Stature is estimated in two ways. In one
method, a direct relationship is made using a segment or fragment of bone as a basis for
estimating bone length, which, in turn, is used to estimate stature. The second method
involves a two-step estimation process and, therefore, will have a higher rate of error.
To estimate stature, follow guidelines for measuring the appropriate fragment or
segment. Holland (34) and Simmons et al (33) are good references for the methods
commonly used when dealing with fragments of skeletal elements.

4.4. Issues to Consider in Stature Estimation

During the last decade, anthropological research into stature estimation methods
focused on refining techniques and fully delineating factors that affect terminal stature
in human populations around the world. Although concentrating primarily on mathe-
matical refinements, such as the use of regression formulas, researchers have also begun
to understand more completely how biocultural influences, such as secular trends and
errors in stature reporting methods, impact the job of the forensic scientist in analyzing
skeletal remains.

Height is always included in reports on a missing person. Several studies exam-
ined sources of errors in reported stature (36,37). In the United States (and many other
countries) there are four primary sources of stature measurement and reporting: self,
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Table 2
Confidence Interval Calculations for Stature Estimation in European Females
Source Bone N Mean SD? SEP Y(x - X)?
Simmons Femur, VHA 200 88.24 5.18 6.67 5339.65
(1990) Femur, LCH 200 36.30 2.53 6.91 1157.98
Femur, VHD 200 42.54 2.50 6.92 1243.75
Holland Tibia, BB 29 67.85 3.25 4.71 295.75
(1992)¢ Tibia, MCL 29 43.09 3.47 4.29 337.15
Tibia, LCL 29 36.87 3.32 4.62 308.63

Femur VHA, upper breadth of femur; femur LCH, lateral condyle height; femur VHD, vertical
diameter of femoral head; tibia BB, biarticular breadth; tibia MCL, medial collateral ligament; tibia
LCL, lateral collateral ligament.

aStandard deviation.

bStandard estimate of regression.

“Measurement in mm (all other measurements in cm).

Table 3
Confidence Interval Calculations for Stature Estimation in African-American Males
Source Bone N Mean SDa SEP S(x - X)?
Simmons Femur, VHA 200 98.99 5.77 6.60 6625.29
(1990) Femur, LCH 200 42.33 3.00 5.77 1791.00
Femur, VHD 200 47.65 2.69 7.16 1439.98
Holland Tibia, BB 29 77.62 2.75 4.88 211.75
(1992)¢ Tibia, MCL 29 48.81 2.96 5.11 245.32
Tibia, LCL 29 42.98 2.89 5.11 233.86
Trotter and Gleser Femur, R 343 48.200 2.511 3.83 2156.35
(1958) Femur, L 338 48.338 2.552 3.99 2194.78
Tibia, R 346 40.337 2.323 3.88 1861.73
Tibia, L 342 40.318 2.426 4.04 2006.95
Fibula, R 301 40.029 3.183 3.96 3039.45
Fibula, L 306 39.968 2.229 4.09 1515.37

Femur VHA, upper breadth of femur; femur LCH, lateral condyle height; femur VHD, vertical
diameter of femoral head; tibia BB, biarticular breadth; tibia MCL, medial collateral ligament; tibia
LCL, lateral collateral ligament.

aStandard deviation.

bStandard estimate of regression.

“Measurement in mm (all other measurements in cm).

spouse or partner, physician’s offices, and the Division of Motor Vehicles. Himes and
Roche found that males overreported their stature by at least an inch, while females
(especially tall women) underreported their stature by the same amount (37). In addi-
tion, spouses or partners tend to overreport the stature of their loved ones. These erro-
neous reports introduce the first of the errors into stature estimation. Measurements
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Table 4
Confidence Interval Calculations for Stature Estimation in African-American Females
Source Bone N Mean SDa SEb (x— X)?
Simmons Femur, VHA 200 88.98 5.24 6.00 5464.06
(1990) Femur, LCH 200 37.05 2.34 5.47 1089.64
Femur, VHD 200 41.95 2.35 5.59 1098.98
Holland Tibia, MCW 29 29.03 1.82 4.64 92.75
(1992) Tibia, MCL 29 42.76 2.14 4.35 128.23
Tibia, LCL 29 36.28 2.25 4.62 141.75

Femur VHA, upper breadth of femur; femur LCH, lateral condyle height; femur VHD, vertical
diameter of femoral head; tibia MCW, medial condyle articular width; tibia MCL, medial collateral
ligament; tibia LCL, lateral collateral ligament.

aStandard deviation.

bStandard estimate of regression.

“Measurement in mm (all other measurements in cm).

at physician’s offices or by individuals at motor vehicle licensing agencies further
confound the issue.

Variables such as the time of day an individual is measured, the training and con-
sistency of those taking the measurements, the type of equipment used, the individual’s
posture, and whether the individual removed his or her shoes before being measured
affect the resulting stature. Individuals are shorter later in the day owing to the gradual
compression of the intervertebral disks while walking and sitting upright. Poor training
and inconsistent measurement methods, as well as interobserver errors in measurement,
can occur in physician’s offices and licensing agencies. At some agencies, the mea-
surement is obtained while the individual stands next to a measuring tape on the wall.
Slumped posture (as occurs in with aging or ill health) and the wearing of footwear
potentially will also alter the final stature measurement.

Stature changes as an individual goes through the life cycle, increasing with
growth and development then leveling off for several decades and finally decreasing
during passage through older adulthood. Aging is thus an important consideration in
estimating stature. The 2000 census estimated the number of individuals aged 65 or
more years in the United States to be greater than 33 million; thus, studies examining
the decline in stature with age are particularly germane (38,39). These researchers have
reported on the necessary corrections that must be made when estimating the stature of
individuals older than 45 yr of age. Galloway found an average reduction in height of
0.16 cm and indicates that the stature of older individuals can be estimated using the
following formula:

Height loss (cm) = 0.16 (age—45 yr).

Galloway also suggests providing both the corrected and uncorrected stature estimates
to law enforcement officials, because aging individuals might not acknowledge a
decline in stature.
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Table 5
Confidence Interval Calculations for Stature Estimation in Miscellaneous Males
Source Bone N Mean SDa SEP (x— x)?
Mohanty-Oriya PCTL 500 37.08 2.34 2.8735 2732.32
(India)(1998)
Munoz-Spanish Femur 52 47.00 242 3.605 298.68
(2001) Tibia 52 38.85 2.29 4.010 267.45
Fibula 52 36.90 2.06 3.667 216.42
Genoves-“1” Femur 22 43.21 2.11 3.417 93.49
(1967) Tibia 22 35.89 2.43 2.812 124.00
Trotter and Gleser Femur, R 67 44.246 2.479 3.92 405.60
Mongoloid® Femur, L 60 44.640 2.476 3.67 361.70
(1958) Tibia, R 68 36.038 2.092 3.26 140.16
Tibia, L 67 36.503 2.349 3.28 364.17
Fibula, R 61 36.146 2.170 3.20 282.53
Fibula, L 62 36.340 2.273 3.28 315.16
Trotter and Gleser Femur, R 50 45.138 2.316 3.10 230.55
Mexican Femur, L 57 45.596 2.474 2.88 342.76
(1958)¢ Tibia, R 51 37.30 2.356 3.59 277.54
Tibia, L 52 37.487 2.401 3.88 294.00
Fibula, R 52 37.154 2.221 3.32 251.57
Trotter and Gleser Femur, R 40 44.758 2.150 3.18 180.28
Puerto Rican Femur, L 44 44.820 2.136 3.19 196.19
(1958)¢ Tibia, R 43 37.142 2.00 3.61 168.00
Tibia, L 42 37.024 2.174 3.80 193.78
Fibula, R 41 36.956 2.021 3.48 163.38
Fibula, L 42 36.867 2.051 3.79 172.47
Fibula, L 45 37.342 2.150 3.72 203.39

PCTL, percutaneous tibial length.

I, indigenous MesoAmerican.

aStandard deviation.

bStandard estimate of regression.

“Measurement in mm (all other measurements in cm).

Along with age-related changes in stature, recent height data suggest changes
in terminal stature across time (40-43). Several studies have shown that variations
in adult stature occur over successive generations and highlight that data as recent as
from the 1940s may not reflect current population heights. Regression techniques
employed by many anthropologists are based on reference populations from the
early to mid 1900s. The most frequently quoted and used regression equations—e.g.,
the Trotter and Glesar equations (44)—were based primarily on data taken from
recruits during the second World War and The Korean War. Increasingly, anthropol-
ogists are recognizing that nutritional, medical, and technological improvements
contribute to the change in the average stature (45—47).
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Table 6
Confidence Interval Calculations for Stature Estimation in Miscellaneous Females

Source Bone N Mean SDa SEb (x— X)?
Mohanty-Oriya PCTL 500 35.03 2.60 3.4423 3373.24
(India) (1998)
Munoz-Spanish Femur 52 43.04 2.35 3.270 281.65
(2001) Tibia 52 39.05 2.26 3.033 260.49

Fibula 52 33.46 1.96 3.129 195.92
Genoves Femur 15 39.63 2.16 3.816 65.32
“I” and “IM” Tibia 15 32.54 2.13 3.513 63.52
(1967)
Holland Tibia, MCL 58 42.93 2.86 4.25 466.24
(1992)¢ Tibia, LCL 58 36.58 2.82 4.63 453.29

I, Indigenous MesoAmerican; IM, Indigenous with some mestizo.
aStandard deviation.

bStandard estimate of regression.

“Measurement in mm (all other measurements in cm).

Decompositional processes may also affect bone length and subsequent stature
estimations. As skeletal elements lose their organic components and are reduced to pri-
marily mineral or inorganic components, a certain amount of bone shrinkage can occur.
Exposure to repeated cycles of saturation and desiccation or extreme temperature fluc-
tuations can also change the bone length. Exposure to high temperatures, such as in a
fire, can significantly shrink skeletal material up to 25%, depending on the skeletal ele-
ments affected (48). These factors should be taken into consideration when estimating
stature. No studies exist estimating the amount of shrinkage that occurs during a fire and
exactly how this impacts stature estimation.

As internal structural changes have been shown to alter stature estimates, so to
have observer errors been demonstrated to influence the process (49). Interobserver
and intraobserver differences in measurement techniques and the use of measure-
ments that differ from those used in the construction of a stature formula increase the
error in estimation. Jantz et al. reviewed the methods and formulas presented by
Trotter and Gleser in a 1958 article (50). Their discovery that the tibia lengths were
too short compared with those used in other data sets highlighted the need for care-
ful and consistent attention to measurement methods. Although it is difficult to
reconstruct some of the data from Trotter and Gleser’s work, comparisons that could
be made indicated that the problem was with the medial malleolus of the tibia. Some
measurements included this length, whereas some did not. The authors conclude that
formulas presented in a 1970 article are best substituted for those established with
the questionable measuring techniques. To that recommendation these authors add
another: careful reading and practicing of measurement techniques associated with
stature regression formulas is essential.
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APPENDIX: FORMULAS, EQUATIONS, AND SECTIONING POINTS

Sex Estimation

Chart 1
Sectioning
Source Element Population Sex Point
Asala (2001) Vertical White Males 48.40 mm*
South Africa femoral head Females 42.28 mm*
(based on significant diameter Black Males 44.45 mm*
differences at (left bone) Females 39.64 mm*
p <0.001 for means) Transverse White Males 46.85 mm*
femoral head Females 41.00 mm*
diameter Black Males 44.20 mm*
Females 39.20 mm*
King, et al. Maximum Thai Males >42.18 mm
(1998) Thailand femoral head Females <42.18 mm
diameter
(91.3%
accurate)
Femoral Thai Males >79.55 mm
midshaft Females <79.55 mm
circumference
(85.6% accurate)
Femoral bicondylar Thai Males <74.81 mm
breadth (93.3% Females <74.81 mm
accurate)
*Measurement is the mean.
Chart 2

Stojanowski and Seidemann (1999), supero-inferior femoral neck diameter (SID):

Sex = 0.387*SID-12.462 (Caucasian specific) (84% accurate)
Sex = 0.415*SID-13.422 (African-American specific) (82% accurate)
Sex = 0.379*SID-12.174 (combined equation) (85% accurate)

Scores above zero are considered male; scores below zero are considered female.
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Chart 3
Functions and Sectioning
Source Equation Variables Raw Coefficient Point
Iscan 1 Distal breadth 0.20277340 0.04
and (92.3%) Maximum length 0.01041030
Shihai Anteroposterior diameter 0.8912650
(1995) Constant —21.98602
China. 2 Midshaft circumference 0.08765310 0.03
Femur (84.2%) Head diameter 0.23995960
Constant —17.49596
3 Midshaft circumference 0.02085637 0.03
(94.7%) Distal breadth 0.24609700
Constant —20.21629
4 Midshaft circumference 0.1834105 0.09
(81.7%) Constant —14.72835
Females <80.4 < males”
5 Distal breadth 0.2660647 0.03
(94.9%) Constant —20.04588
Females <75.5 < males”
6 Head diameter 0.3804008 0.03
(83.1%) Constant -20.21629
Females <43.6 < males”
Iscan 1 Prox. epiphyseal br 0.1529167 —-0.15
et al. (87.2%) Distal epiphyseal br 0.2284790
(1994) Constant —20.5825300
Japan, 2 Prox. epiphyseal br 0.2447224 -0.13
Tibia. (87.3%) Circumference 0.0213940
@nutrient foranen
Constant —19.02956
3 Distal epiphyseal br 0.3659270 -0.13
(83.8%) Min. circumference 0.0449891
Constant —18.94278
4 Prox. epiphyseal br 0.2683954 -0.13
(88.6%) Constant —18.81521
females <69.5 < males”
5 Distal epiphyseal br 0.4260344 -0.13
(83.8%) Constant —18.39048
females <42.5 < males”
6 Circumference 0.1536506 —0.09
(80.0%) @nutrient foranen
Constant —13.452822
females <87 < males”
7 Min. circumference 0.4260344 -0.14
(80.3%) Constant —18.39048

females <69.5 < males”
(Continued)
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Chart 3 (continued)
Functions and Sectioning
Source  Equation Variables Raw Coefficient Point
Steyn 1 Femoral head diameter 0.16363890 —-0.09389
and (88.6%)  Femoral transverse 0.09093376
Iscan diameter
(1997) Femoral distal breadth 0.13420310
South Constant —20.80771000
Africa, 2 Prox. tibial breadth 0.10786020 -0.10170
Femur (90.6%)  Tibial A/P diameter 0.15334320
and Tibial transverse diameter 0.06750036
Tibia. Min. circumference —0.09845310
Distal tibial epiphysis 0.24325580
breadth
Constant —19.48625000
3 Femoral head diameter 0.09752152 —0.108495
(91.4%)  Femoral transverse breadth 0.13898700
Distal femoral breadth 0.08792625
Tibial A/P diameter 0.16188040
Min. circumference —-0.10122840
Tibial physeal length —0.00937566
Distal tibial epiphysis 0.2215850
breadth
Constant —20.83820000
4 Femoral head diameter 0.40482060 —-0.086700
(85.9%)  Constant —18.57893000
females <45.8 < males*
5 Distal femoral breadth 0.24411720 —0.089390
(90.5%)  Constant —19.58571000
females <79.9 < males*
6 Distal femoral breadth 0.14677350 —0.092675
(88.6%)  Femoral head diameter 0.18175910
Constant —20.11745000
7 Proximal tibial breadth 0.23434210 —0.085625
(86.8%)  Constant —17.51482000
females <74.5 < males*
8 Distal tibial epiphyseal 0.38066440 —0.087630
breadth
(88.7%)  Constant —18.06326000
females <47.29 < males*
9 Proximal tibial breadth 0.12370260 —0.096260
(90.6%)  Distal tibial epiphyseal 0.22181770
breadth
Constant —19.77125000

A discriminant score less than the sectioning point indicates female.

% Accuracy follows equation number in parentheses.

*These values can also be used to determine sex.
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Chart 4
Source Variable 1 2 3 4 5
Steele Body 0.36061 0.23126
(1969): height-calc.
Terry Load arm 0.41828
Collection: width-calc.
Tarsals Max. talus 0.42002 0.84693 0.38368 0.31859
length
Max. talus 0.41096 0.42741
width
Body height: 0.13722
talus
Width/length 27.92377
of talus
Trochlear 10.35583 9.29162
width/length
Male x 33.57 40.87 79.09 52.41 49.88
Section point 32.0 38.75 75.44 50.05 47.30
Female X 30.42 36.62 73.84 47.68 44.72
Accuracy ranges from 83% to 89%; see Steele, 1970. PhD dissertation.
Race Estimation
Demarking
Source Element Population Sex Point
Craig (1995) Intercondylar African NA >141°
shelf angle American
(degrees) Caucasian NA <141°
Intercondylar angle is a measurement of the angle between intercondylar
shelf of the femur and the posterior shaft of the femur.
85% accuracy for the entire sample.
Gill (2001) Femoral notch African Males >34 mm
height American (79.2%)
Females >31 mm
(82.5%)
Caucasian Males <32 mm
(76.9%)
Females <29 mm
(76.9%)

Notch height is the measurement taken from the surface upon which the
femoral condyles rest to the highest point of the rim of the anterior outlet

of the intercondylar notch.

% accuracy follows sex in parentheses.
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Stature Estimation
Bidmos (2003), South Africa

Calcaneus

Males
St =0.38 (MAXL) + 0.35 (MAXH) + 0.59 (MIDB) + 0.56 (DAFB) + 68.17 £4.9
St=0.43 MAXL) + 0.41 (MAXH) + 0.59 (MIDB) + —0.19 (DAFL) + 0.65 (DAFB)
+64.42+494
St=0.42 (MAXL) + 0.16 (BH) + 0.33 (MAXH) + 0.59 (MIDB) + —0.22 (DAFL)
+0.63 (DAFB) + 64.06 £ 4.98

Females
St=0.81 MAXL) + —-0.73 (LAL) + 1.41 (DAFL) + 75.22
St=0.69 MAXL) + -0.67 (LAL) + 0.37 (BH) + 1.27 (DAFL) + 72.24 £ 4.01
St=0.67 MAXL) + -0.67 (LAL) + 0.35 (MAXH) + 1.35 (DAFL) + 70.13 £ 4.01

MAXL, maximum length; CFH, cuboidal facet height; LAL, load arm length; BH, body height;
MAXH, maximum height; MIDB, middle breadth; DAFB, dorsal articular facet breadth; DAFL, dorsal
articular facet length; MINB, minimum breadth. Measurements are in mm.

Boldsen (1984)

Males Females
St =2.519 x femur length + 52.85 St =2.528 x femur length + 50.76
St =2.406 X tibia length + 82.37 St =2.869 x tibia length + 60.85

Maximum length of femur and tibia. Measurements in mm.
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Byers (1989), Metatarsals

First Metatarsal:

Combined data: St=634 + 16.8 (Met. 1) £ 65.4
All males: St=815+14.3 (Met. 1) £ 64.2
Euro-American males: St=768 + 15.2 (Met. 1) £ 63.2
Euro-American females: St=656 + 16.3 (Met. 1) £49.6
African-American males: St=556+17.6 (Met. 1) £51.0
Second Metatarsal:
Combined data: St=675+13.4 (Met.2) £65.4
All females: St=791 + 11.5 (Met. 2) £ 54.8
Euro-American females: St=712+ 12.8 (Met. 2) £52.0
African-American males: St =605 + 14.0 (Met. 2) = 56.8
African-American females: St=783+10.9 (Met. 2) +39.9
Third Metatarsal:
Combined data: St=720+ 13.6 (Met. 3) £ 67.6
African-American males: St=706 + 13.3 (Met. 3) £42.2
African-American females: St=904 +9.9 (Met. 3) £ 449
Fourth Metatarsal:
Combined data: St=715+ 14.0 (Met. 4) = 68.5
Euro-American females: St=719 + 13.8 (Met. 4) £ 57.5
African-American males: St=759 + 13.0 (Met. 4) £ 46.5
African-American females: St=961+ 9.3 (Met. 4) £46.5
Fifth Metatarsal (functional):
African-American males: St=761+ 14.7 (Met. 5F) + 68.0
African-American females: St=979 + 10.2 (Met. 5F) 474

Length from the apex of the capitulum to the midpoint of the articular surface of the base parallel to
the longitudinal axis of the bone. For MT5, the functional length is measured from the dorsoplantar mid-
point of the intersection between the fourth metatarsal and cuboid facets. Measurements are in mm.

De Mendonca (2000), Femur

Males Females
St =(47.18 + 0.2663 x PhLF) £ 6.90 St =(55.63 + 0.2428 PhLF) + 5.92
St = (46.89 + 0.2657 x PLF) + 6.96 St=(57.86 + 0.2359 PLF) £ 5.96

PhLF, physiological length of the femur; PLF, perpendicular length of the femur. Measurements
are in mm.



90 Tatarek and Sciulli

Dupertuis (1959)

White Males:
St=77.048 + 2.116 x femur £ 0.2308
St=92.766 + 2.178 x tibia = 0.2436
St =84.898 + 1.072 (femur + tibia) £ 0.2508
St =76.201 + 1.330 femur + 0.991 tibia £ 0.2173

White Females:
St =62.872 + 2.322 X femur + 0.2256
St =71.652 + 2.635 X tibia + 0.2433
St =157.872 + 1.354 (femur + tibia) = 0.2016
St =60.377 + 1.472 femur + 1.133 tibia = 0.2063

Femur, greatest length from the internal condyle resting against vertical wall of measuring board,
with bone lying on its dorsal surface, to the extreme point of the head; Tibia, greatest length from end
of malleolus against vertical wall of osteometric board to the anterior edge of the lateral condyle
external to the tibial spine. The bone rests on its dorsal surface with its long axis parallel to the long
axis of the board. All measurements are in mm.

Genoves (1967), Mesoamerican

Males Females
St =2.26 femur + 66.379 £ 3.417 St =2.59 femur + 49.742 £ 3.816
St =1.96 tibia + 93.752 + 2.812 St=2.72 tibia + 63.781 £ 3.513

Subtract 2.5 cm for living stature; femur, maximum length; tibia, length without the tuberosity.
Measurements are in cm.
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Holland (1992), Proximal Tibia

White Males:
St=1.031 (MCL) + 122.38 £5.24
St=1.149 MCW) + 0.992 (MCL) + 85.87 £ 4.51
St=0.867 (MCL) + 0.606 (LCL) + 104.56 + 4.88
St=0.947 MCW) + 0.911 (MCL) + 0.325 (LCL) + 82.73 £4.48

Black Males:
St=1.313 (BB) + 75.36 = 4.88
St=1.115 (MCL) + 122.80 = 5.11
St=1.14 (LCL) + 128.26 £ 5.11
St=0.836 (MCL) + 0.853 (LCL) + 99.79 £ 4.62

Black or White Males:
St=1.145 (MCL) + 119.14 £ 5.56
St=1.054 (LCL) + 129.55 £ 5.92
St=0.924 (MCL) + 0.742 (LCL) + 98.17 £5.11
St=0.966 (MCW) + 1.012 MMCL) + 93.12 £ 5.19
St=0.641 (BB) + 0.806 (MCL) + 0.352 (LCL) + 71.39 + 4.95
St=0.621 (MCW) + 0.896 (MCL) + 0.549 (LCL) + 86.86 = 5.01

White Females:
St=1.64 MCL) + 91.77 £4.29
St=1.642 (LCL) + 101.89 £ 4.62
St=1.66 (BB) + 50.27 £4.71
St=1.062 (MCL) + 0.854 (LCL) + 85.19 £ 3.86
St=1.032 (LCW) + 1.149 (LCL) + 89.22 £ 4.41
St=0.950 (MCL) + 0.578 (LCW) + 0.661 (LCL) + 79.84 + 3.84

Black Females:
St=1.318 (MCL) + 105.82 £ 4.35
St=0.905 (LCL) + 129.05 £ 4.62
St=1.142 MCW) + 128.78 £ 4.64
St=1.174 MCL) + 0.962 (LCL) + 68.44 =+ 3.77
St=0.742 MCW) + 1.089 MCL) + 94.02 + 4.24
St=0.613 MCW) + 1.182 (MCL) + 0.916 (LCL) + 60.50 + 3.69

Black or White Females:
St=1.085 (MCL) + 0.904 (LCL) + 83.01 £ 4.47
St=0.296 (BB) + 0.261 (MCW) + 0.894 (MCL) + 0.562 (LCL) + 75.87 £ 4.34

BB, biarticular breadth—maximum breadth of the proximal articular surface of the tibia as mea-
sured from the lateral edge of the lateral condyle to the medial edge of the medial condyle (calipers
should be positioned only on the articular surfaces of the condyles); MCW, medial condyle articu-
lar width—maximum transverse width of the medial condyle as measured from lateral to medial
edges (calipers should be placed on the slight rim located on the condyle surface); MCL, medial
condyle articular length—perpendicular to width (maximum length from the anterior edge of the
medial condyle to the posterior margin); LCW, similar to width of the medial condyle, but mea-
sured on the lateral condyle; LCL, similar to length of medial condyle, but made on the lateral
condyle. All measurements are in mm.
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Lundy (1983), South Africa

Males:
St =2.79 (femur max) + 28.12 = 2.80
St =2.43 (femur) + 44.64 + 3.39
St =2.43 (tibia) + 60.86 + 3.44
St =2.48 (fibula) + 60.29 £ 3.67
St = 1.46 (femur max + tibia) + 32.51 £ 2.56
St =1.23 (femur + tibia) + 51.76 + 3.06

Females:
St =2.07 (femur max) + 56.27 + 3.77
St =2.67 (femur) + 32.00 = 3.80
St =2.38 (tibia) + 59.96 + 4.13
St =2.65 (fibula) + 51.70 £4.19
St =1.10 (femur max + tibia) + 26.83 (femur max + tibia) 3.60
St = 1.33 (femur + tibia) + 41.38 (femur max + tibia) 4.27

Measurements are in cm. Maximum length of femur follows Hrdlicka; measurement of tibia is
without spines (bicondylar length of Hrdlicka). For heights <153.5 cm, add 10.0 cm; for heights
153.6-165.4 cm, add 10.5 cm; for heights 2165.5, add 11.5 cm. To estimate the age of older indi-
viduals, subtract 0.06 cm for every year of age >30: (age in yr =30 cm).

Lundy: Revised (1987)

Males:
St =2.403 (femur max) + 45.721 £ 2.777
St =2.427 (tibia) + 60.789 + 2.78
St =2.515 (fibula) + 58.999 + 2.98
St = 1.288 (femur max + tibia) + 46.543 + 2.371

Females:
St =2.769 (femur max) + 27.424 + 2.789
St =2.485 (tibia) + 55.968 £ 3.056
St=2.761 (fibula) + 47.575 £ 3.168
St =1.41 (femur max + tibia) + 34.617 (femur max + tibia) 2.497

Measurements are in cm. Maximum length of femur follows Hrdlicka; measurement of tibia is
without spines (bicondylar length of Hrdlicka). For heights <153.5, add 10.0 cm; for heights
153.6-165.4 cm, add 10.5 cm; for heights 2165.5, add 11.5 cm. To estimate the age of older indi-
viduals, subtract 0.06 cm for every year of age >30: (age in yr =30 cm).

Mohanty (1998), Percutaneous Tibial Length

Males: St =22.8325 + 3.7500 x PCTL + 2.8735
Females: St =27.3032 + 3.5587 x PCTL + 3.4423

Tibial length is measured by surface anatomical landmarks between the most prominently pal-
pable part of the medial condyle of tibia and tip of the medial malleolus. Measurements are in cm.
PCTL, Percutaneous tibial length.
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Munoz et al. (2001) Spanish Sample

Males:
St =62.92 + 2.39 (femur) £ 3.605
St =81.70 + 2.40 (tibia) = 4.010
St=72.23 +2.79 (fibula) + 3.667
St =60.498 + 1.590 (femur) + 1.030 (tibia) = 3.370

Females:
St =64.01 + 2.25 (femur) + 3.270
St =76.53 +2.41 (tibia) + 3.033
St =69.22 + 2.74 (fibula) + 3.620
St =68.192 + 0.863 (femur) + 1.592 (tibia) + 2.944

Unknown Sex:
St =40.68 + 2.83 (femur) *+ 4.006
St =159.15 + 2.95 (tibia) + 4.006
St =50.70 + 3.34 (fibula) £ 4.083
St =44.479 + 1.56 (femur) + 1.439 (tibia) * 3.543

All measurements are in cm. Measurements were taken in an AP radiograph. Draw a line
between the most distal points of both femoral condyles. Draw a second line perpendicular to that
which crosses the farthest point of femoral head. The femur is measured by between the most dis-
tal points of both femoral condyles and also along the perpendicular plane crossing the farthest
point of the femoral head. The femoral length is the distance between this latter point of and the
intersection of the two lines. The tibia is measured between the most proximal and internal point of
the medial condyle and the tip of the medial malleolus. The fibula is measured by the distance
between the most external points of the fibular head and the tip of the malleolus.

Ross and Konigsberg (2002): Balkans

Femur: St =634.56 + 2.3622 X femur + 40.3
Tibia: St=751.85+2.5712 x tibia £ 33.9

Maximum femur and tibia length. Measurements are in mm.
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Simmons et al. (1990)
Femur: VHA
White Males: St=0.78 (VHA) + 89.64 = 6.10
Black Males: St=0.79 (VHA) + 91.70 = 6.60
White Females: St=0.73 (VHA) + 91.54 + 6.67
Black Females: St=0.59 (VHA) + 107.10 = 6.00
Femur: LCH
White Males: St=1.47 (LCH) + 107.09 = 6.24
Black Males: St=1.34 (LCH) + 113.23 £6.91
White Females: St=1.94 (LCH) + 86.10 £ 5.77
Black Females: St=1.59 (LCH) + 100.07 £ 5.47
Femur: VHD
White Males: St=1.11 (VHD) + 113.89 + 6.77
Black Males: St=1.51 (VHD) + 97.82 £ 6.92

White Females:
Black Females:

St=1.35 (VHD) + 99.22 + 7.16
St=1.59 (VHD) + 92.43 + 5.59

Femur VHA, upper breadth of femur; femur LCH, lateral condyle height; femur VHD, vertical
diameter of the femoral head. Measurements are in cm.

Trotter (1970)

White Males:
St =2.38 (femur) + 61.41 £ 3.27
St =2.52 (tibia) + 78.62 + 3.37
St =2.68 (fibula) + 71.78 £+ 3.29
St =1.30 (femur + tibia) + 53.20 = 2.99

Black Males:
St=2.11 (femur) + 70.35 £ 3.94
St =2.19 (tibia) + 86.02 = 3.78
St =2.19 (fibula) + 85.65 + 4.08
St =1.15 (femur + tibia) + 71.04 £ 3.53

Mongoloid Males:
St =2.15 (femur) + 72.57 + 3.80
St =2.39 (tibia) + 81.45 +3.27
St = 2.40 (fibula) + 80.56 = 3.24
St =1.22 (femur + tibia) + 70.37 + 3.24

Mexican Males:
St =2.44 (femur) + 58.67 = 2.99
St =2.36 (tibia) + 80.62 + 3.73
St =2.50 (fibula) + 75.44 + 3.52

White Females:

St =2.47 (femur) + 54.10 = 3.72

St =2.90 (tibia) + 61.53 + 3.66

St =2.93 (fibula) + 59.61 + 3.57

St = 1.39 (femur + tibia) + 53.20 £ 3.55

Black Females:

St =2.28 (femur) + 59.76 £ 3.41

St = 2.45 (tibia) + 72.65 + 3.70

St = 2.49 (fibula) + 70.90 = 3.80

St =1.26 (femur + tibia) + 59.72 £ 3.28

Measurements are in cm. To estimate stature of older individuals, subtract 0.06 x (age in yr =30 cm).

To estimate cadaver stature, add 2.5 cm.

Measurements are bone maximums; tibia measurement does not include medial malleolus.
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Chapter 5

Estimating Age at Death

Douglas H. Ubelaker, PhD

1. INTRODUCTION

The estimation of age at death based on anatomical information from the lower
extremity involves an assessment of physiological age and an attempt to correlate it
with chronological age. Specific techniques employed in this process vary with the sam-
ple available for analysis as well as the general age of the individual (/,2). Some tech-
niques are specific to particular bones or even parts of bones. Techniques that would be
ideal to use to estimate age at death in fetal remains are irrelevant in adults. Some con-
sideration also must be given to sex and population differences and their impact on age
indicators. In this chapter, the relevant literature will be reviewed and recommendations
for appropriate procedures will be provided. In recognition of the focus of this volume,
this discussion will be limited to the lower extremity, although workers should be aware
that additional and perhaps more accurate techniques may be available when other
anatomical areas are present. General reviews of techniques for estimating age at death
based on all parts of the body have been published by Bass (3), Krogman and Iscan (4),
Scheuer and Black (5), Steele and Bramblett (6), Stewart (7), Sundick (8), Ubelaker (9),
White (10), and the Workshop of European Anthropologists (11).

The complex processes of growth, maturation, and subsequent degeneration asso-
ciated with aging produce changes in the lower extremity that can prove useful in the
estimation of age at death (/2,13). Such changes include the increase in external dimen-
sions (/4—16), the appearance and union of epiphyses and other ossification centers (/7),
remodeling, bone loss, arthritic changes, and shifts in chemical composition. Information
regarding growth, epiphyseal appearance, and union is most useful for immature indi-
viduals and has even been used to predict future growth in living individuals (/8). The
remaining processes provide information that is most useful for estimating age at death in
adults.
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2. FETAL BoDY MEASUREMENTS

Fetal measurements provide useful information about changes with aging in forensic
cases in which a sufficient amount of soft tissue is present.

According to pediatric literature (e.g., refs. /9,20) the measurements most com-
monly used in the fetus are total body length and crown rump length; however, anthro-
pometric information from the lower extremity is useful. Scammon (/9) describes
methods of using data from the lower extremity, including leg length, thigh length
(trochanter to knee), and foot length. Age is listed in terms of lunar months (i.e., calcu-
lated from the beginning of the last menstruation of the mother). De Vasconcellos et al.
provide additional data on foot length (21/).

2.1. Bone Formation and Growth

The formation and development of bone is a complex process (22-25). As noted by
Gardner and Gray (26), prenatal development of the femur (as well as other long bones)
involves the formation and subsequent erosion of a primary bone collar and calcification
of cartilage with subsequent destruction of cartilage, endochondral ossification, periosteal
bone formation, trabeculation of the bone collar, fusion of endochondral trabeculae with
the inner aspect of the periosteal shell, and formation of a central medullary cavity free of
trabeculae. Of course, variations of the normal ossification pattern may occur (27).

The increase in the dimensions of bones of the lower extremity provides a major
source of information regarding age at death for immature individuals (28-30). With
increasing age, differences between the sexes, among populations, and among individ-
uals within populations lead to an increase in such variation, thereby limiting the accu-
racy of age estimation. The many factors that influence growth (genetics, nutrition,
morbidity, etc.) also affect the correlation of bone size with chronological age (37-33).
Accuracy diminishes with increasing age, even if these variables can be controlled
(known sex, population, etc.). Such data are the most accurate and reliable sources of
information in fetal remains.

Estimates of age at death can also be generated using measurements of skeletal
remains (34-39). Scheuer et al. (40) provide regression equations to estimate fetal age
on the basis of limb bone length. Their study included measurements taken from radio-
graphs of the femur and tibia from British fetuses aged 24 to 46 wk. Regressions are
published separately for each sex as well as for both sexes combined.

Fazekas and Koésa (41) provide a method for estimating chronological age at death
from fetal remains through their analysis of a large Hungarian sample (42). They exam-
ined 138 fetuses (71 males and 67 females) with ages at death ranging from the third to
the tenth lunar month and body lengths ranging from 9 to 55 cm. Measurements of bones
in the lower extremity included femur length and width, tibia length, fibula length, and
length of the first metatarsal. Regression equations for calculating body length from long
bones in the lower extremity generated from this study consist of the following:

femur length (cm) x 6.44 + 4.51

femur width (cm) x 22.63 + 7.57
tibia length (cm) X 7.24 + 4.90

fibula length (cm) x 7.59 + 4.68 (41)
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The formula for the maximum length of the first metatarsal is as follows:

body length (cm) = length (cm) X 29.38 + 12.69 (41)

This approach differs from the method of Scheuer et al. (40), in that it relies on
body length, which must then be converted to chronological age.

One issue in assessing age at death based on fetal remains concerns differences in
bone size as it appears in radiographs vs direct measurements of bone in a skeletonized
condition. For example, the Scheuer et al. study (40), whose findings are summarized
above, reported measurements from radiographs with soft tissue present.

The Fazekas and Késa (4/) measurements were taken directly from the bones
(no soft tissue).

Similarly, the solution to forensic problems may involve measurements of recov-
ered bones or radiographs of fetal remains with soft tissue present.

A discussion of methodologies used to correlate measurements of bones that are
taken under a variety of conditions are provided by Adalian et al. (43), Huxley (44), and
Huxley and Késa (45).

3. GROWTH: INFANCY THROUGH ADOLESCENCE

After birth, the complex growth process causes the dimensions of bones in the
lower limbs to continue to increase until maturity (46). The most accurate data corre-
lating long bone length with chronological age at death originate from radiographic
studies of the living. Data on long-bone growth from such studies are provided by
Anderson and Green (47); Anderson, Green, and Messner, (48); Anderson, Messner,
and Green (49); as well as Francis (50), Ghantus (5/), Gindhart (52), Hoffman (53),
Maresh (37,38), and Maresh and Deming (39).

Comparative data from samples of archeological origin are available in publica-
tions by Hoppa (54), Hoppa and Gruspier, (55), Johnston (56), Merchant and Ubelaker,
(57) Miles and Bulman, (58), Stewart (59), Steyn and Henneberg (60), Sundick (61,62),
and Walker (63). These studies generally involve measurements of long bones and other
skeletal data compared with estimates of age at death, usually derived from assessment
of dental formation. Although age at death cannot be calculated as precisely after death
as with tissue samples obtained from living individuals, these references provide valu-
able comparable data about long-bone growth in different populations.

Although bone size can provide important information regarding age at death (64),
it is important to consider sex and population origin whenever possible. The comparative
studies discussed above suggest considerable population variation, as well as consider-
able individual variation within populations. This variation increases with age. For
example, given an individual of unknown sex, a maximum femur length of approx 310
mm would suggest an age at death of just under 8 yr if the individual was originally a
member of an American population of European ancestry, but just under 12 yr if the indi-
vidual was originally a member of an Eskimo population (9). These data reflect mean
values; the actual variation among individuals could present even greater variation.

Humphrey (65) demonstrated that the timing and expression of sexual dimor-
phism varies in different parts of the skeleton. Sex differences are apparent at birth in
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the maximum and minimum diameter of the diaphyseal femur. They are apparent at age
2.3 yr in the maximum diameter of the fibula diaphysis, 4.2 yr in the maximum diame-
ter of the tibia diaphysis, 5.3 yr in the minimum diameter of the tibia diaphysis, 11.2 yr
in the minimum diameter of the fibula diaphysis, and between 16.1 and 17.6 yr in the
maximum lengths of the femur, tibia, and fibula.

If soft tissue is present, measurements can provide useful data on age. Several
studies provide information on the growth of the foot (66—71). Correlations between age
and calf circumference in different populations are available in Eveleth and Tanner (72).

4. OSSIFICATION CENTER APPEARANCE AND EPIPHYSEAL UNION

The appearance and union of the epiphyses associated with bones of the lower
extremity can also provide useful information for estimating age at death (73—79), espe-
cially during adolescence. Epiphyses are the bony caps on the ends of long bones and
on certain other bony structures. Their appearance and size in radiographic studies of
bones with associated soft tissue are particularly useful in determining age at death (80,81).

In examinations of recovered skeletal remains, the small developing epiphyses can
prove difficult to recognize and recover, and it can be difficult to identify their location
within the skeleton.

This limitation also applies to newly formed ossification centers in general.
Although formation data are available (82—11/0), they are most useful in radiographic
studies when soft tissue is present, the anatomical location can be determined, and the
sex is known (111).

Through their study of 136 human embryos, Noback and Robertson (//2) note the
order of appearance of ossification centers in major bones of the lower extremity as fol-
lows: (1) femur, (2) tibia, (3) fibula, (4) metatarsals, (5) distal phalanges, (6) proximal pha-
langes, and (7) middle phalanges. Kraus (//3) adds more detailed data on the sequence of
18 centers in the bones of the foot, beginning with the first distal phalanx and ending with
the fourth intermediate phalanx. Additional supportive data are provided by O’Rahilly and
Gardner (/14), who note that ossification begins in the femur and tibia prior to the fibula.

Epiphyses are most useful in skeletal age estimation procedures when they are
approximately fully formed and in the process of uniting with the associated diaphysis.
The epiphyses of the lower extremity that are most useful in age estimation are those of
the proximal femur, greater trochanter of the femur, distal femur, proximal tibia, distal tibia,
proximal fibula, distal fibula, and the metatarsals and foot phalanges. Radiographically,
ununited epiphyses can be recognized by a clear line of non-union between the epiphysis
and the adjacent aspect of the bone. As the epiphyses unite, these lines diminish or disap-
pear altogether. With bones devoid of soft tissue, evidence of non-articulation consists of
an uneven and fracture-free articular surface (on the articular surfaces of both the epiph-
ysis and the diaphysis or associated bone).

It is important to remember that a considerable length of time can elapse between
the beginning and end of epiphyseal closure for each epiphysis (/75). Thus, when using
information from the literature to interpret observations on closure, attention must be
paid to the definitions of closure that are used. Definitions of radiographic closure may
differ slightly from those describing bones lacking soft tissue.
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Since adolescent females mature earlier than males, sex should be considered in
estimating age at death from epiphyseal union. Because many sources report data for the
two sexes separately, sex-specific data should be consulted if the sex is known. If the sex
is not known, the age range under consideration should be expanded to include the pos-
sibility of either sex. According to Lewis and Garn (//6), many ossification centers
occur approx 25% earlier in girls than in boys (e.g., approx 19% earlier in the knee area).
Sex differences in the timing of union in epiphyses of the lower extremity can be in the
magnitude of 1 to 2 yr (7,117).

Correlations between age at death and the timing of epiphyseal appearance and
union is presented in many general references. Pyle and Hoerr (//8) provide a radio-
graphic atlas for age progression in the knee region; a similar atlas is available for the
foot and ankle (/79). The Hoerr et al. radiographic atlas presents information and radio-
graphic images of the foot and ankle of males and females between the ages of 38 fetal
wk to adulthood.

McKern and Stewart (120) present evidence for union in skeletal remains devoid
of soft tissue, although for males of military age, only. Their study offers important data
on the variation of epiphyseal union, rather than just the mean values. They found that
among the epiphyses of the lower extremity, the head and distal end of the femur were
especially useful.

Of course, the value of epiphyseal union for age estimation lies in the fact that all
epiphyses do not unite simultaneously in any individual but vary considerably. Within
the lower extremity, the epiphyses of the ankle and hip unite before those in the knee
region. Note also that variations can occur (121), including “pseudo-epiphyses,” which
are diaphyseal extensions into the cartilaginous extremity of the bone (/22). Individuals
with a leg-length discrepancy show increased age-related variation (/23).

Osborne et al. (124) call attention to age changes in immature trabecular bone.
Their radiological study of children aged newborn to 15 yr documents such changes in
the proximal femur.

5. BONE REMODELING

The normal process of remodeling of compact bone in the long bones of the lower
extremity provides histological information that can prove useful in estimating age at death,
especially in adults (/25-128). Bone remodeling involves the conversion of primary bone
(i.e., that formed during the initial ossification of the bone) to secondary bone. Bone
turnover is accomplished through the action of osteoclasts to create resorption spaces,
which are subsequently filled in to form secondary osteons. This process begins early in
life and continues until death. With increasing age, the original components of diaphyseal
compact bone are gradually replaced by the new structures. Preexisting structures, such as
lines of increased density, may be altered or removed (/29). With advancing age, resorp-
tion spaces are created not only at the expense of the original circumferential lamellar bone
and primary osteons but pre-existing secondary osteons as well, thereby forming secondary
osteon fragments.

In 1965, Kerley introduced a histological technique based on the examination of thin
cross-sections of undecalcified ground tissue removed from the mid shaft of the femur,
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tibia, and fibula. This technique calls for the examination of four circular fields, each mea-
suring approximately 1.62 mm in diameter and located adjacent to the periosteal edge of
the bone on its anterior, posterior, medial, and lateral surfaces (/30-132). Within each of
these fields, the numbers of primary osteons, secondary osteons, and osteon fragments
must be counted, as well as the percentage remaining of the original circumferential lamel-
lar bone. The technique recognizes that circumferential lamellar bone and primary osteons
were formed during the original formation process. Secondary osteons and osteon frag-
ments are created during the remodeling process. Thus with increasing age, the percent-
age of circumferential lamellar bone and the number of primary osteons decrease while
the number of secondary osteons and osteon fragments increases. The Kerley system
allows the age at death to be estimated through the use of a “profile chart” or regression
equations. The profile chart is created by plotting age distribution data for each variable
and then observing the age at which they overlap. The regression equations allow direct
estimation of age for each variable.

The Kerley method is useful if complete cross-sections are available, but is lim-
ited if the external (periosteal) surface is damaged or otherwise missing. Error is intro-
duced if visual fields are used other than those defined, because the histology of the
bone cortex varies (133).

Several modified or alternative methods have been introduced since Kerley
introduced this technique. Ahlqvist and Damsten (/34) offered a modification of this
technique in which the combined frequencies of secondary osteons and osteon frag-
ments within fields located between those used by Kerley are examined. These field
locations were chosen because they avoid Kerley’s posterior field on the linea aspera,
a site of muscle attachment and potential activity-induced change unrelated to age.
However, their sample was more restricted than Kerley’s, in terms of size and compo-
sition, and by combining two of Kerley’s variables, they sacrificed some useful sources
of information (135).

Another modification, suggested by Singh and Gunberg (136), examines the number
of secondary osteons, the average number of lamellae per osteon, and the average shortest
diameter between Haversian canals in two randomly selected fields within the periosteal
third of the cortex. Regression equations are available from their study of 59 individuals
aged 40 to 88 yr. These equations include those applicable to the femur and tibia.

In 1979, Thompson (/37) published a technique that utilizes only a small core of
bone (4 mm in diameter) removed from the anterior mid shaft of the femur and the
medial mid shaft of the tibia, as well as other bones. His complex method employing 19
variables was based on a sample of 116 adults. Although the method examines only one
area of the bone cortex, it has the advantage of not requiring a cross section.

Watanabe et al. (/38) studied stained ground thin sections taken from the mid-shaft
of the femur in 72 Japanese males aged 43 to 92 yr and 26 females aged 2 and 88 yr.
They examined the area, maximum diameter, minimum diameter, and perimeter of intact
osteons and Haversian canals, as well as type II osteons, fragments, and the triangular
area of associated osteons. The osteon dimensions displayed a higher correlation with
age than the Haversian canals.

Walker et al. (139) reported that in individuals aged more than 50 yr, the den-
sity of osteons and osteon fragments correlated with cortical mass but not with age.
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These researchers urged caution in the use of these attributes to estimate histological
age in individuals in this age bracket.

Of course, all of the histological methods are by nature destructive and require the
necessary equipment. Experience with these techniques is also important to ensure cor-
rect identification of the structures involved (/40). For general reviews of histological
approaches, see Robling and Stout (/25) and Ubelaker (127,128).

5.1. Radiographic Approaches

A 1953 study by Hansen (/41) revealed that among adults, the medullary cavity
increases in size with age. At the proximal end of the femur, the cavity advances (at the
expense of trabecular bone) to the level of the surgical neck during the fourth decade and
reaches the epiphyseal line between 61 and 74 yr. The medullary cavity also increases in
width with aging, creating a loss of cortical bone and thickness in advanced years.

Walker and Lovejoy (/42) present radiographic data on age progression in the
proximal femur and calcaneus in 130 individuals from the Hamann—Todd collection. For
the femur, they present radiographic standards comprised of eight phases. Radiographic
images of each phase are accompanied by descriptive narrative. The first of the eight
phases has a suggested age range of 18 to 24 yr, and the final one is listed at 60 yr or more.

Ruff and Jones (/43) add that adult remodeling can alter asymmetry in cortical
bone. With aging, patterns of adult cortical remodeling correlate with activity levels.
Their study of mature tibiae indicates that the loss of cortical bone with remodelling
likely produces shifts in asymmetry.

In older adults, bone density decreases with age. Note, however, that Atkinson and
Weatherell found that within the femoral diaphysis, bone density varied at several loca-
tions in the diaphysis but was greatest at mid shaft (/44). Density also varied at sites
around the circumference of the diaphysis. The reader is encouraged to review the chap-
ter entitled Radiology of the Lower Extremity for a comprehensive treatise on evaluat-
ing ossification centers from radiographs.

5.2. Arthritic Changes

General changes associated with arthritis provide an additional source of age
information from bones in the lower extremity (/37). Obviously, as adults age, the
frequency and probability of arthritis-associated changes in the joints increases.
Generalized changes provide clues to advancing age, but pathological conditions can
produce such evidence prematurely or with varied expressions in different anatomi-
cal areas.

5.3. Chemical Changes

Ohtani et al. (/45) report that aspartic acid racemization ratios in the human
femur may provide some information that is useful in age determination procedures.
The normal L form of amino acids change to the D form with aging. Their study of
femoral compact bone revealed that sex differences were apparent, with males demon-
strating the greater increase in the D/L ratio with aging. They recommend using the total
amino-acid fractions instead of the acid-insoluble collagen fraction.



106 Ubelaker

6. SUMMARY

A variety of techniques (/46) are available to estimate age at death based on infor-
mation obtained from the lower extremity. The nature and accuracy of these techniques
vary with the general age of the material examined and the particular anatomical areas
available for analysis. Generally, all available evidence should be evaluated to deter-
mine the age at death (140,147).

In the fetus, priority should be given first to long-bone lengths, then to whatever
other measurable bones are available or for which data exist. Whether measurements
are obtained through radiography or direct measurement of isolated bones, it is impor-
tant to use appropriate data, conversion methodology, or both. Long-bone diaphyseal
lengths and other bone measurements continue to be important in age determination
procedures through childhood, although measurements of soft tissue can also be useful.
With increasing age, the appearance, growth, and union of epiphyses can prove impor-
tant sources of information in juveniles, especially in soft tissue cases. Also, with
increasing age during adolescence, information about sex and population variation
become significant factors and must be considered when available.

With maturity, the criteria for age determination shifts toward histological and
degenerative alterations. Histological age determination techniques (especially the
Kerley method and its modifications) offer the most accuracy if appropriate tissues are pre-
served and available. Chemical and radiological approaches also show some promise in
this age range, but more research is needed.
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Chapter 6

Radiology of the Lower Extremity

B. G. Brogdon, mD

1. INTRODUCTION AND HISTORICAL REVIEW

1.1. Introduction

While the field of forensic medicine is said to have begun at some indefinite time
five or six centuries ago, the origins of forensic radiology can be described more precisely.
Wilhem Conrad Rontgen (Fig. 1)—professor of physics, director of the Physics Institute,
and Rector of the University of Wiirzburg—observed an unusual phenomenon while
experimenting with cathode ray tubes on November 8, 1895. After 50 d of intensive
investigation, he determined that he had discovered a new kind of ray (“eine neue Arte
von Strahlen”), one that could penetrate solid, opaque materials and produce photo-
graphic representations of their contents. He called them “X-rays” because “x” was the
symbol of the unknown. A manuscript was produced and immediately accepted for pre-
sentation at the January 23, 1896, meeting of the Wiirzburg Physical Medicine Society
(1). As sometimes happens today, word of his findings were “leaked” to the popular
press and flashed by telegraph and cable throughout the electrified world, reaching New
York on January 8, 1896 (2). The potential for applying this new ray to the task of foren-
sic problem solving was recognized almost immediately.

Professor Arthur William Wright, director of the Sloan Physics Laboratory at Yale
University, is accorded primacy in the production of X-ray images (of inanimate objects)
in the United States on January 28, 1896. A few days later, he bought a rabbit at a market
and exposed the carcass to an X-ray beam for an hour. Examination of the photographic
plate revealed lead shot within the body (3). Professor Wright had, for the first time, estab-
lished a cause of death through radiography—put another way, by forensic radiology!

In consonance with the purpose of this book, we will attempt a chronology of early
forensic applications of radiology limited to the lower extremity.

From: Forensic Science and Medicine
Forensic Medicine of the Lower Extremity: Human Identification and Trauma Analysis
of the Thigh, Leg, and Foot
Edited by: J. Rich, D. E. Dean, and R. H. Powers © The Humana Press Inc., Totowa, N]J
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Fig. 1. WC Réntgen, MD: the discoverer of X-rays.

1.2. A Chronology of Early Forensic Radiology
of the Lower Extremity

On a cold Christmas Eve in Montreal, George Holden shot Tolson Cunning in the leg.
The wound healed, but the injured limb remained symptomatic. His surgeon, Dr. R. C.
Kirkpatrick, requested an X-ray photograph of the area to be taken by Professor John
Cox of the Physics Department at McGill University. This was accomplished on
February 7, 1896 and showed the bullet lodged between the tibia and fibula (Fig. 2).
This image was submitted to the court during Mr. Holden’s trial for attempted murder.
Successful prosecution resulted in a sentence of 14 yr in the penitentiary (3-5).

In England, during September 1895, a burlesque and comedic actress known to us
now only as Miss Folliott fell on the steps leading to her dressing room in the
Nottingham Theater. Her foot injury kept her bedfast for a month, after which she was
still unable to tread the boards. Dr. Frankish sent her to University College Hospital,
where both feet were “photographed” by X-rays (perhaps the first comparison of films?)
and the films demonstrated that the left cuboid clearly was displaced. This finding could
be appreciated by both judge and jury when the negatives were displayed in court. The
conviction of the theater owners for maintaining an unsafe workplace was somewhat
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Fig. 2. The X-ray examination of Tolson Cunning’s leg took place on February 7, 1896
and resulted in the first X-ray plate to be admitted to a court in North America. From the
American College of Radiology Archives, with permission.

mitigated by the charge that Miss Folliott was guilty of contributory carelessness (4,6).
Because this case was commented on in British publications as early as April 1896 (7),
the actual radiography must be almost contemporaneous with the Holden case.

On September 2, 1895, Frank B. Bolling was thrown from his buggy “while driv-
ing a fractious horse” on the streets of Chicago and sustained a fracture of his right
ankle. The fracture was set by two surgeons, and Mr. Bolling was able to return to work
by May 1, 1896, but his ankle still hurt. To evaluate this persistent pain, Dr. Otto L.
Smith and Professor W. C. Fuchs examined the offending ankle with 35 to 40 min of
exposure to an X-ray tube placed just 5 in. from the ankle. Subsequent radiation dam-
age and pain led to an amputation in November 1896 and two more amputations later
because of pain and recurrent infections. Bolling filed the first malpractice suit for
radiation damage and was awarded $10,000 (4,8). (Images of the initial injury—the
fractures—were not submitted to the court.)

The first trial in which X-ray evidence was accepted by a United States Court took
place in Denver in the waning months of 1896 (4,8-10). The case began on June 15,
1895, when James Smith fell from a ladder while pruning a tree and injured his hip.
Perhaps for pecuniary reasons, he waited almost a month before soliciting the profes-
sional services of Dr. W. W. Grant, who was widely known and well respected and a
founder of the American College of Surgeons. He is credited with performing the first
appendectomy in the United States, in 22-yr-old Mary Gartside (/7).

Dr. Grant found no evidence of a fracture and did not restrict Mr. Smith’s activity,
but requested that he return in 1 wk. The diagnosis of “no fracture” was again asserted.
Dr. Grant heard no more about Mr. Smith until April 1896, when the poorly paid law clerk
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H-H. BuckwALTER,
X-RAY EXPERT
for PLAINTIFF

SCIENCE AND LAW MEASURE SWORDS

Fig. 3. Some of the principles and witnesses in Smith v. Grant illustrated in the Daily
News, December 3, 1896. Reprinted from ref. 8 with permission from Charles C. Thomas.

engaged two of the best young lawyers in Colorado to file a $10,000 civil action against
Dr. Grant, claiming limb shortening and disability as a result of his failure to diagnose a
femoral fracture (Fig. 3). Quick to take advantage of new technology, these bright young
attorneys had engaged the services of Dr. Chauncey Tennent Jr, MD, of Denver
Homeopathic College and a local photojournalist, Harry H. Buchwalter, to examine their
client with X-rays (Fig. 4). On four occasions between November 7 and 29, 1896, several
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Fig. 4. Chauncey Tennant, MD, (right) and HH Buckwalter (left) made the first clinical
radiograph in Colorado in the spring of 1896. The patient, Marshal Kehler, had been shot
by a miner. Tennant and Buckwalter later performed the radiography on Mr. Smith’s bro-
ken femur, the first X-ray admitted into evidence in the United States. Reprinted from ref. 9
with permission from the American Roentgen Ray Society.

attempts to obtain an image of Mr. Smith’s hip (with exposures ranging up to 80 min)
were finally successful in showing the outlines of an impacted fracture of the proximal
femur. (It is not clear whether this was a femoral neck fracture or an intertrochanteric
fracture.)

The fundamental legal issue was admission of a radiograph as evidence. Photographs
were already recognized for their ability to show something a witness could testify
to as an accurate representation of what had actually been seen. The X-ray image
revealed structures or objects hidden from the eye and had been refused admission in
some jurisdictions, which felt that it was “like offering the photograph of a ghost.” The
argument raged all day before District Judge Owen E LeFuvre who, after sleeping on
the matter, handed down his decision, eloquently phrased in the elegant language of
those days:

We... have been presented with a photograph taken by means of a new scientific dis-
covery... it knocks for admission at the temple of learning. What shall be do or say?
Close fast the door or open wide the portals? These photographs are offered in evidence
to show the present condition of the head and neck of the femur bone, which is entirely
hidden from the eye of the surgeon... Modern science has made it possible to look
beneath the tissues of the human body, and has aided the surgeon in telling of the hid-
den mysteries. We believe it is our duty to be the first... in admitting in evidence a pro-
cess known and acknowledged as a determinate science. The exhibits will be admitted
in evidence.
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The first appellate decision regarding the admission of radiographs as evidence in a
US courtroom was rendered in 1897 (4,12). It involved the case of Mr. Beall, who was in
an elevator in the warehouse of WS Bruce and Company when it fell five stories. He sus-
tained injuries to his leg and sued for compensation, claiming negligence in the construc-
tion and maintenance of the elevator. A witness, Dr. Saltman, testified that “overlapping
bones of one of the plaintiff’s legs, at the point where it was broken by this fall” were
shown on a radiograph he was permitted to submit to the jury. The defense objected to
admission of the radiograph and appealed. The Supreme Court of Tennessee ruled “...no
sound reason was assigned at the bar why a civil court should not avail itself of this inven-
tion, when it is apparent that it would serve to throw light on the matter in controversy.”

Dr. H. Graeme Anderson was one of the pioneer physicians assigned to the British
Royal Flying Corps during World War 1. He also became a licensed pilot, hence, one of
the earliest flight surgeons. In his 1919 book, The Medical and Surgical Aspects of
Aviation (13), Dr. Anderson devoted several pages to 17 cases of injuries to the talus that
had been sustained during aircraft accidents. He termed this generic injury “Aviator’s
Astralagus” and illustrated it with radiographs. This probably is the first recognition of
“pattern injuries,” of which more will be said later.

(It surely is worth mentioning that Dr. Anderson also reported that “Nemirovsky
and Tilmant have lately organized an aeroplane...to carry a pilot, a surgeon, and a radio-
grapher who can act as an assistant surgeon.... The elective current from the aeroplane
can be used...to work the X-ray apparatus.” Surely this is a first—and maybe the last—
example of in-flight radiography. The author will welcome information about other
examples).

Feet played an important role in solving the infamous Ruxton murder (/4,15). On
September 15, 1935, the wife of a Dr. Ruxton and her nursemaid disappeared from the
family home in Lancaster and were never again seen alive. Two weeks later, a discov-
ery of human remains triggered a search that began in the surrounding area and contin-
ued for another month until most of two female bodies could be reassembled. However,
the faces had been mutilated, the teeth extracted, the terminal digits of the hands ampu-
tated, and other distinguishing topographical features had been excised from soft tis-
sues, all to preclude identification.

Three feet were recovered. Casts were made and fitted into the shoes of the miss-
ing women (Fig. 5). The presumptive left foot of Mrs. Ruxton was mutilated where she
was known to have had a bunion and elsewhere (perhaps as a distraction), but a radio-
graph showed an exostosis of the first metatarsal head consistent with the bunion defor-
mity (Fig. 6). Other identifying anatomic features were found, and this case featured an
early use of the photographic superimposition of facial features on a skull. Incriminating
evidence also was found in the Ruxton home. The doctor was convicted and hanged for
the murders.

In 1946, Dr. John Caffey MD, (Fig. 7)—self-taught radiologist at New York’s
Babies Hospital (and the father of Pediatric Radiology)—published the first of several
papers alerting the profession (and the public) to the peculiar concatenation of unusual
skeletal injuries in the extremities of children that had often been associated with skull
injuries, subdural hematomas, or both in the absence of any history of trauma (/6). This
led to the now widespread recognition of the intentional physical abuse of children—
perhaps radiology’s greatest contribution to forensic medicine.
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Fig. 5. Casts of the left feet of Mrs. Ruxton and her housekeeper. The tips of Mrs. Ruxton’s
toes have been amputated.

Fig. 6. (A) and (B): Photographs of the top and medial side of Mrs. Ruxton’s left foot show
mutilations performed in an attempt to prevent identification. (C) Radiograph of Mrs.

Ruxton’s left foot showing amputated phalanges and hypertrophic changes on the head of
the first metatarsal corresponding to the excised bunion.
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Fig. 6. Continued.

In 1949, the Great Lakes liner Noronic caught fire and burned in Toronto, with
many fatalities. Dr. Arthur C Singleton, a professor and head of the Radiology
Department at the University of Toronto, was asked by the Attorney General of Ontario
to assist in the identification of the bodies, thus becoming the father of mass casualty
radiology. He was able to positively identify 24 of 119 fatalities by radiologic compar-
ison alone. One of the illustrations in his paper on the matter (/7) showed comparison
radiographs of a dismembered foot, noting similar features (Fig. 8).
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Fig. 7. John Caffey, mD, the father of pediatric radiology. From the American College of
Radiology Archives, with permission.

In 1981, Evans and Knight’s book, Forensic Radiology, became available to the
English-speaking world (/8). It described applications of radiology for the purpose of
identification and to identify evidence of abuse, mishaps, and malpractice, as well as for
age determination and other anthropological conditions and correlation with forensic
pathology, gunshot wounds, and other inflicted trauma. Unfortunately, of the more than
100 radiographs reproduced in this small but fairly comprehensive volume, only six
were of the lower extremity.

In the ensuing quarter century, the utilization of radiology in the forensic sciences has
increased and now includes some applications of newer modalities—nuclear radiology,
ultrasonography, magnetic resonance imaging, and computed tomography (CT). Still, the
great potential for radiology in forensics that was predicted by enthusiasts in the first
couple of years after Rontgen’s discovery remains largely unrealized (19).

2. ANTHROPOLOGICAL CONSIDERATIONS

It was recognized early after Rontgen’s discovery that the X-ray could greatly assist
in the identification of human remains, especially those in which superficial identifying
features were distorted or destroyed by fire, immersion, decomposition, mutilation, or
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Fig. 8. (A) Antemortem and (B) postmortem radiographs of the foot of a victim of the
Noronic disaster. Corresponding points were numbered by Dr. Singleton. Reprinted from
ref. 17 with permission from the American Roentgen Ray Society.

fragmentation. The first step in the procedure is the establishment of certain anthropo-
logical parameters, sometimes called the “biologic profile”: age, sex, stature, and race
or population ancestry. When the body or its parts are skeletonized, or when there are
time and available facilities to remove flesh from the remains, the physical anthropolo-
gist can do the job with equal or sometimes superior accuracy. Otherwise, the radiologic
method must suffice. In either event, it is useful to radiograph the remains for purposes
of subsequent comparison with antemortem examinations.

First, one must determine whether the remains are human or animal. Skeletal
similarities (Fig. 9) can be confusing to the inexperienced viewer.

Next, it must be determined whether the remains are those of a single human or
commingled with other humans or animals—a sometimes difficult and time-consuming
task. Only then can a biologic profile be established. For the purposes of this discussion,
it is assumed that human body parts from the lower extremities are being analyzed.

2.1. Age Determination

The radiologic determination of maturity or prematurity at birth is based on the
ossification of secondary centers at the knee. The distal femoral epiphysis will be
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Fig. 9. Frontal and lateral views of a honey-baked ham.

partially ossified in 90% or more of full-term fetuses. The proximal tibial epiphysis will
be similarly visible in 80% or more of mature neonates (Fig. 10). Thereafter, chrono-
logical age is estimated according to skeletal maturation, as indicated by the appearance,
growth, and ultimate fusion of epiphyses and apophyses (non-articulating secondary
ossification centers). Detailed tables and schematic representations of skeletal matura-
tion are amply provided in the literature (20-25). Some examples that are particularly
useful in the lower extremity are included here (Table 1, Figs. 11, 12).

Between mid-adolescence and middle age, the fusion line of the physis gradually
disappears, tendinous attachments may become more prominent, and degenerative
change insidiously commences. Estimation of skeletal age by radiologic evaluation of
the lower extremities during these decades is fraught with difficulty and inaccuracy.

The effects of advancing age become more apparent with advancing degenerative
change and skeletal demineralization, but even then the use of radiology to estimate age
may result of an error of a decade or so (26).

2.2. Sex Determination

Skeletal maturation accelerates in females at a greater rate than in males after
the third or fourth year of life. However, this difference is not a useful determinant.
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Fig. 10. Mature newborn knee showing calcified distal femoral and proximal tibial
epiphyses. Reprinted from Brogdon, BG, Forensic radiology (1998) with permission
from CRC Press.
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Table 1
Percentiles for Age at Appearance (Years-Months) of Selected Ossification Centers
Boys Girls
Percentile Percentile

Centers 5th 50th 95th 5th 50th 95th
1. Tibia, proximal — 0-0 0-1 — 0-0 0-0
2. Cuboid - 0-1 04 - 0-1 0-2
3. Femur, head 0-1 04 0-8 0-0 0-4 0-7
4. Cuneiform 3 0-1 0-6 1-7 - 0-3 1-3
5. Toe phalanx 5 M - 1-0 3-10 - 0-9 2-1
6. Toe phalanx 1 D 0-9 1-3 2-1 0-5 0-9 1-8
7. Toe phalanx 4 M 0-5 1-3 2-11 0-5 0-11 3-0
8. Toe phalanx 3 M 0-5 1-5 4-3 3-0 1-0 2-6
9. Toe phalanx 3 P 0-11 1-7 2-6 0-6 1-1 1-11
10. Toe phalanx 4 P 0-11 1-8 2-8 0-7 1-3 2-1
11. Toe phalanx 2 P 1-0 1-9 2-8 0-8 1-2 2-1
12. Toe phalanx 2 M 0-11 2-0 4-1 0-6 1-2 2-3
13. Cuneiform 1 0-11 2-2 3-9 0-6 1-5 2-10
14. Metatarsal 1 1-5 2-2 3-1 1-0 1-7 2-3
15. Toe phalanx 1 P 1-5 2-4 3-4 0-11 1-7 2-6
16. Toe phalanx 5 P 1-6 2-5 3-8 1-0 1-9 2-8
17. Cuneiform 2 1-2 2-8 4-3 0-10 1-10  3-0
18. Metatarsal 2 1-11 2-10 4-4 1-3 2-2 3-5
19. Femur, greater trochanter 1-11 3-0 4-4 1-0 1-10  3-0
20. Navicular foot 1-1 3-0 5-5 0-9 1-11  3-7
21. Fibular, proximal 1-10 3-6 5-3 14 2-7 3-11
22. Metatarsal 3 2-4 3-6 5-0 1-5 2-6 3-8
23. Toe phalanx 5 D 24 3-11 6-4 1-2 2-4 4-1
24. Patella 2-7 4-0 6-0 1-6 2-6 4-0
25. Metatarsal 4 2-11 4-0 5-9 1-9 2-10 4-1
26. Toe phalanx 3 D 3-0 4-4 6-2 14 2-9 4-1
27. Metatarsal 5 3-1 4-4 64 2-1 3-3 4-11
28. Toe phalanx 4 D 2-11 4-5 6-5 14 2-7 4-1
29. Toe phalanx 2 D 3-3 4-8 6-9 1-6 2-11 4-6
30. Calcaneal apophysis 5-2 7-7 9-7 3-6 54 7-4
31. Tibial tubercle 9-11 11-10 13-5 7-11 10-3 11-10

from ref. 20, with permission from Elsevier.

Note: P, proximal; M, middle; D, distal. Important events at various ages are in bold. Reprinted

In general, the male skeleton becomes more robust and heavier with aging and devel-
ops more prominent attachments for muscles and tendons. With further aging, there
is a tendency for more degenerative hyperostotic changes in the male. Male long
bones are approx 110% longer than their female counterparts. The male femoral head
is larger. All of these findings are helpful but not definitive in establishing the sex of
unidentified remains.
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Fig. 11. Chronological development of the knee. Reprinted from ref. 25 with permission
from Charles C. Thomas. Tracings reprinted from ref. 25 with permission from Elsevier.

Other parts of the skeleton are far more helpful than those of the extremities.
Bipartite patella, an anatomical variant occurring in approx 2% of the adolescent popu-
lation, is nine times more common in boys than in girls (27).

In individuals of African ancestry, the tibia is long relative to the femur, but the
ratios vary and overlap in US populations, probably due to racial mixing. The femoral
shaft is bowed anteriorly in white and Asian populations compared with black popula-
tions; however, there is still considerable variability. However, a markedly bowed femur
is unlikely to belong to a black decedent (28).
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Fig. 12. Chronological development of the foot and ankle. Reprinted from ref. 26 with
permission from Charles C. Thomas. Tracings reprinted from ref. 25 with permission from
Elsevier.
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Fig. 12. Continued.
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Male 12.0 yrs. Fem. 9.2 yrs.

Male 13.0 yrs. Fem. 10.0 yrs.

Male 14.0 yrs. Fem. 11.0 yrs. Male 15.0 yrs. Fem. 12.0 yre.

Male 16.0 yrs. Fem 13.2 yrs.

Male 17.5 yrs. Fem. 15.0 yrs.

Fig. 12. Continued.

Craig (29) developed a method of determining race based on the angle of the
intercondylar shelf on the femur that can be used with either skeletal or fleshed remains
(Fig. 13). It requires radiography with true lateral positioning of the distal femur. The
angle between the roof of the intercondylar notch (or intercondylar shelf) and the long
axis of the femoral shaft are measured. Figure 14 shows the bimodal nature of the racial
curves, indicating a fairly narrow overlap between the sectioning points. Thus, this may
serve as a fairly useful determinant for assigning race or population ancestry.
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Fig. 13. Lateral radiograph of the knee illustrating method of measuring the intercondylar
shelf angle. Reprinted from Brogdon, BG, Forensic radiology (1998) with permission from
CRC Press.



132 Brogdon

0.12

0.08 —
>_

BLACK
e WHITE
i
S ]
&)
w
o
“ 004
degrees
O-w T I T l T | T I T [ T I T

125 130 135 140 145 150 155 160
INTERCONDYLAR SHELF ANGLE

Fig. 14. Graphic representation of racial distribution of intercondylar shelf angles.
Courtesy of Michael D Harpen, PhD. Reprinted from Brogdon, BG, Forensic radiology
(1998) with permission from CRC Press.

Steinbach and Russell (30) suggested that a measurement of the soft tissue in the
heel pad that exceeds 21 mm is a reasonably accurate indication of acromegaly (Fig. 15).
However, the fallibility of this diagnostic indicator has been described by Puckett and
Seymour (37), who demonstrated a greater-than-“average” heel pad measurement in
Blacks, 40% of whom had heel pads exceeding 21 mm compared with only 9% of
Caucasians. Local soft-tissue swelling can skew this measurement even further. Hence,
heel pad thickness is of doubtful value in the process of determining race or population
ancestry in unidentified body parts.

2.3. Determination of Stature

Extensive research on World War II and Korean War casualties (32) has enabled
investigators to develop methods of estimating stature based on measurements of long
bones. The length of the femur is the most reliable basis for calculating stature (28). The
tibia is also useful, but there has been some controversy over the accuracy of tibial mea-
surements, particularly the most appropriate location of the more distal measuring
point. Apparently, the plafond of the tibia is the preferred site of measurement rather
than the tip of the medial malleolus (33). The tables and equations furnished to estimate
stature from long-bone measurements are based on direct measurements of defleshed or
skeletonized specimens (Table 2). However, measurements from radiographs can be
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Fig. 15. lllustration of measurement of the heel pad thickness.

Table 2
Equations for Estimating Living Stature From the Long Bones of American
Aged 18 to 30 Years?

White Males, cm African-American Males, cm

2.38 Femur + 61-41 +3.27 2.11 Femur + 70.35 +3.94
2.52 Tibia + 78.62 +3.37 2 .19 Tibia + 86.02 +3.78
2.68 Fibula + 71.78 +3.29 2.19 Fibula + 85.65 14.08
1.30 (Femur + Tibia) + 63.29 +2.99 1.15 (Femur + Tibia) + 71.04 +3.53
White Females, cm African-American Females, cm
2.47 Femur + 54.10 +3.72 2.28 Femur + 59.76 +3.41
2.90 Tibia + 61.53 13.66 2.45 Tibia + 72.65 +3.70
2.93 Fibula + 59.61 +3.57 2.49 Fibula + 70.90 +3.80
1.39 (Femur + Tibia) + 53.20 +£3.55 1.26 (Femur + Tibia)+59.72  +3.28
Asian Males, cm Mexican-American Males, cm

2.15 Femur + 72.57 +3.80 2.44 Femur + 58.67 +2.99
2.39 Tibia + 81.45 +3.27 2.36 Tibia + 80.62 +3.73
2.40 Fibula + 80.56 +3.24 2.50 Fibula + 75.44 +3.52

1.22 (Femur + Tibia) + 70.37 £3.24

“To estimate stature in older individuals, subtract 0.06 x (age in years —30) cm; to estimate
cadaver stature, add 2.5 cm. Reprinted from ref. 33a, with permission.
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Fig. 16. (A) Schematic representation of the scanogram method of obtaining magnification-
free measurements of long bone length using collimated, nondivergent X-rays over the bone
ends with a partially radiopaque ruler in the field of exposure. (B) Resultant scanogram of
the leg.
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equally useful if corrections for magnification are applied. The effect of magnification
can be nullified with an extremely long distance between the X-ray tube and the
object—film combination (=6 ft), but this is impractical in most laboratory settings. An
old but useful technique for measuring long bones involves the use of X-ray beams from
conventional tube—object distances (36—40 in.) that are carefully collimated so that only
nondivergent central rays are used. A partially opaque ruler can be used for direct
measurements (Fig. 16). Finally, if CT equipment is available, direct measures can be
easily obtained from the image with a cursor.

3. IDENTIFICATION

3.1. General Considerations

The accuracy of radiology when used to identify human remains depends on the
ability to find identical points of comparison between antemortem diagnostic radio-
logical studies and postmortem images obtained with similar techniques. Hence, post-
mortem studies must be obtained with the parts positioned to simulate the routine
radiologic positions and projections used in medical diagnostic studies. Equipment and
technical factors employed in the production of such postmortem radiologic images
will be discussed later in this chapter. Unless identity is readily established, it is wise
to obtain radiographic studies of all available body parts prior to their release, because
it is not easy to predict which body regions will be represented on the antemortem
radiographs subsequently acquired.

3.2. Statistical Considerations Related to Body Parts

The abdominal trunk—particularly the soft tissue and bony structures of the
back, including the spine and pelvis—are most likely to survive the rigors of separa-
tion, incineration, decomposition, and the activities of carnivores. The extremities are
susceptible to damage by all of these factors. Further, the odds of finding antemortem
studies of the extremities are less than those of some other body parts. In a survey of
films in a large university hospital radiology department (34), investigators found that
the lower extremity accounted for only 11% of all roentgenograms and an even
smaller percentage of studies using other radiologic modalities. In the Bass and
Driscoll study of incomplete skeleton retrieval in Tennessee (35), the femur was the
second most common skeletal element found in 58 fragmented skeletons; the tibia
ranked fifth, the fibula eighth, and the patella 13th. In a series of 30 cases in which
the identification of the victim was established by comparing antemortem and
postmortem radiologic findings, Murphy and coworkers found that the extremities
contributed to 20% of cases (36).

3.3. Identification of Individual Skeletal Elements

Individual bones can be matched on antemortem and postmortem radiographs by
comparing overall configurations or comparable abnormalities associated with (1)
anomalous, congenital, or developmental lesions; (2) disease or tissue degeneration; (3)
tumors or tumor-like conditions; (4) trauma; (5) iatrogenic lesions; and (6) trabecular
patterns and vascular grooves (34).
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Fig. 17. Postmortem (A) and antermortem (B) radiographs of the os calcis allowing com-
parison of the total configuration of the bone. The quality of the postmortem radiograph
does not permit confident comparison of trabecular pattern, although some areas of sim-
ilarity can be identified.

Again, the position of the postmortem specimen must duplicate that of the ante-
mortem radiograph. This may require trial and error or the “shadow positioning technique”
of Fitzpatrick and Mascaluso (37).

Figure 17 contains an example of a match made by comparing several points along
the general outline of the bone, even though good detail is not present on the post-
mortem radiograph. A recent investigation confirms the value of comparing configura-
tion (38), which surpassed all other features in that study for establishing a match.

3.4. Anomalous, Developmental, and Congenital Variations

Riddick et al. (39) were able to identify the charred remains of a kidnapped mur-
der victim on the basis of a developmental anomaly in a patella—a “dorsal defect”
found in only 1% of the population (40) (Fig. 18).

Clubfoot deformities were discovered in one examination of decomposed human
remains (417). Finding custom-made orthopedic shoes in the room, investigators were
able to locate the vendor who, in turn, helped them antemortem radiographs of the feet.
These were successfully compared with postmortem studies (Fig. 19).
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Fig. 17. Continued.

Other conditions in this category that may prove useful in future cases are illus-
trated in Figs. 20-24.

3.5. Disease or Degenerative Change

Degenerative changes are frequently helpful or even definitive in the identifica-
tion of unknown remains. We have already seen examples in the Ruxton case (/4,15)
and in the case of heel spurs of the calcaneus. Judging from the literature, it is rare to
be able to match skeletal remains by lesions that arise secondary to disease processes.
However, certain diseases have such distinctive features that they could be used for
identification purposes. Several examples are shown in Figs. 25-29.

3.5.1. Tumors and Tumor-Like Lesions

Malignant tumors may change so rapidly that they are of little use for comparison
studies, especially when the films were obtained over a long interval of time (Fig. 30).
Other such lesions, however, are relatively stable and may be useful on occasion.
Examples are shown in Figs. 31-33.

3.5.2. Trauma

Dr. Fovau d’Courmelles accurately predicted in the October 1898 American X-
Ray Journal that

“knowing the existence of a fracture in a person, who has been burned or mutilated beyond
recognition, we can hope to identify him by the X-ray”.
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Fig. 18. (A). Photograph of the posterior surface of the left patella showing the “dorsal
defect” (arrow). (B,C). The isolated, incinerated patella can be successfully compared
radiographically with a clinical examination obtained 2 yr earlier after an automobile
accident. Reprinted from ref. 39 with permission. © ASTM International.

Residual deformities from fractures, retained bullets, embedded knife blades, or
posttraumatic calcifications can all provide identification if appropriate comparative
radiographs become available (Figs. 34-35).

3.5.3. latrogenic Alterations

Residual findings from previous treatments or manipulations can be helpful in
using radiology for identification purposes. Orthopedic hardware, prostheses, drill holes
and drill bits, osteotomies, fusions, and manipulations may all leave recognizable traces
that can be seen on the radiograph (Figs. 36-39).

3.6. Trabecular Patterns and Vascular Grooves

The trabecular pattern of some bones can be quite distinctive and can be matched
on antemortem and postmortem films. Weight-bearing or stress-bearing large trabeculae
in the femur, tibia, and os calcis are particularly useful. Kahana and Hiss (43) have
described a computerized system of matching trabecular patterns by superimposing den-
sitographs and reported a case identified by that system using only the bones of a thumb.
However, we find that in most cases, one can satisfactorily match the pattern by sight
alone while manipulating the specimen.
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Fig. 18. Continued.

4. IDENTIFICATION IN MASS CASUALTY SITUATIONS

The same techniques and variables that are taken into consideration when identi-
fying individual skeletal elements apply to mass casualty situations, except for the
logistical problems that are complicated by the size of the matrix (i.e., the number of
remains involved and the fact that they are sometimes commingled and often frag-
mented). Most mass casualty operations take on the characteristics of a field exercise,
because a fear of contaminated blood and body fluids has closed the doors of most hos-
pitals to mass casualty remains (44,45). The organization of a mass casualty operation
is beyond the scope of this chapter, but there is extensive literature on the subject. Apart
from obtaining radiographs of mass casualty victims for identification purposes, it is
also useful to look for foreign bodies (Fig. 40) that may provide valuable information,
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Fig. 18. Continued.

such as serial or part numbers, sources of bombs or weapons, trace evidence of explo-
sives or chemicals, or even an unexploded bomb.

5. PATTERN INJURIES

Some traumatic episodes result in radiologically demonstrable lesions that are rel-
atively consistent. These are called pattern injuries, and they can frequently be used to
predict or deduce the mechanism of injury, the offending agent, or both.

5.1. Abuse
5.1.1. Child Abuse

In Caffey’s first paper on the subject, he remarked on a pattern of skeletal lesions
found in children who also had a subdural hematoma. The pattern was one of metaphyseal
fragmentation, another finding he called “involucrum,” and fractures in different stages of
healing (16) (Figs. 41-44). Later, Caffey added other components to the pattern: “bowing
fractures” (Fig. 45), metaphyseal cupping (Fig. 46), and “ectopic ossification centers,”
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Fig. 19. Postmortem (A,B) and antemortem (C,D) radiographs of a decedent with bilat-
eral club foot deformities, which were used to establish a positive identification. Matching
points are indicated with arrows. Reprinted from ref. 47 with permission. © ASTM
International.

which nowadays translates to epiphyseal separation (Fig. 47). Caffey and others added still
more observations to the total pattern, including transverse and spiral fractures of long
bones that are inappropriate to the age and activity of the child (46,47) (Figs. 48-51).

The interpretation of pediatric radiographs requires considerable training and
experience. Radiographically, it is quite true that “children are not just little adults.”
Other conditions, both normal and abnormal, may be confused with child abuse. One of
the best examples of this is the so-called “toddler’s fracture” (Fig. 52)—an undisplaced
spiral fracture of the tibia that is the common result of the somewhat uncoordinated,
often pigeon-toed effort at locomotion by children in this age group—which is not an
indication of abuse. By contrast, a spiral fracture of the tibia in a nonambulatory child
is almost invariably an indication of child abuse.
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Fig. 19. Continued.

A single thin line of periosteal calcification may exist in normal healthy infants up
to age 4 mo. However, it is bilateral, symmetrical, unilamellar, and asymptomatic and
is not indicative of child abuse (Fig. 53). A number of other conditions may be confus-
ing, including that darling of defense attorneys: osteogenesis imperfecta (Figs. 54-62).

It must be remembered that the most important feature of radiologic findings in child
abuse is that the injury is inconsistent with the age, development, and activity of the child.

5.1.2. Physical Abuse of Adults

Spousal abuse or abuse of intimate partners does not usually involve the lower
extremity. Abusive blows to women are almost exclusively directed to the head, neck, and
face (49,50). Domestic violence and automobile accidents are the most common causes
of facial injury in women. Patterns emerge here: automobile accident victims tend to show
massive and multiple injuries to the facial bones and mandible, whereas battered women
show mostly fractures of the mandibular body or angle and the contralateral mandibular
ramus. Of course, nasal, orbital, zygomaticofacial, and dental fractures are seen along
with dislocations of the mandible. Defensive injuries of the upper extremity (fending frac-
tures) are seen, but the lower extremities are rarely involved. Blows to the body are
uncommon except in pregnant women, where the breast and abdomen may be pummeled.
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Fig. 19. Continued.

5.1.3. Abuse of the Aged

Here, the patterns of injury are somewhat like those seen in child abuse, i.e., twisting,
pulling, and squeezing injuries of the extremities as a result of punishment or attempts at
restraint. However, blows to the head may simulate those seen in spousal abuse. Senile
osteoporosis complicates the diagnostic issue in the elderly—particularly in the extremi-
ties, where routine handling, lifting, turning, and restraint may produce fractures (50,51).

5.2. Pedal Injury Patterns

This topic is something of a double entendre, because it refers to injuries to the
pedal extremity—which are caused mostly by pedals, either brake or rudder!

Dr. Andrew’s collection of “aviator’s astragalus” cases was amassed from air
crashes, and he believed that the mechanism was one of dorsiflexion against the rudder
pedal during impact (/3). More contemporary studies have suggested a spectrum of
injuries caused by this mechanism (52). In Group 1 injuries of this type, there is a relatively
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Fig. 19. Continued.

undisplaced fracture of the neck of the astragalus or talus (Fig. 63). In Group 2, there is
fracture of the talar neck with displacement of the body of the talus into equinous defor-
mity. In Group 3, there is a posterior dislocation of the talus, which may involve the
entire bone or only a major portion of the body of the talus, with the anterior fragment
remaining roughly in place between the tibial plafond and the navicular. True posterior
extrusion of the talus is quite rare, because it requires rupture of the Achilles tendon
(Fig. 64). Talar dislocations and extrusions also occur in plantar flexion (53) in associa-
tion with either pronation or supination, in which case the soft tissue injury and extrusion
will be either anteromedial or anterolateral, respectively. Figures 65 and 66 show addi-
tional examples of talar fracture/dislocation and extrusion.

According to Simson (54), flight surgeons during World War II recognized a
lesion they called ‘“Aviator’s fracture”—a pattern of dorsally displaced mid-foot
metatarsal fractures that occur as a result of impact against a rudder pedal (Fig. 67). It
is impossible to tell from the rather poorly reproduced roentgenogram the extent of
additional injuries to the tarsal bones. It appears that there are fractures of not only the
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Fig. 20. Serial radiographs of a patient with kyphoscoliosis of the tibia in association with
neurofibromatosis. Pseudoarthrosis of the fibula (arrow) develops over the course of time.

metatarsals but also fracture/dislocations in the hind foot. Figure 68 shows deformity of
a reinforced flying boot from impact on the rudder pedal indicating the direction of
force that would produce the injuries described by Simson.

Tarsometatarsal fracture/dislocation (the so-called Lisfranc lesion) can be
acquired through a variety of mechanisms, with dislocations occurring in both the dor-
sal and plantar direction (55). It is not uncommon for the history to include the fact that
the foot was forced against or trapped beneath a brake or gas pedal. However, such
injuries can also occur as a result of a fall, the foot being run over by a vehicle, or a
heavy weight being dropped on the foot. Thus, the pattern is not specific. The key injury
is disruption of the locking mechanism of the base of the second metatarsal between the
first, second, and third cuneiforms. Ordinarily the lateral metatarsals are displaced both
laterally and dorsally. Figure 69 shows a case that resulted when the right foot was
jammed forcibly against a brake or gas pedal during an accident. There is a divergent
Lisfranc deformity involving a fracture of the base of the second metatarsal and lateral
subluxation of the four lateral metatarsals.

5.2.1. The Bumper Fracture

The bumper fracture has been recognized for years as a well-established pattern
suggesting the injury, the object, the direction in which it was traveling, and the posi-
tion of the victim (Fig. 70).
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Fig. 21. Typical “dripping candle wax” hyperostosis of melorheostosis in the tibia (A) and
several bones of the ipsilateral foot (B).
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Fig. 21. Continued.

5.3. Patterns of Torture and Terrorism

Physical beating is a widespread form of torture (56). Palmatoria is a form of
localized torture virtually unique to the small West African country Guinea—Bissau.
Palmatoria involve repetitive blows by a slender rod to the shin, where the tibia lies
closest beneath the skin. Ordinary radiographs (of somewhat limited quality) have
shown a periosteal reaction, presumably as a result of subperiosteal hemorrhage and
hematoma. Somewhat peculiar endosteal and medullary changes have also been seen
(Fig. 71). Recent case reports in the United States and France (57,58) have shown that
this specific injury can produce a hidden endosteal fracture that is likely to be unde-
tected on plain films but becomes obvious on a CT scan (Figs. 72, 73). It seems possi-
ble (perhaps likely) that some of the cases that took place in Guinea—Bissau would show
similar findings when more sophisticated imaging modalities were used.

Falaca is a form of torture characterized by beating the foot, primarily the sole of the
foot (56). This is a widespread form of torture in the Middle East, especially in Turkey
and Iraq, as well as in Asia and in some Spanish-speaking areas (where it is called basti-
nado). Substantial injuries can be produced by this form of torture, including edema,
hematoma, fractures, and injuries to ligaments, tendons, fascia, and aponeuroses. The clin-
ical findings are usually diagnostic if they are made immediately after such torture.
Radiography can confirm or exclude fractures and allows the investigator to estimate the
extent of soft tissue injury and the time interval since torture. Early nuclear medicine stud-
ies show a massive increased uptake in the affected areas. Later radiographic studies
demonstrate bone and soft tissue injury and evidence of subsequent healing (Figs. 74-76).
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Fig. 22. Focal deposits of compact bone in a knee. Diagnostic of osteopoikilosis.

5.3.1. Knee Capping

The punitive destruction of a major joint by gunshot wound was originally thought
to be the signature injury of certain criminal elements in the United States. More
recently, it has been seen as an act of terrorism in other parts of the world, especially
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Fig. 23. Neurogenic destruction in the ankle and hindfoot of a 7-yr-old female with con-
genital insensitivity to pain. Reprinted from Brogdon BG, Vogel H, McDowell D, eds. A
radiologic atlas of abuse, torture, terrorism, and inflicted trauma (2003) with permission
from CRC Press.

Northern Ireland (59). The punishment is not limited to the knee; other major joints
have also been targeted (Figs. 77-80).

6. GUNSHOT WOUNDS

From the day that Professor Wright examined his rabbit (3), radiology has played
an important role in the evaluation of gunshot wounds. The number, location, and cal-
iber of bullets; the angle and direction of fire; the discovery of concealed gunshot
wounds; weapon ballistics; types of bullets; and unconventional loads all fall within the
purview of modern radiologic investigation (60—64).

6.1. Number of Bullets

Since more than one bullet can enter through a single entrance wound, it is impor-
tant to determine the number of bullets and correlate them with entrance and exit
wounds. Any discrepancy requires a search for spent bullet casings at the scene, addi-
tional entrance wounds, or radiographic investigation.

6.2. Caliber of Bullets

The use of radiographs to estimate the caliber of a bullet can be fraught with dif-
ficulty, particularly because the range of bullet sizes among calibers that are commonly
used in handguns, for instance, is quite minimal (Fig. 81). The magnification factor
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Fig. 24. Residual deformity of the femoral head and neck in healed Legg-Calvé-Perthe disease.

further confuses the picture and increases the risk of comprising the accuracy of the
findings.
6.3. Location

Locating the bullet would seem to be a rather simple task. However, bullets may
end up at sites quite distant from the entrance wound. They may be diverted from their
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Fig. 25. A, B, and C: Radiographs of the knee and ankle show the “bone-in-bone” phe-
nomenon, which can result from heavy metal poisoning or serious illness during bone
growth. One can see the faint outline of the smaller bone at the time of the insult encased
in the larger mature bone. This individual had ingested phosphorus during bone growth
because of a habit of chewing matches. We have seen similar changes following severe
childhood typhoid fever. A somewhat similar appearance can be seen in osteopetrosis or
treated histiocytosis X.

expected path by striking bone or tissue. They may migrate great distances through
blood vessels, the alimentary tract, the genitourinary tract, the spinal canal, the tra-
cheobronchial tree, or within pleural and peritoneal spaces (Figs. 82, 83).

6.4. Types of Bullets

The ordinary load for handguns and rifles is a bullet made of lead. The lead may
be fully or partially covered by another metal, called a jacket, which has several pur-
poses: it protects the barrel of the weapon from leading; it hardens and lubricates the
bullet, thereby somewhat diminishing the possibility of bullet deformity when it strikes
tissue, particularly bone; and it may be shed as the bullet traverses tissues in the body.
Each weapon has grooves inside the barrel that leave identifiable marks on the bullet
as it passes through. This is important for ballistics identification. In the unjacketed
bullet, the pattern will be on the lead itself; in semi- or fully-jacketed bullets, the bal-
listic markings will be on the jacket. Hence, it is important to identify and retrieve the
separated jacket for ballistic purposes (Fig. 84). Copper jacketing is usually quite eas-
ily identified. The so-called silvertip load, which has become quite popular in the
United States, is jacketed with aluminum and can be quite difficult or impossible to
locate with conventional radiography.
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Fig. 25. Continued.
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Fig. 26. Massive destruction of the bones and soft tissues in Madura foot.

Fig. 27. Calcification at the site of the secondary attachment of the plantar fascia. It has
no clinical significance and is not be to be confused with plantar fasciitis.
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Fig. 28. Typical diaphyseal sclerosing osteomyelitis of Garré.
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Fig. 29. “Burned out” juvenile rheumatoid arthritis in a 22-year-old woman. The
onset of disease was at age 6. Typical changes at the knee include massive overgrowth
of the epiphyseal ends of the bones with atrophic osteoporotic shafts and joint
destruction.

Military weapons tend to have high-velocity characteristics and, according to the
Hague Piece Conference of 1899, must be fully jacketed. “Civilian” weapons and loads
are mostly of a lower velocity (Figs. 85, 86). Some of the bullets used in civilian hand-
guns and rifles have identifying characteristics, including the following:
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Fig. 29. Continued.
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Fig. 30. Osteogenic sarcoma in the distal metaphyseal-diaphyseal of the femur in an
adolescent male.
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Fig. 31. Typical fibrous dysplasia in the first metatarsal with expansion of the bone and
“ground-glass” appearance of bone in a fibrous matrix.
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Fig. 32. (A) Typical “bone island” composed of normal compact bone in the head of the
femur. (B) Bone island in the head of the femur in a T-1 weighted MRI. (C) Bone island in
the head of the femur of a victim of the Air India disaster. None of the individuals in these
three images are related. This points out the difficulty involved in trying to match com-
mon lesions in images obtained using different modalities. Reprinted from Brogdon, BG,
Forensic radiology (1998) with permission from CRC Press.

e The unjacketed bullet commonly used in high-velocity hunting ammunition fragments
so extensively that the resulting pattern is called a “lead snowstorm.”

e The Black Talon mushrooms into a characteristic six-petal flower or star configuration.

e The Glaser safety slug carries multiple small lead pellets in a copper cup, producing
an unusual mixed pattern of densities.

e The Winchester Western .25 caliber cartridge contains a copper-coated lead hollow-
point bullet filled with a single no. 4 steel pellet and, thus, produces the unusual find-
ing of a single small bullet accompanied by a single small shot.

Finally, unconventional loads—plastic bullets, rubber bullets, and ceramic bullets
(Figs. 87,88)—are being seen with increasing frequency because they are used in crowd
control.

7. TECHNICAL CONSIDERATIONS.: PRODUCTION
OF THE RADIOGRAPH

As previously mentioned, it has become increasingly difficult to use hospital or
clinical radiologic installations for forensic investigation. The medical examiner’s
office, whether a one-room morgue or a separate building, needs its own in-house radi-
ologic facility. The basic requirements are functional radiographic equipment and space
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Fig. 32. Continued.

to store and use it; X-ray films, cassettes, film storage space; a dark room and film pro-
cessing facility, a film identification system; and envelopes and storage space for
archival radiographs (66).

7.1. X-Ray Equipment

Either mobile or fixed X-ray equipment will suffice. The mobile X-ray unit is entirely
self-contained and mounted on wheels for easy maneuverability. Stand-alone units may
also be used; these are mounted on the floor, wall, or ceiling. A disadvantage lies in the fact
that the staff must bring the body or body parts to the machine. An advantage is that high-
performance X-ray equipment is not required, because there is no need to overcome the
problem of physical or physiologic motion in the body or body part being examined. Thus,
adequate equipment can be obtained at fairly reasonable cost, particularly because second-
hand equipment has been made available as a result of recent technological advances and
the introduction of new modalities to the field of clinical radiology.
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Fig. 32. Continued.
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Fig. 33. (A) Frontal radiograph of the knee shows fibrous cortical defects of the distal
femur. (B) T-1 weighted MR shows the identical lesions in the same patient. This combi-
nation of lesions is sufficiently unequivocal to allow a match. Reprinted from Brogdon,
BG, Forensic radiology (1998) with permission from CRC Press.
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Fig. 33. Continued.
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A

Fig. 34. (A) Postmortem view of the proximal femur shows evidence of an old healed
fracture with residual deformity. (B) Antemortem views of the same area show a
similar entity, but differences in positioning prevent a precise match, thus allowing
only a presumptive identification. Reprinted from ref. 42 with permission from ecomed
verlagsgesellschaft mbH.
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Fig. 34. Continued.

7.1.1. Film

X-ray film is sensitive not only to X-rays but almost every color of light. It is pack-
aged in light-proof cardboard boxes and must be handled in a darkroom equipped with an
approved X-ray safety light. X-ray film is also sensitive to heat, low humidity, and stray
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Fig. 35. A murder victim found beside an interstate highway had fatal large-caliber gun-
shot wounds in the head and chest. Incidental finding of a small-caliber bullet in the thigh
could be historically linked to a gunshot wound made years earlier at the hands of a barkeep
during an attempted robbery.
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Fig. 36. A fragment of the tibia containing an orthopedic plate and screws (A) that could

be matched eventually with antemortem radiographs (B) showing the identical fixation
device. Reprinted from ref. 42 with permission from ecomed verlagsgesellschaft mbH.
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Fig. 37. A fragment of an incinerated ankle shows evidence of talo-tibial fusion. The kid-
napped murder victim eventually identified by the patellar lesion (Fig. 18) had undergone
such a procedure, but the postoperative films were not available. Hence, this could only
be used to provide a presumptive identification until the patellar match was established.
Reprinted from Brogdon, BG, Forensic radiology (1998) with permission from CRC Press.

radiation; hence, it must be carefully stored. X-ray film comes in a variety of sizes. It is eas-
ier for the forensic facility to employ one standard size; 14- X 17-inch film is recommended.

7.1.2. Film Cassettes

Unexposed film is loaded in the darkroom onto rigid holders called cassettes,
which are made of plastic and metal. The cassettes are flat, rectangular structures that
are hinged at one end. The unexposed film is sandwiched between two fluorescent
intensifying screens, which help reduce the amount of X-ray exposure required. Some
cassettes come with a built-in grid of parallel lead lines, which improves the quality of
images made of thick body parts. Both grid and non-grid cassettes are required for dif-
ferent examinations.

7.1.3. Film Processing

Exposed films must be unloaded from a cassette in the dark and processed. There
are many small automatic processors on the market, and these are highly recommended.



Radiology of the Lower Extremity 169

St e e o

Fig. 38. Posttraumatic calcification of the medial collateral ligament of the knee—so-
called Pellegrini-Stieda disease.

Fig. 39. A and B: Chinese bound-foot deformity. Reprinted from Brogdon BG, Vogel H,
McDowell D, eds. A radiologic atlas of abuse, torture, terrorism, and inflicted trauma
(2003) with permission from CRC Press.
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Fig. 40. Foreign material in a burned and fragmented foot and ankle. Examination of such
material may give important information Reprinted from Brogdon BG, Vogel H,
McDowell JD, eds. A radiologic atlas of abuse, torture, terrorism, and inflicted trauma
(2003) with permission from CRC Press.
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Fig. 41. Bilateral metaphyseal fractures of the femur in a case of child abuse. These are
large “corner fractures.” Reprinted from Brogdon BG, Vogel H, McDowell JD, eds. A radi-
ologic atlas of abuse, torture, terrorism, and inflicted trauma (2003) with permission from
CRC Press.

If available, a nearby hospital or clinic processing facility may be a satisfactory alter-
native to in-house processing.

7.2. Film Identification

If the radiographic output is quite low, one can successfully write the name or
other identifier of the body or body parts directly on the film with an indelible marker
after the film has been processed. A better and more dependable method involves
affixing readily available lead letters and numbers on the exposable surface of the
cassette with adhesive tape, thus putting identification on the film at the same time as
the exposure (67).

7.3. Exposure Factors

All radiographic equipment will have a control panel allowing the technician to
select exposure factors—milliamperes (ma), exposure time(s), and kilovoltage (kVp)—
appropriate for the body part and its thickness. Milliamperage and time may be com-
bined as milliampere-seconds (mAs) (68).

Table 3 is a simplified exposure chart, which is suggested as a starting point for
the production of useable images. Suggested milliampere-seconds, kilovoltage settings,
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Fig. 42. Metaphyseal fracture of the so-called “bucket-handle” type in an abused infant.
Actually, these metaphyseal fractures cross the metaphysis just beneath the growth plate in
a fairly straight line. They appear as corner fractures or bucket handles due to slight differ-
ences in the positioning of the bone relative to the central beam of the X-ray. Reprinted
from Brogdon BG, Vogel H, McDowell D, eds. A radiologic atlas of abuse, torture, terror-
ism, and inflicted trauma (2003) with permission from CRC Press.
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Fig. 43. Abused infant showing a corner fracture (arrow) in the distal left femoral meta-
physis. The right femur shows what Caffey called “involucrum” (arrowheads). This is post-
traumatic calcification caused by stripping of the periosteum by twisting action on the
extremity. Reprinted from Brogdon BG, Vogel H, McDowell JD, eds. A radiologic atlas of
abuse, torture, terrorism, and inflicted trauma (2003) with permission from CRC Press.

and the selection of a grid or non-grid cassette are supplied for different body parts and
tissue thicknesses. It is recommended that the X-ray tube be 40 in. from the film or cas-
sette holder. A ruler or simple aluminum caliper should be used to measure the thick-
ness of the part to be examined.

The chart supplied in Table 3 assumes a screen/film system speed of 400 (your
supplier can help you set this up) and 8:1 grid ratios (again furnished by your supplier).

7.4. Positioning

Standard radiographic positions for the lower extremity are required in order to
match features on antemortem radiographs (68). Figures 89 through 96 provide infor-
mation that can be used to determine how to position the body part and central beam of
the X-ray for each standard position. Each positioning photo is accompanied by a sam-
ple of the image to be expected from it.
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Fig. 44. Old periosteal new bone around the distal femur from earlier trauma (arrows).
Reprinted from ref. 42 with permission from ecomed verlagsgesellschaft mbH.



Radiology of the Lower Extremity 175

Fig. 45. Infantile ankle showing what Caffey called traumatic bowing, actually a green
stick fracture of the metaphyses (arrows). Reprinted from Brogdon, BG, Forensic radiology
(1998) with permission from CRC Press.
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Fig. 46. “Metaphyseal cupping” secondary to epiphyseal injury which blights the
growth process. Reprinted from Brogdon BG, Vogel H, McDowell JD, eds. A radiologic
atlas of abuse, torture, terrorism, and inflicted trauma (2003) with permission from
CRC Press.



Fig. 47. Subluxation of the left femoral epiphysis due to intracapsular blood or effusion.
This child had massive trauma elsewhere and was probably swung by this extremity.
Compare with the right hip to see the widened joint. Reprinted from Brogdon BG, Vogel
H, McDowell JD, eds. A radiologic atlas of abuse, torture, terrorism, and inflicted trauma
(2003) with permission from CRC Press.

Fig. 48. Bilateral transverse fractures of the femora in a non-ambulatory child. Reprinted from
Brogdon BG, Vogel H, McDowell JD, eds. A radiologic atlas of abuse, torture, terrorism, and
inflicted trauma (2003) with permission from CRC Press.
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Fig. 49. Transverse fracture of the tibial diaphysis with an associated plastic or bowing
fracture of the fibula in an abused neonate.
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Fig. 50. Evidence of serial injuries on a single radiograph. There is fairly mature periosteal
new bone from a previous twisting injury to the femur (arrowheads) which now shows a
new transverse fracture (arrows) through both the shaft of the femur and the pre-existing
periosteal new bone. Reprinted from ref. 48 with permission from CC Thomas.
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Fig. 51. Another example of multiple injuries. This 11-mo-old female from a communal
house had 30% burns and multiple injuries. (A) The toes were completely destroyed by
fire (arrow). (B) There was a healing fracture of the left distal femoral metaphysis (arrow).
(O) An older healing fracture of the distal tibial metaphysis (arrow) with injury to the physis
and metaphyseal cupping of the epiphyseal center. Reprinted from Brogdon BG, Vogel H,
McDowell |D, eds. A radiologic atlas of abuse, torture, terrorism, and inflicted trauma (2003)
with permission from CRC Press.
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Fig. 51. Continued.
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Fig. 51. Continued.
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Fig. 52. “Toddler’s fracture.” A common result of normal activity in young children as
they first learn to walk. The same fracture in a nonambulatory infant or child indicates
probable child abuse.
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Fig. 53. Physiologic periosteal elevation and calcification in a 4-mo-old male. The bilat-
eral symmetry and the single thin lamina of subperiosteal calcification is typical of this
normal process. Reprinted from Brogdon, BG, Forensic radiology (1998) with permission
from CRC Press.
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Fig. 54. Thin, gracile, osteoporotic bone with healed fractures typical of osteogensis
imperfecta.
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Fig. 55. Intrauterine infection with rubella (German measles) produced these linear radi-
olucencies in the metaphyses. This is sometimes called a “celery stalk” appearance. It is
not specific for rubella; other intrauterine infections may produce a similar appearance.
Reprinted from Brogdon, BG, Forensic radiology (1998) with permission from CRC Press.
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Fig. 56. Typical rachetic appearance with softened osteomalacic bone with periosteal
reaction, bending fractures, and widened, frayed metaphyses with absence of the zone of
provisional calcification.
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Fig. 57. Scurvy. A dense ringlike band surrounds the epiphyses (Winberger’s sign). There
are beak-like projections at the corners of the metaphyses (Pelken’s sign). The zone of pro-
visional calcification is dense and wide. On the shaft side of that is a zone of increased
radiolucency (the scurvy zone) and another white line of trabecular fragmentation. The
overall quality of the bone indicates osteoporosis. A subperiosteal hemorrhage may even-
tually form periosteal calcification (not shown).
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Fig. 58. Menkes disease (kinky hair syndrome). Rachetic-like bone changes are related to
copper deficiency in this degenerative disease, which is also characterized by mental and
motor retardation, clonic seizures, and peculiarly kinky hair. Reprinted from Brogdon, BG,
Forensic radiology (1998) with permission from CRC Press.
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Fig. 59. Osteomyelitis. Involucrum (arrowheads) encloses the deformed and partially
destroyed bone. Those particularly bright white areas of the bone are necrotic and repre-
sent sequestra. Reprinted from Brogdon, BG, Forensic radiology (1998) with permission

from CRC Press.
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Fig. 60. Tibial periostitis in a case of Caffey’s disease. Reprinted from Brogdon, BG,
Forensic radiology (1998) with permission from CRC Press.
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Fig. 61. Leukemic bone changes in a child, characterized by rarifaction just beneath the
zone of provisional calcification, as well as periostitis. Reprinted from Brogdon, BG,
Forensic radiology (1998) with permission from CRC Press.

Fig. 62. Congenital syphilis with periostitis and focal destructive lesions in the metaphysis.
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Fig. 63. Fracture of the talar neck in a young woman who had a head-on collision while
driving an automobile. She believed she jammed her foot against the brake pedal.
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Fig. 64. Extrusion of the talus in a man who was driving a beverage truck that became
involved in a collision. The X-ray technologist noted a peculiar bulge in his sock and took
the radiograph without removing it. It shows a nearly complete talus with perhaps a minor
fragment remaining in situ. This was reported informally as a posterior extrusion. We have
not been able to confirm this but believe it likely, because the Achilles tendon shadow is
not observed on the radiograph. If so, this is the rarest form of talar extrusion. Reprinted
from ref. 48 with permission from CC Thomas.
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Fig. 65. Anterolateral fracture/extrusion of the talus in a driver involved in a roll-over
automobile accident. Anterolateral extrusion indicates supination and extension of the
foot. Courtesy Jeremy Rich, DPM.
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Fig. 66. Total absence of the talus, which was extruded anteromedially during a motor-
cycle accident. Courtesy Christopher Cenac, MD.
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Fig. 67. “Aviator’s foot.” Plantar invagination of the foot, with multiple fracture disloca-
tions of the midfoot and hindfoot caused by impact with the rudder bar at the time of a
crash that was the result of an inverted spin. Reprinted from ref. 54 with permission.
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Fig. 68. This heavy flying boot was deformed by the rudder pedal at the time of a crash
but protected the flyer from “aviator’s foot.”
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Fig. 69. Divergent Lisfranc fracture/dislocation, with fractures and subluxation of the
lateral rays away from the first metatarsal.
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Fig. 70. “Bumper fracture.” This pedestrian was struck from the right side by an automobile.
The impact produced angulated fractures pointing away from the point of impact. The
level of the fractures is consistent with the height of the bumper.
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Fig. 71. Close-up of the midshafts of the tibia and fibula of a victim of palmatoria. The
anterior cortex of the tibia is thickened by periostitis and there are peculiar endosteal and
intramedullary changes. Reprinted from Brogdon BG, Vogel H, McDowell JD, eds. A radi-
ologic atlas of abuse, torture, terrorism, and inflicted trauma (2003) with permission from

CRC Press.
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Fig. 72. A young man was struck on the shin with a metal rod. He sustained a laceration
that was irrigated and sutured. (A) A worrisome finding on the radiograph prompted his
being recalled to the hospital, where the wound was reopened and explored to reveal an
intact periosteum. (B) A CT scan revealed a cone-shaped endosteal fracture fragment
beneath an intact, slightly dimpled outer cortex. Reprinted from ref. 58 with permission
from the American Roentgen Ray Association.
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ANTERIOR

Fig. 72. Continued.
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Fig. 73. Another young man struck on the shin with a metal rod. This presents findings
identical to those in Fig. 72. A. Internal endosteal fracture fragment (arrow). B. Longitudinal
reconstruction demonstrating the endosteal fragment (arrow). Courtesy of Daniel Vanel,
MD. Reprinted from ref. 57 with permission from the American Roentgen Ray Society.
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B

Fig. 73. Continued.
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Fig. 74. Bilateral plantar edema and hematomas of the feet after falaca, as demonstrated
by CT. Reprinted from ref. 42 with permission from ecomed verlagsgesellschaft mbH.

Fig. 75. CT demonstrates chronic changes after falaca: splay- and flat-foot deformities due
to relaxed ligaments and aponeurosis. Reprinted from ref. 42 with permission from
ecomed verlagsgesellschaft mbH.
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Fig. 76. Multiple fractures of the calcaneous, sustained during falaca, now healed with
residual deformity. Reprinted from ref. 42 with permission from ecomed verlagsge-
sellschaft mbH.
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Fig. 77. “Knee capping.” A. Photograph of a shotgun exit wound from a knee capping in
Northern Ireland. B. Lateral radiograph of knee-capping wound just above the knee.
Notice how the elastic skin contains many of the small shots. There is massive soft tissue
and bony injury. Reprinted from Brogdon, BG, Forensic radiology (1998) with permission
from CRC Press.
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Fig. 77. Continued.
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Fig. 78. A lateral radiograph shows total destruction of the subtalar joint. The anterior half
of the talus is missing. Bullet fragments remain in the area. “Knee capping” in another
major joint. Reprinted from ref. 42 with permission from ecomed verlagsgesellschaft mbH.
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Fig. 79. AP view of an ankle shot with a low-velocity bullet as a punitive injury. Bullet frag-

ments remain near the medial and lateral malleoli. Reprinted from ref. 42 with permission
from ecomed verlagsgesellschaft mbH.
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Fig. 80. High-velocity gunshot wound just above the elbow, producing massive destruc-
tion of the distal humerus. This is another punishment gunshot of the “knee-capping” variety.
Reprinted from ref. 42 with permission from ecomed verlagsgesellschaft mbH.
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Fig. 81. Radiograph of several low-velocity bullets in profile shows a group of 9-mm bul-
lets on the left; .45 caliber in the middle, and .38 caliber on the right. There is little dif-
ference in their size, and even with slight variation in magnification, the difference is very
difficult, or impossible, to detect Reprinted from ref. 42 with permission from ecomed ver-
lagsgesellschaft mbH.

Fig. 82. This person sustained a gunshot wound in the left flank, but radiography of the
area disclosed no bullet. A. The bullet was found after it obstructed blood flow to the
lower extremity by lodging in the superficial femoral artery. B. Lateral aortogram shows a
pseudoaneurysm (arrows) on the posterior wall of the aorta where the bullet entered the
arterial flow. Reprinted from Brogdon, BG, Forensic radiology (1998) with permission
from CRC Press.
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Fig. 83. A. A chest radiograph had revealed no bullet, but the autopsy showed a gunshot
wound to the anterior surface of the heart (arrowheads). B. Radiographic search displayed
the bullet in the left groin where dissection showed it to lie within the left femoral artery.
Reprinted from ref. 65 with permission from the Radiological Society of North America.
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Fig. 84. Radiograph of the shoulder shows a shattered upper humerus with scattered bone
and lead fragments along the path of the bullet before it came to rest in the chest. Of inter-
est is the less dense large piece of jacketing (arrowheads) lying next to the largest bullet
fragment. This jacket fragment will contain valuable ballistic information. Reprinted from
Brogdon, BG, Forensic radiology (1998) with permission from CRC Press.
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Fig. 85. (A) A low-velocity gunshot wound through the femur shows a circular entry
wound (arrowhead) with surrounding radial fractures. (B) The frontal view, somewhat
enlarged, shows a small cloud of bone splinters extending into the soft tissues from the
exit point of this fully jacketed bullet. Note that there are no metallic fragments. Reprinted
from ref. 42 with permission from ecomed verlagsgesellschaft mbH.
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Fig. 85. Continued.
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Fig. 86. A high-velocity jacketed bullet, fired from a military weapon, carried away
almost the entire talus and a portion of the distal tibia, leaving no small bone or bullet
fragments. Reprinted from ref. 42 with permission from ecomed verlagsgesellschaft mbH.
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Fig. 87. A lateral view of the thigh shows two “rubber” bullets embedded in the soft tis-
sues. One can differentiate the halo of the rubber coating surrounding the metallic core
of the projectile. Reprinted from ref. 42 with permission from ecomed verlagsgesellschaft
mbH.
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Fig. 88. This totally shattered femoral shaft was hit with a ceramic bullet, which disinte-
grated into the tiny bright fragments seen among the less dense bone fragments. Reprinted
from ref. 42 with permission from ecomed verlagsgesellschaft mbH.
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Table 3
Technique Chart
Region Projection  Thickness, cm mAs kVp Grid Distance, in
Hip Frontal 15-20 40 76 Yes 40
21-25 60 76
26-31 100 80
Femur Frontal 15-18 25 72 Yes 40
Lateral 14-17 25 70 Yes 40
Knee Frontal 10-13 20 60-70 Yes 40
Lateral 9-12 20 62-66 Yes 40
Leg Frontal 9-13 3 66-70 Yes 40
Lateral 8-12 3 62-66 Yes 40
Foot/Ankle Frontal 5/8 3 60-62 No 40
Lateral 6-9 3 64-66 No 40

Note: For tissues filled with gas, or incinerated or dehydrated tissue decrease mAs by 30% or
decrease kVp by 6-8 cm. Defleshed bones require mAs to be reduced by half and kVp to be reduced
to 50 (non-grid). Modified from ref. 67, with permission from CRC Press.

Fig. 89. (A) Position for frontal radiograph of the hip. The central ray should be directed
at the midpoint (X) of the line drawn from the pubic symphysis to the anterior superior
iliac spine. (B) Resultant radiograph. Reprinted from Brogdon, BG, Forensic radiology
(1998) with permission from CRC Press.
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Fig. 89. Continued.
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Fig. 90. (A) Position of the thigh, central beam, and cassette for a frontal view of the
femur. (B) Resultant radiograph. Reprinted from Brogdon, BG, Forensic radiology (1998)
with permission from CRC Press.
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Fig. 90. Continued.
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Fig. 91. (A) Positioning for a lateral view of the thigh or knee. For the thigh, the central
beam should enter at the X and the cassette, standing upright, should be moved farther
toward the patient’s head than shown here. The cassette is in the proper position for a lat-
eral knee view, with the central beam entering at the site of the arrow. (B) Lateral radio-
graph of the femur. (C) Lateral radiograph of the knee. Reprinted from Brogdon, BG,
Forensic radiology (1998) with permission from CRC Press.
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Fig. 91. Continued.

3

Fig. 92. (A) Positioning for frontal view of the knee. (B) Resultant radiograph. Reprinted
from Brogdon, BG, Forensic radiology (1998) with permission from CRC Press.
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Fig. 92. Continued.
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Fig. 93. Position for a frontal view of the leg with the central beam entering at point X.
(A) Frontal view of the ankle could be obtained by moving the central beam to the arrow
and the cassette downward appropriately. (B) Frontal radiograph of the leg. Frontal view
of the ankle (arrow) would be better demonstrated if the central beam were directly over
it, as shown by the position of the arrow in (A). Reprinted from Brogdon, BG, Forensic
radiology (1998) with permission from CRC Press.
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Fig. 93. Continued.
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Fig. 94. (A) Positioning for a cross-table lateral view of the leg against an upright cassette
with the central beam entering at point X. (B) Resultant radiograph shows a comminuted
fracture of the proximal tibia. Reprinted from Brogdon, BG, Forensic radiology (1998) with
permission from CRC Press.
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e N e
Fig. 95. (A) Positioning for frontal view of the foot. (B) Resultant radiograph. Reprinted
from Brogdon, BG, Forensic radiology (1998) with permission from CRC Press.
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Fig. 95. Continued.



Radiology of the Lower Extremity 233

Fig. 96. (A) Positioning for cross-table lateral view of the foot or ankle with the cassette
held vertically. The central ray is directed at the mid-tarsal area (X) for optimal visualiza-
tion of the foot. For optimal visualization of the lateral ankle, the central ray should be
directed at the lateral malleolus (arrow). (B). Lateral radiograph of the foot, showing a
tarsal navicular fracture/dislocation. Reprinted from Brogdon, BG, Forensic radiology
(1998) with permission from CRC Press.
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Fig. 96. Continued.
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Part 11

Trauma Analysis and Reconstruction



Chapter 7

Injuries to Children

A Surgeon’s Perspective

Jonathan 1. Groner, MD

1. INTRODUCTION

Trauma is the leading killer of children after the first year of life. Unlike trauma
in the adult world, where penetrating injuries (mainly a result of firearms) predominate,
pediatric trauma deaths are most commonly caused by blunt force injury (Table 1).
Traumatic injuries and deaths do occur in children younger than 1 yr, however, con-
genital disease and prematurity claim more lives in that group and unintentional injuries
are up to 15 times more common than injuries caused by abuse, although they tend to
be less severe (/). As will be demonstrated in this chapter, it is highly likely that an
infant with the combination of a lower extremity fracture and virtually any other injury
has been intentionally injured.

The Trauma Registry at Children’s Hospital in Columbus, Ohio (a level-1 pedi-
atric trauma center), records data on all children admitted for the treatment of injury,
including those dying in the emergency department. Data from the registry reveal that
among injured children of all ages with lower extremity fractures, 45% had femur frac-
tures; 35% had fractures to the tibia, fibula, or both; and 19% had fractures involving
the ankle, foot, or toes. Among patients with open wounds, 15% were in the hip or
thigh; 48% were in the knee, leg, or ankle; and 28% were in the foot (Table 2).

The etiology of lower extremity injury varies widely with age. For example, the
Trauma Registry reveals that among patients younger than 18 mo, 58% of lower extremity
injuries were a result of assault (i.e., child abuse), 18% were because of falls, and 10% were
because of motor vehicle crashes. In the 5- to 9-yr-old age group, only 15% of injuries were
aresult of assault, 18% a result of falls, 25% owing to pedestrian injuries, and 15% because
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Forensic Medicine of the Lower Extremity: Human Identification and Trauma Analysis
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Table 1
Cause and Age of Hospital Admissions (1998-2002) for Lower Extremity Injury From
the Columbus, OH, Children’s Hospital Trauma Registry

Age

Cause <18 mo 18-23 mo 2-4Y 5-9Y 10-12Y 13-14Y 15Y >16Y Total %
Animal 2 0 5 8 3 8 0 1 27 2.2
Assault 39 1 4 0 1 0 0 0 45 3.6
Bike 0 0 7 56 33 25 3 4 128 10.2
Burn 0 0 1 0 0 0 0 0 1 0.1
Crush 0 0 2 2 3 1 0 0 8 0.6
Cut 0 0 5 7 4 0 2 0 18 1.4
Fall 12 6 37 65 61 30 13 10 234 187
FB 2 0 11 21 7 5 0 0 46 3.7
GSW 0 1 1 2 4 3 3 8 22 1.8
Hit by 0 0 2 5 2 2 0 0 11 0.9
MC 0 1 7 15 31 43 5 11 113 9.0
MVC 7 6 29 57 45 35 28 46 253 202
Other 5 2 14 30 15 8 3 1 78 6.2
PED 0 0 26 92 44 22 6 6 196 15.6
Sport 0 0 0 8 14 35 7 8 72 5.7
Stab 0 0 0 0 0 1 0 0 1 0.1
Total 67 17 151 368 267 218 70 95 1253 100.0
Percent 5.3 1.4 12.1 294 21.3 17.4 56 7.6

Bike, injured while cycling on a nonmotorized bicycle; FB, foreign body; GSW, gun-shot wound;
Hit by, struck by object (not a motor vehicle); MC, motorcycle; MVC, motor vehicle crash (injured while
inside car); PED, pedestrian injury (struck by car); Sport, sports-related injury; Stab, penetrating trauma.

of motor vehicle crashes; 87% of all lower extremity injuries resulting from assault
occurred in the children younger than 18 mo.

This chapter will focus primarily on the pathology of blunt injuries of the lower
extremity in children. The chapter is divided into three sections: unintentional injuries,
intentional injuries (i.e., child abuse), and disease processes that can mimic injury.

2. UNINTENTIONAL INJURY

The vast majority of unintentional injuries in children are caused by blunt trauma,
in which the force applied to the tissue exceeds the strength of the tissue, resulting in
injury. Skin and soft tissue can withstand a significant amount of direct force (such as
a child struck by a car) with minimal damage, even though the underlying bone frac-
tures. On the other hand, skin can sustain significant damage from a friction injury, even
though the underlying bones may be unharmed. In some injury situations (e.g., when a
child’s leg is run over by a car), a combination of shearing (friction) and direct force can
cause both severe soft tissue injury and fracture.

The leading causes of injury death in the Children’s Hospital Trauma Registry are
pedestrian—motor vehicle collisions, assaults, and motor vehicle crashes. Each of these
mechanisms can cause injury to the lower extremity.
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Table 2
Total Lower Extremity Fractures, Open Wounds, and Traumatic Amputations
at the Columbus, OH, Children’s Hospital Trauma Registry: 1998-2002

Lower Extremity Fractures:

Femur 507
Tibia/Fibula 387
Ankle/Foot/Toes 207
Other/Multiple 2
Total 1103
Open Wounds:
Hip/Thigh 39
Knee/Leg/Ankle 122
Foot 72
Toe 16
Other/Multiple 3
Total 252
Amputations:
Toe/Foot 14
Leg 3
Total 17

A total of 253 motor vehicle-related lower extremity injuries occurred, including 101 in which
the patient had been restrained by seat belt, 120 in which the patient had not been restrained by
seat belt, and 32 cases in which the use of seat belts was not documented or unknown.

2.1. Pedestrian Trauma

Many older pediatric surgery or trauma textbooks refer to a constellation of injuries
in pediatric pedestrians known as “Waddell’s triad.” The injury pattern consists of lower
extremity fracture (from the bumper striking the upright child), abdominal injury (caused
by the blunt force caused by the child being thrown onto the hood of the car), and head
injury (caused by the head striking the windshield of the car). However, although lower
extremity injuries (particularly midshaft femur fractures) do commonly occur when a
child is struck by a car, the combination of head, abdominal, and lower extremity injury
occurs in fewer than 2.5% of injured child pedestrians (2). In fact, tibia—fibula fractures
are more common than femur fractures, and lower extremity fractures are more com-
monly associated with ipsilateral upper extremity fractures in injured pediatric
pedestrians (3).

2.2. Motor Vehicle Crash Trauma

Pediatric motor vehicle occupants can sustain serious or fatal injuries in a crash, but
fatal injuries usually involve severe central nervous system damage or intraabdominal
hemorrhage and rarely involve the lower extremities. However, a patient with bilateral
femoral fractures can develop hypovolemia and shock with minimal external signs of
blood loss. Hip fractures and patella fractures are indications of a high-speed impact and
are more common in unrestrained occupants. When small children are restrained by a
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lap belt or lap belt—shoulder harness combination (instead of a booster seat), the belt
tends to rest across the mid-abdomen instead of the bony pelvis. The violent decelera-
tion of a head-on collision may result in the lap belt crushing against the spine, causing
bowel injuries, chance fractures of the lumbar spine, and even transection of the lumbar
spinal cord and thus lower extremity paralysis (4).

2.3. Falls

Falls are a significant cause of lower extremity trauma in children. However,
because children have a relatively high center of gravity, the relative rate of lower
extremity injuries in children due to a free fall from a height is lower than in adults. One
study of more than 700 cases of fall-related trauma found a lower extremity injury rate
of 5.6% compared with an upper extremity injury rate of 6.2% (5).

Low-altitude falls (e.g., a fall from a bed or couch) seldom cause lower extremity
fractures. Research using biomechanical dummies suggests that the pelvis and lower
extremities have the initial impact in a fall from a bed. However, the force imparted by
such a fall is generally below the threshold for a lower extremity injury (6). Unless
there is an underlying bony or soft tissue disorder, children who sustain serious
lower extremity trauma with a history of a fall from a bed or couch are likely to have
suffered from intentional injury.

Although a nonambulatory infant with a femoral fracture is likely to have been
a victim of child abuse, a possible exception is a distal femoral metaphyseal fracture
extending through the growth plate owing to “activity center trauma.” In a recent
report of two infants with identical fractures who had been playing in a stationary
activity center featuring a swiveling seat and a saucer-shaped base, investigators
hypothesized that the twisting motion that resulted from the child rotating on the
swivel seat transmitted enough force to the anterolateral aspect of the growth plate to
initiate the fracture (7).

Falls resulting from high-speed sports injuries (i.e., skiing, snowboarding, or sled-
ding) tend to cause greater lower extremity trauma than falls from heights. One study
found 10 lower extremity long-bone fractures among 25 patients hospitalized to treat
sledding injuries (8). Snowboarding and skiing both result in a high incidence of lower
extremity trauma; Although snowboarding has become extremely popular among ado-
lescents, a comparison of first-time snowboarders with first-time skiers revealed a higher
incidence of lower extremity trauma in the skiers (9). In another study, a much greater
incidence of ligamentous knee injuries was observed in skiers than in snowboarders (/0).

Spontaneous fractures are rare, even in bedridden children. In a recent case report,
spontaneous fractures in both femurs, tibias, and fibulas occurring secondary to
osteopenia in a 4-yr-old child with cerebral palsy and spasticity were reported. The
diagnosis was made postmortem after the child succumbed to pneumonia. Other causes
of fractures, such as child abuse and metabolic disorders, were ruled out (/7).

2.4. Massive Soft Tissue Injury to the Lower Extremity
(“Mangled Extremity”)

Perhaps the greatest urban enemy of the lower extremity in children is the riding
lawnmower. In the United States, it is estimated that eight children daily sustain injuries
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while riding mowers (/2). In some cases, a child is struck in the leg by a mower because
the operator does not see the child. The other (and more dangerous) injury occurs when
the child is a passenger on a riding mower (i.e., in the operator’s lap) and slides out of his
seat and falls off the mower. In this case, the mower deck may pass completely over the
child, often with fatal results. In one series of traumatic amputations in children, lawn-
mower injuries caused more amputations (22%) than motor vehicle crashes or gunshot
wounds (/3). Lawn mower-related lower extremity amputations are massively contami-
nated with grass fibers and dirt, and the bones are frequently fractured at multiple levels.

The agricultural equivalent to the lawnmower is the high-powered, multi-spindled
rotary cutting deck. This device is pulled behind a tractor while the tractor engine drives
the cutting blades. One such device is manufactured by Bush Hog®; however, this
name is often used generically by farm workers to refer to any agricultural mower.
While these devices are less numerous than residential mowers—and, thus, are respon-
sible for fewer injuries—they are nevertheless the cause of more serious and often fatal
injuries. Again, a common mechanism involves a child riding as a passenger on the trac-
tor, then slipping off his perch to be run over by the cutting deck. In addition to the grave
danger of the rotating cutting blades, the typical “bush hog” also has a trailing wheel or
wheels that are designed to stabilize the cutting platform. These wheels tend to keep any
object (e.g., a child) that becomes caught under the cutting deck from rolling free.

The link between the bush hog (or other powered agricultural tool) to the tractor
itself is called the “power take off” (PTO), which is essentially an extension of the
engine’s rotating drive shaft. It delivers high torque at more than 2000 rpm. PTOs are
equipped with a protective shield, but these are often removed by farmers because the
devices are cumbersome and slow maintenance chores. Injuries can occur when a
child’s clothing becomes ensnared in the rotating shaft of the PTO. Older children
(adolescents) who operate farm equipment will sometimes straddle the PTO instead
of walking around the machinery in order to save time. If the teenager’s pants become
ensnared in the PTO, they may well be ripped off entirely (particularly if the pants are
old and worn). If the pants do not rip, the victim’s legs will become wrapped around
the PTO shaft, and a severe complex fracture and soft tissue injury to the lower
extremity may result. The scale used to rate severe soft tissue injuries in children is
called the mangled extremity severity score (MESS); this is a predictive score that
is used to gauge the risk of salvage vs amputation for severe open fractures of the
lower extremity (14).

2.5. Animal Bites

Animal bites can cause lower extremity trauma in children. A consecutive series
of more than 200 cat bites demonstrated a lower extremity injury rate of 13%. The over-
all infection rate for cat bites (in all locations) was 15% (15). A series of more than 700
dog bites demonstrated an injury rate of 9.5% for bites in the thigh, 15.9% for the leg,
and 1.7% for the foot and an overall wound infection rate of slightly more than 2%
(16). Although there are few reports of snakebites to the lower extremity in children, rat-
tlesnake (North American Crotalid) bites in the lower extremity can cause intravascular
hemolysis (17).
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3. INTENTIONAL INJURY
3.1. Blunt Trauma

Lower extremity fractures are often associated with intentional injuries in children.
In fact, child abuse accounts for 20% of pediatric femoral fractures. Each year, more
than 1200 children in the United States die from child abuse. The failure of a primary
care physician to diagnose child abuse in a patient increases the child’s risk for further
abuse and violent death; for the forensic pathologist, failure to diagnose child abuse on
postmortem examination increases the risk that other children in the household will end
up on the autopsy table. Therefore, the diagnosis of intentional injury should always be
considered when a toddler presents with a lower extremity fracture.

Fractures are the second most common physical sign of child abuse after skin lesions,
and approximately one-third of abused children will eventually be seen by an orthopedic spe-
cialist. The “classic metaphyseal lesion” (CML) of chronic myeloid leukemia is strongly cor-
related with intentional injury. However, there is no pathognomonic fracture pattern in abuse
(18). When evaluating a lower extremity fracture for the possibility of an intentional injury,
the age of the child, the stated mechanism of injury, the presence of associated injuries, and
various psychosocial issues must be considered before a final diagnosis is determined.

3.2. Penetrating Trauma

Penetrating trauma of the lower extremity is rare in children. However, the lower
extremities are probably more easily penetrated by projectiles in children than in adults.
Plastic bullets, often touted as “safer” by law enforcement authorities, are capable of caus-
ing major vascular injuries in the lower extremity in children. Twenty-three vascular
injuries were reported in children wounded by plastic bullets during an Israeli—Palestinian
conflict, including four isolated arterial injuries, three isolated venous injuries, and eight
combination injuries (/9).

3.3. Thermal Injuries

Scald burns comprise a leading causing of admission to pediatric burn units and a
significant cause of death in young children. Scald burns may be intentional or unin-
tentional; however, burn injuries to the lower extremities, especially when they occur
bilaterally, are thought to be virtually always a result of child abuse. Inflicted scald
injuries are characterized by uniform burn depth and distinct borders, whereas uninten-
tional injuries demonstrate irregular burns and splash marks from the child’s attempts
to struggle away from hot liquids.

Nevertheless, scald injuries to the lower extremity can be unintentional. In a series
of three patients, all thought to be victims of child abuse, investigators discovered (on
careful multidisciplinary investigation) that their injuries were owing to unintentional
injuries occurring as a result of climbing into hot, water-filled sinks. In each case, a tod-
dler used the toilet seat or a stool to climb into the sink and gain access the hot water
supply (20). Nevertheless, any toddler with a significant lower extremity scald, espe-
cially when combined with other injuries, is likely to have been intentionally injured. A
thorough examination for other injuries (which may involve the use of a radiological
skeletal survey, a computed tomography scan of the brain, and a retinal examination)
should be considered in such cases.



Injuries to Children 247

4. DISEASES THAT Mimic TRAUMATIC INJURY
4.1. Infectious Agents

Meningococcemia can manifest as a coagulopathy in the setting of overwhelming
sepsis. Patients may have multiple ecchymotic lesions on the lower extremities and
elsewhere that can be mistaken for traumatic injuries. The keys to the diagnosis of an
infectious cause are the relatively uniform distribution of ecchymotic lesions through-
out the body, no particular pattern or imprint mark, and no associated fractures. The
author is personally acquainted with a case of traumatic origin: a patient under treat-
ment for septic shock as a result of meningococcemia, who had ecchymotic lesions in
multiple areas (including the lower extremities and abdomen), was found on closer
scrutiny to have a perforated duodenum from intentional blunt traumatic injury.

In another case in the author’s experience, an adolescent patient developed pro-
found hypotension and severe vascular changes in the lower extremities (that initially
looked similar to frostbite) following a spinal fusion. These changes advanced to a
burn-like appearance with blistering and then to frank gangrene of the toes and eventu-
ally the feet. Blood cultures yielded Yersinia, and the infection source was ultimately
traced to an intraoperative transfusion of contaminated blood. This child developed gan-
grene of both feet and eventually required bilateral below-knee amputations. Other
reported cases of Yersinia sepsis have been fatal. A patient who develops symptoms and
signs of septic shock or pronounced vascular changes in the lower extremities after a
blood transfusion should be evaluated for possible Yersinia sepsis.

4.2. Bone Disorders

Osteogenesis imperfecta (OI) is a genetic disorder characterized by increased bone
fragility. At least seven discrete types of OI are known, and the disease can range from
mild to lethal. The cause of Ol is extremely heterogeneous: in some types, defects in the
genes encoding type I collagen have been found; in other types, defects in other pro-
teins have been identified. Patients with OI have increased bone turnover rates,
decreased bone mass, and a disturbed organization of bone tissue (2/). A radiograph of
Ol is provided in the chapter entitled Radiology of the Lower Extremity.

When there is no history of injury in patients with this disorder, OI and other
metabolic bone disorders are always considered in the differential diagnosis of lower
extremity fractures in children. However, these entities are extremely rare. In the author’s
personal experience, bone disease has never been diagnosed in a patient evaluated for a lower
extremity fracture of unknown etiology. Not only is Ol rare, but diagnoses of “temporary
brittle bone disease” and “mild type IV OI” (a variant of OI said to lack extraskeletal find-
ings) are so unusual (in fact, some authors believe that the former disease is purely hypo-
thetical) that they are not acceptable diagnoses in small children (22). Collagen analysis
to search for mild forms of bone disease is generally not indicated in the vast majority of
infants and children undergoing an evaluation for the possibility of child abuse (23).

4.3. Other Diseases That Mimic Traumatic Injury

Epidermolysis bullosa (EB) is a form of genodermatosis (genetic disorder of the
skin) that is characterized by sloughing of the dermal layers secondary to minimal
trauma. EB is caused by a defect in collagen synthesis and occurs as a dominant or
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Fig. 1. Epidermolysis bullosa mimics scalded skin from a hot liquid in this infant. The dis-
tribution of this disease mimics injury patterns that are usually found in children struggling
to get away from the heat source. A bulla (blister) is also seen on the proximal thigh. Photo
courtesy of Jonathan I. Groner, MD. See Color Plate I, following page 240.

recessive trait (24). EB patients range from those with a relatively minor skin disorder
to patients who are severely disfigured. In patients with severe disease, ill-fitting shoes,
the application of a bandage, or even the use of an automated blood pressure cuff can
cause skin damage.

Newborns with severe EB may present with peeling and blistering (bullae) of
the skin at intrauterine pressure points, particularly the elbows, knees, and ankles
(Fig. 1). The lesions look strikingly similar to partial thickness burns and are treated
with protective dressings. In older children, trivial trauma, such as a fall, may lead
to large areas of partial-thickness (and sometimes full-thickness) skin injury that
may be confused with an intentional burn injury. Fortunately, many children with EB
have both a family and a personal history of chronic cutaneous scarring from past
injuries that allows for the appropriate diagnosis. Patients with EB who present with
severe scarring will develop pseudosyndactyly of the digits. In longstanding cases
(usually beyond childhood), squamous cell cancer can develop in the chronically
damaged skin.

The dermatologic complications of Stevens-Johnson syndrome (SJS) are similar to
those seen in patients with thermal injury (25). SJS is induced by exposure to drugs or
infections. Bacterial colonization of the skin can also result in sepsis. Frozen sections of
denuded epidermis in SJS reveal full-thickness epidermal necrosis (26). Conditions that
may be confused with this disorder include staphylococcal scalded skin syndrome and
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Fig. 2. Stevens-Johnson Syndrome in the distal lower extremity intraoperatively (A) and
showing healed lesions (B). These lesions mimic thermal trauma, such as that caused by
cigarette burns or wounds induced with a heated implement. Photo courtesy of Jonathan I.
Groner, MD. See Color Plate Il, following page 240.

exfoliative erythroderma. Figure 2A, B illustrate acute and healed dermatologic seque-
lae of SJS in a child. Such lesions could be confused with cigarette burns or other ther-
mal injury with an implement.
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Fig. 2. Continued.

Children with Ehler-Danlos syndrome are not, in general, born with abnormal-
appearing skin and do not develop burn-like lesions from trivial trauma. Patients with
Ehler-Danlos do, however, develop large soft-tissue wounds in response to soft-tissue
trauma. A blow to the tibial area (e.g., from a soccer opponent’s kick or a bicycle pedal)
may result in a large soft-tissue wound extending to the periosteum. The key to the diag-
nosis is an examination of the patient’s knees: most children with Ehler-Danlos have
multiple scars from previous trivial soft tissue trauma. In addition, a parent may be
afflicted with the disease and have similar scarring.

Idiopathic palmoplantar eccrine hidradenitis (IPPH) is characterized by painful
erythematous plantar nodules that may arise following intense physical activity. [PPH
is not a truly traumatic lesion (microscopic examination demonstrates neutrophilic
infiltrate around and within the eccrine sweat apparatus) and generally resolves after a
few days’ rest (27).

5. HAIR TOURNIQUET SYNDROME

In an odd “twist,” this chapter ends with a trauma that can be mistaken for a medical
condition. The hair tourniquet syndrome can be defined as digital ischemia secondary
to constricting thread or hair at the base of the digit. The resulting tourniquet effect
causes venous congestion, usually in one or two toes. The affected toe becomes red and
edematous, but in advanced cases may look profoundly ischemic. The syndrome is
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more common in infants younger than 6 mo, and the diagnosis is often delayed 3 to 4 d
(28). The offending hair or thread is often concealed in natural skin wrinkles. A severely
ischemic toe can be mistaken for an arterial embolism, which may arise in infants with
congenital heart disease. Although complete necrosis of the toe is rare, a toe amputation
has been required for some infants (29).
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Chapter 8

Skeletal Trauma Analysis
of the Lower Extremity

Alison Galloway, PhD and Lauren Zephro, MA

1. INTRODUCTION

This chapter reviews the methods of forensic anthropological analysis in skeletal
damage to the lower extremity and serves as an introduction for later chapters dis-
cussing the underlying physics and methodology used in engineering accident recon-
struction. The discussion herein includes the interpretation of the mechanism of
injury and the types of defects seen most commonly within forensic contexts. No such
discussion can be comprehensive and each case must be assessed separately.
Consistency with known patterns of damage can be stated, but in the majority of
cases, the exact cause of injury cannot be determined. Analysis of lower extremity
skeletal trauma requires an understanding of the movement patterns in which these
bones have evolved, the capacity of the joints to absorb forces, the effects of forces
beyond the capacity of bones and joints to withstand, and the resultant fracture patterns
produced by excessive force.

Forensic anthropologists often analyze human remains that are removed from the
context of death. Material may be partial, skeletonized, and weathered. Isolated bones
of the leg may be encountered, and trauma must be assessed from the skeletal damage
to these elements alone. Forensic interpretation must be grounded in the physical evi-
dence embodied in the skeletal material. Conjecture beyond the physical evidence must
be avoided. However, the types of cases seen by the forensic anthropologist differ
markedly from those seen by the medical community, who report on survivors, and by
forensic pathologists and coroners, who report on all fatalities that meet the criteria for
examination. Forensic anthropologists are more likely to receive bodies of victims of
homicide and suicide that lay in more remote areas, the remains of homeless individuals
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who have died accidentally or by natural causes but lain undiscovered, and occasionally
victims of motor vehicle accidents (MVAs) or falls from heights. Although there are
exceptions, the discrepancies among the populations sampled by the specialists in these
various specialties must be emphasized.

Analysis of trauma from the perspective of the forensic anthropologist entails
three distinct steps:

1. identification of the skeletal defects and establishment of the timing of injury;

2. interpretation of the biomechanical forces that produced the fractures or defects; and

3. linking fracture patterns to the anatomical context to understand the sequence of events
that could have produced the observed defects.

2. STRUCTURAL FEATURES OF THE LOWER EXTREMITY

The lower extremity, as defined by this volume, consists of the femur, tibia, fibula,
and the bones of the ankle and foot (Fig. 1). These lower limb long bones are the
strongest within the human body, building on our evolutionary heritage of bipedal loco-
motion. The lower extremity has evolved to accommodate large amounts of compres-
sive stress, a condition that has been compounded by modern life, with its hard surfaces
and the potential for concentrated forces from certain types of footwear (e.g., “high
heel” shoes). The hip joint provides for a wide circular range of movement with lim-
itation of movement largely defined by the interference of soft tissue. The thigh
angles inward so that pressure on the femur must be redirected into the hip joint.
This structure leaves the femoral neck relatively weak, although it is well supported
by the large muscles of the buttocks and thigh.

Below the hip, the knee joint is designed primarily as a loosely structured hinge
joint with limited side-to-side movement. The side-to-side movement is constrained by
the collateral ligaments. Unlike most quadrupedal animals, the joint is angled so the
thighs can converge while the tibiae remain roughly parallel. For this reason, the medial
condyle of the tibia is larger and lower, whereas the lateral condyle is smaller and
higher. This joint is well suited for the normal levels of use under which humans have
evolved, but poorly equipped for the high impacts encountered in modern traumatic set-
tings. The distal femur generally bears compression well at the condyles but is prone to
fractures in the supracondylar region. The proximal tibial plateau incorporates a significant
quantity of trabecular bone and is prone to compression and fragmentation.

In contrast to the hip and knee, the ankle joint is more flexible, using the dorsi-
flexion and plantar flexion of the superior talar joint and the complex of joints between
the tarsal bones. The foot itself is a relatively rigid structure with a tightly bound arch
to absorb impacts during locomotion.

When viewed in terms of trauma analysis, the lower extremity presents long seg-
ments of the body that are designed to increase stride length and absorb compressive
forces during walking and running, with some accommodation for uneven substrate in
the ankle and foot. Almost one-third of our body weight and almost one-half of our
height consists of the lower extremity, and the legs often bear the brunt of impacts from
directed blows, falls, and MVAs. In addition, the indirect forces of rotation, bending,
and shearing are often visible on these bones.
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Anterior Lateral Posterior

Fig. 1. Diagram of the bones of the lower extremity.

3. METHODS OF ANALYSIS

Anthropological forensic cases should begin with documentation of the remains as
they are first observed. Although some may be skeletonized on arrival, many are seen with
varying levels of soft tissue remnants. All observable defects should be noted and pho-
tographed at this time, in part to guard against the possibility of defects being produced dur-
ing the cleaning process (/). From our experience, cleaning may be performed with water
baths, according to the methodology described by Fenton (2), or in a dermestid beetle
colony (3-5). Extreme care should be taken to minimize further damage to the bone; how-
ever, some postmortem defects may result. Special precautions should be taken to slow the
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drying process because rapid dehydration can produce longitudinal fractures in bones.
Similarly, immersing very hot bones in cold water or bones from the freezer in very hot
water can produce minor fractures. Instruments used to clean the bones may also leave
marks (6). Finally, features having thin cortical bone (e.g., the tibial plateau) or extremely
tough ligamentous attachments (as in the foot) may be damaged by overcooking (7,8).

Once cleaned, all bones should be observed macroscopically and under low-power
magnification and with oblique lighting (9,10). Defects that may have been obscured by
decomposing flesh or moisture are often revealed at this time. Low-power magnification
and lighting techniques are particularly important in revealing sharp force injuries, incom-
plete fractures, and pathological fractures. Photo documentation with and without a scale
is essential to show both the overall location and the close-up views of such defects, fol-
lowing the basic protocol set forth for other forensic disciplines (/7). Photographs should
be taken at a 90° angle to the surface of the bone to minimize distortion. Close-up views
are linked to the overall photos in which scales and labels are included. In addition, all bone
abnormalities should be charted with notations of length and characteristics.

In some cases, fracture patterns cannot be understood without reconstructing the
bone. Documentation of the fracture surfaces should be made prior to any reconstruc-
tion in order to record whether these occurred during the antemortem, perimortem or
postmortem periods. If possible, reconstruction using a temporary bond such as tape is
useful; however, this can be too difficult to maintain and gluing may be required. In
addition to adhesives that will bond dry surfaces (i.e., Elmer’s®, cyanoacrylate, Duco®,
and Glyptal®), some epoxies are appropriate for adhering less pristine or greasy bone
fragments (Quickshot®). Experimentation with adhesives on nonforensic bone is rec-
ommended prior to their use with active forensic material. When in doubt, use the least
destructive and nonpermanent methods (clay, tape, photography).

For the purposes of this discussion, it is helpful to define specific terminology with
which to describe these features. Inconsistent use of such terms, although seemingly
minor, can produce damaging questioning on the witness stand where divergent defini-
tion of terms can be implied as lack of expertise. Defects are imperfections on the bone,
failures or absences of bones, or bony features. Fractures are a specialized type of defect
in which there is traumatic rupture of the integrity of the bone. A number of defects and
fractures may result from one event, known as the insult; hence, clusters of defects can be
linked to one insult. Within the context of the forensic anthropological report, damage
can be defined as a pattern of defects, although these may not have occurred on a sin-
gle occasion. For example, one could note rodent damage, although it consists of a mul-
titude of small defects. The term injury can be interpreted as (1) the actual event in
which the person suffered hurt or harm, or (2) the resulting damage inflicted by an
external force. Within a medicolegal context, this term is best reserved for the combined
information from the skeletal analysis, soft tissue observations at autopsy, and the pathol-
ogist’s knowledge of the anatomical interrelationships involved in order to portray the
overall effect of the trauma.

In the forensic anthropological examination, only after each defect has been
described separately should the relationships among defects on the same or different
bones be discussed. Variations in the anatomical positions of the deceased at the time of
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Existence of the Bone

Antemortem period L Perimortem period — Postmortem period

Life of the Individual
—

1

Death = perimortem

Fig. 2. Time line for ante-, peri-, and postmortem fractures contrasting the anthropological
perspective, based on the bone with the more commonly held perspective of time of death.

injury are important to consider. Hypotheses and supporting observations linking insults
to one or more possible positions of the victim should be included where appropriate.

4. TIMING AND MECHANISM OF INJURY

Evidence of skeletal trauma in the forensic setting must be analyzed across two dif-
ferent axes. The first reflects the timing of the insult in relation to the death of the individ-
ual. The second reflects the forces involved and the mechanism of the insult itself.

Timing of skeletal trauma, as with most analyses of soft tissue defects, is broken
down into ante-, peri-, and postmortem periods (/2). However, in contrast to the work of
the forensic pathologist, the time frame under which the anthropologist works is not related
to the time when the person breathed his or her last breath or thought his or her last thought,
but to the time when the bone was first able to show skeletal signs of healing or lost the
resiliency of living moist tissue (Fig. 2). The transition between ante- and perimortem
defects is determined by the appearance of the first signs of healing—e.g., grooves around
the fracture, active bone remodeling, callus formation, and edge resorption (/3)—that in
living adults may take up to 2 wk to appear after injury (/2—15). The transition between the
peri- and postmortem occurs as bone loses moisture (desiccates), which changes the nature
of the fracture pattern (/6). Due to the changing biomechanical properties of decomposing
bone, postmortem fracture margins may appear jagged and splintery when compared with
the fracture margins of fresh bone (Fig. 3). Depending on postmortem circumstances and
conditions, this process may be relatively rapid or may be retarded. In addition, an exami-
nation of the fracture surface color may assist in perimortem vs postmortem determina-
tions. In skeletonized remains, perimortem fractures are typically stained the same color as
the surrounding cortical bone. In contrast, a recent postmortem bone fracture will differ in
fracture margin color when compared to the surrounding bone, often being lighter. It
must be emphasized that the biomechanical transition between antemortem, perimortem,
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Fig. 3. Comparison of postmortem (a) and perimortem (b) fracture margins.

and postmortem, when based on the skeletal assessment, is not abrupt and varies with the
individual, age, and the depositional environment.

Individual biological variation, sexual dimorphism, and age-related changes in leg
bone size, cortical thickness, cross-sectional morphology, trabecular integrity, and
resilience need to be considered in the forensic assessment. More gracile bones will be less
resistant to fractures as will bones in which the endosteal surface has been resorbed as a
result of age, hormonal influences, medical treatment, or the use of certain medications,
alcohol, or illicit drugs (/7). For example, there is a bimodal distribution of subtrochanteric
and distal femoral fractures with an initial peak in young adulthood associated with high
energy impact and a second peak in older individuals, usually female, associated with rel-
atively low-energy impact (/8,19). For this reason, it is difficult to estimate the actual force
involved for the already damaged bone, although ranges can be produced from experi-
mental situations in which the test bones are chosen to approximate the size and dimen-
sions of the bone in question.

The ability of any product to accommodate the stress placed on it depends on its
elastic qualities. Bone composition allows skeletal elements to bend under considerable
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forces then return to the original shape. As the forces increase, the risk for permanent
deformation followed by bone failure and fracture increases (20,21). These forces can
be seen at work in the damage that is produced. In blunt force trauma, bone is loaded
relatively slowly and the fracture occurs after the bone has passed though its plastic
phase. This process often results in bone fragments that are slightly misshapen and dif-
ficult to reconstruct. On the other hand, in cases of gunshot trauma, the bone experi-
ences a high magnitude of stress for a short duration of time and responds like a more
brittle material, permitting little or no plastic deformation before failure. Thus, bone
fragmentation following a gun shot can be more extensive than that following blunt
force trauma, causing little or no deformation in the bone fragments and making the
reconstruction of the remains much easier (22).

The forces that produce fractures are tension, compression, and shear. Tensile
forces are poorly resisted by bony tissue, whereas compressive forces are handled rela-
tively well. Shearing forces and rotational forces often move in directions to which
bones are not adapted, but this varies considerably throughout the leg bones. Tube-
shaped bones, such as the femoral shaft, will typically fracture in a more uniform pat-
tern than more angular bones, such as the tibia (23). The latter have varying areas of
denser bone that redirect fractures toward those areas of least resistance.

Injuries can be produced by direct forces applied to the bone or the indirect
effects of impacts somewhat distant from the point of failure. Direct impacts will
produce fractures at the point where there is contact between a surface and the body.
In the lower extremity, direct forces will largely produce transverse fractures, in
which the fracture line lies approximately perpendicular to the long axis of the bone;
these are also referred to as tapping fractures. Tapping fractures typically occur when
a force in which the momentum has already peaked is applied over a small area (24).
Other examples of direct trauma include crush fractures, gunshot trauma, and sharp
force trauma. Crushing fractures result in massive fragmentation of bone. In such
cases, reconstruction can be difficult and will primarily show a broad area of impact.
With gunshot trauma, forces imparted when a bullet strikes bone usually produce a
shattering of the bone. Sharp force trauma indicates direct trauma where a cutting
instrument was used directly on bone. The implements used in sharp force trauma
can also induce elements of blunt force trauma. Further discussion of these defects
will follow.

Indirect trauma includes compression, tension, angulation, and rotational frac-
tures. The characteristics of the fractures themselves, as well as knowledge of the
capacity of the bones to absorb energy, will help identify these fractures. Compression
fractures involve the compaction of bone as the threshold for resilience is surpassed
(24). The most common sites for such fractures in the leg are in the areas of cancellous
bone, such as the proximal tibia. In some cases, longitudinal or Y-shaped fractures can
also be produced. Transverse fractures are produced under tension, but these are rela-
tively rare. One tensile fracture that may be encountered is a transverse fracture of the
patella caused by the knee being forcibly flexed while the extensor muscles are con-
tracting. Twisting of the bone will produce spiral fractures, where the fracture line cir-
cles the bone before producing a longitudinal fracture to complete the separation. The
most common situation for such breaks is when part of the body is turned while
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Fig. 4. Comparison of tensile fracture margin (a) and compressive fracture margin (b)
from an axially loaded bone with lateral impact.

another portion is locked in position. The broken ends of true spiral fractures are long
and pointed, in contrast to the ends of bones in oblique fractures, which are short, blunt
and rounded.

Angulation fractures occur from bending, with fracture propagation caused by ini-
tial bone failure under tensile forces (24). During bending, bone is placed under tension
on the side of the convexity and under compression on the side of concavity, with a neu-
tral plane located in between. Because bone is weaker under tension, bone failure is ini-
tiated on the convex side. On the side of compression, bone within the concavity may
also fail, resulting in splintering. The propagation of the fracture from the site of tensile
failure increases stress on the adjacent fibers, and the fracture may continue to fail in
shear at an angle to the initial fracture line. This fracture commonly results in a trian-
gular piece of bone (also known as a “butterfly” fracture), with the direction of force
determined by the apex of the triangle (the apex represents the location where the bone
initially failed under tension).

Microscopic examination of the fracture surfaces can offer some clues as to the
types of forces involved in fracturing at specific sections of the bone (Fig. 4). Fracture
surfaces usually have a billowy appearance and a transverse orientation at the site of
tensile failure. On the other hand, bone that fails because of compression appears splin-
tery and has a longitudinal alignment with the grain (long axis) of the bone (25,26).

Although mechanisms can be identified for individual fractures, the pattern of
fractures throughout the lower leg can often provide evidence of the sequence of events.
For example, a driver of a vehicle will often have direct-impact injuries from the dash-
board striking the knees, producing compression fractures in the distal femur and shear-
ing fractures as the thigh is projected backwards past the hip joint. Therefore, although
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documentation and description of individual fractures is important, the overall pattern
of breakage sheds light on the sequence and explanation of events.

5. BLUNT FORCE TRAUMA

The patterns of blunt force lower extremity injury depend on the mode of impact.
Motor vehicles account for the majority of blunt force injuries, although victims of
homicidal assault and falls are represented in the forensic samples. The anthropologist
is frequently faced with bone where the context is under question. Did the individual
die in an MVA, or was this a homicidal assault masquerading as an MVA? If it was an
MVA, was the victim driving or was he or she a passenger? Where was the victim sit-
ting at the time of the accident? Did a car hit the person or did that person fall off the
cliff? How would the injuries differ if the person suffered these blows after he or she
were already dead from some other cause? The following discussion is broken down
into several modes under which injuries are encountered, including homicidal assault,
MVAs, and falls. The goal in each case is to determine whether the injury patterns are
so distinctive that other causes can be excluded.

5.1. Homicidal Assault

Fatal assault usually results from blows to the head (27) or torso; significant dam-
age to the legs is less likely to occur owing to the density of the bones and the tendency
to focus blows on more vulnerable portions of the body. A wide variety of objects can
be used in assaults (28—-31), and in some cases, impressions of the instrument may be
preserved on the bone (32).

Fractures of the femoral diaphysis are relatively difficult to produce because of
the density of the bone, given that this segment is one of the most heavily mineralized
in the body (33). However, femoral shaft fractures have been noted in homicidal
assaults (34) and are usually associated with the use of some instrument, e.g., a bat or
metal tool, which may produce tap or crush fractures at the point of impact. The char-
acteristics of the fracture pattern are important for identifying angulation fractures of
the leg and the direction of force (Fig. 5). Although death attributable solely to blunt
force trauma of the extremities is not common, it may occur as a result of the disrup-
tion of major blood vessels, fat embolism, thromboembolism, rhabdomyolysis, coagu-
lopathy, or wound infection.

Bone fragments should be cleaned and examined for the characteristics of the frac-
ture surface. Reconstruction of the fracture pattern may also provide information on the
general characteristics of the striking object, although any conclusion should be drawn
with caution.

5.2. Child Abuse

Child abuse (35,36) results in traumatic injuries from being beaten, shaken,
burned, thrown, purposefully dropped, or subjected to other physical assault. Although
children may suffer abuse for many years, the most common age of occurrence is before
5 yr. Abuse-related fractures are most frequently seen in children younger than 12 to 18 mo
(37-40). The age distribution is significant, because children in this age range are less
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Fig. 5. Angulation “butterfly” fracture of the left femur, with direction of force moving
lateral to medial.

likely to suffer accidental fractures, being less mobile and not yet involved in sports
activities.

Long-bone fractures are often associated with child abuse. Studies have docu-
mented that the extremities are involved in 60 to 77% of cases when skeletal trauma is
identified with child abuse (38,41). Indeed, approx 30% of limb injuries occurring early
than age 3 are not accidental (40). In another study, investigators found that in 79% of
patients younger than 2 yr with femoral fractures, the injury was a result of child abuse;
of this percentage, two-thirds had only femoral fractures as a result of abuse (42). Much of
this pattern is a result of the relative ease with which fracture occurs in the bones of very
young children and should not be seen as an indication that abuse stops in older children.

One hallmark of child abuse is the repetition of fracture production (17,43). The
femora and tibiae may bear the marks of numerous fractures in various stages of healing
from recent to well healed. For the forensic anthropologist, documentation of multiple frac-
tures with varying stages of healing is crucial. A caution against relying on repeated
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injury as the primary identifier of child abuse is that as many as 10% of abused children
are killed by the second incident that brings them to the attention of the medical com-
munity (44). Skeletal analysis may, however, show a number of unreported injuries.
Evidence of skeletal trauma can be correlated with a medical history of poor ability to
walk or crawl, complaints about pain when moving, or apparent developmental
retardation. Repeated episodes of abuse may result in a child being unable to achieve
normal landmarks of growth and development.

Radiographic fracture changes in children occur much faster than in adults.
O’Connor and Cohen (45) suggest that new periosteal bone may be seen radiographi-
cally as early as 4 d after the injury, although gross skeletal manifestations may not be
as apparent. Radiographic fracture line definition also is listed as beginning at 10 d after
injury. In contrast, studies on dry bones from adults suggest the first changes occur
approx 13 d after injury (27).

Although the “battered baby” syndrome can be diagnosed from injuries in various
stages of healing, the majority of child abuse deaths are a result of sudden, violent acts pro-
voked by an often trivial event, although they may be part of an ongoing pattern of physi-
cal abuse (39). In these cases, the child is often hit severely or thrown about the room.

A second hallmark of child abuse is the presence of bilateral injuries, which are
rarely the result of accidental injury. Most abuse-related fractures of the leg, however,
actually occur on only one side. Abuse fractures of the femur and tibia often occur at
approximately the same height along the bone. These appear to have been produced
when the child was held by the legs and thrown against a surface.

Abusive situations may be accompanied by neglect. In these cases, the long bones
of the legs may reveal growth-arrest lines, also known radiographically as Harris lines.
These radiodense lines are most commonly associated with growth interruptions in
response to infection, malnutrition, or both (46).

Among limb injuries, metaphyseal or epiphyseal fractures are included in the
more classic signs of child abuse and result from indirect forces (44,47). The legs are
particularly vulnerable to being bent, yanked, or turned as the child is picked up or
swung by their limbs. In the growing child, portions of the cartilagenous metaphyses of
the long bones may be detached (17,40,44,47,48). The most vulnerable area in the lower
extremity is the proximal femur. Complete separation is classified as a “bucket-handle”
defect and a partial separation is a “corner fracture.” The result, should the child sur-
vive, can be stunting of growth in the limb. This may be seen as significant differences
in limb length between right and left leg, or in differences in the lower leg between the
length of the tibia and fibula. These types of fractures can occur accidentally in MVAs
and falls from heights and so are not diagnostic. They are also less likely to be found in
children aged more than 1 yr, as the strength of the metaphysis increases sufficiently to
withstand the forces involved (38).

Another leg injury considered diagnostic of abuse is fractures of the shafts of the
femur or tibia (44,49). These injuries can be spiral or oblique as the bone is twisted or,
more commonly, transverse as the bone is bent (39,47,48) and are found four times
more frequently than epiphyseal fractures. Worlock and associates (37) noted that
infants tended to suffer leg fractures to a greater extent than toddlers. This suggests that
infants are more prone to being lifted by the legs and that the risk decreases as the child
becomes heavier and more awkward to lift with age.
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Other fractures of the lower extremity may be encountered. Displacement of the
femoral head may be induced during abuse (49). Fractures of the feet and patella,
however, are relatively rare.

For the anthropologist, reliance entirely on skeletal indicators for a diagnosis of
child abuse may be problematic. Medical conditions that result in poor bone quality
(e.g., osteogenesis imperfecta) must be excluded. Too frequently the “identifier” frac-
tures are in low in incidence (38). Instead, the patterns of multiple injuries or repeated
injuries more strongly support the interpretation of abuse.

In cases in which child abuse is suspected, it is essential to clean the remains. If
there is soft tissue, it should be inspected for signs of initial callus formation, which
should be documented. When the body begins to decompose, however, full cleaning of
the skeletal elements may reveal many injuries not evident at autopsy. Not only will
well-healed fractures be evident, but the superficial remodeling associated with traumatic
injury to the periosteum will also be seen (Fig. 6).

5.3. Motor Vehicle and Car—Pedestrian Accidents

MVAs are a leading cause of death at all ages in the United States (/7). Motor vehi-
cles usually refer to automobiles, trucks, and motorcycles, but trains and various kinds of
aircraft also produce blunt force trauma during crashes. The requirements of the anthro-
pologist often will vary with the type of vehicle. In the deaths of presumed passengers in
planes and trains, the primary analysis usually focuses on the identification of body ele-
ments leading to the establishment of a positive identification of the remains and reassoci-
ation of body segments. Injuries leading to each death are usually less central to the
analysis, unless there is a question concerning a preceding incident, e.g., an assault. For
vehicles used on road transportation, distinctions between driver and passenger may be cen-
tral to the investigation, and the anthropologist’s examination may bear weight on this deter-
mination. Vehicular homicide and suicide also should be considered by the medical
examiner or coroner; therefore, the anthropologist must bring an open mind to the analysis.

Blunt force trauma suffered in such incidents often affects many areas of the body.
With MVAs, the surrounding features of vehicle safety mechanisms, the type of impact
(front impact, side-swipe, roll-over, rear impact) (39), vehicular speed, and intrusive
objects will all be factors in the development of the injury pattern. For the victim, body
size and weight, age-related bone density, and awareness of the impending impact are
further complications. Finally, there are the problems of human error, such as the fail-
ure to use restraints correctly or the decision to ride in nonpassenger areas of the vehicle.
For these reasons, there is less consistency in the injury patterns than one would desire
in order to quickly assess the position of the victim at impact.

Because of the massive forces involved in MVA, multiple fractures are common.
Although no single injury is diagnostic of an MVA, the complex pattern of injuries can pro-
vide information on the various points of impact, the forces applied to the body, whether
those forces were direct or indirect, and, in some cases, the location of the victim.

5.3.1. Automobile Drivers and Passengers

MVAs usually involve a frontal impact, with the vehicle striking another vehicle,
a stationary object, or the ground when the vehicle drives off an elevated surface (47).
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Fig. 6. Close-up of bone remodeling (arrows) to tibia associated with fracture.

Although some energy is absorbed by the vehicle—particularly in more modern cars
and trucks, which are designed to crumple while protecting the passenger cabin—some
of the impact may be passed along to the occupants. Fatal injuries usually involve the
head and torso, but leg injuries are common as the structure collapses, portions of the
vehicle are thrust inward (e.g., toe pan intrusion or interaction with pedals), or occu-
pants are thrown against the interior features. The severity and location of injury will
vary considerably with the location of the victim within the vehicle.

In the femur, fractures produced during an MVA are found throughout the bone.
“Instrument panel syndrome” describes a complex of femoral- and knee joint injuries
produced when the leg strikes the dashboard or instrument panel (50,57). Proximally,
fractures within the capsule of the hip joint usually result from posterior dislocation
(52). These fractures are produced when the dashboard or instrument panel is displaced
into the knees, driving the femoral head against the posterior wall of the acetabulum.
Associated pelvic fractures may be present, or fragments of acetabulum may be associ-
ated with the proximal femur. Subtrochanteric and intertrochanteric fractures are also
found, despite the greater resistance to these injuries in younger individuals (79,53). As
the density of bone in the proximal femur declines significantly with age, proximal
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femoral fractures are more common and comminution is often greater with aging.
Drivers are particularly prone to this syndrome because they are often trying to apply
the brakes at impact. Front seat passengers may suffer less damage because their hips
may be more flexed and therefore driven downward and back so that less damage is
sustained by the acetabulum.

Femoral shaft fractures are encountered in MVAs and are seen most frequently in
drivers. These defects may take the form of relatively isolated transverse midshaft frac-
tures with significant comminution (54). Studies suggest that these injuries are a result
of the leg striking the instrument panel and are more massive than attributable to impact
alone. Muscular contraction and bracing of the legs for the crash appear to alter the
stresses, producing fractures above the knee area.

Around the knee joint itself, the impact may shatter the patella and cause com-
pression of the distal femur. Typical injuries at the knee include longitudinal or Y-shaped
fracturing of the femoral shaft. Drivers tend to have a more upward movement of the
femur because of the pressure they are placing on the brake at impact (55) bringing their
knees into contact with rigid portions of the instrument panel.

Compression injuries to the foot and ankle occur as occupants of the vehicle press
their feet on the floor or brake pedal (30,47). As the vehicle itself compacts, the engine
compartment and toe pan may be driven into the passenger area, producing twisting and
wrenching injuries. These components may also crush the bones of the feet and ankles.
Detaching seats may also trap the lower legs, causing the bones to break at the ankle.
The impact and inward deformation of the vehicle frame can cause talar head and neck
fractures, often known as “aviator’s astragulus” (56); this is more commonly found in
drivers. This impact may also induce calcaneal fractures, as this bone is compressed by
the straightened leg and the vehicle.

For the anthropologist who examines remains extracted from a vehicle or an acci-
dent scene, the pattern of injuries described above provides some guidance to the severity
of damage inflicted. A primary concern, however, is to determine which of the victims was
driving at the time of the accident. This proves much harder to do, because victims are
often displaced within the vehicle or ejected on impact. Caution is advised in making any
such assessment, however, because the pattern of injuries is highly variable.

Our research on fatal injury patterns shows that lower limb fractures occur in approx-
imately one-fourth of drivers, but only one-tenth of front-seat passengers (57). Rear-seat
passengers may have been riding with legs stretched under the seats in front. At impact, an
unrestrained backseat passenger can be thrown forward with feet still wedged under the
front seat and the leg bending along the edge of the seat. Rear-seat passengers suffer lower
limb fractures in almost 40% of cases. Therefore, although the intensity of damage may be
expected to be greater in drivers, lower extremity fractures are not found solely in this group.

5.3.2. Motorcyclists

Motorcyclists are more vulnerable to injury because they travel without the pro-
tective framework and impact-absorbing devices commonly installed in an enclosed
vehicle (27, 47, 58). In our research, we found that motorcyclists tend to suffer from
multiple impacts, aside from that with the road (57). A common occurrence in moun-
tainous areas is for the motorcyclist to lose control, leave the road, fly over an embankment
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and down a steep hillside and into a tree or other fixed object. Intoxication and inexpe-
rience often play a role in these accidents (59); our findings also emphasized the role of
excessive speed in virtually all motorcycle accidents.

Lower limb fractures occur in approx 35% of fatal motorcycle accidents (57).
Although femoral fractures may occur, tibial fractures in the shaft are the more common
event in fatal accidents involving motorcyclists. The seating arrangement on a motor-
cycle typically positions the driver with flexed knees, which make contact with the
ground as the motorcycle tips over during the accident. The multiple leg injuries are
often not noted at autopsy, often being grouped under “multiple fractures” in the body,
but may be important for the anthropologist. Therefore, the presence of leg fractures is
not diagnostic for motorcycle accidents any more than the absence of leg fractures is
diagnostic that other causes were involved.

5.3.3. Car—Pedestrian Accidents

Skeletonized remains of car—pedestrian accidents may be received by the anthro-
pologist when the body has been removed from the area for concealment of the incident
or when the body was thrown by the car and not located immediately. Although there
are often multiple fractures, impact injuries to the legs are often considered hallmarks
of the car—pedestrian accident.

Accidents involving automobiles and pedestrians can involve victims of any age;
however school-aged children and the elderly are disproportionately at risk (58,60). The
circumstances of the impacts vary. Some pedestrians are hit while on crosswalks or
sidewalks, others crossing illegally or trying to retrieve items on roadways, still others
are lying on the roadway. Variables to consider in the understanding of the injury pat-
tern include the position of the victim, the height and weight of the victim, the size of
the vehicle and shape of the impacting surface, and the speed of the vehicle. A number
of pedestrians suffer subsequent impacts by cars following the initial vehicle. When
faced with simply the skeletal remains, as the forensic anthropologist is, these overlap-
ping factors must be kept in mind.

In the typical scenario, the victim’s center of gravity is above the level of the hood
of the vehicle and the impact on the legs flips the body up and onto the hood, windshield,
or roof of the car. Many suffer significant injuries to the knees and legs as a result of the
impact with the car bumper. Bumper fractures of the upper tibial shaft (61) or the lateral
plateau (62) owing to direct horizontal or right-angle blows to the weighted leg by the
car bumper are usually oblique or present “butterfly patterns” (67). The fibula is often
involved. Compression fractures may occur on the proximal tibia because it is may be
compressed against the distal femur during impact. Secondarily, the proximal femur may
be broken by impact as the body lands on the upper portion of the car or on the roadway.
When the victims are not in a standing position or are relatively small (e.g., children). or
if the vehicle has a relatively vertical fronted (e.g., a van), the vehicle may run over the
victim and the legs may be broken by the weight of the car (67).

Bumper fractures have received considerable attention in this type of accident.
The height of these fractures will vary by the position of the victim, footwear, and angle
of impact. If the victim is not standing upright, the impact may occur at a different height,
and some types of footwear, such as boots, may displace the location of the fracture.
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Braking action may drop the front end of the vehicle, thereby lowering the height of the
impact and fracture. Bumper impact, therefore, cannot be assumed to be 90° to the long
axis of the bone (63).

Bicyclists who are hit by motor vehicles, like adult pedestrians, tend to be
thrown over the vehicle, with the impact occurring when the cyclist lands on the hood,
windshield, or roof of the car (29) and subsequently the roadway or other object(s).
Unlike the pedestrian, however, bicyclists often suffer fewer leg injuries because the
cyclist is not usually in a standing position at the time of impact.

More unusual instances of car—pedestrian accidents should also be borne in mind.
The victim may have been “surfing” on the hood (64) or being pulled by the car while
on a bicycle or skateboard. In these cases, leg fractures may occur as a result of a vari-
ety of mechanisms, including being run over or being thrown into surrounding objects.
Victims who are hit while already lying on the roadway may be dragged for long dis-
tances, with abrasion occurring through the dependent portions of the body, including
bones.

5.4. Train Accidents

Railroad injuries can be separated into two categories. First, there may be a train
derailment followed by a crash, often with compaction and crushing of the cars. In
these cases, the injuries will more closely resemble those seen in unrestrained auto-
mobile occupants, compounded by the greater weight of the vehicles involved. The
second, more common, form involves individuals who are walking on the tracks or
lying on the rails and are subsequently hit by trains. It is the latter category that is more
likely to be brought to the attention of the forensic anthropologist.

Even a slow moving train is unable to come to an abrupt halt; therefore, unless the
individual is thrown clear of the train on impact, the body is often caught beneath the
vehicle and run over by subsequent portions. In these cases, the extent of the injuries will
depend on the position and location of the victim (65). Although some parallels with
car—pedestrian accidents can be seen, in our experience the damage is usually more
extensive (28). Body segments can be strewn for long distances, with reported distances
of up to 1 mile (65,66). Tissue and body segments can be caught in the undercarriage
of the train (65). In cases of suicide, when the person lies across on the track, the rolling
and tumbling of the body may be lessened, although leg amputation is expected.

One question that may be raised is whether the victim was deceased prior to being
placed on the track. In some cases, preexisting fractures may be identifiable, but it is not
likely that this will be the case in the lower extremity unless the mechanism of produc-
tion is different, such as gunshot or sharp force trauma.

5.5. Plane Accidents

The severity of damage to occupants during aircraft crashes will vary with the
angle at which the craft strikes the ground (39). In very steep impacts, the craft and all
passengers will be buried in a relatively small and high compacted area. Those compo-
nents that weigh more decelerate more slowly, driving forward into and through the
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intervening material, including human bodies. When the angle of impact is lower, the
remains may be scattered over a larger area but the degree of fragmentation may be less.
In-flight disintegration from explosions or collisions will result in the wide scatter of
material, often over several miles. Falling material may also result in injury and death
to those on the ground and the remains of both sources may be intermingled.

Light plane fatalities usually result in multiple fractures (67), although the body
may be held together by soft tissue until this decomposes. Similar to the mechanisms of
injuries found in drivers of automobiles, compression of the ankle joint on impact can
produce talar fractures (also known as “aviator’s astragulus’), crushed calcanei, or even
penetration of the pedal into the foot.

With commercial aircraft, the heavier plane and greater speeds lead to much
greater fragmentation on impact (30,68). The detachment of body segments is extreme
and, in some cases, the largest portions found are only a few inches in length. The lower
extremity is often divided into small parts with only sections recovered. A frequent
recovery pattern is to find jointed bone fragments, longer bone segments having been
shattered. In the lower extremity, isolated feet, knee, and hip joints are a common find.
Identification as to side is relatively straightforward, but assessment of sex, age, and
possibly stature can be tedious, time consuming, and fraught with error. Most final iden-
tifications of body segments are now done through DNA analysis.

Seatbelts may play a role in defining the patterns of body fragmentation, but the
impact of the framework of the plane, as well as all the contents, complete the process.
Flailing of the legs appears to produce a wide variety of femoral fractures (69). Bracing
seemed to increase the likelihood of femoral fractures.

Although helicopters do not travel at the very high rates of speed, impact after
rapid altitude loss often results in fatalities. Segmental, comminuted fractures at the
upper one-third of the tibia are commonly reported in helicopter pilots (70), probably
resulting from the impact transmitted through heavy boots worn while flying. Other
lower extremity skeletal injuries accompanying these classic signs are tibial plateau
fractures, mid-leg amputation, and rotational ankle fractures.

In many cases of plane or helicopter accidents, the impact-based fragmentation of
the body is accompanied by extensive burning from the fuel. For the anthropologist, this
may mean that additional fragmentation and bone loss because of thermal damage will
limit the amount of bone left. For example, one colleague has reported finding only a
single piece of bone at the scene of a light plane crash. Even when the remains are rel-
atively intact, fire damage usually means loss of the distal portions of the extremities.
Although other evidence should not be automatically excluded, most anthropological
work in these situations focus on identification rather than analysis of trauma.

5.6. Falls

Falls are also a common cause of fractures, including those of the lower extrem-
ity (/7). Falls are usually divided into simple falls and falls from a height. Simple falls
are defined as falling from a standing height onto normal terrain, whereas falls from a
height involve acceleration and abrupt deceleration at impact beyond that encountered
in simple falls. Although skeletal injuries in younger individuals occur as a result of
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simple falls, they are rarely fatal. In older individuals, especially those older than 75 yr,
a simple fall can lead to incapacitation and death (7/). In the leg, age-related and osteo-
porotic fractures cluster in the hip and increase dramatically in both sexes.

In contrast to simple falls, falls from heights can produce extensive damage but
the pattern will vary according to the surface on which impact is made and with the
position of the deceased upon impact. A complex of fractures—including basal skull,
rib, and extremity fractures—has been designated “jumper syndrome,” a term that is
used to define the mechanism of injury rather than any suicidal motivation (72).
Because many fractures seen in MVAs can occur in falls from heights, information
on fractures in other areas of the body (e.g., compression fractures in the spine or at
the base of the skull) may be useful for identifying the cause of injury as a fall rather
than a MVA.

Although landing on the arms, head, or buttocks after a fall from a height results
in variable levels of lower extremity fracture, the most extreme damage comes from
landing straight-legged on the feet. In these instances, the impact will compress the
joints in the leg as it simultaneously drives the leg upward, producing a shearing action
as the leg is driven past the more tightly locked hip joint (30). Fractures in the area of
the femoral angle are often produced, as well as subtrochanteric and intertrochanteric
fractures (19,53). As in motor vehicle drivers and pilots, landing on the feet after a fall
from a height can produce massive fragmentation of the talus because the talus is com-
pacted between the surface and the leg (56). Calcaneal fractures also frequently occur
in individuals who fall from a height (56).

Children are less able to control their landing because of disproportionately heavy
head and torso weights, and these areas tend to impact first. Fractures are found frequently
in the limbs, including the long bones of the legs (73,74), but are less likely to follow
the more classic patterns described above.

Identification of victims of falls based on lower limb fractures alone may be prob-
lematic. Compression fractures may be noted if the landing was oriented along the ver-
tical axis of the body, but such a landing cannot be assumed. Furthermore, many victims
strike other objects during a fall from a height, sustaining impact injuries that may
mimic those produced by other causes.

6. SHARP FORCE TRAUMA

Sharp force trauma refers to damage inflicted by an edged device that pro-
duced a stabbing or slicing movement on the bone. Common instruments include
knives, scalpels, saws, axes, machetes, and cleavers. Sharp force trauma to the
lower extremity is usually encountered by the forensic anthropologist in the context
of body dismemberment.

Stabbing injuries are essentially puncture defects produced by the direct penetra-
tion of the instrument into the bone. The instrument may be moved back and forth while
in the defect, thereby increasing the size of the stab mark. Although the width of the blade
cannot be reliably determined, characteristics, such as double-edged or backed, can be
seen from the profile. Backed knives or other instruments will produce a “squared-off”
edge on one aspect. In contrast, double-edged instruments are pointed on both ends. Often
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the sharp force defect is associated with fracturing produced by the “blunt force” of the
blow or impact by portions of the instrument, such as the hilt.

Cut marks from slicing or hacking movements are usually thin, longitudinal marks
that result from the passage of the sharp edge over the bone. The characteristics of the
profile reflect the type of edge. Reichs (75) states that knife marks will show a narrow,
smooth, V-shaped profile, with striations perpendicular to the kerf floor (the floor of a
definable cut in the bone) and producing little loss of bone within the cut itself.

Experimentation with cut marks reveals that different edge forms will produce dif-
ferent characteristics, such that scalpel blades will produce noticeably different cut fea-
tures that those of a knife (76—78). Overlap between the cut marks that is attributable to
the angle of the cut and force applied, however, make exact identification problematic.
Scanning electron microscopy combined with quantitative methods are of value in anal-
ysis where a suspect weapon is known.

6.1. Dismemberment

Cut marks may be associated with damage that occurs after the death of the
individual. Because of difficulties of body transport and disposal, the lower limbs may
be dismembered (79). In other cases, specific mutilation of the remains may entail sep-
arating portions of the body. Segmentation cuts on the bones usually have perimortem
characteristics. These marks are distinguished by the location of the cuts in relation to
joints or visualized body sections and can provide information on the dismembering.
Cut marks usually are close to or at the joints and, in some cases, the attachment sites
of the major muscles if the bones have been defleshed.

Dismemberment does not require anatomical knowledge, although such knowledge
makes the segmentation of the body much easier. Knowledge of anatomical relationships
between bones becomes apparent in the patterns of disarticulation and careful documen-
tation of such cuts must be completed. An incorrect conception of the body segments,
especially at the shoulder and hip joints, often leads to dismemberment attempts through
the upper one-third of the humerus and femur rather than through the joint itself.
Presumably this is triggered by the perpetrator seeing a slimming of the body segment
above or below the joint itself and incorrectly assuming that this is the easiest portion to
cut. False starts are common and can provide information on the sequence of tool types
used during the dismemberment.

The scope of dismemberment is highly variable and portions of the body may dis-
tributed over wide areas (80). The head and hands may be removed in order to hide
identity. In the extreme, bodies can be put in tree chippers to destroy the evidence. If the
body must be transported, segments may be made to make lifting and compacting of the
body easier. In some instances, dismemberment is done to express complete destruction
of the victim. Finally, as in archaeological instances, dismemberment may represent
part of the processing of remains for later consumption.

The instruments of dismemberment include some of the items used in homicidal
sharp force trauma, with a tendency to the larger range instruments such as saws, axes,
and chainsaws. Saw marks are usually squared in nature, as the angled teeth on the cut-
ting edge produce a wider area of bone destruction than a knife (26,75). There are visible
striations that run parallel to the kerf floor. Power saws may produce a series of ripples on
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the cut surface known as harmonics. Careful examination of the cut surface can yield
information on the blade and tooth size and shape (26). Breakaway spurs are common, as
the weight of the body segment causes the small remaining portion of the bone to break
prior to completion of the cut. Axe marks are wide and V-shaped. As with knife marks,
the striations are perpendicular to the kerf floor but are easily distinguished by the more
significant bone damage and the frequent presence of breakaway spurs.

Careful cleaning and examination is critical to dismemberment analysis. If bone
samples are to be taken and retained, which is recommended for re-examination possi-
bilities, the samples should include several inches of the bone and should include both
sides of the cut area (75). The cut marks used to extract the sample should be marked.
Making casts of the cut surface using vinyl polysiloxane, Microsil®, or other casting
substances may be helpful to preserve the tool marks.

7. GUNSHOT INJURIES

Gunshot injuries to the tubular bones of the lower extremity will usually result in
severe fragmentation. The extent of the destruction will depend on the velocity, shape,
and weight of the bullet at impact, as well as the quality of the bone itself. Distinctions
between low-velocity bullets traveling under 1800 ft/s and high-velocity bullets travel-
ing 1800 to 2000 ft/s are frequently evident. Low-velocity fracture patterns may mimic
blunt force trauma, in that there may be more bone deformation and less fragmentation
present than in high-velocity gunshot wounds (22). One feature that is diagnostic of
gunshot trauma is the presence of a cone of percussion—a cone-shaped transmission of
the force that will displace a cone-shaped piece of bone that is wider internally than
externally. In most cases, there will be at least some resemblance to the beveling effects
seen in the skull. However, owing to the size of the bones in the leg, the beveling is
often distorted. The cone of percussion that results in typical internal and external
beveling will be confined to those rare occasions when a bullet impacts squarely on
the shaft. More tangential shots may still produce massive fragmentation but with less
evident conical spalls.

Fractures radiating from the impact area will move up, down, and around the shaft
of the bone. The result is often bone shattering and extensive fragmentation (8/). The
higher the velocity of the impact or the heavier the weight of the bullet, the greater the
amount of fragmentation produced in the bone (Zephro L., unpublished data). In the liv-
ing body, some bone fragments may be retained by adherence to soft tissue, whereas
other fragments exit the body. Such expelled fragments at the scene may be useful in
determining the location and orientation of the body when shot.

Fatal isolated gunshot injuries in the femur are usually a result of blood loss fol-
lowing trauma to the femoral artery and its branches (82), because there are no internal
organs in proximity. Damage to the arterial system in the thigh is most common when
the injuries are anteromedial. Comminution is frequent in femoral gunshot injuries,
because the energy of the shot is absorbed by the bone (817).

As with all injuries to the body, the anthropologist is limited in what conclusions
may be drawn from those derived directly from the bones. Injuries that show beveling
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and fracturing typical of those seen with gunshot injuries are reported as being “con-
sistent with gunshot injuries.” Relationship to anatomical features may be noted, such
as proximity to the femoral artery, but linking the skeletal injury to the soft tissue
damage should be made by the medical examiner/coroner’s office in consultation
with a forensic pathologist.

8. SUMMARY

The forensic anthropologist can play a crucial role in the medicolegal investiga-
tion of the skeleton. Anthropological evaluation requires careful preparation and docu-
mentation to include photographs, written records, and charts. The report must reflect
the progress of the analysis, beginning with a descriptive list of perimortem defects, fol-
lowed by a linking of defects by insults, an explanation of the biomechanics causing
bone fracture, and culminating in the sequencing of defects and inference about body
position (if possible). Antemortem and postmortem defects and damage must also be
documented and reported.

There are significant limitations to the breadth of interpretation that can be
applied to skeletal evidence. The forensic anthropologist must base his or her find-
ings purely on the examination of skeletal material, without incorporating scenarios
proposed by investigators or counsel. Therefore, anthropological discussions of
insults in relation to actual events must be solely limited to observations of the skele-
ton. For example, one can discuss an impact on the lateral aspect of the left tibia and
subsequent butterfly fracture, but the anthropologist cannot ascertain from bones
alone whether a car hit the individual. For court presentation, however, it is often
critical that skeletal evidence be consistent with scenarios. Only during court testi-
mony under direct questioning should an exploration of whether skeletal defects are
consistent with more specific events be addressed. To include these statements in the
report will overly complicate the report, raise issues that may not be relevant to the case,
and may add unnecessarily to the length of testimony at the risk of diluting the
weight given the primary points. Moreover, it provides written evidence that the
anthropologist knew of the possible cause prior to analysis and suggests that such
knowledge may have caused him or her to be biased in the analysis to support the
argument.

Forensic anthropologists act as consultants in the medicolegal process of post-
mortem examination. Unless specifically authorized within a coroner or medical exam-
iner office (i.e., deputy coroner or death investigator), forensic anthropologists should
not determine cause or manner of death. However, within the context of the entire
investigation, the anthropological report can identify and document the occurrence of
trauma, sequence insults, and help recognize types of forces involved.
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Chapter 9

Biomechanics of Impact Injury

David J. Porta, PhD

1. INTRODUCTION

Physicians diagnose and treat. Engineers break and build. The field of biome-
chanics is a wonderful bridge between the two. Those who study the biomechanics of
trauma get to work with fine people in both areas in an effort to elucidate mechanisms
of injury. Presumably, definition of these mechanisms can lead to injury mitigation and
perhaps even enhanced treatment outcomes. In the forensic arena, determination of
injury mechanism can be a critical component in settling legal disputes, as illustrated by
the case studies at the end of this chapter.

2. Basic FRACTURE EVENT

The complete fracture of a bone due to impact is a very quick event. In Fig. 1, the
heavy cart is traveling a mere 7.8 m/s (17.5 mph) and the cadaveric foot is restrained
only by the friction of the shoe with the concrete. During the impact, a force transducer
situated between the two pipes records the resistance the cart encounters. At the instant
that the leading 4.75-cm diameter steel pipe contacts the leg, the transducer is pinched
between the pipes (the front pipe is connected to the rear by slide pins) and a signal ana-
lyzer captures force readings at up to 10,000 times per second. Figure 2 shows a sam-
ple plot of force (kN) vs time (ms) for these types of impacts. The tibia, fibula, and soft
tissues store energy as they bend until the peak of the graph is reached. After this point,
the bone fractures and the force drops off precipitously. The pipe contacts and pushes
soft tissues for a short period of time as the leg wraps and then swings free, but the
actual bone fracture event occurs in less than 0.001 s (/).

When reconstructing an injury scenario, the extremely high speed of fracture
propagation must be kept in mind. How can a victim or a witness be expected to know
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Fig. 1. Cadaver test simulating a pedestrian impact.

the precise position of a body part during an auto accident, attack, or slip-and-fall accident?
What about the level of weight bearing? The precise angle of impact? In short, relying
on the verbal history of a patient or witness is unwise. However, this hasn’t stopped
many a physician from rendering an opinion “to a high degree of medical certainty” that
the injuries they treated were due to a particular accident or insult. On cross-examination,
a skilled attorney can quickly separate the medical facts from hearsay. Often, the testi-
fying physician is confused about his or her role. As the person who rendered medical
care, he or she can testify to the extent of the injuries and usually the degree of impair-
ment and potential disability. However, unless there is something remarkable about the
nature of the injury (e.g., metal flakes were recovered from the fractured proximal
tibia), the physician is generally unable to state with certainty that the cause of a par-
ticular injury was a bumper strike to the leg, for example. Treating thousands of patients
with the same type of injury does not, in and of itself, qualify one to render opinions
about the cause of a particular injury. Given proper questioning, the physician and court
will soon realize that “medical certainty” does not apply when the rationale is based
more on the timeline from the patient history than on the particulars of the injury.
Imagine if patient history were the cornerstone of other medical opinions. Would there not
be a large number of physicians testifying that toilet seats cause sexually transmitted
diseases, given the histories reported by philandering husbands? Or perhaps obstetri-
cians would support the stories of immaculate conceptions given the histories reported
by impregnated 15-yr-olds.

Determination of the fracture mechanism related to impact should be based on sci-
entific data and not on unreliable patient histories regarding an event that took place in
a fraction of a second. Before introducing some basic tenets of that science, a review of
bone composition is in order.

2.1. Bone Composition

It is assumed that persons reading this text will already be somewhat familiar with
the basic composition of bone. However, in trying to convey the effects of the physics
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Fig. 2. Sample force plot from femur impact at 7.5 m/s.

involved in bone fracture, we must briefly revisit the materials of which bone is composed
and discuss them in terms that engineers might use.

A bone is a nonhomogeneous, composite organ consisting of several types of tissue,
although osseous connective tissue is dominant. Bone occurs in two forms: a low-density
tissue (0.05-1.0 g/cc) termed cancellous, trabecular, or spongy bone; and a high-density
form (1.8-2.0 g/cc) referred to as compact, cortical, or hard bone (2,3). In long bones,
both cancellous and compact osseous tissues are present, but their relative amounts vary
by region. The epiphyses are large masses of cancellous bone covered by a thin layer of
compact bone (and hyaline cartilage within the joint cavities). The diaphysis is a thick-
ened tube of compact bone that has a thin layer of cancellous bone lining its medullary
(marrow) cavity. The composition of the patella and tarsal bones is very similar to that
of the epiphyses.

As with most connective tissues, the extracellular matrix is the defining feature, not
the cells themselves. Water accounts for approx 25% of total bone weight. The remaining
osseous connective tissue is generally described as roughly 50% organic and 50% inor-
ganic by mass. The protein collagen accounts for about 95% of the organic extracellular
matrix. Embedded in the matrix are the inorganic crystals of the mineral hydroxyapatite,

Ca,, (PO,), (OH),. The crystals are 50 to 100 angstroms (A; where 1 A = 1077 mm) long
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and provide bone with great compressive strength, while the collagen gives bone con-
siderable tensile strength (3-5).

Compact bone is arranged in functional units termed osteons or Haversian systems.
Osteons take the form of small columns organized parallel to the long axis of a bone.
Each osteon is approx 20 mm long and 200-400 wm in diameter (6). At the center of
each adult osteon is a small canal roughly 70 um in diameter that transmits vascular
components. Mature bone cells, or osteocytes, are arranged in concentric rings around
each canal. The organic and inorganic components occupy the areas between osteocytes,
such that each cell is enclosed in a small cave termed a lacuna. Tiny canaliculi serve as
conduits for nutrients and waste transport between the lacunae and blood vessels in the
larger central canal system. The concentric rings of cells are spaced according to very
organized patterns of collagen and hydroxyapatite crystals. This composite of organic
and inorganic materials, combined with nonuniform shapes, gives bone the property of
being anisotropic. In terms of traumatic impact, this means bone behaves differently
when the impact arrives from different angles. For example, bone is significantly more
resistant to compressive forces along its long axis than when it is struck transverse to
the axis. This is a product of the tendency of the osteonal structure to follow the long
axis of the bone (7). Additionally, it has been shown in cadaver studies that lower-
extremity long bones offer greater resistance to anterior impacts than to medial, lateral,
or posterior strikes, but there is no statistically significant difference between the breaking
strength of left and right bones struck in the same plane (/).

The next section serves as an introduction to biomechanics as it relates to bone.
There are many excellent texts (e.g., 8—10) devoted to biomechanics. However, the text
by Lucas et al. (//) is highly recommended for anyone seeking an efficient discussion of
details that cannot be covered in this single chapter. Their paperback text published in
1999 is particularly interesting and well organized. Each of the 17 chapters begins with
a “Clinical Question,” and the authors skillfully guide the reader (presumably an ortho-
pedic resident) through some fairly complicated concepts that can only be introduced here.

2.2. The Physics of Movement

A brief review of any introductory physics text will remind one of the many ways
in which scientists describe movement. Scalar quantities are the most basic variables.
Each of these quantities has only one component—e.g., time is measured in seconds,
length in meters, and mass in grams. When these scalar measures are combined, the
resulting quantity is a bit more complex. For example, velocity (v) is the measure of
distance traveled in a given length of time (recorded perhaps as m/s or mph). The
energy of motion, termed kinetic energy (Ke), is dependent on velocity at a particular
moment, and the higher the kinetic energy, the greater the risk of skeletal trauma.
Kinetic energy is calculated by multiplying half the mass of a moving object by the
square of its velocity (Ke = 1/2 mv?). Bearing both components in mind, it can be seen
that a significant amount of potential energy is developed when a low-mass bullet is
fired at a great velocity, or when a high-mass object travels at a relatively low rate of
speed. Either can be sufficient to damage the lower extremity or any other body part.

A major cause of lower-extremity injury is motor vehicle accidents. Often the inju-
rious motion of a vehicle is described in terms of its change in velocity or delta V (Av).
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However, further definition is necessary. A large change in velocity is not necessarily
injurious. When one rides in a jet plane, the change in velocity during landing may be
400 mph, yet no passenger is injured. However, a car crash at 40 mph may result in
serious injury or death for of all those aboard. The difference is quite simple. In an airplane,
the change in velocity happens over several seconds or even minutes. This presents very
little stress to the body. The car crash is a relatively instant change in velocity (probably
over a period of 100-200 ms). The difference in this pulse duration is critical. Thus,
when Av is specified for a crash, it should be noted that this is a relatively instantaneous
change in velocity.

The change in velocity over time is referred to as acceleration (often measured in
m/s? or ft/s?). One may also see “g” listed as a unit of acceleration. This refers to multiples
of the earth’s gravity, which pulls a body towards the earth’s core at an acceleration of
9.80665 m/s?. The use of acceleration is an improvement in the description of how a
body acts when it is slowed (or sped up) to an injurious level. While acceleration is
commonly utilized in describing neck injuries in car crashes, it also has a relationship to
lower-extremity injuries. Extremities are often damaged during direct impact. Injurious
impactors generally must have a fair amount of mass. Few people would mind having
a lightweight foam ball accelerated to 90 mph against their leg. However, if the foam is
replaced by a 5-oz baseball, the results could be serious. If the object in question is a 16-1b
bowling ball, fracture surely would result.

The mass of an accelerated object exerts force. Force is a vector quantity, which
must be described by two components: its magnitude and the direction of application. Sir
Isaac Newton (1643—1727), in the second of his three laws regarding the motion of bod-
ies, taught the world that force is the product of an impactor’s mass and its acceleration (F
=ma). In fact, the International System of Units (SI unit) for force (kg ® m/s?) is termed
anewton (N; 1 N = 0.225 1b of force [Ibf]).

When a force is applied to a bone, it causes the bone to change its motion, size,
and/or shape (12). At this point, force may seem to be a fairly complicated but sufficient
measure of an impact. However, force alone is woefully inadequate and often (particularly
in a legal environment) misleading in describing an impact. To state that it takes 7.8 kN
of force (1753 1bf) to break a leg (Fig. 2) is meaningless without describing the manner
of application (especially the composition and shape of the impacting surface). Take, for
example, the simple act of cutting a log. An axe of a given mass is accelerated towards
the log such that the impact fractures the wood. Implicit in our understanding of this
event is the fact that the sharp, thin edge of the axe was utilized. Imagine taking the
same axe in hand and turning it 90 degrees, such that the wide side of the blade contacts
the log. If it is accelerated in the same manner as before, the chance of cutting the log
is almost nil. The force is equal, but the results are not. This difference reflects the engi-
neering concept of stress, which is a more acceptable description of a traumatic force
that will be explained in the next section. Although engineering publications may list
results in terms of g or N, a quick look at the materials and methods section will invari-
ably yield the impact parameters necessary to calculate more advanced concepts like
stress and bending moment.

The manner of application of force or stress is critical when investigating injury
mechanisms leading to bone fracture. In an effort to define the tolerance of the human
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body to trauma, engineers have studied the material properties of bone. Just as biologists
study the body by investigating its cells or molecules, engineers begin their study of
structures by looking at the material and mechanical properties of finite elements. This
approach is foundational of the field of biomechanics.

3. BIOMECHANICS

“In engineering, the design of failure-resistant structures requires three important pieces
of information: (a) the geometry of the structure, (b) the mechanical properties of the
materials from which the structure is made, and (c) the location and direction of the loads
to which the structure is subjected in service.” (3)

The biomechanics of bone has been thoroughly studied and presented by numerous
authors (e.g., 13-16). As noted previously, bone tissue is able to resist compressive forces
while maintaining good tensile strength. In essence, there are numerous strong but brittle
crystals embedded in a weaker, flexible mesh. From a material science standpoint, this pro-
vides a composite that is generally stronger per unit weight than a pure sample of either
individual substance. Two factors are critical in defining material properties: strength and
stiffness. To understand these factors, one must study the material under loading. The mate-
rial properties of bone have been determined by the study of small samples of a standard
length, width, and depth without regard for overall structural geometry. These milled cubes
of bone were subjected to external pressure or Stress (G).

Stress is a force applied per unit area and is usually expressed in terms of Ib/in?
(psi) or N/m?, also referred to as a Pascal (Pa) in honor of the French scientist Blaise
Pascal (1623-1662). In the previous example of force application, the properly swung
axe (striking with the narrow portion of the head) imparts far greater stress and thus
fractures the log. When the axe is turned 90 degrees, the stress is much lower and is
completely tolerated by the log. When a bone is stressed sufficiently, it deforms. The
change in length divided by the original length is the strain (€) in the bone. This param-
eter has no units of its own but is occasionally expressed as a percentage. A plot of the
results is termed a stress—strain curve (Fig. 3).

Many other material properties can be extracted from this curve (/6). The straight
portion of the curve is termed the “elastic” region. When a force is applied per unit area,
there will be a change in length; however, in this early phase, the change is temporary. The
bone retains the ability to return to its original shape after removal of the external force.
The slope of the line in the elastic region is known as the modulus of elasticity (E), or
Young’s modulus (named after Thomas Young, MD 1773-1829). This is essentially a mea-
sure of stiffness. Lucas (7) listed approximate stiffness values in gigaPascals (gPa) for
cancellous bone (0.005-1.5 gPa), polymethylmethacrylate cement (1.2 gPa); cortical bone
(12-24 gPa), and cobalt—chromium implant alloys (210 gPa). While other publications
list similar data within a certain range (/6—19), the consistent finding is that spongy
bone (found in the epiphyses) is much less stiff than cortical bone (found in the dia-
physis). Perhaps the preponderance of epiphyseal fractures in falls that affect the lower
extremity can be explained by the simple fact that the spongy bone in this area is less
dense and has a lower value for E.
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Fig. 3. Stress—strain curves for various materials.

At some point, the straight line on the stress—strain curve gives way to an actual
curve. This is the yield point, and it marks the beginning of loading levels that will pro-
duce some permanent changes in the bone. From this point, loading results in “plastic”
deformation. As the stress increases to the maximum the specimen can handle, the bone
reaches its ultimate tensile strength (UTS) and failure becomes imminent. Continued
loading results in fracture, and the bone specimen reaches its maximum deformation or
strain. Note the theoretical differences between materials in Fig. 3. Some metals may be
incredibly stiff, but with sufficient loading, they may have an extensive plastic phase
(bending) prior to ultimate failure. The line for simple glass indicates a stiff material
that has almost no plastic phase at all. Essentially, glass doesn’t bend much before
breaking, and when it does bend, it fractures. Application of slightly less stress or force
does not elicit a plastic phase in this very brittle material. Thus, for safety, engineers clev-
erly glazed and layered windshield glass in an effort to help occupants remain inside a
vehicle during a crash. Processing glass in this manner results in added strength and some
ability for plastic deformation (of the windshield, not the individual pieces of glass).
This is vividly demonstrated by the classic bulge in the windshield left by the head of
an unbelted vehicle occupant after a frontal impact. Other material properties—such as
energy, ductility, and toughness—can also be extrapolated from the stress—strain curve,
but their discussion is unnecessary for this basic introduction. In summary, the
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stress—strain curve for a material indicates the load it can bear until failure and the
deformation before fracturing (both expressed as UTS for most bone).

Material properties calculated based on data from isolated cubes of cortical bone
are interesting and important, but they serve merely as a starting point in understanding
how an entire bone reacts to impact. Recall that a whole bone has varying levels of cor-
tical and cancellous bone throughout its length. In addition to the strength and stiffness
afforded by its composite nature, the anisotropic organization of the bone would surely
lead to differing stress—strain curves depending on the orientation of a sample taken.
Also, material properties vary according to the rate at which bone is loaded. A rapidly
loaded bone has a greater modulus of elasticity and greater ultimate tensile strength
(i.e., a steeper and taller stress—strain curve) than a slowly loaded bone. Some of the ear-
liest studies supporting this property were performed by Mather in 1968 (20) with matched
pairs of femurs. One was loaded quasi-statically (very slowly) and the other was loaded
dynamically (impacted at speed). The energies were approx 50% higher in the dynamic
loading cases. This property has come to be known as viscoelasticity and is a common
feature of biologic tissues. Interestingly, Mather also noted that impact strength was
unaffected by subject age, while static strength decreased with age.

3.1. Previous Research on Lower Extremity Impact Biomechanics

There are several published reviews of research into the tolerance of lower extrem-
ities to impact (e.g., 2/-23). However, the majority of the work has dealt with quasi-static
testing of standardized specimens in order to determine material properties. In 1970,
Yamada (24) published what is probably the most elaborate and thorough documenta-
tion of the mechanical properties of human and animal bones. Yamada noted that female
tibias are approximately five-sixths as strong as those of males, and he found no significant
differences in anterior versus lateral tests of small standardized samples of bone—not
whole-bone impacts.

Melvin and Evans (25) and Nyquist (2/) reviewed some of the earliest known
biomechanical tests. In 1859, Weber performed static three-point loading tests of the
mid-shaft region of human long bones. He applied 245-N (55-1b) increments of force to
femurs fixed in place by supports placed 18.3 cm apart. Force applied over a distance is
termed moment, which is often expressed in Newton—meters (Nm) or Foot—pounds (ft-1b).
This is yet another improvement over force alone. The four male femurs failed at an
average of 223 Nm (4.87 kN force), while the five female bones failed at 182 Nm (3.98 kN).
Male tibias failed at 165 Nm (3.06 kN force) and female tibias failed at 125 Nm (2.33 kN
force). In 1880, Messerer used a hydraulic test device that provided a much better reso-
lution of 10 to 50 N. Positioned by supports placed 31.7 cm apart, 6 male femurs aged
24 to 78 yr were loaded laterally, resulting in an average bending moment of 310 Nm
(3.92 kN). Six female femurs (28-cm support distance) aged 20 to 82 yr failed at an aver-
age of 180 Nm (2.58 kN). Male tibias (24.7-cm support distance) failed at 207 Nm
(3.36 kN), and female tibias (22.2-cm support distance) failed at 124 Nm (2.24 kN).
The direction of loading and impactor shape were not listed for most of the setups in
either review. Since these early studies, numerous other static test results have been
published. A discussion of these studies is beyond the scope of this chapter, but much of
these data can be found in the engineering literature (e.g., the Journal of Biomechanics
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Organizations That Publish Injury Biomechanics Research

Organization

WebsSite (http://www)

Publications

American Association of
Automotive Medicine (AAAM)

International Technical
Conference on the Enhanced
Safety of Vehicles (ESV)

International Research Council
on the Biomechanics of impact
(IRCOBI)

International Traffic Medicine
Association (ITMA)

Society of Automotive Engineers
(SAE)

Stapp Car Crash Conference

.carcrash.org/

-nrd.nhtsa.dot.gov/

departments/nrd-ol/esv/
esv.html

.ircobi.org/

.trafficmedicine.org/

.sae.org/servlets/index

.stapp.org/index.htm

Annual Meeting
Proceedings &
Accident Analysis
Prevention Journal and
Journal of Crash
Prevention and
Injury Control

Biannual Conference
Proceedings

Annual Conference
Proceedings &
Accident Analysis and
Prevention journal

Traffic Injury
Prevention journal

Technical Papers,
Textbooks, and
Transactions Journal

Annual Proceedings

and the Journal of Biomechanical Engineering). Table 1 lists the most relevant organi-
zations publishing data on injury biomechanics, as opposed to the more academic pur-
suits found in traditional engineering journals or the treatment-oriented publications
found in the medical literature.

In the most anatomically thorough discussion of tibial impact, Nyquist et al. (2/)
reported the results of subjecting 20 unembalmed cadaveric tibias to impact by a 32-kg
impactor headed by a 25-mm cylinder. It is unclear whether the tests involved intact legs,
because it indicates only that the skin was left in place. Specimens were struck on the
anterior or lateral aspect at velocities ranging from 2.1 to 6.9 m/s (mean: 3.6 m/s). The dis-
tance between supports was 254 mm in most tests. Female bones failed at an average of
280 Nm and male bones failed at 320 Nm, regardless of direction of impact. In this study,
cortex thickness was analyzed by computer to determine cross-sectional areas for further
engineering calculations regarding moments of inertia. Bone samples were also subjected
to ashing to determine mineral content. The authors concluded that the variability in bend-
ing moment could not be explained by correlations with cross-sectional area or classical
strength of material beam bending theory. Furthermore, the variability in bending moments
did not correlate with mineral content or impact velocity. The lack of correlation between
various cortex measurements and breaking force was also seen in studies performed
throughout the early 1990s (7). The only information regarding fracture patterns in the
Nyquist article was a listing of three degrees of comminution (comminuted, slightly
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comminuted, and not comminuted). A serious emphasis on the anatomy of fracture patterns
and their relationship to mechanism of injury is a relatively recent development.

4. DISCUSSION OF FRACTURE PATTERNS

In 1969, Klenerman (26) accurately noted that the appearance of a fracture during
clinical examination is merely the end result of a series of events. These events are best
understood by experimentally controlled fracture studies involving careful examination
and documentation of posttest specimens. Only then can the true mechanism of injury
be defined and ultimately mitigated. Fracture pattern is influenced by the specific mech-
anism of injury, the forces applied, and the physical properties of the bone (27). When
considering fracture propagation, the actual failure lines are said to be a record of
energy dissipation (28).

Numerous authors have attempted to list the mechanisms of loading that give rise
to certain patterns of fracture. One of the most detailed listings was presented by Johner
and Wruhs in 1983 (29). Their system is a combination of the classifications made by the
Swiss Association for the Study of Internal Fixation (AO/ASIF), the work of Muller in
1979 (30), and the work of Muller and Nazarian in 1981 (37). Long-bone fractures are
classified generally as simple, butterfly, or comminuted. Within these classifications,
several patterns of interest and their presumed mechanisms are listed: transverse fracture
from pure bending, oblique fracture from uneven bending, nonfragmented wedge from
low-speed bending with compression, fragmented wedge from high-speed bending with
compression, segmental fractures by four-point loading, and massive comminution by
crushing. Allum and Mabray (32) stated that a direct blow to an axially loaded bone gives
rise to short oblique and wedge-type fractures. They attributed long oblique fractures to
a combination of rotation, angulation, and axial compression. Levine (33) noted that
wedge fractures result from indirect bending. Connolly (34) stated that “tapping force
applied to the tibia” resulted in oblique fractures. He also noted that oblique fractures arise
from “torsion with an upward thrust” and segmental fractures are due to direct violence at
several locations. Numerous other authors have theorized that oblique fractures are due to
a combination of rotational and transverse loading.

Although there is a consensus on the mechanisms that result in some patterns,
there are clearly competing theories in the medical literature for others. Health care pro-
fessionals benefit from the study of fracture patterns, because data from such work
influences treatment and can be useful in predicting delayed union or nonunion (27).
However, determining the mechanism that results in particular patterns is better approached
through experimentation rather than theorizing. Unfortunately, many unsubstantiated
theories have been repeated and referenced for decades.

It is difficult to review older literature for detailed fracture pattern data, as nearly
all the work was performed by engineers unfamiliar with anatomic terminology. Often
thigh impacts are referred to as leg, upper leg, or femur tests, and it is unclear whether
specimens were intact or bare bones. Likewise, leg impacts are referred to as tibial or
lower-leg tests. Additionally, the precise site of impact was often unspecified. However,
since 1989, Kress and Porta (35—49) have presented results from dynamic testing of more
than 550 cadaveric lower-extremity components. The impact results shown in Fig. 1 were
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part of that work. While many prior publications contain more engineering data, the more
recent studies placed their major focus on ultimate fracture pattern and its relation to
impact conditions. These data serve as the foundation for the content of the following
section, in which mechanisms of injury related to specific fracture patterns are described.

4.1. How Bone Breaks

Bone may be subjected to several different types of force (alone or in combination)
that exceed the structural integrity of the organ. A limb may be loaded in tension, bend-
ing, compression, and/or torsion. To a person in the health care field, these loading sce-
narios would equate to applying a force by traction (or distraction), transverse impact,
axial loading, and/or twisting. Each will be discussed in the coming sections, with final
comments on comminution and bone integrity to follow.

4.2. Tension

The most prominent example of a pure tensile force causing a break in a bone is
the avulsion fracture. In the lower extremity, these are usually limited to the trochanters
of the femur, the patella, the tibial tuberosity, and the ankle. All but the last one are usu-
ally due to a strong, rapid pull exerted by the muscle inserted on each area. During the
complex motions associated with ankle injuries, it is possible for the collection of strong
ligaments in the area to cause an avulsion in a malleolus during a particularly violent
movement. Rarely, quick contraction of the quadriceps may result in a relatively pure
tensile force acting on the patella, which tends to fracture transversely but may also
cause a jagged fracture (Fig. 4) (50).

Production of a pure tension-type fracture in the shaft of a normal lower-extremity
long bone is difficult to imagine in the real world. Perhaps a grossly negligent traction set-
up could somehow apply sufficient tensile force to fracture a bone. A more likely scenario
might involve a foot being caught in a type of machinery and then violently distracted. It
is difficult to know where the injury would occur in this situation, because the force would
be spread to virtually all the joints in the lower limb. This might result in dislocations and
ligament damage before any fractures would be seen. However, this is speculation, as no
reports of distraction-type injury mechanisms have been presented to date. If tension were
applied to the long axis of a single bone, it is presumed the bone would fail with a trans-
verse fracture based on materials property testing of bone samples. One cannot help but
wonder, however, whether the fracture would occur at a metaphysis, given that it is a junc-
tional zone between the dense cortical bone of the diaphysis and the less dense cancellous
bone of the epiphysis. In short, studies of whole bones subjected to tension have not been
published, and any discussion of a resultant fracture pattern is speculative.

4.3. Bending Fractures

Bending (or 3-point loading) is by far the most common mechanism of fracture for
lower-extremity long bones. When a long bone is impacted transversely at the diaphysis,
it reacts very much like a classic beam, in that it will bend (e.g., 7,17,51,52). As it bends,
the bone tissue at the site of the impact will become compressed. The tissue on the oppo-
site side will be stretched (termed “tension”). This is often demonstrated with a standard
yellow-painted wooden pencil. As one bends the pencil, the yellow paint on the concave
side begins to buckle or bunch up—evidence of compression. The paint on the other
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Fig. 4. Patellar fracture (anteroposterior and lateromedial radiographs).

side separates—evidence of tension. Another more dramatic example of tensile and com-
pressive forces in the same tissue can be seen in a simple trick. In an uninflated balloon,
the molecules of rubber are content to be in close proximity with each other. As the bal-
loon is inflated many, but not all, of the molecules are put into tension. If the balloon is
not fully inflated, it can be seen that the rubber closest to the inlet, and directly opposite
of the inlet, are not being stretched (invariably the color is more intense—e.g., balloon
will be “darker” in these spots because the balloon wall is thicker). Essentially these
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Fig. 4. Continued.

molecules are in compression. A sharp wooden skewer poked into the side of the bal-
loon would cause it to explode because the strength of the rubber was exceeded and the
tensile forces were free to rip the balloon walls apart. However, if the skewer is care-
fully poked through the thicker areas of the balloon, the rubber molecules will compress
around the stick and attempt to seal the hole; thus, the somewhat unintuitive results seen
in Fig. 5. As with the balloon, failure of bone occurs in the areas of tension. The tensile
forces lead to separation of the osseous tissue and propagation of a fracture line or lines.
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Fig. 5. Demonstration of tension and compression in a balloon.

Most sources agree that a transverse fracture can result from bending (Fig. 6).
However, there is no consensus on oblique and wedge patterns (a.k.a. butterfly or delta
fractures). Many authors assert that these patterns result from some form of combined
loading (with compression or with twisting). In our simple 3-point loading of bare long
bones, we routinely produced oblique, transverse, and wedge fracture patterns with
absolutely no axial or torsional loading whatsoever. In nearly all cases of wedge frac-
ture, the initial point of failure was on the tension side immediately opposite the point
of impact (Fig. 7). This means that the point of the wedge is on the tension side of the
bone, corroborating the work of Spitz (53), who investigated pedestrian leg impacts that
resulted in wedge fractures. He stated that the wedge often points in the direction of the
movement of the vehicle.

In a stroke of serendipity, while cleaning fractured bone wedges for photographs, an
interesting discovery was made. After being soaked in bleach, the bones were dried in an
oven. The charred bleach revealed an amazing array of small fracture lines emanating from
the initial tensile failure point (Fig. 8). The impact occurred at the bone surface facing the
top of the photo. The solution had seeped into the cracks and then essentially burned when
the heat was applied. Presumably heating of the solution also caused mild expansion of the
cracks. This heat-treatment of bone may be an excellent method for elucidating or enhanc-
ing microfractures (54). It was clear from this study that there are often many nondisplaced
fracture lines in seemingly simple patterns. In later studies, the periosteum was carefully
dissected away from transverse and oblique fracture fragments. In addition to the trans-
verse and oblique fractures, tension lines are clearly visible (Fig. 9). The black arrows indi-
cate the site of impact. Thus, it appears that all three of these patterns (transverse, oblique,
and wedge) are actually slightly different manifestations of tensile failure. It is important to
note that almost none of these tension lines were visible on plain radiographs. However,
these lines may be helpful to the forensic pathologist or anthropologist examining post-
mortem specimens and attempting to determine a direction of impact.
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Fig. 6. Radiograph of transverse fractures to the femur and tibia.

What determines whether a bending load will produce an oblique, transverse, or
wedge pattern? It may be a feature of the tissue (inherent weakness in one plane) or the
dynamic load (shape of impactor, slight variations in the angle or energy of impact,
etc.), or some combination of factors. Perhaps the addition of compressive or torsional
loads will have some effect on the pattern, but this is clearly not essential and should
not be assumed when reconstructing an injury scenario from the fracture pattern.
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Fig. 6. Continued.

One feature of bone that may influence fracture pattern and bending forces is the
presence of stress-risers. “Stress-riser” (also referred to as stress raiser or stress con-
centrator) is an engineering term that describes a weak area or defect that when loaded,
will tend to fail prior to surrounding areas (55). This is analogous to the weakest link in
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Fig. 7. Wedge fractures produced in a tibia and fibula from pure bending.

Fig. 8. Tension lines in a stripped, bleached, and heated wedge fracture.

a chain. An example of inducing a stress-riser would be the scoring of glass. When sub-
jected to bending loads, glass will usually fail along the score or stress-riser. In some of
our studies with bare bones, there was a concern that the bones could have been scored
during retrieval and cleaning. To investigate this possibility, entire surfaces of several
bones were scanned into a computer prior to testing. After fractures were produced, the
images were examined under magnification with different software filtering applica-
tions (56). No surface feature was found to influence the initiation or propagation of
fracture lines. Since subtle or accidental scoring appeared to have no effect, an addi-
tional study of several bones was performed involving intentional scoring. In Fig. 10, a
femur is shown with a pattern etched into the surface (up to 2 mm deep) by a Stryker
saw. The bone was subjected to impact, and although this extreme level of etching influ-
enced the initiation site of the fracture, it did not significantly affect the overall pattern.
The tensile failure lines easily crossed the etching to give rise to a standard wedge
pattern that would be expected from the indicated impact direction.
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Fig. 9. Tension lines visible in transverse and oblique fractures.

Fig. 10. Scoring bone had little effect on dynamically produced fracture pattern.

These studies of surface artifacts were too small to determine whether fracture force
was affected. However, complete holes through the cortex have been shown to influence the
strength and presumably the site of fracture initiation (e.g., previous fracture site or fixation
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pins and screws). It has been reported that 3-mm holes can decrease tibial bending strength
by 40% (57). As reported by Brooks et al., Bechtol and associates (during the 1950s) drilled
various sizes of holes into dog bones that were then subjected to bending loads. They found
that holes in the area of the bone that was placed in tension reduced bone strength by 30%.
Interestingly, as long as the ratio of the hole size to bone diameter was not more than 30%,
the decrease in strength was not significantly different for holes of differing sizes. Holes in
the area of the bone that was in compression had essentially no effect on strength (57).

To this point, only artificial stress-risers have been discussed. It should be noted that
internal weaknesses (due to pathology) can certainly affect fracture strength, pattern, and
fragmentation levels (50). Also, one cannot ignore the role that bone micro-architecture
may play in fracture patterns. The difference between wedge, transverse, and oblique
fracture patterns in bending may simply be due to the random alignment of Haversian
and Volkmann canals, such that a certain impact parallel to these lines results in fracture
energy dissipation along the canals. These natural stress risers should be explored more
thoroughly.

4.4. Axial Loading Fractures

Cubes of cortical bone subjected to pure compression will often fail obliquely.
Unfortunately, many authors have applied this material property data to whole bone.
Some have even promulgated the idea that an oblique fracture arises from a bone subjected
to pure compression or the combination of bending with axial loading. As noted in the
previous section, oblique fractures will commonly arise from pure bending. In fact,
given the anatomy of a whole bone such as the femur, an oblique fracture may result
from apparent axial loading, but is more likely to occur because the bone actually bends.
For example, the straw in Fig. 11 is subjected to axial loading, but the resultant force on
the bone is bending (not the shear seen in cubes of bone). Add to this the fact that our
long bones are not perfectly straight and it is easy to see that axial loading tends to
enhance the curves (or compress the bow) in a bone. Thus, a fall onto a stiff limb may
result in a bending fracture even though the loading is described as axial.

In the rare cases in which relatively pure axial loading is applied quickly to a
lower extremity (as when an unrestrained passenger is involved in a frontal crash and
the flexed knee strikes the dashboard), the result can be an impacted fracture, especially
in the young (Fig. 12) and the very old. Note that bending fractures are still common
(Fig. 13), and with high force levels there can be significant comminution, even in
healthy bone. At lower levels of force or in particularly robust bone, acetabular and
patellar fractures may occur without concomitant femur fractures, because the long
bones are approx 50% stronger during compression (axial loading) vs bending (58).
However, if an impacted fracture is seen, there can be little doubt that the mechanism
of injury involved significant axial loading of the bone. In these cases, the compact bone
of the diaphysis is driven into the epiphysis. Presumably the less dense spongy bone is
simply compacted within the epiphysis.

4.5. Torsional Fractures

When a twisting motion is applied to a long bone—e.g., when a ski tip is caught on
the ice and acts as a moment arm for the lower extremity—the most elegant of fracture
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Fig. 11. Is this axial loading or bending?

patterns results: a spiral (Fig. 14). The pattern is completely unique and diagnostic of
torsional force as the primary mechanism of injury. A fracture initiates at some point on
the bone and then travels at an angle of approx 45 degrees (with respect to the long axis
of the bone) around the shaft in the same direction as the applied torque. Once the fracture
has completely encircled the bone, the shaft becomes so unstable that a longitudinal
fracture line develops between the proximal and distal ends of the spiral. This can be
easily demonstrated by twisting a piece of chalk. The fracture that results is essentially
identical to what would be seen in bone. The precise propagation of the fracture line has
been determined (Fig. 15) in more than 50 cadaveric bone experiments, and the longi-
tudinal line or “hinge” (so called because it often acts like a hinge due to retention of
the periosteum in this region) is the last component to form (60-63). Bear in mind that
although there is considerably more time involved in traveling along the lines in a spi-
ral fracture than in other types, the amount of time for these fractures to develop is still
very short: less than 2 ms. Figure 16 shows one radiographic view of a spiral fracture.
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Fig. 12. Radiograph of an impacted distal femur fracture in a teenager.

With the aid of some simple tools (a bone model or an opaque tube with the four
anatomic sides labeled, a sheet of clear plastic, and a marker) the direction of twist can
often be determined using two high-quality orthogonal radiographs in six steps (60):

1. Determine whether the hinge is located more on the lateral or medial side by looking
at an A-P radiograph.

2. Define the position of the hinge as being more anterior or posterior by studying a
lateral-medial radiograph.
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Fig. 13. Comminuted fracture produced from dashboard-style axial impact.

Wrap the clear plastic sheet around the bone model or opaque tube and sketch the hinge
on the plastic at the anatomic location determined from steps 1 and 2.

Use the radiograph with the clearest view of the hinge and determine the direction of
the spiral as it radiates from one end of the hinge. Start at the same point on the plastic
sheet to reproduce the spiral. Sketch the radiating spiral around the plastic until both
ends of the hinge are connected.

The sketched pattern should be checked by separating the bone model from the plastic
sheet and superimposing the rolled plastic over the radiographs. An accurate reproduction
of the spiral fracture is confirmed if this three-dimensional sketch can be matched to
the fracture lines in both radiographs.

To determine the direction in which the bone was twisted, first consider the logical choice
for which end was torqued. In most cases, the torsion arises from the distal end of the bone,
but evidence (e.g., witnesses or bruising pattern) and patient history should assist with this
determination. Note which direction the spiral runs around the bone at the torqued end.
That is the same direction in which the torque was applied to that end of the bone (if the
opposite end of the bone was the site of torsion, then the direction will be opposite).

The spiral fracture is all too often the result of nonaccidental trauma. A frustrated
caregiver may resort to twisting a limb to punish a child. When considering such a
potential case of abuse, it may be important for the forensic expert to first distinguish
between fracture patterns that result from bending vs twisting. Being able to determine
the direction of twist might also prove helpful in finding inconsistencies in the story of
a caregiver who is suspected of abusing a child.

The fact that two excellent X-rays are needed cannot be overemphasized. One is
insufficient for any degree of certainty. In fact, a single view of a spiral fracture can be easily
misinterpreted as a bending type of fracture (oblique or even a wedge), as seen in the
humeri in Fig. 17.
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Fig. 14. Photograph of spiral fracture fragments. (Courtesy of Patrick Besant-Matthews, mMD)
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Fig. 15. Propagation of the spiral fracture pattern.
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Fig. 16. Radiograph of a spiral fracture of the femur.

It was previously mentioned that the oblique fracture is often construed as the
result of bending combined with simultaneous axial loading. Perhaps even more often,
authors have noted that oblique fractures result from a combination of bending and
twisting. Precious few studies have examined the effects of combined loading on frac-
ture patterns. In 2003, Frick published the results of a study (an MS thesis) of matched
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Fig. 17. Radiograph of a spiral fracture that could be confused for a wedge.

pairs of femurs (64). One member was torqued to failure and the second was pre-
torqued to either 30 or 70% of the torsional fracture threshold. That second bone was
then struck with a steel pipe and fracture patterns were carefully documented. Frick
found that oblique fractures may result from a combination of torsion and bending when
bending is the dominant loading mechanism. If torsion is dominant and a bending force
is added, the fracture is still spiral.

4.6. Effects of Impact Energy and Bone Integrity

As noted previously, when sufficiently stressed, bone will dissipate energy as it
fractures. Many authors have noted that the higher the energy input, the greater the
degree of fragmentation or comminution and the greater the potential for soft-tissue
injury due to the displacement of fragments (Fig. 18). Aldman described fractures that
resulted from low-speed impact as rather smooth, while those resulting from higher
velocities gave rise to more “jagged and feathery” fracture patterns that are usually
accompanied by a greater amount of soft-tissue damage (e.g., 65,66). Today, ortho-
pedic surgeons have a wide array of fixation devices, bone cements, and artificial
replacements with which to repair almost any type of bone trauma. Thus, it is often
the surrounding soft-tissue damage that ultimately determines the survival or demise
of a limb.
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Fig. 18. Comminuted fractures of the tibia and fibula.

Cancer, infection, or any of the multitude of diseases affecting bone metabolism
will surely lead to decreased bone strength (50). Unfortunately, the natural aging process
also leaves our bones less able to resist external forces (67). Regardless of the specific
etiology, weakened bones are surely more prone to fracture. In general, fractures to
osteoporotic bone, for example, will have a higher level of comminution than would
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be seen in healthy bone. A relatively small impact on a weakened bone can result in a
segmental fracture, normally the product of an impact from a large surface (e.g., a blunt
vs pointed car bumper). High degrees of comminution will often completely obscure
any particular pattern data. Weakened bones will also be more susceptible to secondary
fractures in a traumatic event. For example, a young healthy person struck by a car may
suffer only a broken tibia, fibula, or both. An older person with diabetes may have fractures
in the leg, but also the thigh, pelvis, rib cage, and skull. In short, comminution will often
negate the potential forensic value of fracture patterns.

5. CASE STUDIES

The following case studies are provided to demonstrate the potential utility of a
deeper understanding of fracture biomechanics and the resultant patterns. While they
are similar to actual cases, they are not intended as direct representations.

5.1. Chiropractic Manipulation Causing Fracture?

At 2 AM, an obese 50-yr-old female called for an ambulance. The crew arrived
quickly and transported her from her bathroom to the emergency department. After triage,
she was sent for X-rays and was soon diagnosed with a transverse intertrochanteric frac-
ture in the left femur. Orthopedic surgeons repaired the hip using an internal fixation
device, and after appropriate rehabilitation, she was sent home. She subsequently experi-
enced multiple failures of the fixation device and became frustrated with her constant set-
backs. After hearing her grumble about malpractice, the orthopedist asked how the injury
originally occurred. When informed that she had been to the chiropractor on the afternoon of
the injury, the orthopedist suggested her injury was the result of chiropractic manipulation.
The woman described a maneuver in which she was laid on her side and the left hip was
twisted while the low back was held in place. Could the chiropractor have caused this injury?

There are several inconsistencies in the story. If the injury occurred in the afternoon,
why didn’t she call for an ambulance before 2 AM? Perhaps she had an extremely high
tolerance for pain. How did she walk out of the office with a supposedly fractured hip?
Perhaps it was an incomplete fracture (although there is no published record of an
incomplete fracture being caused by manipulation and then spontaneously completing
itself 12 h later). Why was she found in the bathroom? Perhaps she had to use the facilities
and the hip fracture completed itself during her stroll.

While the story is highly suspicious, the only factual evidence is the fracture pattern.
Both parties agree that the manipulation was a twist, yet the fracture pattern is one that
results from bending (see Fig. 16 vs Fig. 6). She most likely fell and struck the tub or
toilet while walking into the bathroom.

5.2. Pediatric Pedestrian Hit-and-Run Case

A teenaged boy lived in a small shotgun house on a busy downtown street. He was
notorious for running into the street after his dog, which liked to chase cars. He has
been nearly hit at least a dozen times. One cold winter morning, he was struck and
killed by a car that was driven by a 26-yr-old woman who was taking medication for nar-
colepsy. There were no witnesses to the incident. The police accident reconstructionist
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Fig. 19. Oblique fracture with tension lines evident.

determined that the boy was hit by the front of the vehicle, which was not braking at the
time. The strike caused a right femoral fracture and he was thrown 35 ft. When he
landed, his head struck the concrete and he died almost instantly from massive brain
injuries. At autopsy investigators found no bruises or lacerations, aside from a small
one on the top of the head. The superior portion of the cranium was massively
depressed. Full body X-rays indicated an oblique fracture of the proximal left femur.
The fragments were dissected out and are shown in Fig. 19. The driver did not stop at
the scene. She later turned herself in to authorities after hearing the boy was killed. She
claimed that as she was driving down the street, she saw the boy walking in the same
direction on the side of the road. Just as her car was about to pass him, he turned as if
to cross the street, stepped directly in front her, and was struck by the front grill on the
passenger side of her car.

Who was at fault: the boy who ran into traffic? Or did the narcoleptic doze off and
strike the boy? With no witnesses, the situation seems unlikely to be resolved. There are
few if any surface markers on the boy, because he was dressed for a cold winter day.
The head injury occurred on the vertex of the skull, and the angle of impact cannot be
determined from that.

The femoral bone fragments are helpful. Although it is an oblique fracture (as one
would expect in this transverse or bending-type impact), there were also tension lines
visible on the bone after the periosteum was stripped away. The lines come to a point on
the posterior edge (linea aspera) of the femur, indicating that the boy’s femur was impacted
on its anterior surface. This does not match the statement given by the young lady. The
more likely scenario was that he was facing traffic when walking in the street and she fell
asleep at the wheel just as she came upon the young man and struck him head on.

5.3. Transport Van Seatbelt Issue

A severely disabled boy in a wheelchair was rolled onto a van and his wheelchair
was strapped into a side slot in the vehicle. A seatbelt was secured over the boy’s lap,
and he was ready for transport home after a visit to his endocrinologist. Just to the left
of the boy was a steel post that ran from the floor to the ceiling of the van. While traveling,
the van was involved in a minor frontal impact. Immediately afterwards, the driver
exited to check on the damage to his front end and the small car he had bumped into.
When he re-entered the van, he saw the boy lying on the floor moaning in pain. One



Biomechanics of Impact Injury 307

BEQUEATHED THEIR BODIES
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Fig. 20. Memorial to research donors.

other passenger said he was fumbling with his seatbelt and fell while straining to look
out the front window. The other passenger said the boy’s wheelchair spun around during
the accident and then he fell to the ground. A third passenger indicated the boy was acting
funny just before the accident and kept saying his belt was too tight, then “he got
weirder” afterwards. The boy was taken to the hospital and found to have an impacted
fracture of his left femur (Fig. 12), as well as low blood sugar. The boy’s mother was very
upset and decided to sue the van company, because she claimed her son’s wheelchair was
not properly restrained and that during the accident his chair spun violently and his left
thigh slammed into the post, causing the fracture.

In this case, there were three witnesses (besides the driver and the boy), but their
stores do not agree. If the chair was not restrained, it is possible that it could have spun
and his leg could have hit the post. However, this would be a bending-type fracture, and
the radiographs clearly show an impacted fracture. There is no doubt that he was somehow
subjected to axial loading of his femur. The absence of injuries to his leg or any other body
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part means it is highly likely he struck his knee in a somewhat stiff body position. It would
seem the first and third witnesses were most accurate. Perhaps in a somewhat delirious
state, he disconnected the belt in order to sit up to see what was going on in front of the
van. In doing so, he leaned forward but his left foot was caught on the wheelchair footrest,
and he landed on the hard metal van floor with all his weight on his left knee.
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Chapter 10

Injuries of the Thigh, Knee,
and Ankle as Reconstructive Factors
in Road Traffic Accidents

Grzegorz Teresinski, MD

1. INTRODUCTION
1.1. Global Burden of Traffic Accidents

Currently, traffic accidents comprise the most common cause of traumatic deaths
throughout the world and the most common cause of death and disability in the 15- to
44-yr-old age group in developed countries. In 2002, about 1.2 million people were
killed in road traffic accidents, and by the year 2020, according to WHO data (/), this
figure is projected to almost double, making traffic accidents the third (from the ninth)
leading cause of death and disability worldwide (following ischemic heart disease and
mental depression). Despite a large number of cars and accidents in high-income coun-
tries, however, the percentage of fatalities is low (Table 1). A good marker of the motor-
ization progress in a particular country is the percentage of pedestrians among all
victims of traffic accidents, e.g., high in the low-income countries and eastern Europe
(due primarily to a lack of road infrastructure and the absence of a separation between
pedestrian and car streams).

1.2. Legal Assessment of Traffic Accidents
1.2.1. The Need for Reconstruction

According to police statistics, only a small percentage of traffic accidents are the
result of incidental factors or the poor conditions of vehicles. The most common causes
of road collisions are errors by drivers and improper behavior of pedestrians who often
are both the causes and victims of traffic accidents.
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Table 1
International Rates of Road Traffic Accidents in 2002 (2)
Passenger Cars Road Traffic Persons Killed
per 1000 Accidents per per 1000  Car-to-Pedestrian
Country Population 10,000 Population  Accidents Accidents %
USA 776 69 22 3.9
Italy 583 41 28 6.7
Germany 541 44 19 9.3
Austria 494 54 22 11.0
France 492 18 69 14.8
Belgium 462 46 28 7.2
Sweden 452 19 33 94
Spain 455 24 54 11.8
Great Britain 448 39 15 16.9
Poland 289 14 109 33.7
Russian Federation 156 13 180 46.0

The basis of legal evaluation of the results of traffic accidents is the assessment of
the participant’s behavior and the road situation. To determine the degree of involve-
ment of individual persons, traffic accidents should be reconstructed and testimony
given by witnesses must be verified (3-6). It is well known that when the driver is the
only witness, he is likely to present the accident version that is more favorable for him
(Fig. 1), e.g., a sudden intrusion of the pedestrian from the right side of the road at daytime
and from the left lane at night (due to the light asymmetry and better lighting of the
right side of the road). In car-to-bicycle accidents, depending on the road situation, the
driver may claim that he hit the cyclist or the pedestrian walking with his bicycle.

Occasionally, the victim’s body (injured or dead) is the only evidence available on
which to base a reconstruction of the accident (e.g., in hit-and-run accidents and in the
absence of other traces on the road or on the victim’s clothes).

1.2.2. Reconstruction Parameters (Biological Markers)

From a medical point of view, a deduction of the circumstances of traffic acci-
dents (e.g., determining the direction of hit or who was driving) depends on demon-
strating certain injuries (biological markers) that reflect the type and direction of the
external force (7). Within more than 100 yr of motoring history, the evolution of vehi-
cles has resulted in changes in the types of injuries sustained by victims, which, in turn,
has made it necessary to consider new biological factors for reconstruction of the cir-
cumstances of accidents. For example, in the first decades of 20th century, the majority
of fatalities from accidents involved pedestrians who were run over by vehicles with
high bumpers that knocked pedestrians down after hitting them while they were in the
erect position, thereby causing a secondary running-over of the victim. As the floor of
the car was lowered and cars became fitted with low front bumpers, victims were
thrown against the hood (“run under”) and typical “bumper fractures” shifted typically
to the shin diaphyses (the meaning of the term “bumper fracture” has also changed,
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Fig. 1. The most dangerous directions of pedestrian intrusion by day and by night (the
driver has the shortest time to react after noticing the pedestrian).

because it was first introduced during the 1930s by orthopedic surgeons as a synonym
of tibial condyle fractures).

The biological markers for reconstruction must be associated with the first
phase of the accident, i.e., the first contact with the victim’s body by vehicular ele-
ments (e.g., “bumper injuries” in pedestrians and “dashboard injuries” in car occu-
pants). The injuries should be detectable not only on autopsy but also by various
imaging examinations in survivors.

1.2.3. Evidential Value of Biological Markers

From a legal point of view, each piece of evidence (both biological and technical)
used in legal proceedings should be characterized by a precisely defined evidential
value, especially by a strictly defined risk of error. Certain types of trauma will cause
typical injuries only in some victims (this percentage makes it possible to make a
deduction on the basis of a particular marker). Thus, from a medicolegal point of
view, a lack of any typical injury often cannot be used as the evidence (negative),
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i.e., the exclusion of a mechanism and thus a deduction should be based only on “posi-
tive” evidence. The percentage of cases with a defined injury pattern that indicates a
mechanism different from the presumed one is an error risk for this marker (7).

1.2.4. A Key Role of Lower Extremity Injuries in Some Aspects
of Post-Crash Expertise

In various types of traffic accidents, the lower extremities are the first to come in
contact with the body or interior of the vehicle (not only in pedestrians but also in
cyclists, motorcyclists, drivers, and car occupants), and the injuries observed provide
the best chance of proper forensic reconstruction of trauma circumstances (4-6). The
following circumstances are especially pertinent to pedestrian hits:

* location of pedestrian toward vehicle

e standing or recumbent position (important in “hit-and-run” accidents)

e impact direction (walking direction)

e type of collision (front, corner, sideswipe)

e moving phase (standing or moving)

e type of vehicle (in “hit-and-run” accidents)

e whether the vehicle was braked

e course of individual phases, particularly in complicated cases (e.g., hits in the standing
position hits with subsequent running over by one or more vehicles)

In car crashes, it is most important to determine who was driving and whether the
victim was wearing a seat belt. In motorcycle crashes, it is pertinent to determine
whether the victims was the driver or passenger; and in car-to-bicycle accidents, it is
important to determine whether the victim was the bicyclist or a pedestrian (and whether
the individual was riding or walking along with bike) and the direction of impact.

Lower-extremity injuries are particularly relevant in car-to-pedestrian hits because
they reflect the actual location of the pedestrian relative to the vehicle on collision, whereas
the trunk, upper extremities, and head of the victim indicate the upper parts of the car that
hit the body later, when the victim’s body had already been rotated (Fig 25). Of note,
there is no reliable method for evaluating crash speed in terms of biological markers (5).

2. LOWER-EXTREMITY INJURIES USEFUL FOR RECONSTRUCTION
OF ACCIDENTS

2.1. External Injuries

During the early years of motoring, forensic experts had already addressed the
injuries characteristic of the recumbent body being run over. However, regular tire
imprints on the victim’s body are rarely observed and occur only at low speeds (e.g.,
when the victim is run over by a vehicle that is backing up). Contrary to popular belief,
the most common traces found only resemble tire marks or are completely noncharacteristic
(Fig. 2). The parallel, concentrated striae-like skin ruptures resulting from excessive pres-
sure may also indicate the rolling of the victim’s body by the wheel (Fig. 3). However,
these signs are not specific for runover cases and are also likely to be caused by hitting the
pedestrian in the standing position, because the rapid movement of the lower extremities
may lead to similar skin tensions and ruptures, especially in groin region (3,8,9).
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Fig. 2. Typical tire marks on the skin of victims run over by low- (left) and high-speed
(right) vehicles.
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Fig. 3. Striae-like skin ruptures.

Until the 1970s, the reconstruction of impact direction in erect-pedestrian hits was
based on a search for visible external “imprint” injuries, i.e. a “stamp” of the car’s body
elements on the victim’s body (Fig. 4), similar to those observed in nonbelted car
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Fig. 4. Imprint injuries in the pedestrian victim.

occupants when a bent knee hits the instrument panel (Fig. 5) (3-5,9). However, the
bodies (and interior) of modern vehicles are smooth, without edges or protruding ele-
ments and, thus, often do not cause any external injuries, even when internal injuries
are extensive. Paint or dust chafing may be observed on the cloth of the trousers where
the lower limbs contacted the car body (Fig. 6) (4,9a). At present, the majority of exter-
nal injuries (wounds, excoriations) found on the body of the pedestrian (or cyclist) vic-
tim are caused by further phases of the accident—impact and rubbing against the rough
road surface (Fig. 7), rather than contact with the car body (except for those caused by
glass chips). Only some open-extremity fractures are relevant for evaluation of the
mechanism of injury (9) because the bone fragments often pierce the skin on the side
opposite the injury (Fig. 8). If the victim dies directly after being hit, skin bruises are
rarely observed; such bruises may occur in survivors, however, even few days after the
injury due to the spread of deep bruises (see also Subheading 2.2).

2.2. Soft Tissue Injuries

Pedestrian- or cyclist-to-car hits usually cause extensive bruises and the crushing of
deeper tissues, which can be detected within the organ by ultrasound and on autopsy only
after extensive removal of the skin of the back and the entire circumference of extremities
and deep-muscle incisions. In many cases, the location of bruises allows the investigator
to determine the direction of impact and in hit-and-run accidents may also help the
investigator determine the type of vehicle responsible for the injuries on the basis of the
level at which bumper injuries are observed (Fig. 9). The injuries are usually located
lower than the bumper level because the front part of the vehicle dips on braking.
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Fig. 6. Dust wipes on the bumper due to contact with both of the pedestrian’s legs.
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Fig. 8. Skin pierced by bone fragments on the side opposite to that on which the injury
occurred (open fracture).

Moreover, heavy car loading and the height of the victim’s shoes (especially important
in women) may substantially lower the contact level. Injuries located only on one
extremity may indicate that the victim was hit by the corner of the vehicle (4,5,9).
Moreover, the skin preparation enables investigators to detect the areas in which
the skin is torn from the muscle fascia as a result of the turning wheel rolling across
the extremity (“decollement”); this usually involves most of the circumferences of the
extremity (Fig. 10). Deeper injuries are usually more extensive on the side of the
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Fig. 9. Bruises in the muscles and subcutaneous tissue (“bumper injuries”) revealed after
skin preparation in the lower limbs.

Fig. 10. The mechanism of the decollement type of skin detachment.
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extremity towards which the vehicle was moving, and skin ruptures may lie trans-
versely to the direction of the car. In most cases, however, the skin is not ruptured and a
“subcutaneous pocket” forms, filled with blood and crushed fatty tissues (3,5,9). Skin
detachment is also likely to result from a tangential or oblique hit when the victim is in
an erect position (when the corner or side of the vehicle only “brushes” the pedestrian’s
body) and occasionally by a perpendicular impact (especially in the elderly) as a result
of the crushing of subcutaneous tissue, although in the latter case, they are usually
much less extensive than in the cases involving being run over by the wheel (10).

Modern vehicles are constructed to reduce the degree of traumatic injury in
pedestrians by distributing the energy of primary trauma over larger surface area and
by partially absorbing the energy into car body elements (//). Therefore, in more and
more cases typical “bumper injuries” cannot be detected or the “primary impact”
injuries cannot be distinguished from secondary injuries occurring in subsequent
phases of the accident. Such difficulties are even greater when the victim survives a
relatively short time, because bruises tend to spread beyond their primary location
within soft tissue; the infiltration of tissue with blood is particularly common around
skeleton fractures, and bruises spread throughout (also due to gravity) loose connective
tissue and interfascial spaces, especially when parenchymatous bleeding persists. In
delayed postaccident deaths, which are increasingly common, the bruises undergo
complete resorption before death.

2.3. Long-Bone Diaphyseal Fractures

Before the era of motorization, Messerer (/2) had already performed experiments
in long-bone diaphyseal fractures demonstrating that bones were less resistant to tearing
than to compression forces. Thus, during bending, first the convex side of the bone is
broken and fracture fissures run towards the concave side, forming a wedge-shaped bone
fragment (Figs. 12, parts 1 and 2). During the 1960s, the rule formulated by Messerer
concerning the so-called bending fractures—i.e., that the apex of the wedge-shaped frag-
ment defines the direction of bending in bone—was adapted for use in reconstructing the
direction of impact (3,4,9,13). However, even a typical bending fracture, Messerer's
wedge indicates the direction of impact only when the bone was bent at the moment of
impact, and not in a later phase of the accident.

Furthermore, bending fractures usually occur at a low speed of impact (“static”
fractures; the lower the impact speed, the bigger the wedge base) (/4). At higher speeds
of impact, “dynamic,” noncharacteristic transverse or multifragment fractures are usu-
ally observed (more often in the elderly because of osteoporosis); in some cases, even
“false” wedge-shaped fragments may be seen (i.e., the apex and not the base is directed
towards the impact site, as is the case for crater-hole fractures created in the skull by
bullets [Fig. 11]). However, the “true” Messerer’s wedge always has a sharp apex and
concave lateral edges (Fig. 12), whereas “false” triangular bone fragments often have
an irregular apex and convex lateral edges (3,/5). Within the triangular section of the
tibia, bending fractures are more likely to be caused by a hit to the flat back surface than
to the lateral or medial side, and particularly from the front (16).

Messerer’s fractures are becoming increasingly rare, which is likely the result of
changes in the shape of the front of modern passenger cars (especially the elimination
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Fig. 11. Some patterns of long-bone diaphyseal fractures in pedestrian victims of traffic
accidents: (1) “classic” bending fracture; (2) “incomplete” bone wedge; (3) “dynamic”
transverse fracture with “phantom” wedges; and (4) “false” bone wedge.

1 (2] (4]
Fig. 12. Various patterns of “complete” (1-2) and “incomplete” (3-7) bending fractures.
(8) “true” (a) and “false” (b) wedges. All impacts from right side of the figure.

of protruding bumpers) and the higher average speed on collision (7,/7). However,
many apparently noncharacteristic oblique fractures are in fact “incomplete” bending
fractures and the additional fissure of the fracture “supplementing” the wedge may be
detected only on high-quality radiographs or after bone maceration (Fig. 12, part 3)
(16—18). Thus, if the oblique fracture fissure is clearly convex (i.e., it starts with a mild
arch on one side of the bone and ends in a sharp angle on the opposite side), the direction
of the external breaking force may be determined if one bears in mind that the edges of
the Messerer’s wedge must be convex in relation to its base (Fig. 12, parts 6 and 7)
(14,15). In many cases, after maceration of bones even the transverse fractures are found
to be flexion fractures with so-called “phantom” wedges (Fig. 12, parts 4 and 5) (17).

The spiral fractures (Fig. 13) are rare in victims of traffic accidents, because they
are caused by torsional forces; e.g., from tangent hit of a pedestrian—i.e., sideswipes
(author’s personal observation). Being hit on the lateral body side of the body by the
corner or side of a vehicle while walking along a road causes the body to rotate around
the body mass-loaded lower limb (4,5). A clockwise torsional load results in right-hand
screw-like spiral fractures, whereas left-hand screw-like fractures are “counterclock-
wise” (looking up if the top of the bone is held and the bottom is twisted) (/8).
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Fig. 13. Spiral fracture of tibial shaft.

In the case of axial loading (e.g., caused by dashboard injury to the femoral
diaphysis area), the fracture fissures are often longitudinal (Fig. 14) (19,20).

2.4. Knee Injuries

Mechanically, the knee joint is a modified hinge in which only flexion—extension
and slight rotational movements are possible (the risk of injury is the highest when
the knee is blocked in full extension). Unlike other joints, the shape of the joint sur-
faces does not ensure stability in the knee; instead, stability is provided by the menisci,
as well as by ligaments and muscles. The lateral and medial walls of the joint capsule
are strengthened by lateral collateral ligament (LCL) and medial collateral ligament
(MCL). These ligaments are most tense in the extended knee, and they serve primar-
ily to fix and stiffen the joint in this position and eliminate sideward movements. The
knee joint has also two intraarticular ligaments—the anterior cruciate ligament
(ACL) and the posterior cruciate ligament (PCL)—whose course and attachments
allow them to tighten in almost all joint positions. The ACL mostly counteracts
anterior tibial dislocation and internal rotation, whereas the PCL counteracts poste-
rior tibial dislocation and external rotation (2/).

Knee-joint injuries form patterns (Fig. 15) according to the direction of the exter-
nal force and any pathological dislocation within the joint (2/-24). Thus, injuries occur
during hyperextension (i.e., when the position of tibial and femoral diaphyses exceeds the
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Fig. 14. Longitudinal fractures of femur shaft due to axial loading in dashboard-type injury.
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Fig. 15. The main mechanisms of knee joint injuries: (1) varus flexion; (2) valgus flexion;
(3) hyperextension; (4) tibial translocation—bending force (B), shearing force (S), tearing
force (T), compression force (C), limb load by body mass (M), impact direction (X).

normal range of physiological extension of the knee joint) and varus or valgus angula-
tion (i.e., when the diaphyses bend in the frontal plane). Moreover, injuries to ligamen-
tous structures may result from shearing forces (due to the dislocation of tibial and
femoral diaphyses within the perpendicular plane). However, the isolated mechanism
of dislocation is rare, because shearing force effects are masked by dominant bending
injures. The only exceptions are isolated ACL injuries caused by hits from the rear that
result in anterior dislocation of the proximal tibia relative to the femoral condyles
(Fig. 15). The subsequent bending forces act in the natural range of articular movements
(“pure” shearing effect) (24,26).

Generally, the forces tearing the ligamentous structures act on one side of the joint
while those crushing the bone act on the other side; the effects of these components are not
always detectable simultaneously, however. In many cases, the only signs of ligamentous
avulsion are the local bruises, which should be differentiated from the effects of direct
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Fig. 16. (1-3) Bone bruises on tibial and femoral epiphysis frontal sections; (4) bruises at
the anterior margin of tibial epiphysis sagittal section; (5) bruises on the trochlea tali sec-

tion; (6) bruises on the femoral greater trochanter section (white arrows, ligament avulsion;
black arrows, epiphysis compression).

trauma. To determine the mechanism of joint injury, it may be helpful to evaluate bone
bruises; however, it is necessary to differentiate those caused by condylar compression
from those resulting from tearing forces (22—25). The former are usually extensive, located
in the central and deep condyle structures, and reach under the articular surfaces of femoral
and tibial condyles. They may be accompanied by macroscopically visible fissures of
fractures or compression of bone trabeculae, occasionally with an indented or lowered
condyle. On the other hand, the bone bruises resulting from avulsion (Fig. 16) are usually
small and located peripherally within the lateral parts of the condyles (i.e., in the region of
capsule attachments and collateral ligaments) or under the intercondylar prominence (in
crucial ligament avulsions). They may be accompanied by small bone fragments tearing
off at the site of ligamentous attachments. In living persons, bone bruises can be detected
by magnetic resonance imaging (Fig. 17) (22,23,25).

The characteristics of meniscus injuries (Fig. 18) vs fibular head fractures (Fig. 19)
may be useful for differentiating the mechanisms of knee joint fractures.

2.5. Ankle Injuries

The upper portion of the ankle joint is a hinge articulation. Physiologically it
allows only dorsal and plantar flexion around the axis running through the center of the
trochlea tali. The compactness of this joint is ensured by the ligaments attached to the
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Fig. 17. Magnetic resonance images of a bruise in the lateral femoral condyle (image
courtesy of Marzena Janczarek, mp, from the Department of Interventional Radiology and
Neuroradiology, Medical University of Lublin, Poland.

>

Fig. 18. The mechanism of meniscus injuries in valgus flexion of the knee: marginal sep-
aration (left) and “bucket handle” or “parrot beak” tears (right).

lateral and medial malleolus, while anteriorly and posteriorly the joint capsule is
strengthened only by muscle tendons.

Similar to injuries to the knee joints, ankle injuries form patterns (Fig. 20) deter-
mined by the direction of the external force and dislocation of joint structures (26-28).
Thus, injuries occur when the distal tibial epiphysis lies beyond the range of physiolog-
ical flexion (dorsal or plantar) and when excessive pronation or supination of the shins
towards the fixed foot is observed (Table 2). Contrary to typical ankle sprains caused by
improper positioning of the foot during running, jumping, or skidding, victims of traffic
accidents often lack the rotational component and their injuries are caused by forces
acting in one direction only. Injuries that occur during the first phase of trauma are usu-
ally caused by tearing forces, while those occurring during later phases of trauma are
usually caused by crushing forces (the limb must be loaded by body mass). The site of
compression may be indicated by bone bruises on the section of the trochlea tali whose
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Fig. 19. Mechanisms of fibular head fractures: (1,2) direct injury; (3) pronation-rotation;

Maisonneuve’s fracture; (4) avulsion caused by varus flexion; (5) compression caused by
valgus flexion.

Fig. 20. The main direction of pathological dislocation of bone structures within the
ankle joint in victims of traffic accidents: (1) plantar flexion; (2) supination; (3) dorsal
flexion; (4) pronation.

edges press the lateral (pronation) or medial (supination) malleolus (Fig. 16, part 5). Avul-
sion of the collateral ligaments may disrupt the ligament or cause separation of the
malleolus (see also Table 2). Because there are no ligaments strengthening the front and
back of the joint capsule, avulsion of anterior or posterior edges of the distal epiphysis
of the tibia is not observed (in fact, edge fractures are always caused by the compres-
sion mechanism).

2.6. Femoral Proximal Epiphysis Injuries

In injuries to the lateral side of the greater trochanter (Fig. 16, part 6), the victim
may sustain bone bruises within the trochanter (Fig. 21) or more rarely in the femoral
head and central fractures of the hip joint (or central dislocations when the femoral head
is translocated into the interior of the pelvis) (7,26). In car occupants central fractures or
injuries to the posterior margin of the acetabulum may result from forces travelling along
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Table 2
Mechanisms of Ankle-Joint Injuries in the Victims of Traffic Accidents
Injury
Mechanism Avulsion Phase Compression Phase
Supination Horizontal fracture of lateral Vertical fracture of medial malleolus
(inversion) malleolus at or below the level
of articular space or rupture
of lateral malleolus ligaments
Pronation Horizontal fracture of medial Oblique fracture of lateral malleolus
(eversion) malleolus or rupture of deltoid just above the level of ankle joint,
ligament often with displacement of a triangular
fragment from the lateral surface
of fibula
Dorsal flexion  Tearing off of the posterior joint  Fracture of the anterior tibial edge
capsule

Plantar flexion Tearing off of the anterior joint Fracture of the posterior tibial edge
capsule

Fig. 21. The mechanism of bone-bruise onset in the great trochanter and central fracture
(dislocation) of the hip joint (X, impact direction).

the axis of the femoral diaphysis (dashboard injuries), as well as during high-energy
trauma while the thighs are in substantial adduction (e.g. when the passenger’s legs are
crossed) or abduction (e.g., when the passenger’s thighs are kept apart). Under such cir-
cumstances, the femoral head may move outside the acetabulum (Fig. 22) (3).

2.7. Mechanisms of Ankle and Knee Joint Injuries in Traffic Accidents

2.7.1. Car-to-Pedestrian Accidents

For many years, the efforts of researchers and car companies have been focused on
reducing the degree of trauma in traffic-accident victims (//,29). Changes in bumper
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Fig. 22. The pattern of hip dislocation in a frontal collision depends on the initial sitting
position of vehicle occupants. See Color Plate Ill, following page 240.
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construction and the distribution of energy on impact over a larger surface have decreased
the number of lower-extremity fractures in pedestrians hit by cars. Unfortunately, the redis-
tribution of impact energy paradoxically has increased the risk of injury to joint struc-
tures, and ligament injuries have resulted in disability more often than even multisite
diaphyseal fractures. By contrast, the low, protruding, and inflexible bumpers in older
vehicles frequently caused fractures in the shins; this prevented the knee joint from
absorbing the impact energy and, thus, protected it from the effects of trauma. In terms of
forensics, however, the changes made in modern vehicles have increased the ability of
investigators to reconstruct the accident based on the mechanism of trauma (7,24).

The presence of ankle- or knee-joint injuries indicates that the pedestrian was hit
while in an erect position, (27) as such injuries—especially those caused by the compres-
sion mechanism and resulting in bone bruises in the central parts of tibial and femoral
condyles—occur only when the limb is loaded by body mass. When the victim is run over
while in the recumbent position, the injuries are noncharacteristic and usually occur only
when the wheel rolls directly over the ankle or knee. Running over of the pedestrian may
cause external dislocations of the femoral head outside the acetabulum; such hip-related
injuries are not normally observed in victims who were standing erect when hit (7).

When a standing pedestrian is hit by a passenger car, protruding elements of the car
hit much lower than the victim’s center of gravity, causing the victim’s upper body to
rotate in the direction opposite that of the speed vector of the car. One or both ankles
(depending on whether the victim was standing still or walking when hit) may twist
along the rotation axis, causing the body to spread over the hood, in which case the thigh
and hip regions are hit first, followed by the trunk and head (4). In this hits caused by
small- or medium-sized passenger cars of a trapezoidal or pontoon body, the site of pri-
mary impact is usually located in the middle or proximal part of the shins (medium-
height victims). Large passenger cars and delivery vans hit at the level of the knee, and
trucks with a high bumper may hit the proximal thigh or hip girdle (such a “high” impact
is likely to knock the pedestrian down, which increases the risk of a secondary runover).
During the first phase of the accident, the victim’s body “adjusts” to the shape of the
front of the vehicle, and the place of force application determines the type of pathologi-
cal dislocation that will occur in the joint structures and consequently the mechanism of
ankle and knee-joint injuries. On the other hand, injuries to proximal femoral epiphyses
(the greater trochanter area) are good markers of an ipsilateral hit while the victim was in
the erect position, no matter what the shape of body of the car (7,26).

In contrast to passenger cars, trucks with a high bumper location often cause a
reversed complex of injuries in both the knee and ankle joints (the lever principle; com-
pare Fig. 23 and Table 3). Delivery vans, light trucks, sport utility vehicles, pickups, and
large passenger cars usually cause a reversed complex of injuries in ankle joints only.
Very low hits at the level of distal shin parts resulting in reversed injury complexes in the
knee are rare (e.g., they are seen in tall victims and with intensive braking of the vehicles
before the accident; particularly those vehicles with low floor and a wedge-shaped
body). In short victims, the passenger-car hits resemble the delivery-van hits whereas in
children they resemble the truck hits (7,24,26,27).

Therefore, the mechanism of knee-joint injuries should always be considered
within the context of every circumstance of the accident and the shape of car body.
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Fig. 23. The most common mechanisms of ankle and knee-joint injuries and the mecha-
nisms of shoe—sole scratches in pedestrian hits caused by small passenger cars and trucks
with a high bumper location. Compression forces (C); tension forces (T).

Table 3
The Most Common Mechanisms of Ankle- and Knee-Joint Injury in Pedestrians Hit
by Vehicles With Various Vehicular Body Shapes

Vehicle Impact Mechanisms of Injury According to Hit Direction

Joint  Type Height  Anterior Posterior Lateral Medial

Ankle Passenger shin dorsal flexion  plantar flexion pronation supination
Van™ knee  plantar flexion dorsal flexion supination pronation
Truck thigh  plantar flexion dorsal flexion supination pronation

Knee Passenger shin hyperextension translocation®*  valgus flexion varus flexion
Van™ knee  hyperextension — valgus flexion varus flexion
Truck thigh - hyperextension varus flexion  valgus flexion

*isolated injury to the ACL due to anterior translocation of the proximal tibial epiphysis in rela-
tion to the femoral condyles.

**also sport utility vehicles, pickups, or large passenger cars (non breaking).

ACL, anterior cruciate ligament.
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Fig. 24. The shoe-sole scratches indicate the impact direction and walking phase of the
pedestrian.

However, when the impact direction is explicitly defined (e.g., on the basis of soft-tissue
injuries), the findings in knee- and ankle-joint injuries may be used to determine the
type of vehicle that was involved, particularly in hit-and-run accidents.

The mechanism of ankle-joint injury often correlates with scratches on the soles
of the shoes (28) near the edge of the shoe. When a small passenger car is involved,
these scratches are usually found on the side ipsilateral to the side of the vehicle that
made contact with the body; when a truck with a high bumper is involved, they are usu-
ally found on the side of the shoe that is contralateral to the side of the body that was
struck. In some cases, the location of these scratches can be used to determine the walk-
ing phase during which the individual was struck (Fig. 24).

In oblique pedestrian hits, mixed injury complexes are likely to occur in the region
of ankle and knee joints, e.g., during dorsal flexion with the pronation component and
during hyperextension with the valgus-flexion component in passenger-car anterolateral
hits (24,27). In corner hits (Fig. 25) or sideswipes, rotation may occur within the ankle
joint, e.g., a corner of the car may rub against the lateral side of a pedestrian walking
along the road, resulting in a pronation-rotation trimalleolar fracture (Fig. 19, part 3).
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Fig. 25. Rotation of the victim’s body in a car-to-pedestrian hit.
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2.7.2. Car-to-Bicycle Accidents

Ankle- and knee-joint injuries are only slightly less common in cyclists than in
pedestrians. This indicates that the pressure exerted on the bicycle pedals by the legs
plays a role similar to that of body mass loading in the extremities in pedestrians.

In passenger-car-cyclist hits, the mechanisms involved in ankle-joint injuries (in back
and lateral hits) are the same as those in similar pedestrian groups. Injuries to the knee joint
are identical to those in pedestrians in lateral hits, only; in front and back hits, passenger
cars cause primarily “reversed” injury complexes (Fig. 26). For example, hyperextension
of the knee is a typical marker of a back hit in cyclists. Passenger cars usually do not cause
knee joint injuries in front hits of cyclists, while almost all such hits cause hyperextension-
related injuries in pedestrians (similar to cyclists hit in the front by a truck) (26).

The relations described above may be used to distinguish the means by which a
cyclist was hit vs a pedestrian walking with a bike. Bruises in the subcutaneous tissue
beneath the medial aspects of the proximal femur (and the scrotal sac in men; Fig. 27)
may be used for this purpose, since they are more common in cyclists (due to contact
with the saddle) than in pedestrians (26). In oblique passenger car-to-bicycle hits (usu-
ally at an angle of <30°) the cyclist’s thighs and buttocks rotate the saddle in the direc-
tion opposite to the site of impact (Fig. 28), whereas in a perpendicular hit, the saddle
rotates towards the striking vehicle (Fig. 29) (30).

2.7.3. Inside-Car Casualties

Injuries to ankle joints and foot bones are common in car occupants and develop
most often during front hits primarily as a result of floor intrusion (equally common in
drivers and passengers), contact with pedals, and the foot becoming trapped under pedals
(in drivers only, and more frequently in the right than in the left leg). The imprints of con-
trol pedals on the soles of shoes may be used to determine the circumstances responsible for
injuries and to identify the driver. The mechanism of ankle-joint injuries consists of axial
loading with simultaneous rapid dorsal flexion, supination, or pronation of the foot (37).

Knee-joint injuries result from contact between the legs and the dashboard. Any of
four different mechanisms may be involved (Fig. 30), based on the shape of the passen-
ger compartment, the position of the passenger’s seat, and the passenger’s height, as
well as whether the victim was belted or the occupant’s compartment was compressed
(32). The determination of the site of contact between the legs and elements of the car’s
interior makes it easier to find trouser cloth that has rubbed off or melted into plastic
dashboard elements. If the occupant’s chamber was not compressed and the control
panel was not translocated, the presence of dashboard injuries indicates that the victim
was not belted on collision.

The most common contact is made between the front surface of a bent knee and
the dashboard. This is likely to cause fractures between the patella and acetabulum
(Fig. 30, part 1a—f, Fig. 31).

Such injuries are equally common in drivers and car occupants, and the nature of
hip injuries may also indicate the position of the victim in his or her seat (compare
Subheading 2.6 and Fig. 22).

In nonbelted occupants, the knee is more likely to be hyperextended (Fig. 30, part 4)
in the front seat passenger when he is thrown from the car through the windscreen. On
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Fig. 26. The most common mechanisms of ankle and knee joint injuries in cyclists hit by
passenger cars and a truck with a high bumper location.

the other hand, drivers are likely to experience splitting-compression fractures of the
tibial plateau as a result of pressure on the femoral condyles when a leg is trapped
between the floor and instrument panel (Fig. 30, part 3).
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Fig. 27. Bruises in the perineum, scrotal sac (incised), and subcutaneous tissue of the medial
surface of the right thigh and right groin in the cyclist caused by contact with the saddle.
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Fig. 28. The direction of rotation of the saddle in car-to-bicycle collisions in the left
oblique hit (1) and left perpendicular hit (2).
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Fig. 29. The direction of knee joint dislocation and rotation of the saddle in car-bicycle
collisions in relation to the direction of the impact. See Color Plate 1V, following page 240.
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Fig. 31. The dashboard injury complex: “watch-glass-break”-type fracture of patella,
femoral condyles splitting fracture, and acetabulum fracture.
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2.7.4. Motorcycle Accidents

From the perspective of a forensic expert, the major difficulty in evaluating motor-
cycle accidents is to identify the motorcycle driver and passenger rather than to determine
the impact direction (which is usually explicitly shown by the motorcycle damage).

The lateral car-to-motorcycle hits are similar to car-to-bicycle hits and may result
in similar injuries to joint structures of the lower limbs (both in drivers and passengers).
In frontal hits (both in high and low obstacles), the situation of motorcyclists is similar to
that of car drivers and the motorcycle passenger is “protected” by the driver’s body sus-
taining no serious lower limb injuries (moving along the driver’s back, the passenger is
thrown off the motorcycle and sustains some secondary injuries after hitting the road).
The driver moving to the front due to inertia often hits the motorcycle elements with his
knees sustaining injuries similar to the “dashboard” injuries in car occupants (also simi-
lar to the perineum injuries in cyclists). Moreover, the motorcycle driver is more bound
than the bicycle rider to his vehicle and frequently sustains lower limb injuries when
pressed by the motorcycle after collapsing or rubbing against the road surface (33).

3. TRIALS ESTIMATING THE SPEED OF VEHICLE
AT THE MOMENT OF COLLISION

So far attempts to determine the crash speed on the basis of the severity of injuries
have brought no reliable (sufficiently precise and repeatable) methods of crash-speed
determination (5). The commonly used methods of injury scaling (AIS, ISS, CRIS) are
useful only for statistical studies as they show a high level of error between the esti-
mated extent of injury and the real collision speed in particular cases.

Studies (8,29,34,35) of car-to-pedestrian accidents have led only to some general
conclusions (beside the obvious one, that the fracture frequency increases with the col-
lision speed), e.g., the greater the lower limb body-mass load and the older the victim,
the greater the risk of lower limb fractures. According to Spitz (9), bumper fractures
may occur at collision speeds above 20 km/h (14 mph) and the multi-fragment fractures
as a rule are observed above 40 km/h (25 mph). At speeds higher than 90-100 km/h
(60 mph) inguinal skin ruptures (Fig. 32) usually are present (they never occur below
50 km/h = 30 mph) and the limbs often get amputated (Fig. 33) as the limb is pulled
under the front bumper of the car and disrupted due to the pulling by the upper body
part thrown over the car-front (the disrupted distal limb may still be held by the skin or
clothes and be completely severed during the “somersault” over the car—sometimes
the limb is found very far from the hit site).

The injuries to knee and ankle joints are almost useless in estimating the collision
speed, as they are caused by indirect bending mechanisms and occur even at low colli-
sion speeds. The ankle fractures result from the body-mass loaded shin—fixed foot translo-
cation and often are found in accidental falls unrelated to traffic incidents. The main cause
of knee joint injuries, however, is the pressure exerted by femoral and tibial joint struc-
tures, while the car is responsible only for pathological dislocation of these structures.

Thus, the determination of collision speed on the basis of the character of injuries
can be only approximate, and the opinions should be left to traffic experts and their
technical criteria (e.g., tire marks, throw distance, the area of glass scattering, wrap
around distance).
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Fig. 32. Inguinal skin rupture.

Fig. 33. Lower limb amputation in the pedestrian victim.

4. EXAMPLES OF RECONSTRUCTION

4.1. Sample Case 1

An 81-yr-old pedestrian was hit by the front of a delivery van. The driver and
passenger of Ford claimed that the pedestrian had run under the car from the right
pavement. Although there were no other witnesses, it was determined that the pedestrian
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Fig. 34. The mechanism of ankle, knee, and right hip joint injuries in case 1.

had left home to go to church located on the right side of the road (looking from the
driver’s position, he would have crossed the road from the left to the right side). The
autopsy revealed several injuries that support this (Fig. 34):

e damage to the lower attachment of the medial part of joint capsule due to valgus flexion
of the right knee joint,

e abimalleolar fracture of the right ankle due to the supination mechanism,

e abimalleolar fracture of the left ankle due to the pronation mechanism,

e a central fracture of the right hip joint and bruises on the right greater trochanter
section,

e injuries to the soft tissues and organs mainly located on the right body side and contralat-
eral avulsion of the cervical spine ligaments.

4.2. Sample Case 2

A 20-yr-old injured man was found at the end of bloody marks indicating his
having been dragged along the road for 1365 m. Without regaining consciousness, he
died of brain injuries within 24 h. The next day a vehicle was found with a broken
lower edge of the front plastic material under the front bumper and with some traces of
victim’s tissues and torn clothes on the chassis.

Beside the characteristic injuries of dragging along the rough surface (extensive
epithelial excoriations and oval head wound with abraded external lamina of the right
parietal bone), the autopsy revealed the injuries typical of an earlier front hit in the erect
position: subcutaneous bruises in front surfaces of both shins with noncharacteristic
fractures of both bones of the right shin, injuries to both knee joints characteristic of the
hyperextension mechanism (disruption of the posterior part of the joint capsule with
attachment bruises of both collateral ligaments; and on the right side, the patella frac-
ture, disruption of both crucial ligaments and massive bone bruises within the region of
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the anterior tibial edge), and injuries to the right ankle joint characteristic of the dorsal
flexion mechanism (crushing of the anterior edge of the distal tibial epiphysis).

Those findings demonstrated that the earlier hit was caused by another vehicle

because the car had no signs of any repairs. This hypothesis was confirmed by fiber
examinations of the victim’s clothes that revealed microtraces of glass particles and
paint belonging to another car.
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Chapter 11

Biomechanical Analysis of Slip, Trip,
and Fall Accidents

Scott D. Batterman, PhD and Steven C. Batterman, PhD

1. INTRODUCTION

Traumatic injuries and deaths resulting from slip, trip, and fall accidents are a sig-
nificant public health problem in the United States. The economic loss due to lost
employment time is an important factor in many industrial settings and the likelihood of
injuries resulting from slip, trip, and fall accidents is an increasing concern in general,
particularly as the population ages. It is reported that in the year 2000, there were approx
8.1 million visits to emergency rooms as a result of accidental falls, which constitutes
approx 20% of the total number of reported emergency room visits in that year (/).
Amongst the elderly living in the general population, it is reported that approx 30% of
those over the age of 65 fall each year, and for those over 80 yr old, the rate is approx
40% (2). Others estimate that on average more than 16,000 people die each year as a
result of fall related injuries (3). Injuries resulting from slip, trip, and fall accidents are
not limited to a single region of the body and include injuries to the foot, ankle, knee,
hip, and head. As a result of this epidemic in slip, trip, and fall-related injuries, numer-
ous measures have been undertaken in an attempt to reduce the number of slip-and-fall
accidents including, but not limited to, the use of slip-resistant materials on walkway
surfaces and prescribed shoe outsole materials and patterns.

In addition, numerous researchers are studying the biomechanics of human walk-
ing and locomotion in order to identify the parameters that influence gait and the occur-
rence of the onset of slip. Various factors known to influence the likelihood of a slip
have been quantified and ranked by numerous investigators. For the purposes of this
chapter, a slip is defined as one that is large enough to be perceptible to the walker with
an associated potential for a loss of balance.
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Much of the current work being done in the field of walkway safety is in the area
of tribometry, i.e., the characterization and measurement of slip resistance of surfaces in
contact using an instrument known as a tribometer. Tribology refers to the study of fric-
tion, lubrication, and wear of interacting surfaces that are in relative motion with respect
to each other. Classical notions of slip resistance and the analysis of slip-and-fall acci-
dents have typically revolved around Coulomb friction concepts, although these concepts
do have acknowledged shortcomings when applied to deformable or compliant materials
in contact. For hard, rigid, dry, material contact surfaces, Coulomb demonstrated that the
magnitude of the friction force (F) acting on the contact surfaces in opposition to rela-
tive motion between the surfaces is proportional to the magnitude of the normal force
(N). However, the constant of proportionality, i, differs with the state of motion. For an
impending slip at, or immediately prior to, relative motion between the surfaces, the
magnitude of the friction force

F=uN

s

and for contact surfaces in relative motion, the magnitude of the friction force
F=uN

where p_is the coefficient of static friction and g, is the coefficient of kinetic (dynamic)
friction. We note that 4 is typically higher than u, and that u_and u, are functions of
both materials in contact. In Coulomb friction theory, the friction force is independent
of both the contact area and the relative speed of the materials in contact once relative
motion of the surfaces has commenced. For compliant (deformable) materials in con-
tact, such as shoe outsole and flooring materials, these are simplifying assumptions,
which may not lead to an appropriate model in many circumstances. It is well known
that the onset of a slip is a function of many factors, and the probability of a slip occur-
ring cannot typically be based on a single quantity or parameter, such as the coefficient of
friction, U, or any other measure of the slip resistance alone. Anthropometric and gait
specific parameters must also be considered when developing models and criteria to
predict the onset of slip.

2. REMARKS ON TRIBOMETRY

The American Society for Testing and Materials (ASTM), through the F-13 commit-
tee on Safety and Traction for Footwear, has developed and continues to propose and
develop numerous consensus standards intended to promote uniformity in the characteri-
zation and measurement of slip resistance. As a general rule, practitioners in the field of
walkway safety consider a safe walkway surface to be one with a measured static coeffi-
cient of friction, u, of 0.5, or higher. However, historically, the 0.5 value was defined in
the ASTM standards specifically for testing performed with the James Machine. See Sacher
(4) for a historical review of the development of the generally accepted 0.5 value for i
used to define a safe walkway. Utilizing a simple trigonometric model, Ekkebus and Killey
(5) determined that for straight ahead forward walking on a level surface at moderate
speeds, the required coefficient of friction necessary to prevent slip is typically on the order
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of 0.30 to 0.45, which is consistent with some force plate measurements (6). For some,
this provided justification for the choice of p = 0.5 as a threshold value defining a safe
walkway surface. More recent work by Powers et al. (7) suggests that the Ekkebus and
Killey model may overestimate the amount of friction necessary to prevent slip. It is also
noted, however, that for handicapped accessible walkways, compliance with the Americans
With Disabilities Act (ADA) requires a minimum static coefficient of friction, y, of 0.6 on
level surfaces and 0.8 on ramps (6).

Numerous tribometers are currently in use by practitioners to assess slip resistance,
including, but not necessarily limited to, the James Machine, the Portable Articulated Strut
Tribometer (PAST), the Portable Inclined Articulated Strut Tribometer (PIAST), the Variable
Incidence Tribometer (VIT), the Sigler Pendulum Tester, the Horizontal Pull Slipmeter (HPS),
and other drag-sled type devices. All of the aforementioned instruments are portable and can be
brought to the subject walkway for use in field testing, with the exception of the James Machine,
which is a nonportable laboratory machine that samples must be brought to for testing.

It is well known that the different types of tribometers yield different results on
the same walkway surfaces, although the proponents of each all claim to be measur-
ing the slip resistance of each surface. Some of the differences in results appear to
arise, at least in part, from the fact that the different tribometers apparently measure
different types of friction, i.e., some appear to measure static slip resistance while
others appear to measure dynamic slip resistance. Differences also arise relating to
the manner in which each device applies the load to the walkway surface during the
testing, i.e., the time interval between the application of the normal and tangential
surface loads. For example, for the HPS and other drag sled type devices, the device is
placed on the test surface and the vertical load is, therefore, applied to the surface prior
to the application of the tangential load. For the various pendulum, VIT, and articulated
strut testers, the application of the vertical and tangential loads is essentially simultane-
ous and thus minimizes the effects of adhesion and/or “sticktion” during the testing pro-
cess. It is well known that the residence time of the test device in contact with a
walkway surface prior to the application of the tangential load can greatly affect the test
results. This phenomenon can lead to erroneously high slip resistance results, particularly
on wet surfaces. For wet testing, this phenomenon is often referred to as “sticktion.” The
term adhesion is typically used to describe the phenomenon on dry surfaces.

The lack of uniformity in testing devices, results, and procedures raises serious
questions not only about current testing methodologies, but also about whether the
Coulomb friction model alone is appropriate for modeling shoe (foot)—walkway inter-
actions. It is noted that the Coulomb friction model was initially proposed to describe
the behavior of hard rigid material bodies in contact and not the relatively soft compli-
ant materials utilized in walkway and/or shoe outsole materials. A rigorous engineering
model and analysis by Batterman et al. (8) based in part on using Coulomb friction as
the slip resistance measure, although any other measure can be used, also incorporates
other anthropometric and gait related factors. This model rigorously demonstrates that
the onset of a slip is not only dependent on the chosen measure of slip resistance, u, but
is also strongly dependent on walking speed and stride length, as well as a newly defined
Anthropometric Gait Index (AGI) introduced by Batterman et al. and discussed in detail
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below. The newly defined AGI can vary significantly between individuals or similar
anthropometric groupings of individuals.

It is noted for completeness that proponents of PIAST, VIT, and pendulum-type
tribometers also claim that their devices produce reliable measures of slip resistance
for fluid contaminated (wet) surfaces, with the rationale being that since the normal
and tangential surface loads are essentially simultaneously applied to the wet walkway
surface, the results account for the hydrodynamic effect of the fluid contaminant layer,
as discussed above. However, due to the relatively more complicated dynamics involved
in analyzing slip on a wet walkway surface, and taking proper tribology concepts into
account, it has not been conclusively demonstrated that any of the aforementioned tri-
bometers are truly suitable for wet testing. As shown by Batterman et al. (8), slip on a
wet surface is explicitly dependent on foot speed at contact, stride length, the area of
shoe (foot) contact, the absolute viscosity of the fluid (1), the depth of the fluid con-
taminant layer, the appropriate AGI, and the amount of shoe/foot—walkway interaction.
Furthermore, Medoff et al. (9) performed tests on wet and dry quarry and glazed tile
surfaces using both VIT and PIAST tribometers. Tests were performed with each tri-
bometer using both smooth and patterned test feet. Their results demonstrate that for
wet testing, large variations in measured slip resistance are observed between smooth
and textured test feet, even for the same tribometer. These results indicate that the
interaction between the shoe and walkway surfaces is dependent upon the ability of the
contacting surface of the shoe to penetrate and displace the fluid on shoe contact.
Therefore, the occurrence of slip on a wet surface is also dependent upon the textured
pattern on the heel and/or shoe outsole.

When analyzing a slip and fall accident, it is not enough to simply attempt to char-
acterize the slip resistance of the shoe—walkway interface. Individual gait characteristics
also influence the onset, or occurrence, of a slip. For instance, some people may be able
to negotiate a walkway surface without incident, while others attempting to negotiate
the same walkway in the same, or substantially similar, footwear may slip and fall. Even
if a consensus was to be reached as to which tribometer and/or testing method most
accurately characterizes the slip resistance of a given walkway, that number alone
would have only limited utility in determining those individuals prone to slip and fall.
This will be addressed in further detail below. Noting that each individual will have
unique gait characteristics that will influence the propensity to slip, trip, and/or fall in
any given situation, a brief but basic discussion of human gait follows.

3. HumaN GAIT

Human walking is bipedal and is characterized by successive alternating periods of a
single leg stance during which time the other leg is swinging forward, followed by a brief
period when both feet are in contact with the ground. This is distinct from running, which
does not involve any periods of time when both feet are in simultaneous contact with the
ground. In fact, during running there are periods of time when neither foot is making
ground contact. While both walking and running are highly dynamic processes, all of the
discussions herein are limited to walking. McMahon (/0) provides a description of the six
determinants of normal gait originally presented by Saunders, Inman, and Eberhart (717)
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in 1953. In this model, normal gait is broken into the following six determinants. Note that
each determinant allows for the introduction of an additional degree of freedom.

e Compass gait: During compass gait, the stance leg remains stiff at all times and the trunk
moves along an arc in the direction of motion. The radius of the arc is determined by the
stiffened leg length.

e Pelvic rotation: This is the next level of complexity and allows for a rotational motion
of the pelvis about a vertical axis during stepping. This allows the hip on the swing side
to trace out a greater arc, allowing a longer step length.

e Pelvic tilt: By allowing the hip on the swing side to fall below the hip on the stance
side, the arc traced out by the pelvis in the direction of motion (first described during
compass gait) is flattened out, resulting in a more direct motion of the pelvis in the
walking direction. The introduction of this determinant requires that flexion be allowed
in the swing leg.

e Stance leg knee flexion: This determinant is added to further flatten out the arcs that
are traced out by the center of the pelvis.

e Plantar flexion of the stance ankle: This ankle degree of freedom is added to allow
the foot to rotate down during the transition from the double support phase (i.e., when
both feet are in contact with the ground) to push-off (referred to as toe-off by some
authors).

e Lateral displacement of the pelvis: Since load is alternately transferred from one leg to
the other during walking, the body tends to rock from side to side during walking.

Further detail and additional references are provided in McMahon (10).

At the conclusion of the swing phase, during a normal gait cycle the heel contacts
the walkway surface, commonly referred to as heel strike. Immediately following heel
strike, the foot (shoe) is decelerated to a zero forward velocity as it continues to roll
down into complete ground contact (stance) and the push-off phase of the gait cycle.
However, if sufficient friction force at the interface cannot be developed to decelerate
the heel to a zero forward velocity, a heel slip occurs. Slips can also occur after the shoe
(foot) rolls down into complete walkway surface contact and enters the push-off (toe-
off) phase.

To better understand the force—time history of the ground reaction forces during
the various phases of gait, Fig. 1 shows force plate measurements from walking exper-
iments conducted in 1993 by members of the ASTM F-13 Committee on Safety and
Traction for Footwear at the Center for Locomotion Studies, Pennsylvania State
University. While the actual measured force traces will vary among individuals, these
plots are shown simply to illustrate commonly observed trends. As shown in Fig. 1A,
following heel strike the normal force rises rapidly to levels well in excess of body
weight prior to reaching a maximum and starting to fall off, subsequently reaching a
minimum during the double-support phase when both feet are in contact with the
ground. At push-off, the normal force again begins to rise, reaching a second peak prior
to a decrease in load and the commencement of the swing phase. Figure 1B shows the
simultaneous force—time histories of the in-plane walking (anterior/posterior) direction
and the lateral/medial force components. Note that the in-plane force components
reverse direction during the loading history. This is not surprising and is, in fact, neces-
sary for a normal gait cycle, particularly in the walking (anterior/posterior) direction.
At heel strike, the foot is moving forward and must be decelerated to a zero forward
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Fig. 1. Measured force-time histories for a 750-N (168.5 Ib) individual stepping onto a
force plate. Note that in (A) the peak normal force is well in excess of the body weight. In
(B), the in-plane forces are shown. Note the change in direction of the applied in-plane
forces as the foot is decelerated and then pushes off.

velocity in order to prevent slip. Therefore, the in-plane forces must act in a direction
to oppose the motion of the foot. On successful deceleration of the foot, the resultant
in-plane force must be applied to the bottom of the foot in the direction of motion to
continue the normal gait cycle. It is further noted for completeness that by Newton’s
third law of motion the forces acting on the shoe are equal and opposite to those acting
on the floor, or force plate. Slip at heel strike occurs when the friction forces acting on
the heel are insufficient to decelerate the foot to a zero forward velocity. Slip at push-off
occurs when insufficient friction can be developed to prevent the shoe from slipping dur-
ing push-off. Therefore, when modeling slip at heel strike, the relevant friction force is
defined in terms of the coefficient of kinetic (dynamic) friction (1,). When modeling
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slip at push-off, the foot or shoe in contact with the ground accelerates from a zero for-
ward velocity. Therefore, for slip at push-off, the threshold friction force, defined by the
coefficient of static friction (i ), must be overcome for slip to occur.

4. MECHANICS OF MACROSLIP

Batterman et al. (8) recently proposed a velocity dependent (or viscous) shear
model for the prediction of the onset of macroslip, in which slip is predicted to occur
when combinations of relevant factors known to affect the onset of slip combine to
reach a threshold value. Macroslip is defined herein to be a slip that is large enough
to be perceived by the walker, with a high probability of leading to a loss of balance.
For the purposes of this chapter, the terms slip and macroslip are used interchange-
ably. Since slip occurs when sufficient friction forces cannot be developed at the
shoe—floor interface to provide the ground reaction forces necessary to maintain normal
gait, the threshold value is chosen to have units of force. Assuming that slip is a
function of the mass of an individual, the horizontal walking speed at the center of
mass, and the stride length, it follows from dimensional analysis that for the onset of
slip on a hard, flat, dry, level surface the proposed criterion takes the following form:

C,MV?

FT‘T’ (1)

where F_is the threshold friction force defining the onset of macroslip; ¢  is an experimen-
tally deterrmned dimensionless anthropometric constant, or Anthropometnc Gait Index
(AGI); i = k for slip at heel strike; i = s for slip at push-off; M is the mass of the individual; V
is the forward (horizontal) walking speed at the center of mass of the individual; and L is the
stride length. For the discussion herein, the stride length, L, is understood to be the step length.

As long as the maximum friction force generated at the shoe-floor interface, defined
by the right side of equation 1, is below the threshold value (F ), a macroslip is not likely
to occur. Slip is predicted to occur when the right side of equation 1 is greater than, or
equal to, the threshold friction force, F_. For simplicity, and the purposes of this presen-
tation, as well as to avoid any unnecessary controversy concerning a slip resistance
measure, F'_ shall be defined utilizing Coulomb friction concepts, i.e.:

F=uN.

However, we again emphasize that any consistent slip resistance measure can be used in
the model without any loss of generality. Furthermore, as demonstrated in Fig. 1, walking
is a dynamic process with time-varying force components. In order to further simplify
the analysis, as well as for the purpose of defining a threshold value for the onset of slip,
the normal force N, is taken to be a constant equal to the weight, W, of the individual. It
can then be demonstrated by a straight substitution of F'_into equation 1 that the condi-
tion for the onset of slip on a dry, level surface can be written as follows:

Cc,V?
oL ——2u,, )
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where g is the acceleration due to gravity. At the risk of being redundant, we note and
emphasize that the utility of this model is independent of the testing method as long as
the relevant coefficient of friction, or slip resistance measure, and anthropometric
parameters are consistently defined throughout. For slip at heel strike (or push-off), for
example, the AGI (C,) can be experimentally determined by having test subjects in the
same footwear negotiate a walkway surface of a predetermined y, and measuring the
walking speed and stride length at increasingly faster walking speeds until a macroslip
occurs at heel strike (or push-off). Equation 2 can then be rearranged and used to calcu-
late the appropriate AGI for the combination of walking speed, V, and stride length, L, at
which macroslip first occurs, i.e.:

gL
C, =“{%.
We parenthetically note that even for the same individual, the AGI on a given surface
will likely be a function of the footwear.

Although mathematically more complex, the same methodology can be
extended to model slip on a wet walkway surface. The fluid contaminant layer at
the shoe-fluid-floor interface is modeled as a thin, continuous hydrodynamic film.
In accord with hydrodynamic film theory, the pressure in the film does not vary
with depth, and is a function of the horizontal position only. The composite behavior
of the interface is modeled as a Bingham Plastic like fluid, and described by the
following relationship.

T=T,+NK 3)

where 7 is the shear stress and T, is the critical shearing stress necessary to commence
shearing deformation in the fluid contaminant layer. Although, there are numerous
choices, the following form for T, is simple and captures the essential elements of the
theory. The assumed form is as follows:

W

Ealab )
T, arises as a result of the compliances and microtextures of both the walkway surface
and the shoe outsole materials, as well as the depth of the fluid contaminant between
the walkway and shoe outsole, and the speed of the foot at first contact. The shoe out-
sole, or heel, pattern will also likely influence the value of 7, as discussed above, and
demonstrated by Medoff, et al. (9). These effects are incorporated into the model
through the S 4 factor, which represents the amount of surface-shoe interaction as a frac-
tion of the coefficient of friction, (u,). W is the weight of the individual, and A_ is the
contact area of the shoe (foot) with the wet walkway surface at the commencement of
slip. It is noted that T, can be defined in terms of either y_or u, as long as S 5 is consis-
tently defined. Note that for the case of pure hydroplaning T, is equal to zero. 7 is the
absolute viscosity of the fluid (slope of the stress-strain rate curve) once shearing com-
mences, and ¥ is the shear strain rate (dv/dy) through the fluid layer. For the prediction
of slip on a wet walkway surface, equation 1 is modified as follows to yield the wet slip
criterion:
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C,MV?

(7, +n)a, = =, 5)
where C, . is the corresponding AGI to the one defined in the dry model. Here, as before,
i = k for slip at heel strike; i = s for slip at push-off. V is the forward (horizontal) speed
of the foot at first contact with the fluid/floor interface for i = k, and the forward (hori-
zontal) speed of the center of mass of the individual for i = s, and all other quantities
are as previously defined. For slip at push-off, the shoe (foot) commences slip from a
zero forward velocity, with the shoe and trapped fluid contaminant layer considered to
initially slip together relative to the walkway surface. Therefore, there is no velocity
gradient through the fluid thickness and y = 0, initially. The threshold friction force, F,
therefore, becomes equal to T A . In this case, equation 5 reduces identically to the dry
slip criterion (equation 1) and it follows that C = C,. For the onset of slip at heel
strike on a wet walkway surface it can be demonstrated that:

*_ 2
M_nx{_f h*:O, (6)

C

which is a quadratic equation in terms of the forward foot speed (x) at heel strike. /¥ is
the depth of the fluid contaminant layer between the heel and the walkway surface at the
point of maximum pressure in the fluid layer. All other terms are as previously defined. If
the simplifying assumption is made that the forward foot speed (x) is equal to the forward
(horizontal) speed of the center of mass of the individual at the moment of heel strike,
equation 6 may be rewritten in terms of the walking speed at the center of mass, V, as:

C, Mh"V?

Wi -nV-1,h" =0. (7

For the case where the aforementioned simplifying assumption cannot be made, it can
be demonstrated that:
2

* _Cu (8)
V2oC,

For illustrative purposes, consider an individual weighing 165 Ib walking on a dry, u,
= 0.50, surface who was found to commence a macroslip at heel strike at a walking
speed, V =4.4 ft/s, and a stride length, L = 2.5 ft. Using equation 2, the AGI for this indi-
vidual is C, = 2.08. Curves can then be generated for the prediction of macroslip as a
function of walking speed, V, and stride length, L, for various coefficients of friction, or
other slip resistance measures and values of the AGI (Figs. 2 and 3). As shown in the fig-
ures, the proposed model not only defines the likelihood of a slip on a given walkway,
but also quantifies the likelihood of a slip when stepping between surfaces with varying
coefficients of friction, or slip resistances. Curves can also be generated which demon-
strate and quantify the difference in slip potential for different individuals on the same
walkway surface, or for the same individual on a walkway surface in differing footwear,
i.e., differing values of the AGI on the same walkway (Fig. 4). Figures 5 and 6 compare
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Fig. 2. Slip as a function of walking speed and stride length. Slip criterion for an exem-
plar individual. u, = 0.50 and C_, = 2.08. Note that point A denotes a point at which slip
is likely to occur for this individual. Reprinted from ref. 8 with permission from Taylor &
Francis and CRC Press.
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Fig. 3. Difference in slip potential for the same individual on two different walkway sur-
faces. Reprinted from ref. 8 with permission from Taylor & Francis and CRC Press.

the prediction of slip for the same individual on the same walkway surface under both
wet and dry conditions for two different values of S ;- The wet walkway conditions used
in the figures are as follows:

absolute viscosity (17) = 2.09 x 107> Ib-s/ft?

fluid contaminant depth (2") = 0.01 in (8.33 x 107 ft)
wet contact area (A ) = 1 in? (6.94 x 1072 ft2).
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Fig. 4. Difference in slip potential for two values of the AGI on the same (, = 0.50) walk-
way surface. Reprinted from ref. 8 with permission from Taylor & Francis and CRC Press.
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Fig. 5. Comparison of slip potential between wet and dry (i, = 0.50) walkway surfaces.
Reprinted from ref. 8 with permission from Taylor & Francis and CRC Press.

C, and C , are both taken to be 2.08, consistent with the simplifying assumption dis-
cussed above.As expected, the addition of a thin fluid film lowers the slip resistance,
and it is also noted that for Sﬁ = 1.0, the predictions of the wet model reduce to those of
the dry model.

Not all falls are precipitated by slips. Trips, for instance, result from a disruption
in the motion of the swinging leg, typically by a raised obstruction, or misstep. During
a tripping event the swinging leg is suddenly stopped, or slowed, resulting in a tendency
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Fig. 6. Comparison of slip potential between wet and dry (i, = 0.50) walkway surfaces.
Reprinted from ref. 8 with permission from Taylor & Francis and CRC Press.

for the walker to fall forward. Falls resulting from a slip at push-off will also often result
in a tendency for the walker to fall forward, while a slip at heel strike will typically
result in a tendency to fall backwards. Often, falls may result from a combined mecha-
nism of slipping and tripping. For example, an event may kinematically begin as a slip
with a partial recovery and a subsequent stumble and/or trip. Therefore, to properly iden-
tify the injury mechanism, it is important to biomechanically analyze the kinematics of
the entire fall sequence.

5. SUMMARY

Injuries and deaths resulting from slip, trip and fall accidents constitute a major
public health concern in the United States and throughout the world. Major research
efforts are currently underway to track, analyze, and prevent slip, trip and fall accidents.
In this chapter, we have presented a brief overview of some of the methods used to mea-
sure walkway slip resistance and to analyze the probability of slip resulting in a fall. The
biomechanical analysis of slip, trip, and fall accidents is a vast topic and the subject of
ongoing research. For additional information, the reader is referred to the references at
the end of the chapter, which is by no means an exhaustive list.

REFERENCES

1. Injury Facts, 2002 Edition, National Safety Council.

2. Englander F, Hodson TJ, Terrerossa RA. Economic dimensions of slip and fall injuries. J Foren Sci
41:733-746 (1996).

3. DiPilla S, Vidal K. State of the Art in Slip-Resistance Measurement A review of current standards and
continuing developments, Professional Safety, June 2002.

4. Sacher A. Slip resistance and the James Machine 0.5 static coefficient of friction: sine qua non. ASTM
Standardization News, August:52-59 (1993).



Biomechanical Analysis of Slip, Trip, and Fall Accidents 355

10.
11.

Ekkebus CF, Killey W. Measurement of safe walkway surfaces. Soap—Cosmetics—Chemical
Specialties, February, 1973.

Marpet MI. On threshold values that separate pedestrian walkways that are slip resistant from those
that are not. J Forensic Sci 41:747-755 (1996).

Powers CM, Burnfield JM, Lim P, Brault JM, Flynn JE. Utilized coefficient of friction during walk-
ing: static estimates exceed measured values. J Forensic Sci 47:1303-1308 (2002).

Batterman SD, Batterman SC, Medoff HP. Mechanics of Macroslip: A new phenomenological theory.
In: McCabe PT, ed. Contemporary ergonomics. Boca Raton, Fla: CRC Press, 2004.

Medoff H, Fleisher DH, Di Pilla S. Comparison of slip resistance measurements between two tri-
bometers using smooth and grooved neolite-test-liner-test feet: metrology of pedestrian locomotion
and slip resistance: ASTM STP 1424. In: Marpet MI, Sapienza MA, eds. West Conshohocken, Pa:
ASTM International, 2002.

McMahon TA. Muscles, reflexes, and locomotion. Princeton, NJ: Princeton University Press, 1984.
Saunders JB, Inman VT, Eberhart HD, The major determinants in normal and pathological gait. ] Bone
Joint Surg 35A:543-558 (1953).



Part 111

Foot Identification Case Studies,
Pedal Evidence, and Ongoing
Research



Chapter 12

“The Game is Afoot!”*

Feet Help Solve Forensic Puzzles
in the United States and Overseas

Julie Mather Saul, BA and Frank P. Saul, PhD, DABFA

1. THE RoLE oF THE FooT IN DEATH INVESTIGATION

Academic physical anthropologists are well aware of the importance of the foot
(as more enduringly represented by its bony skeleton) in understanding human evolution,
which is literally based on the acquisition of upright posture. The relative size of ancient
calcanei and other tarsals, along with the curvature of the metatarsals that create the
arches of the foot, provide direct clues as to the location and timing of the appearance of
the “first” humans.

In our own research on the ancient Maya of Mexico and Central America, the
bones of the foot yield interesting information about the activities these individuals
engaged in (/—4). Ubelaker (5) associated distal articular changes in metatarsals with
habitual extreme upward and backward flexion of the toes, as occurs when kneeling
with the toes bent back—perhaps to grind maize or when weaving. “Squatting facets”—
flexion facets on the anterior surface of the distal tibia that are produced by frequent
extreme dorsiflexion of the foot (Fig. 1)—may indicate a habitual squatting or “hun-
kering” posture or repeated climbing up steep hills and/or ladders (6,7). Pathological
findings—including healed fractures of metatarsals, sharply marked (even lipped)
articular borders of tarsals, and osteoarthritic lipping of foot phalanges—reflect the
difficulties inherent in moving about in rugged terrain (6,7).

“apologies to Sir Arthur Conan Doyle
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Fig. 1. “Squatting facets” on distal tibiae. “Squatting facets” on the distal tibiae of an 18-
to 24-yr-old woman from the Late Classic Maya site of Saki Tzul, located in the Maya
Mountains of southern Belize, Central America. These facets represent extensions of the
distal articulation of the tibia and are thought to be caused by frequent extreme dorsiflexion
of the foot, as might result from “hunkering,” squatting, or frequently climbing up and
down steep hillsides. (Photo courtesy of K. Prufer, Maya Mountains Ritual Caves Project).

Fortunately, the weight bearing involved in upright posture and locomotion has
not only influenced the basic structure of the bones of the foot and ankle, but has also
increased the strength and density of the trabeculae within these bones, which helps them
survive the hazards of taphonomy (i.e., what happens to the body after death) (8,9).

The survival of tarsals, metatarsals, and phalanges as sources of information in
modern forensic cases is further enhanced by our custom of wearing shoes and boots.
Footwear serves as protective “armor” in crashes, explosions, fires, and similar situations,
then continues to serve as literal storage containers for feet that would otherwise be
exposed to other taphonomic events, such as insect and animal activity and weathering
(Fig. 2). The skin of the foot may be breached by postmortem changes even when shoes
are worn, but footgear helps to keep the foot bones “together” a while longer. The US
Air Force took note of the identification potential of feet when they instituted a foot-
printing program for flying personnel during the late 1950s (/0). It was observed as
early as World War II that the heavy boots required to protect fliers against the extreme
cold of high altitudes also protected the foot and its dermatoglyphics (friction ridges) in
the event of a crash.

2. THE ROLE OF THE ANTHROPOLOGIST IN DEATH INVESTIGATION

A basic contribution of the forensic anthropologist in the standard forensic setting
(coroner/medical examiner office) is to help create a biographic profile based on skeletal
assessment of sex, age, ancestry, stature, etc., for the otherwise unidentified (including
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Fig. 2. “He died with his boots on.” These beautifully preserved cowboy boots protected the
lower extremities of an individual found skeletonized in a wooded flood plane beside a
stream. Much of the skeleton could not be located, and those bones that were recovered
showed signs of animal activity. Some bones were found in the stream, leading us to suspect
that bones not scavenged and removed by animals may have been washed downstream.

“unidentifiable”) individual so that appropriate antemortem dental and medical radiographs
and other means of identification can be obtained from a variably sized pool of missing per-
sons for comparison. These profiles may also include fleshed characteristics, when avail-
able. (Of note, “unidentifiable” usually refers to skeletonized, burned, decomposed,
fragmented, or otherwise damaged remains. However, even relatively fresh and intact
bodies require more accurate age estimates than can be provided by visual inspection.)

In mass fatality incidents (//,12), the situation is similar, but antemortem radio-
graphs and other information can be immediately sought for a known relatively limited
pool of presumed victims (i.e., passengers and crew on a flight manifest). The anthro-
pologists create biographic profiles for each unit of remains, whether an intact body or
a body fragment, such as a detached foot, so that when (and if) the antemortem radio-
graphs arrive, potentially matching postmortem radiographs for each unit will be avail-
able for immediate comparison. Positive identification might then be based on an intact
body or a disassociated body part, depending on availability.

The biographic profile of a unit is based primarily on the anthropologist’s assess-
ment of the skeletal remains within the unit. Aside from visualization using radiography,
anthropologists may use appropriate dissection and cleaning techniques to obtain the bio-
graphic information stored in the bone. In addition to profile characteristics, the anthro-
pologist will attempt to record side and other descriptive information that may later be
used in considering whether to reassociate the unit with an incomplete set of remains
with a similar biographic profile that is lacking that part. This descriptive information is
also noted when DNA samples are taken.
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Reassociation of units of fragmented remains with matching biographic profiles
may be based on a positive identification of each unit to be reassociated. DNA is useful
for this purpose, but its analysis is both expensive and relatively slow; therefore, finger-
prints and dental and medical radiographs have been used most often for this purpose. In
addition, a reassociation may be considered positive if fracture or joint articular surfaces
can be physically linked and thereby matched. Strong presumptive reassociations may be
based on surface morphology and radiographic comparisons (e.g., proportions and internal
structure), as well as the process of elimination, which is sometimes based on well-defined
age characteristics (i.e., immaturity) or sex (the only male present).

A qualified forensic anthropologist may compare antemortem and postmortem
medical (non-dental) radiographs to establish a positive identification of the victim.
Forensic radiologists are rare (/3); fortunately, forensic anthropologists are experi-
enced in the potential variations of the human skeleton, usually including its radiology
(especially growth and development). These non-dental radiographic identifications
are based on human variation. Just as fingerprints (or noses or ears) of individuals are
inherently different, bones are also dissimilar. Anthropologists not only look for obvi-
ous differences and similarities, such as healed trauma and surgical intervention, but
also for such aspects as bone contours, density, cortical thickness, and trabecular pat-
terns. As in dental identifications, any differences that cannot be explained by the pas-
sage of time or perimortem trauma result in a non-identification. Comparison of
postmortem biographic profiles with antemortem information aids in the prevention
of misidentifications.

In the examples that follow, we will demonstrate how we have used the lower
extremities of victims to solve a series of forensic puzzles. In these cases, and in a vari-
ety of others (which include plane crashes, a train—truck crash, and a fireworks factory
explosion), feet have provided us with information about the following:

e the identity of otherwise unidentifiable remains

e commingling of remains: peri- and postmortem

e reassociation of severed feet with appropriate individuals (including one survivor)
e who was flying a small plane that crashed

e taphonomic processes

2.1. A Fireworks Factory Explosion

A fireworks factory exploded in Osseo, Michigan, on December 11, 1998. The
explosion destroyed all but the foundation of the building and resulted in the deaths of
seven individuals (/2). After the explosion, six “bodies” were said to have been recov-
ered by local emergency workers and Bureau of Alcohol, Tobacco, and Firearms agents.
The seventh individual, who was believed to have been inside the building, was still
unaccounted for when all the remains were brought to the Lucas County Coroner’s
Office in Toledo, Ohio, in 12 body bags.

Blast forces produced severe fragmentation of the building’s occupants. Almost all
the legs were fractured and the fractures were concentrated in the lower leg, reflecting
the ground shock effects produced as the wave of energy passed through the solid floor.
In some instances, the force of the explosion cleanly separated right and left hipbones
from the sacrum by means of disarticulation of the sacroiliac joints.
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The fragmented remains were commingled in the body bags. Body bag contents
ranged from three bodies lacking some portions (three bags) through torsos lacking
major portions (two bags); seven bags contained only commingled body parts. The bags
containing “major” body parts also contained smaller fragments.

Dental remains provided the basis for positive identification (by a local odontologist)
of portions of four victims based on the comparison of antemortem dental radiographs
with radiographs obtained from the dental remains.

In a similar fashion, we positively identified portions of the other three individuals,
including the “missing” seventh individual, by comparing antemortem medical and post-
mortem radiographs selected using matching biographic profiles. In two of these cases, right
feet were sufficiently preserved to provide the identification. The frequency of sprained
ankles and other foot and ankle trauma during life that require radiographic examination can
be an advantage when a positive identification is needed. Radiographic comparisons of por-
tions of the vertebral column and clavicles also produced positive identifications. A third
individual was positively identified using radiographic comparisons of several portions of
the vertebral column. Identified separated body parts (i.e., foot/ankle) could then in some
cases be reassociated with other positively identified body parts, such as a torso that had
been positively identified using dental radiographs. In addition, we reassociated a number
of body parts having matching biographic profiles by linking fractures through direct
matching of fracture surfaces and rearticulating joint surfaces. In some instances, pre-
sumptive associations were made using mirror imaging, sexual dimorphism (there was
only one male among the victims), and proportions.

As an example, we positively identified a lower torso by comparing antemortem
and postmortem radiographs (Fig. 3) of the attached right foot/ankle (the left thigh was
also attached). This right foot was morphologically distinctive, with an unusually long
great toe, enabling us to reassociate the lower torso and right leg with a separate left
foot/ankle with a matching biographic profile and the same distinctive configuration,
including an unusually long great toe. A separate upper torso with neck was also posi-
tively identified as this same individual by comparison of antemortem and postmortem
radiographs of the cervical spine and shoulder. A body diagram (Fig. 4) illustrates the
reassociation of these parts from three separate body bags. Unfortunately, there were
some portions that could not be reassociated or positively identified by the above tech-
niques and were therefore considered “common tissue” and buried in a common grave.

However, these procedures did enable us to locate and reassociate body parts
from 11 separate body bags, thereby “rebuilding” and positively identifying the ini-
tially unaccounted-for seventh victim, whose family was then able to bury their loved
one. This individual was one of those who suffered disarticulation at the sacroiliac
joints and was so severely fragmented and widely dispersed about the scene that we
suspect that he was close to the point of explosion.

2.2. The Comair Commuter Plane and the Korean Airlines
Plane Crashes
Fragmentation is expected in explosions such as the previously mentioned fire-

works factory explosion. It is also a frequent consequence of airplane and other high-
energy impact crashes (12,14,15). We first encountered this in the January 1997 crash of
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Fig. 3. Radiographic identification of right leg and foot. (A) is the postmortem radiograph
of the fractured right leg and foot of an unknown victim (H6) of a fireworks factory explosion.
(B) is a transparent overlay tracing of the postmortem radiograph shown in (A) that was
then superimposed on the antemortem radiograph of the known individual (C). The cir-
cles on the overlay indicate locations of matching features on both radiographs, and there
are no differences that cannot be explained. (C) is the antemortem radiograph of the right
leg and foot of a known individual assumed to have been in the factory building at the
time of the explosion.
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Fig. 3. Continued.

a Comair commuter flight en route from the Cincinnati, Ohio—Covington, Kentucky air-
port to the Detroit, Michigan airport. The aircraft had icing problems and plunged more
or less straight down into frozen ground. This resulted in tremendous fragmentation of
bodies, flaying of skin, and defleshing of bone. Twenty-nine identifications were
obtained within less than a week, but priorities dictated that time was not available for
reassociation of a number of dismembered feet and ankles that consequently became
“common tissue” and were buried with other unidentified tissue in a common grave.
When Korean Air Lines Flight no. 801 made a “controlled-flight-into-terrain”
(i.e., landed too soon and in the wrong place) on Guam, we made a special and at least
partially successful effort to reassociate feet and ankles by keeping track of them from
the beginning of the operation. Reassociations were made by matching biographic pro-
files and noting any lack of duplication plus morphological and other similarities of
the contralateral part, followed by (preferably) separate positive identification via a
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Fig. 3. Continued.

comparison of ante- and postmortem radiographs of the part in question, direct linkage
of fractures, or articulation of joints.

In one notable case involving a separate female left foot and ankle with distinctive
nail polish, we all were alerted to keep watch for a right foot with similar polish (hopefully
attached to a body). Eventually, a female body was spotted with the toenails of the right
foot coated with what appeared to be the same nail polish. The left foot was missing.
Biographic profiles of both sets of remains were examined and were consistent. There was
no duplication or overlapping of parts. Examination of both feet, side by side, showed
strong similarities in size and configuration of feet, toes, and toenails. The nails were cut
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Hs +3®,4@
CASE NO. NAME
AGE RACE SEX Q HEIGHT WEIGHT
.+--

Cervical spine
+ shoulder

H6 H3@pos.l.D.as
by A-P cervical
spine + shoulder
radiographs

H6 pos.l.D. as

by lat foot radiographs

H4 (B)

very long big toe Z very long big toe

Fig. 4. Reassociation of “units.” This “body diagram” illustrates the reassociation of three
“units” (H6, H3A, and H4B) of remains recovered and brought to our morgue in separate
body bags after a fireworks factory explosion. We positively identified the large unit con-
sisting of the lower torso, left upper thigh, and right leg and foot by comparing ante-
mortem and postmortem radiographs of the right foot and ankle (see Fig. 3). Comparison
of antemortem and postmortem radiographs of the neck and left shoulder were used to
positively identify an upper torso fragment as having come from the same woman. The left
foot and ankle were linked by matching biographic profiles and a comparison of distinct
morphological characteristics (i.e., unusually long “big toe”) of the positively identified
right foot and separate left foot.
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and polished in an apparently identical manner. Fracture surfaces of the proximal ends of
the left tibia and fibula fragments of the separate foot could not be fracture-linked to the
distal ends of the left tibia and fibula attached to the body, due to destruction and loss of
intermediate bone.

The young woman’s body had been positively identified, so it might have been pos-
sible to compare antemortem clinical radiographs of her left foot with the postmortem
radiographs of the separate left foot that we hoped to reassociate. Unfortunately, there
were no antemortem clinical radiographs of either right or left lower leg and foot. We
then retrieved postmortem radiographs of both the right and left feet and lower legs and
examined them. Bone contours, trabecular bone patterns, density, cortical bone thickness
of the left and right lower legs were essentially mirror images of each other. Based on all
of these striking similarities (biographic profile, matching morphology of feet, toes and
nails, matching polish, and nearly identical right and left postmortem radiographs), we
proposed this to be a strong presumptive match, and with the agreement of the Medical
Examiner the left foot was reassociated with the body.

In another instance, we were fortunately not led astray by bright red polish on the toe-
nails of a victim. There is a tendency to assume that polished toenails will only be found
on a female. In this case, we later learned that the male victim’s toenails were painted at a
bachelor party that he had attended the night before.

2.3. The Amtrak Train-Truck Crash

Our most unusual reassociation occurred as a consequence of the Amtrak train—truck
crash in March 1999 (12,15). The “City of New Orleans,” en route from Chicago, IL, to
New Orleans, LA, was proceeding normally until several hours after leaving Chicago,
when it encountered a steel-laden truck that had failed to stop at a marked crossing in
Bourbonnais, IL. Eleven passengers of various ages and origins died in the ensuing fiery
crash.

Almost all of the recovered remains had been subjected to intense heat, ranging
from charring on through calcined bone. Fragmentation was present to a lesser degree
than occurs in plane crashes. Interestingly enough, several feet were separated from the
leg by disarticulation at the tibio—talar joint. Some of these could be reassociated
through matching biographic profiles and direct re-articulation.

When we arrived at the scene the day following the crash, we were handed remains
that we identified as the distal (lower) part of the tibia of a child. We later learned that
several female members of a family (grandmother, mothers, daughters, cousins) were
returning from a wonderful weekend in Chicago that had included a visit to the American
Girl Doll Store. They were in the sleeper car that had struck and become “draped” over
one of the locomotives on impact and subsequently burned for several hours. The adults
and two of the younger girls died, but one young girl suffered a traumatic amputation of
her foot, after which a dining car attendant saved her life by removing her from the
burning car.

We suspected a possible relationship between this incident and the distal tibia
fragment found at the scene, and requested the presurgical amputation radiographs
made by the local hospital. On the last day of recovery of the remains, a child’s foot in
a shoe was recovered at the crash site. The previously recovered distal tibia fragment
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could be positively and directly articulated with this foot. The estimated age of the
resulting foot and ankle was consistent with that of the young girl who “lost” her foot.
Fracture linkage of the proximal end of the distal tibia fragment in hand and the distal
end of the fractured tibia as seen in the presurgical radiograph provided the last link in
the reassociation of the foot and lower tibia with a surviving victim.

There were concerns about how to handle this unusual situation, but we believed that
this very courageous young lady, who had insisted on visiting the scene where her mother
and other family members had died, might one day want to know where her foot was. It
was deemed best to let her family make the final decision about disposition of the foot.

A newspaper clipping less than a year later informed us that she had made unusu-
ally rapid progress in her recovery and resumed playing soccer. A very resilient young
lady, indeed.

2.4. A Small Plane Crash

A small plane crash resulted in the death of three individuals: the owner (who was
a licensed pilot), his son, and the pilot employed by the plane’s owner. The remains of
one individual, who was later identified as the professional pilot, were fairly intact and
collected in one body bag. The mangled and fragmented remains of the other two men,
later identified as the owner and his son, were put into two separate body bags. Each set
of remains was quickly and positively identified by comparison of antemortem and
postmortem dental radiographs and returned to the two families. The authors’ anthro-
pological services were not used, inasmuch as the identifications appeared to be
straightforward and provided rapid closure for the families.

Unfortunately, some time later, as aircraft and other insurance claims were being
processed, a dispute arose between multiple opposing law firms as to whether or not the
non-pilot son of the owner might have been flying the aircraft at the time of the acci-
dent rather than one of the two licensed pilots aboard. We were called in at that belated
point. Fortunately, the Coroner’s Office involved in the case had a policy of always tak-
ing full body radiographs—in this case, full body-bag radiographs were provided.

We were asked to answer the following questions:

1. Was there commingling of remains within the body bags?
2. Could we help determine who was flying the plane (who was at the controls) at the
time that the plane crashed?

We were able to exclude the hired pilot from consideration, because his remains
were found relatively intact and at some distance from the other two “sets” of remains.
The radiographs of the single body bag containing these remains showed no signs of
commingling. This was a helpful starting point, because the pilot, aged approx 20 yr,
was about the same age as the nonpilot son.

Age differences served as our main basis for sorting the remains of the father and
the son. We looked for signs of age differences that might indicate commingling, inas-
much as the father (identified as being in bag A-52) was aged approx 45 yr at death and
the son (identified as being in bag A-53) was aged approx 20 yr at death.

Our review indicated that the torso remains (vertebral column, shoulder area,
pelvis) labeled A-52 were indeed those of an older individual, while the torso remains
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labeled A-53 were indeed those of a younger individual. These findings were based
primarily on joint surface configuration and the radiographic presence or absence of
persistent lines of density indicating recent epiphyseal union (sometimes called
“growth plate scars”—not to be confused with “Harris lines,” which are associated with
growth arrest followed by growth augmentation).

However, we believed that commingling of lower legs and feet with torsos prob-
ably had occurred, as the articulated ankle and foot in bag A-52 (containing the torso of
the father) showed recent fusion (a persistent line of epiphyseal union) in the distal tibia,
suggesting that it belonged to someone in his early 20s. The disarticulated ankles and
feet in bag A-53 (containing the torso of the son) showed no indications of recent imma-
turity, but rather were consistent with full maturity.

It is also possible that the articulated forearm and hand in bag A-52 (“the father”)
belonged to a younger individual (early 20s), based on the apparent presence of a persis-
tent line of epiphyseal union in the distal radius suggestive of recent fusion, whereas the
disarticulated hand and wrist in bag A-53 (“the son”) showed no apparent signs of imma-
turity. The articulated hand and wrist in bag A-53 could not be evaluated, and the associ-
ated hand was consistent with that of a younger person (absence of joint surface changes).

Next, we considered the question of who was at the controls of the plane when it
crashed. Although we felt that it was inappropriate for us to state who was or was not
operating the controls, we felt that we were qualified to look for signs of trauma to
hands and feet. The forensic pathologist could then interpret this information in the light
of his own knowledge and experience.

In our report to the Coroner (8/07/95) we stated the following: “The important
points would appear to be:

1. The foot associated with bag no. 52 (“the father”) is fully articulated with the lower leg
and shows minimal damage. It is inconsistent with being the father’s foot because the
distal tibia shows a radiographic line of density where the distal epiphysis of the tibia is
located during adolescence i.e., a persistent epiphyseal surface line suggestive of recent
immaturity. The foot probably belonged to a young adult (very late teens—early 20s)
rather than to the father.

2. The feet associated with bag no. 53 (“the son”) are both disarticulated from the lower
legs (both show multiple fractures) and one foot shows fracturing. Neither the feet or
the lower leg bones show any indication of immaturity, therefore they probably did not
belong to the son.”

In other words, the disarticulated and fractured feet were those of the older individ-
ual (the father, a licensed pilot), although they were located within the body bag contain-
ing other remains identified dentally as being the son. The damage present was consistent
with that found in individuals “working” control pedals in both automobile and airplane
crash situations. The foot of the younger individual (the son) showed minimal damage.

3. MISSING, PRESENT, AND LEFT BEHIND

It is a common occurrence in our forensic practice to receive nearly intact remains
that have been brought to us by law enforcement agents with varying numbers of small
bones or fragments missing. The explanation for the incomplete recovery of skeletal
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remains by nonspecialists is often failure to recognize the small bones (or fragments) as
being human, or even as being bone at all.

Moreover, cases such as the partially skeletonized body of a young girl found
wrapped in a sleeping bag in a field near Monroe, Michigan, and brought to us with sev-
eral tarsals, metatarsals, and all but two foot phalanges missing suggested scavenger
activity as the probable cause, rather than strictly problems of recognition and recovery.
Protruding and therefore accessible toes and feet are very attractive to hungry scavengers
and, like hands, are easily detached and transported for consumption, dispersal, or both.
Even if they remain in the vicinity, they may be overlooked during recovery, particu-
larly if they have been modified by gnawing (16).

Taphonomic factors such as wind and water may sometimes play a part in “creat-
ing” incomplete remains. A number of years ago, a group of teenage boys retrieved
several bags of human remains from the Maumee River in Toledo, Ohio. The bags con-
tained 100 relatively fresh pieces of a female, ranging from the intact head on through
squares of skin complete with underlying fatty layer, segments of bowel, and a torso
with all the skin, fat, and muscle tissue neatly removed. The bags containing the pelvis
and both lower legs and feet were not recovered. Her killer confessed that after dis-
membering her, he placed her remains into multiple plastic bags. He loaded them into
her car and drove to a bridge spanning the Maumee River, which flows into Lake Erie.
Throwing them into the river, he expected to see them disappear into the lake, but was
undoubtedly startled to find that a strong wind from an unexpected direction brought
most of them, other than the bags containing pelvis and lower legs (not found to this
date), to the river shore like oddly shaped sailboats (17).

Incompleteness was more or less “natural” in the former case and “accidental” in
the latter, but in the following case it was deliberate. In eastern Ohio, a young woman
disappeared shortly after her divorce around 1974. A confession by her former brother-
in-law led to the recovery in 2000 of skeletal female remains that had been deposited in
Indiana in 1980. These unidentified remains, lacking feet and ankles, were brought to
us shortly thereafter. Our examination resulted in a biographic profile that was consis-
tent with that of the missing woman. In the absence of antemortem dental and medical
radiographs for comparison with those of the skeletal remains, DNA analysis was used
for a positive identification. The former brother-in-law had confessed to seeing her
remains in a wooden box some 5 yr after her disappearance. Our examination revealed
that her lower legs had been deliberately severed about 3 in. below the knees, presum-
ably to fit her into the box. With the addition of her lower legs and feet, she would
have been too tall for the box. Although her former husband—now convicted of her
murder—had stuffed the box with a great deal of her clothing, the detached lower legs
(including feet) were nowhere to be found. To this day they have not been recovered
and her former husband/murderer has not revealed what he did with them (/8).

The presence of even some of the small bones can yield important information.
One sunny fall day, the incomplete skeletonized remains of a young man were found by
a fisherman on a Maumee River flood plain. The young man had disappeared 3 yr ear-
lier and last was seen some 30 mi upstream. Bones were scattered under the autumn
leaves and tangled in weeds, and some were partially buried by repeated flooding of the
area. Although several bones were never recovered, our ability to recognize and recover
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several small bones of the hands and feet, as well as a few finger and toe nails, demon-
strated that although it had traveled many miles and over a dam, his body was intact
when it reached the floodplain (/9).

Occasionally we have seen the reverse, i.e., situations in which small bones or
fragments ranging from femoral heads to carpals, tarsals, and phalanges have been
recovered as isolated finds. We have experienced both situations in archaeologic and
forensic contexts.

The explanation for isolated finds may be more complicated. It could involve such
aspects of taphonomy as the animal activity discussed above, as well as erosion or even
agricultural activity such as the tilling of fields or construction and development pro-
jects that involve the removal and dispersal of soil (20,21). These processes are a fre-
quent source of Native American and historic remains in many parts of the country,
including Ohio and Michigan. It has also been noted in relation to the superficial burial
of massacred Guatemalan peasants in recent times, whose remains were presumed to
have been damaged by the agricultural process (22).

A variation of the nonrecognition of small elements during recovery that actually
serves the cause of justice involves attempts by the perpetrators to cover up individual
and mass clandestine deaths by returning to the original deposition site some time after-
wards. These remains “disappear” when they are moved elsewhere to avoid discovery or
confound identification. During such a procedure, the easily seen and recognized bones
are more likely to be collected, while less easily located and recognized small bones,
fragments, and individual teeth may be left behind (23). In some cases, this “collection”
seems to have been followed by the disposal of the collected remains in several widely
separated locations. Fortunately, these small, initially unrecognized bones and frag-
ments that are often left behind bear witness to the original crime. Such instances of
exhumation, reburial, and dispersal of victims of genocide have been documented in
several countries, including Bosnia—Herzegovina (23-25). Advances in DNA analysis
have allowed these small bones and fragments to speak for the victims.

4. SUMMARY

Academic physical anthropology has long recognized the importance of recovering
and analyzing ancient foot bones in order to understand human evolution in relation to the
acquisition of upright posture. In contrast, “traditional” forensic anthropology has focused
on the informational potential of other portions of the skeleton, such as the skull and
pelvis. The former yields information about such things as sex, ancestry, age, and trauma,
and the latter is the most dependable guide to the sex of the individual while also yielding
information such as age and parity. Information derived from teeth, long bones, ribs, and
vertebrae has also been highlighted. Dentition is durable, assists in estimating age, and
may provide clues to ancestry; it can also support positive identifications by the forensic
odontologist. Long bones provide the basis for stature estimates. Ribs and vertebrae are
examined for trauma as well as age information. Hand bones are examined for defense
wounds. However, the usefulness of examinations of foot bones is underemphasized.

Arecovery bias may be involved. Skulls, mandibles, and larger bones are more likely
to be recognized by the public and brought to the attention of law enforcement. Searchers
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(both law enforcement and volunteer) are also more likely to recognize and recover such
distinctive bones while ignoring small bones that appear to be stones and twigs.

Hopefully the cases presented in this chapter (and of course this book) will remind
the forensic community that foot and ankle remains are surprisingly durable and also
have great forensic potential, particularly in regard to biographic profiles, identification,
and activity in life.
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Chapter 13

The Role of Feet and Footwear
in Medicolegal Investigations

John A. DiMaggio, bPM

1. INTRODUCTION

This chapter will serve as a practical treatise for evaluating pedal evidence
(footwear and footprints) in forensic contexts. Extensive research is necessary to help
validate identification markers between the foot and footwear. The reader is encouraged
to review any unfamiliar terms in the appendix of this chapter.

The distinguished British anatomist, Frederick Wood Jones, ably described the
human being’s distinguishing characteristic:

“Man’s foot is all his own. It is unlike any other foot. It is the most distinctly human part of
his whole anatomical makeup. It is a human specialization and, whether he is proud of it or

not, it is his hallmark and so long as Man has been Man and so long as he remains Man it
is by his feet that he will be known from all other members of the animal kingdom” (7).

Moreover, in the last chapter of Sir Arthur Conan Doyle’s Sherlock Holmes classic,
A Study in Scarlet, Holmes recounts to Watson just how he solved the crime. Holmes
states,

“There is no branch of detective science which is so important and so much neglected as
the art of tracing footsteps.”

This text was first published in Beeton’s Christmas Annual, London, in 1887.
Furthermore, in his book on footwear identification, Cassidy says,

“a podiatrist or orthopedic surgeon is a specialist who has the training to properly interpret
the mark inside the shoe and present this form of evidence in court” (2).

With an increased awareness of foot or foot-related evidence, most recently brought
to the forefront with the O. J. Simpson case, the field of forensic podiatry has evolved.

From: Forensic Science and Medicine
Forensic Medicine of the Lower Extremity: Human Identification and Trauma Analysis
of the Thigh, Leg, and Foot
Edited by: J. Rich, D. E. Dean, and R. H. Powers © The Humana Press Inc., Totowa, N]J
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Forensic podiatry may be defined as the application of podiatric medical expertise to the
legal system. Vernon and McCourt further define forensic podiatry as the

“application of sound and researched podiatric knowledge in the context of forensic and
mass disaster investigations. This may be for the purposes of person identification, to show
the association of an individual with the scene of a crime, or to answer any other legal ques-
tion concerning the foot or footwear that requires knowledge of the functioning foot” (3).

2. RoLE oF FORENSIC PODIATRY

Footprint and footwear evidence is commonly present at a crime scene and must be
discovered, recorded, and collected for further examination. When footprint analysis is
required, the forensic podiatrist may act as an adjunct or a primary participant in the case.
The foot is a complicated structure, and it requires years of experience to be able to dis-
tinguish all the intricacies—including soft tissue and skeletal pathologies—involved in its
makeup and consequent evaluation. The use of unknowledgeable or simplistic approaches
may have significant ramifications that can affect a person’s freedom or even life itself.

2.1. History

There are numerous references in the literature to footwear evidence relative to
footwear identification, the earliest recorded case dating back to 1876 in Scotland.
However, a search of the literature on pedal cases is not replete with references relative
to podiatry alone. The reader is encouraged to review the further reading section for
historical references.

In the 1920s, Gerard published information and his thoughts about the foot and
fingerprints, but apparently his ideas were either ahead of his time or unpopular because
there is no further mention of his work. In 1935, Muir composed an article titled
“Chiropody and Crime Detection,” in which he offered his thoughts on a footprint case
utilizing a forensic approach; however, Muir did not appear to be involved specifically
in the case. One of the most infamous cases at the time was the Ruxton case, which
occurred in Scotland in 1935 (4). This forensic case involved placing dismembered feet
from two profoundly mutilated individuals into the footwear of two missing persons:
Mrs. Isabella Ruxton and her nursemaid. Mrs. Ruxton’s chiropodist was employed for this
purpose (4).

In 1957, Sir Sidney Smith—although not a podiatrist but a police surgeon—wrote
a well-known book called “Mostly Murder.” Throughout his career, he investigated
several crimes involving footwear. One of his best-known cases occurred in Falkirk,
Scotland, in 1937. He gave the police a description of the perpetrator’s locomotor sys-
tem after reviewing the evidence and scrutinizing the footwear. The accuracy of his con-
clusions was uncanny, because he had not seen the perpetrator’s feet before his evaluation
and he demonstrated a thorough knowledge of podiatric medicine.

Lucock, a British chiropodist, published an article in 1980 in the Chiropodist titled
“Identification from Footwear.” It was the first article that included a discussion of the
foot and observed wear patterns on shoes relative to pathologic and biomechanical
imbalances in the feet. In 1982, Dr. Norman Gunn, a podiatrist, took plaster casts of foot
impressions in sand at a murder scene in Canada, and the techniques used to match the
impression to the suspect’s foot convinced the suspect to change his plea to guilty.
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Norman Gunn is a pioneer in the field and is well known for his extensive foren-
sic involvement worldwide. Beginning in the late 1980s and early 1990s, several other
podiatrists became active and have worked criminal cases and testified in court. In
Canada, Keith Bettles has worked on several pedal cases and was featured on a foren-
sic television production. Other podiatrists who have worked abroad in this field
include Vernon and McCourt in England, Jones and Bennett in Australia, and Greg
Coyle in New Zealand. In the United States, Christopher Smith testified at a trial and
refuted the testimony of Louise Robbins on several issues (5). Ronald Valmassy,
Gerson Perry, Ivar Roth, Mario Campanelli, Robert Rinaldi, Henry Asin, and the
author have all worked as forensic podiatrists in the United States.

2.2. Current Forensic Podiatry

Given the increased number and variety of applications of forensic podiatry, the
field needed to be developed in an academically and scientifically robust manner simi-
lar to other disciplines, such as forensic anthropology and forensic odontology. Presently,
podiatrists are active members of the American Academy of Forensic Sciences and
Distinguished and Associate members of the International Association for Identification.
They are also members of their forensic state societies and act as consultants to their
local police departments. Podiatrists are also members of the Canadian Identification
Society, British Association of Human Identification, Forensic Science Services, and the
Centre for International Forensic Assistance.

The newly formed American Society of Forensic Podiatry promotes forensic sci-
ences through continuing education for its members by means of educational seminars,
research, publications, and through liaisons with other organized disciplines. An
emphasis on statistically rigorous research in the forensic sciences is strongly encour-
aged. By virtue of training, podiatrists have a basic knowledge of footwear and signif-
icant experience with foot morphology, pathologic states, and biomechanical imbalances.
The forensic podiatrist will attend and regularly participate in academic meetings and
training seminars in the scientific community. This will give the podiatrist a sound
indoctrination in other subjects related to law enforcement, criminal justice, and labo-
ratory techniques. Working in the crime laboratory and with police departments is
highly recommended. The podiatric medical educational system in the United States
is in the process of developing forensic programs for podiatric medical students and
postgraduate courses for practicing podiatrists. In 2000, Wesley Vernon became the
first podiatrist to complete a PhD program in Forensic Podiatry in the United
Kingdom.

3. THE CRIME SCENE

Physical evidence can be defined as articles and materials found during an investi-
gation that may establish the identity of suspects and the circumstances under which the
crime was committed. Footprints are known as physical evidence, as are fingerprints. It
is evidence that speaks for itself and requires no explanation, only identification.

Fingerprints are often discovered at the crime scene—but not always, because it is
possible that nothing was touched or precautionary measures were taken (i.e., gloves
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may have been worn to preclude identification). However, it is unlikely that an indi-
vidual can enter and leave the crime scene without using his or her feet. Discovering
pedal evidence can be difficult, however, and a conscious effort must be made to do so.
The initial officer(s) must recognize the importance of footprint evidence and try to pre-
serve the integrity of the scene. This task can be quite difficult when medical personnel
or other persons inadvertently destroy potential evidence.

Foot impression evidence is most commonly discovered on ground surfaces,
such as dirt, tile, concrete, and carpeting, but at times on counter-tops or other less
common locations (6). Prints that are transient in nature, such as in snow, must be
addressed and processed immediately. A print that is latent or invisible means it can
be overlooked. The importance of this evidence to crime scene personnel needs to be
stressed. If one footprint is discovered, then logically there may be more. For exam-
ple, if there is a homicide scene with copious amounts of blood, then the expert
should anticipate a good number of prints; if not, one would need to determine why
not. Perhaps the scenario was manufactured or was altered or cleaned to conceal the
presence of pedal evidence.

General protocols regarding crime scenes are fairly universal. The main purpose
is to discover evidence and recover it for scrutiny in the laboratory.

SECURE THE SCENE. The first step is to secure the scene. This may seem
basic, but at times it is difficult to enforce because there are often extraneous individ-
uals who try to enter. Because our interest is in pedal evidence, foot traffic should be
limited.

RECORD THE SCENE. The most common methods of recording the scene are
photography, sketching, and note taking. The use of video taping with commentary can
be helpful and may negate the need for more time-consuming methods. The scene
should be recorded as promptly as possible while it is in a relatively untouched state,
especially when footprint evidence is being considered.

SEARCH THE SCENE (DISCOVER). A systematic approach is necessary when
footprint evidence is suspected. Depending on the type of crime, certain approaches and
paths through the scene may vary. For example, where was the point of entry? Is there
blood or a substrate that might be efficacious in exhibiting footprints or foot impres-
sions? Is there a major crime area or several different sites? Where is the point of exit?
An examination of the immediate exterior may yield many impressions in dirt or
foot/shoe prints on a concrete walkway.

COLLECT (RECORD) AND PACKAGE EVIDENCE. If footprints are visible,
they must be photographed. This process includes proper positioning of the camera
using a tripod, with the film parallel to the plane of the print or impression and directly
over it, i.e., perpendicular to the impression. A scale should always be included so the
photograph can be enlarged to reveal the natural size of the evidence, more commonly
called 1:1, wherein 1 mm on the scale equals 1 mm. It is usually a good idea to take a
similar photograph without a scale. As many photographs should be taken as possible,
especially macro-views that will be used later for comparisons. It cannot be stressed
enough how important accurate photographs are for a proper evaluation. Pedal impres-
sion evidence is often latent or poorly visible; therefore, various types of enhancement
techniques must be used. Oblique lighting techniques using a strong white light are
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implemented to highlight or detect footprints that may not be clearly visible to the
naked eye. If there is a suspicion that there might be bloody footprints but they are not
visible, then Luminol or some other method can be used. Luminol causes the heme por-
tion of the erythrocyte to luminesce; the technique must be performed in complete dark-
ness. The luminescent effect is usually very short lived; therefore, a chemical agent such
as amido black is used to enhance and stabilize the erythrocyte in a blue-black color and
the footprints can then be photographed.

An alternate light source, also known as a forensic light source, is an instrument
that emits specific bands or wavelengths of light that are useful in detecting physical
evidence. Depending on the device, the range can start at 365 nm (which is in the ultra-
violet [UV] range) and extend through the visible spectrum to infrared capabilities in
the 700-nm range and higher. This instrument can supply bright white light for the
oblique technique and has capabilities for footprints often in the UV range. It is usually
used to detect biological fluids, hairs, and fibers. Three-dimensional impressions of
footprints are often discovered in dirt, mud, or some other impressible substrate and
should be photographed first, then casts made, if possible. One recommended material
for casting is dental stone, because it is more rigid and durable than plaster of Paris. It
is not uncommon for plaster of Paris casts to break when in transit or while being exam-
ined by different individuals. A broken cast is not an adequate exhibit. Lifting tech-
niques can be used for certain types of footprint evidence, using adhesive and gelatin
lifters as are used for fingerprints (7). If dust impressions are suspected, an electrostatic
dust-lifting device can be used. It uses an electric charge to actually lift the dust print
onto a foil surface that can be photographed and used for later evaluation.

General protocol is used for packaging the evidence; most importantly, items must
be kept separate to prevent cross-contamination. Shoes should be individually wrapped
in separate paper bags, as should plaster or dental stone casts.

SUBMIT EVIDENCE TO THE LABORATORY. The modern laboratory is
equipped to handle most types of evidence. It is advantageous to acquire as much evi-
dence as possible from the scene for transport to the laboratory for processing. This
may involve removing a door, flooring, or plasterboard if it has foot or shoe prints.
Evidence can be enhanced both photographically and chemically. For instance, the
sock liner of a shoe may be viewed with an alternate light source, using laser or bright
white light, to give the most accurate depiction of the foot image (Fig. 1). In this
instance, the sock liner was treated in a fuming chamber of cyanoacrylate ester (super-
glue) for 30 min at 80% humidity. Basic yellow-40 solution was applied with a soft
brush; the liner was then rinsed with water for 2 min and dried. Excitation was accom-
plished using a Crimescope-16 (SPEX Industries) at 455-nm. The camera used was a
Crimescope VRM (SPEX Industries) with an orange long-pass filter or a 550-nm
band-pass filter. In many cases, it takes experimentation to determine the best wave-
length to get the best image because of the variability of the color of the sock-liner cov-
ering, which can be black, green, blue, white, or any of several other assorted colors.

Many departments are using digital photography, which has certainly made the
task much simpler and less time-consuming for obvious reasons. Footwear evidence that
is recovered should be photographed and then, at a minimum, examined for trace evidence.
Blood on footwear may be collected for DNA analysis.
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Fig. 1. Enhanced sock liner of a questioned foot image showing a fair representation of
the toes and ball of foot area that can be used for comparison to a known standard.

A general overview of the crime scene and some techniques focusing on pedal
evidence were presented. It is not comprehensive, and the reader should review the
references and further reading section for more information.

4. REVIEW oF Foor ANATOMY

The foot (Fig. 2) has 26 bones, plus at least two sesamoid bones located under
the first metatarsal head. Thus, both feet contain a total of 28% of the 206 bones in the
human body. What makes the human foot unique is that it is the only foot in nature with
a heel bone that touches the ground, a straight-ahead (instead of a thumb-like) great toe
(hallux), and an arch (8). The bones are grouped into three different areas: the rearfoot
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(heel), midfoot (arch), and forefoot (ball and toes). The rearfoot is composed of the
talus and calcaneus. The talus (“ankle bone”) articulates with the lower end of the
tibia and fibula and is responsible for dorsiflexion and plantar flexion of the foot.
The calcaneus is known as the heel bone. The midfoot is composed of the three tarsal
or cuneiform bones, the navicular bone, and the cuboid bone. The forefoot is com-
posed of the five metatarsal bones and the phalanges. The second to fifth toes have
three separate phalangeal bones and the great toe (hallux) has two phalangeal bones.
The great toe is considered the first digit or toe number one; the fifth toe is also
called the “little” toe.

The bony structure is held together by soft tissue elements known as the ligaments,
of which there are 107. Muscles and tendons, 19 in number, comprise the other soft tis-
sue elements that are responsible for locomotion. The foot has 38 articulations (joints);
these are sites where two bones meet and various amounts of motion occur. A complex
network of blood vessels and nerves supplies the foot (§). The human foot presents an
arch—the long arch along the inner border that is known as the inner or medial longi-
tudinal arch. This is the most important arch in forensic applications, and it is com-
monly classified as either low, normal, or high. The arch is often depicted by a wide
footprint for a low arch, a narrow footprint for a high arch, and a medium-width print
for a normal arch. Moreover, it is possible to have what appears to be a “normal” arch
(i.e., without a varus or valgus orientation) that still has a tendency towards hyper-
pronation (flat foot type), which can be explained in biomechanical terms, i.e., the arch
height in these terms often is inaccurate or has no true meaning. In addition to the outer
longitudinal arch, which is along the outside of the foot, there is a transverse arch,
which is formed across the ball of the foot under the heads of the metatarsals. This arch
flattens with weight bearing and has no real value in forensic podiatry.

Foot types are classified both morphologically and biomechanically. Morphological
classification includes the structure and form of the foot. It is a combination of the bony
configuration as well as the soft tissue, with the foot usually described as narrow, broad,
long, or short. These designations are based solely on subjective opinion. A more scientific
approach, proposed by Rossi in 1992, relies on anthropometrics (unpublished study
of >600 subjects, per personal communication, WA Rossi). They have found that all human
physiques fall into three main classifications:

e Ectomorph: tall, slender, long-boned, slim-muscled
e Mesomorph: stocky, muscular, heavy-boned
e Endomorph: fleshy, plump, small-boned, fatty

No body physique is entirely any one of these; however, although it is usually a
combination of all three, one type in the combination is dominant. Significantly, the foot
type will be in the same category as the body type. Thus, a dominantly mesomorphic
physique will invariably have a mesomorphic (stocky, muscular, heavy-boned) foot.
Also important, each foot type will have its own functional character. For example, the
mesomorphic foot tends to have a lower arch and requires a wider shoe (8).

This categorization may be helpful in forensic cases. If it can be determined that the
footprint in question was made by a mesomorphic individual, then certain other physical
characteristics can be determined that may be useful in suspect identification. It must be
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remembered that the bare footprint is a representation of the bony structure pressing on
the soft tissue underlying it. Noncontact areas are not shown, and that is why it is impor-
tant to use the foot outline (Fig. 2) whenever possible to give the total morphological
picture. It is possible to look at a bare footprint that appears to have a long second toe, when
in actuality the first toe may be longer due to larger soft tissue expansion in that digit.

Another anatomical region of significance in forensic contexts is the skin of the
plantar aspect (sole) of the foot. The skin is composed of a superficial layer, the epider-
mis, and the deeper dermis layer. The epidermis varies in thickness from 0.07 to 0.12 mm
throughout most of the body. On the palms of the hands and the soles of the feet it mea-
sures 0.8 to 1.4 mm thick (9). The sole, being 10 times thicker than the palmar aspect
(palm) of the hand, presents a more durable integument capable of deforming a given
surface. The plantar aspect of the foot contains eccrine glands, which secrete primarily
water and some salts and traces of urea. A single foot has approx 60,000 sweat glands,
which can account for the average adult foot perspiring approx 4 oz of water daily (7).
Perspiration can vary with the ambient temperature, humidity, and activity level (§). The
secretion of such quantities of water inside closed footwear can be of value in the foren-
sic evaluation and will be discussed later in this chapter.

5. THE DynNamic Foor

Foot dynamics or biomechanics deals with the foot in motion. As such, it is a complex
phenomenon that has to propel the body and in effect prevent it from falling forward. The
foot must adapt to the surface and compensate with change to allow the human being to walk
in a straight line. There are variations in foot dynamics during the gait, and many activities
that form a complex series of motions, when abnormal, lead to a pathologic change. No
two feet are exactly the same in terms of anatomy and morphology. Neither are the rules
of biomechanics the same for all feet, thus adding another means of forensic evaluation.

The dynamic foot, in addition to providing a base of support during a walking
cycle, must be able to adapt to uneven terrain during initial contact with the ground and
then change to a more rigid lever for push off. The gait cycle is a complex activity
involving two phases. The stance phase accounts for 62% of the cycle and occurs when
the foot is in contact with the ground; this includes heel contact, mid-stance, and propul-
sion (8). The swing phase accounts for 38% and occurs when the foot is swinging
through to recontact the ground (8). Forensic considerations of the gait cycle relative to
pedal evidence will be discussed later in this chapter.

We may classify the foot according to its morphologic appearance, as previously
discussed. But how do we classify the functioning foot in biomechanical terms? Foot
biomechanics is the application of mechanical laws to living structures, specifically the
locomotor system of the human body. It pertains to the alignment of the rearfoot with the
forefoot. This classification is based on the relationship between the standing calcaneal
position and the nonweight forefoot-to-rearfoot position. It is logical in its approach and
aims to be as objective as possible. The foot is characterized in four levels of cavus, a
rectus foot (which is neutral), and four levels of planus. This classification system begins
with type 1, with an inverted calcaneus and an everted forefoot (valgus). This is the most
severe cavus deformity and is often considered the classic Pes Cavo-Varus deformity or
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claw foot. Types two, three, and four represent diminishing degrees of severity of varus.
Type 5 is the neutral foot, with the calcaneus perpendicular to the weight-bearing surface
and the forefoot perpendicular to the rear foot; it is considered the “normal” foot. The
subtalar joint is the position from which maximal function can occur. Types 6, 7, and 8
are increasing in degree of valgus, with type 9 being the classic Pes-Planus deformity or
severe flatfoot. Further discussion of these pathologic entities is beyond the scope of this
chapter, and pertinent references in the bibliography should be consulted (70).

Pathologic change that is seen with different biomechanical foot types is well
known, and although there can be deviations from the norm, for the most part assump-
tions can be made with a good degree of accuracy. The patient with a planus foot often
presents in clinical practice with a complaint of arch pain, heel pain, hallux abducto-
valgus with bunion deformity, and hammer toe deformity. Other complaints may
involve joints above the ankle level including the knee and hip joints. The patient with
a cavus foot often presents with complaints of chronic lateral ankle instability, digital
contracture, and metatarsophalangeal joint contracture, with increased declination of
the metatarsal heads. Significant metatarsalgia with intractable plantar keratosis (deep,
nucleated callus) formation may be a complaint in addition to medical concerns above
the ankle. This biomechanical classification system with its inherent abnormalities in
fact may lead to a better understanding of foot pathologies and how the complex sys-
tem of dynamics influences pathologic entities. Entities known as subtalar or rearfoot
varus or valgus deformity, forefoot varus or valgus deformity, and equinus deformity all
may exist in a compensated or uncompensated form to some degree. Some of these enti-
ties are more common than others, but all may lead to an expected change in the
footwear, gait pattern, or footprint. Therefore, without a keen knowledge of this subject
matter, would be difficult to use in forensic contexts.

5.1. Pathology

In the physician’s office, the clinical presentation of foot pain in many cases will
be secondary to structural or biomechanical imbalances manifested by pathologic
change. The deformities are often exacerbated by footwear, and pathologic change may
be secondary to injury or disease. The foot undergoes many stresses during one’s life-
time. The structure of the foot may be influenced by extrinsic factors, such as footwear,
occupational stresses, and injury. Intrinsic factors may be genetically based or associ-
ated with biomechanical influences and may cause soft tissue and osseous pathology
that may assist in identification efforts. Furthermore, juvenile foot problems, which are
not uncommon, can lead to anatomical changes that can be translated into associated
wear visible in their footwear.

A bunion deformity is an enlargement of the first metatarsal head, the presence of
a bursa (fluid-filled sac), or both (Fig. 3). If there is also an arthritic component, the
joint may be affected, with restriction of motion that may have some effect on foot
dynamics as well. The bunion deformity may exist by itself or may include a lateral
deviation of the hallux, which is called hallux abductovalgus. Juvenile hallux abducto-
valgus deformity, which is more common in females, can begin as early as 10 or 11 yr
and may be fully matured by the mid-teens. The bunion is also a common deformity in
adults that can be severe and is more common in females.
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HAMMERTOE
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Fig. 3. Common foot deformities that will often leave their mark in footwear as wear on
the inner liner and/or protrusion or bulge in the shoe upper.

Often associated with this problem is the hammer toe deformity (Fig. 3), which
most commonly affects the second toe. This deformity at the proximal interphalangeal
joint may have a contractural component at the metatarsophalangeal joint, which can
apply a downward force on the metatarsal head. The increased downward force leads to
increased pressure in that area, with or without callus formation under the metatarsal
head. The second toe is longer than the first toe in 25 to 35% of the population (unpub-
lished study by the author) and may be a component of the hammer toe deformity or
not, but still has forensic implications either way. Hammer toes can affect the third and
fourth toes, but more commonly the fifth toe is affected, though in a slightly different
configuration. The fifth toe will, in many cases, be forced into or under the fourth toe,
a condition that is specifically exacerbated by certain types of footwear. The toe is often
rotated more laterally than medially and the boney prominence at the head of the prox-
imal phalanx may develop the heloma durum (“corn”) which is not uncommon.

A deformity that may be seen in younger individuals is a bunion deformity on the
lateral aspect of the foot affecting the fifth metatarsal head, also known as tailor’s
bunion. The metatarsal head may be enlarged, with an inward deviation of the little toe.
There may also be an outward bowing of the metatarsal shaft leading to more signifi-
cant prominence laterally. Haglund’s deformity affects the posterior aspect of the cal-
caneus by appearing as an enlargement in the back of the heel that tends to rub against
the inner lining of the shoe counter, often creating an inflammation in that part of the
foot. Prominence in the medial arch at the navicular bone is usually associated with
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hyperpronation and is seen in younger individuals. Pain is present at that site and usu-
ally occurs secondary to footwear. Dorsal hypertrophy in the area of the base of the first
metatarsal bone and medial cuneiform bone often leads to a large bump on the dorsum
of the foot and is painful secondary to footwear. This is most frequently found in older
individuals and is chronic in nature. Deformity may also exist as a result of injury.
Congenital diseases, such as poliomyelitis, may also lead to foot deformity, and possibly
at an early age.

For example, a pathologic change in one foot (e.g., a bunion) does not necessarily
imply that the same problem exists to the same degree in the other foot. A deformity can
also be present above the level of the foot, including problems with the knees, hips, or
back. Limb-length discrepancy may be implicated in some of the pathologic changes
noted. In most cases, the longer side will show more deformity, both structurally and
biomechanically, and often in the flatter foot.

The wide array of pathologies in the feet can only be considered beneficial in
forensic contexts. The pathologic change may be translated into the footprints and into
footwear. The bunion prominence may deform that part of the shoe and may cause wear
on the inside upper in that location. The same scenario applies to the hammer toe. Of
note is the lack of statistical analyses regarding foot pathology. Some have been pre-
sented in the literature, but none by the podiatric or orthopedic communities specifically
addressing forensic needs. Further research is warranted for addressing the commonal-
ity or lack thereof of foot pathologies and their use in forensic contexts.

5.2. Footwear

A chapter on pedal evidence would not be complete without a discussion of what
houses the foot most of the time. The reader may gain a greater appreciation of the char-
acteristics of footwear and how foot pathology may lead to identification. Footwear can
often be found at or near the crime scene, recovered from a residence or vehicle, or
taken from a suspect when taken into custody.

Footwear is considered by many to be important as a fashion statement, but lit-
tle regard is given to its negative effect on the foot. Many individuals actually wear
shoes that are too small for them. This occurs in some cases because of vanity but in
many cases because of improper fitting. Currently, individuals order more merchan-
dise, including footwear, through catalogs and the electronic media, which usually
precludes measuring the feet properly. It is not uncommon for the foot to increase
one-half (one-sixth of an inch) to one full size (two-sixths of an inch) as one ages.
This increase can be attributed to arch breakdown, with elongation of the foot, and
can be influenced by joints above the ankle including the knee, hip, and spinal col-
umn. The feet should always be measured each time shoes are purchased, and that
includes both feet since they are often not exactly the same size. Because shoes may
be purchased by the stated size, it is fairly common for shoes not to fit properly.
Many shoes that are manufactured in foreign countries are usually shorter than the
stated size. It is usually advised to purchase a shoe one-half to one full size larger
than the measured foot size. As a general rule, there should be one-half to five-
eighths of an inch between the end of the longest toe and the end of the shoe for a
proper fit.
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The size of feet in general has also changed over recent years. Men’s feet appear
to have remained stable, with perhaps a small percentage increase in larger sizes. The
most common sizes for men’s shoe range from 9 to 11. Size 11 usage has increased by
approx 9% over the past 10 yr, and size 8 usage has decreased approx 3 to 4% for a sim-
ilar period (unpublished study of author). Women’s feet generally have increased in
size, which has been noted in clinical practice over the past 10 to 15 yr. It appears
women are wearing larger shoe sizes. The most common sizes are 7, 8, and 9 in approx-
imately equal numbers. However, size 9 is approx 5% more common now than it was
10 yr ago (unpublished study by the author). The number of women wearing a size 10
has also increased by approx 6% over the past 10 yr (unpublished study by the author).

These shoe-size changes have forensic implications regarding footwear prints. It
has also become more common for women to wear men’s shoes, which are generally
wider than women’s footwear and give more room if they have a large foot. If they have
a large foot, it is often difficult to find a good assortment of shoes in women’s sizes that
fit properly. A woman who wears a size 10 shoe can wear a men’s size 8.0 to 8.5. The fact
that it is also possible to wear a shoe two sizes smaller than one’s normal size (but only
for a short period of time) is of importance in some forensic contexts. When a footwear
print is identified as a size 7 or 8 and it appears to be a men’s shoe, we should also con-
sider the possibility that a woman was wearing those shoes. Only a small percentage of
men wear sizes 7 and 8, approx 6 and 9%, respectively (unpublished study by the
author). The investigator may need to determine whether the foot impression/shoe print
was produced by a man or woman and at times that may not be possible to absolute cer-
tainty. In the context of forensic evaluations, however, all of these factors—including
improper shoe fit, biomechanical imbalances, and the subsequent pathologic changes in
the foot—will make themselves known in the examination of the footwear.

While there are thousands of new shoe styles introduced to Americans each year, they
are only variations of eight basic shoe types: the boot, pump, sandal, mule, clog, monk
strap, moccasin, and oxford. Moreover, the latest of these styles—the oxford—is almost
300 yr old (8). The basic shoe components have remained the same over the years, with
changes in some components due to newer, more durable, and lighter-weight materials.

Shoe components are as follows:

1. The shoe upper. This is the visible part that covers the foot. The makeup will vary
depending on the shoe style. Athletic type shoes (Fig. 4) may use cloth, nylon, or
semi-synthetic materials. Dress/fashion/style-oriented shoes may be made in a large
array of materials.

2. Insole board. This is the surface upon which the foot directly rests. It is necessary in
shoes that are constructed using cement-lasted or Goodyear welt techniques, because
it is the attachment for upper and lower components (8).

3. Sock liner. Athletic footwear will often have a sock liner (Fig. 4), a piece of material
placed over the top of the insole board (/7). It may be glued in position or it may be
removable. In slip-lasted shoes, however, there is no insole board, and the sock liner
lies directly on the midsole (/7). The sock liner decreases friction between the insole
board and the plantar surface of the foot, assists in shock attenuation, and absorbs per-
spiration (/7). The ability to absorb perspiration and thereby leave an image of the foot
is greatly aided by the large number of sweat glands on the plantar aspect of the foot
as well as the forces applied with daily activity, shoe confinement, and body weight.
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Fig. 4. Main shoe components of an athletic shoe. The sock liner is often the most impor-
tant component in forensic identifications.

Many materials are used for the sock liner component. In the past, they were most
often sponge rubber, vinyl, and latex materials covered with a very thin layer of terry
cloth or nylon. More commonly in dress casual, running shoes, and many sports type
shoes, where the materials are generally of a higher quality, the sock liner is removable
from the shoe. The most common materials now used include closed-cell rubbers,
open-cell polyurethane foam, and closed-cell polyethylene foam; ethylene vinyl acetate
is also used. A potential advantage of these newer materials is that they are more
durable, wear longer, and show a better foot image in both two and three dimensions.
Other materials may wear faster and must be replaced on a regular basis, but can still
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show a definable foot image. The foot image may be two-dimensional, three-dimensional,
or a combination of the two. Some of the more impressible materials will show a depth
impression of the foot, especially in the forefoot area (ball and digits). The foot image
may be visualized, within a relatively short period, in some cases days, to the point that
it may be of evidentiary value. This shoe component, the sock liner, in fact may be the
most important part of the shoe forensically. If two individuals were supposed to have
worn the same shoe, it may be possible to see a second image on the sock liner, but
this depends greatly on how long the shoe was worn by the second individual and
under what conditions.

4. Midsole. The midsole, which is a component of an athletic type shoe, is often made
of polyurethane or ethylene vinyl acetate and may show some three-dimensional wear
if the shoe is cut apart for examination.

5. Outsole. The outsole material varies according to shoe type. Athletic shoes commonly
use carbon rubber or blown rubber, which are both durable and usually will not show
appreciable wear for a long period except under extreme circumstances. Leather outsoles
usually show the best wear patterns, and at times a clear image of the foot including the
digits and ball area may be evident on the outsole. Other materials are available; for
example, work shoes and dress casual shoes often use Vibram®, which is a popular soling
material. This material may show wear fairly well, which may assist in forensic analysis.

As stated earlier, footwear is an important part of pedal evidence. There is a close
association between the foot and shoe, in that they almost function as a single unit. The
shoe is in a way an extension of the foot and functions in harmony with the foot during
ambulation. The shoe is often a mirror image of the foot that it housed and much can be
learned about the individual who wore it. In many cases, when perpetrators wear their
shoes for a long period of time it generally leads to a good amount of wear both inside and
outside, in fact, sometimes too much. There are times when the shoe is so worn it is of
no value to the forensic evaluation.

6. EXAMINATION OF PEDAL EVIDENCE
6.1. Types of Pedal Evidence

Pedal evidence comprises physical evidence relating to the human foot, with or
without footwear. It may present in impression and print form. Impression evidence,
being three-dimensional in nature, may be discovered in different materials and on
varying surfaces. The substrate must be impressible to allow for depth, as well as length
and width. Mud, sand, wet soil, and carpet, for example, may exhibit an impression. We
expect to find barefoot impressions, sock-foot impressions, or shoe outsole impressions,
but as we know, it takes a good investigator to discover them.

A three-dimensional impression may be evident on the sock liner of the shoe.
Two-dimensional footprints or shoe prints are more prevalent on a hard surface, such as
a tile floor or concrete walkway. A bloody trail can be most important and may present
as a bare footprint, sock footprint, or footwear outsole print. The shoe may also be eval-
uated secondary to foot contact within, leading to wear on inner surfaces as well as very
important wear on the sock liner or footbed component of the shoe. A bloody bare foot-
print with adequate friction ridge skin can be as identifiable as a fingerprint; unfortu-
nately, such a find is a rare occurrence.
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6.2. The Forensic Team

The forensic team may include a police officer or detective, a crime scene special-
ist or criminalist, a footwear examiner, and an attorney. A professional tracker may be of
value in certain situations. If the team is working for the defense, it may include a pri-
vate investigator, a criminalist from a private laboratory, other forensic specialists, and
the attorney. The footwear examiner specializes in footwear evidence and is trained to
make an identification that involves class characteristics or individual (random or acci-
dental) characteristics on the outsole. This individual must have expert knowledge of
manufacturing techniques for different shoes, which can often be an important part of the
evaluation. Certification in the field is now available for those specializing in footwear
evidence. The footwear examiner should be responsible for footwear-related evidence
when the outsole evaluation is required and seeking appropriate podiatric medical con-
sultation, if it is foot related.

7. THE BASIS OF THE FORENSIC EXAMINATION

A forensic evaluation leads to a determination of a common origin between two
specimens and may establish positive identification. A questioned (unknown) specimen
is used in a comparative analysis with a known specimen. To establish an identification,
the morphology of the foot must be distinct from that of other individuals. The foot is
genetically manufactured; therefore, even the anatomical, morphological, and biome-
chanical configuration of identical twins is different.

7.1. Class and Individual Characteristics

The forensic examination begins with an agreement of class characteristics. A class
characteristic is something that is common to all specimens in a given group—in this
instance, the group consists of feet. All feet have a size and shape, a heel or rearfoot
region, an arch or midfoot area, and a forefoot area. The forefoot (as discussed earlier) is
composed the metatarsophalangeal joint area (ball), including the five digits. An indi-
vidual characteristic is typically something that is unique to one object and not present
in other objects in a similar group, thereby leading to individualization and identification.
In pedal evidence, the presence of a sixth toe or absence of a toe are extremely rare and
would be considered individual characteristics because of their uncommonness.

In footwear, class characteristics include the tread pattern, logo, size, and shape of the
outsole. Individual characteristics include things that are not normally part of the outsole,
such as a pebble embedded in the outsole, a cut mark from a piece of glass, or a wear pat-
tern suggestive of a foot problem. Some of these are considered accidental because of the
way they are formed. Manufacturing characteristics that are present in a production run of
shoes may also show randomness to help in the identification process. Similarly, a scar on
the plantar aspect of the foot secondary to a laceration from a piece of glass or a puncture
wound could be considered an accidental characteristic, but is still unique. The presence of
unique characteristics in the foot is limited. What is known as an intermediate class char-
acteristic falls between class and individual characteristics. Intermediate class characteris-
tics relative to the foot include, for example, digital positioning secondary to pathologic
abnormality, such as a hammer toe deformity (Fig. 3). One foot may have a significant
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number of variations. Considering the digital positioning, size, and shape of just one toe,
there is a significant number of possible differences. The aggregate number of intermedi-
ate class characteristics adds to the level of certainty of pedal evidence.

7.2. ACE-V

The acronym “ACE-V” (analysis, comparison, evaluation, and verification of
evidence) denotes the scientific methodology used to arrive at a determination for
identification purposes. ACE-V has weathered court scrutiny in fingerprint identifica-
tion and can be applied to all disciplines where comparison techniques are used to make
an identification. Common practice in most crime laboratories dictates that when a pos-
itive identification is made on a fingerprint, verification is required. This is also becoming
a requirement in other forensic disciplines.

7.3. Analysis of the Questioned Item

The analysis involves the “dissection” of an item into its component parts, properties,
and characteristics that can be directly observed and measured. The analysis of the ques-
tioned item is always performed before any examination on the known item. In pedal
evidence, one is evaluating a bloody footprint or sock liner image to determine the
quantity and quality of the image and whether it is sufficient for comparison purposes.
A good number of marks or images may be present, but is there sufficient clarity (detail)
to use them all? Every aspect must be evaluated and then recorded using photographs
and casts of impressions, where applicable, as needed for comparison. Measurements
can be taken to estimate, for example, possible height of the perpetrator, foot and/or
shoe size. Once the findings are noted, they are compared with known standards to
make a final determination.

7.4. Pedal Evidence and Forensic Considerations

The crime scene often involves serologic evidence, such as blood. A gait pattern
may be visible in the blood, showing either a bare or socked foot. Many variations may
present themselves at one crime scene: a full print of one or both feet or a partial print
of, for instance, the forefoot area of one foot and the heel of the other. Some factors to
be considered (again, depending on their presentation and the abilities of the evaluator)
include step length, stride length, and foot plant. If there is a sufficient number of suc-
cessive steps, it may be possible to determine, among other things, whether the suspect
was walking or running.

Asymmetry in step length may be an indication of disability, limb-length dis-
crepancy, or injury. We can determine the direction of travel, number of suspects, and
whether the individual was walking backwards or back and forth. Out-toeing or in-
toeing beyond the normal amount and other factors, which may not in themselves be
conclusive, will add to the weight given to the ultimate identification. If a high-qual-
ity total-contact footprint is visible and the length can be measured, then height can be
estimated, although not calculated exactly. Studies performed by Giles and
Vallandigham (/2) and Gordon and Buikstra (/3) both include referencing the shoe
size to height. Estimation of weight is more difficult to ascertain and has not proven
very reliable.
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Most footprints have to be considered as being made in a dynamic state or at least
with body weight applied. In the weight-bearing foot, soft tissue expansion occurs. The
amount of soft tissue between the underlying bone and the epidermis is quite uniform
in most individuals and is relatively the same in both sexes. It is possible to estimate the
shape of the foot and proper length of the digits from a bare bloody footprint, but there
are always exceptions to the rule.

The foot image on the sock liner of the shoe is formed in both the static and
dynamic state. Because the average individual takes approx 8000 steps daily, the
image is more of a dynamic representation of the foot. Also distinguishable in a foot-
print are digital length, digital position, and the shape of the toes. Increased areas of
pressure due to the presence of a plantar lesion—e.g., an intractable plantar keratosis,
callus, or verruca plantaris (wart)—may leave an indentation in the sock liner. The
quality of the print or impression is important, especially the clarity and sharpness of
the identification lines (Fig. 5) such as the arch line, heel line, web ridge-line, and the
web space outline (primarily visible on the sock liner). The web ridge-line is very
individual and, depending on its quality, can be quite important. Whether it can be
determined from the footprint if it was produced by a male or female is most com-
monly based on the size of the impression. Men’s feet are generally longer and wider
than women’s feet. As previously stated, however, women’s feet have generally
increased in average size over the past few years, so at times a woman’s footprint or
shoe print is indistinguishable from a man’s and, therefore, this parameter can only be
used to infer the subject’s gender.

If an item of footwear is involved, then the sock liner is analyzed in a similar
manner to a bare footprint. The size of the shoe the individual is wearing can be cor-
related with height—again, within certain parameters. The upper of the shoe is eval-
uated for distinctive wear secondary to any pathologic change in the foot, such as a
bunion deformity or hammer toe deformity, which will also show, in many cases,
coincidental wear on the inside upper or actual bulging or deformity of the shoe in
that area. Haglund’s deformity, which is a bony enlargement on the posterior aspect
of the calcaneus, commonly will result in wear in the center to lateral portion of the
inside counter of the shoe. This deformity is also related to a biomechanical problem,
specifically a compensated rearfoot varus deformity, which may be discovered in the
suspect after biomechanical evaluation. The outsole is subject to both extrinsic and
intrinsic influences. Wear can be influenced by occupation or certain activities that
may put excessive weight on one part of the shoe or the other. For example, skate
boarding may cause excessive posterior heel wear on one side or the other if the shoe
is used for braking.

Environmental factors and poorly manufactured footwear may lead to altered or
accelerated wear. Intrinsic wear is secondary to biomechanical influences and pathologic
change. The outsole needs to be evaluated for a certain amount of normal wear first.
Typically, wear is noted in the ball area of most shoes inferior to the second, third, and
fourth metatarsal heads. Anticipated wear secondary to a moderate to severe cavus or val-
gus foot is not unusual. Asymmetric wear in most cases is caused by a limb-length dis-
crepancy, disability, or injury. Different wear patterns are anticipated in a valgus type foot
when there is abduction present vs no abduction. The composition of the outsole will also
lead to a clear picture of different wear patterns and pathologic entities. The carbon
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BARE FOOTPRINT/OUTLINE

IDENTIFICATION LINES FOOT ZONES

Web Space Outline(WSOL)

Web Ridge Line(WRL)
FOREFOOT(40%)

Arch Line(AL)

MID-FOOT(30%)
Lateral Foot Line(LFL)

REARFOOT(30%)
Heel Line(HL)

Fig. 5. Bare inked footprint with foot outline. The lines as indicated are very important
in the comparative process, especially the web ridge line (WRL). The foot zones can be
used in matching foot size between an unknown and known footprint or used to check
proportional accuracy of an unknown or even to a known standard.

rubber outsole on many running shoes may not show appreciable wear for many miles of
use and then wear may be minimal, especially if worn for general use. Typically, wear on
a leather outsole is easier to visualize, and often the entire image of the foot is present.

7.5. Fabrication of Known Standards

An unknown fingerprint must be compared with the fingerprint of a known indi-
vidual to make an identification. The same applies to pedal evidence. Any individual
who is a suspect, in many cases already in police custody, or who left evidence of his
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or her presence at the scene or some other related location, may need to be evaluated
and required to give standards against which the unknown can be compared. If possi-
ble, the forensic podiatrist should be involved in this process. Although laboratory per-
sonnel are competent to perform many tasks, there are times when a specific technique
and specialized medical expertise is required.

Photographs of the pedal evidence are taken of different positions, including the
plantar aspect. Inked bare footprints, standing weight, or one step are taken with the soft
tissue outlined with a thin lead pencil held perpendicular to the weight-bearing surface.
This procedure is very important and needs to be performed accurately. Casting foam is
used to create a weight-bearing impression, which may be taken in a step-down manner
or after taking one step. These negative impressions will be filled with dental stone to
create positive casts of the feet.

Radiographs, as discussed in detail in this text, represent an important tool for iden-
tification and may be taken at this time, if the circumstances warrant. An inked gait pat-
tern is also important, especially if there is a walking pattern or some steps at the scene.
However, it should always be made because it gives the most accurate representation of
the dynamic foot that can be used in the comparison process. The gait pattern must be
meticulously recorded. The gait pattern should be recorded at least three separate times,
as should any other static or dynamic impression or print. This repetition will show the
reliability of the technique and the reproducibility of the standards. The best technique is
to apply black ink with a roller to the entire plantar aspect of the foot. White butcher-style
paper or brown wrapping paper approximately 20 ft long and 3 ft wide is satisfactory.
Most subjects will take eight to ten steps; usually the mid-pattern steps taken offer the best
representation of the gait. The subject needs to be observed to ensure that there is no self-
created change in foot plant, and step length. It is a good idea to ask questions such as,
what is your date of birth, while the subject is performing this task for the purpose of tak-
ing their mind off what they are doing in case they are not cooperating or attempting to
walk differently. Videotaping the entire process is also valuable, in case there are any dis-
crepancies that need clarification later. A force-plate system yields more technical infor-
mation, if needed. Specific areas of increased weight leading can be recorded and
compared possibly to an area in the sock liner. In addition, the foot contact area can be
compared with a bloody footprint, for example, to indicate how accurate our unknown is
regarding the percentage of foot plant. Gait analysis can be further enhanced by using one
of the portable in-shoe sensor systems. If bloody footprints are from a socked foot, then
all standards are recorded with the subject wearing a sock or other type of hosiery.

Foot measurements can be taken with an appropriate measuring device. During
these procedures, the podiatrist observes the individual, giving special attention to the
weight-bearing attitude of the feet and anything that might be important in substantiat-
ing findings in the questioned evidence. During some of these procedures, the foot may
be biomechanically evaluated, at a minimum to classify it in one of the biomechanical
and morphological foot types.

If footwear is involved, then a representative sample of the subject’s shoes must
be obtained. It is best to recover shoes similar to those associated with the crime scene
shoes. It is never appropriate for anyone to try on the unknown shoe for testing purposes.
Photographs, foam outsole impressions that can be cast with dental stone to create a
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positive model of the outsole, and inked outsole prints may be required and often will
be best used by the footwear examiner. The sock liner, if exhibiting a three-dimensional
impression, may be cast with a thin layer of dental stone to reproduce the indentations
quite accurately. The sock liner needs to be photographed and enhanced by the laboratory.
An examination quality photograph is then produced.

It may be necessary to create some test impressions using one’s own feet to
account for certain discrepancies or other things that might be evident in the crime scene
prints in order to logically explain a certain activity that took place at the scene. The
importance of recording accurate measurements cannot be overstressed.

7.6. Comparison and Evaluation

The comparison analysis is designed to determine whether the questioned specimen
and known specimen were made by the same individual. Protocol calls for the known
specimen to be compared with the questioned specimen. The overlay technique is com-
monly used to make a direct comparison of pedal evidence. A transparency of the known
sock liner or inked footprint is compared with the questioned sock liner itself or a photo-
graph of it. An examination-quality photograph, for example, of bloody footprints is
compared with a transparency of the known standard.

Footprint and foot impression evidence presents in both two-dimensional and
three-dimensional form, and it is best to compare known with unknowns of the same
number of dimensions. If one recovers a foot impression in dirt that was cast with den-
tal stone, then it is best to compare it to the known positive cast of the foot. A trans-
parency overlay can be used to create a direct tracing of both specimens and to make a
comparison. There are instances when a two-dimensional print may also be compared
with a three-dimensional foot mold, but only with knowledge of tissue expansion and
other factors can a valid comparison be made. The sock-liner impression can be three-
dimensional; however, depending on its composition or duration of wear, the depth
impression may be negligible. Other methods of comparison include measurement tech-
niques. Direct measurements can be made using a ruler, but it’s usually better to use a
grid system. Random subjects’ standards are also used. If, for example, we have an esti-
mated size 10 male footprint, then a number of size 10 inked standards are used to show
the many differences inherent in footprints taken from a data bank of exemplars.
Standards taken from others, who perhaps lived with the victim or might have been at
the scene for some reason, are compared with the questioned print and can be used to
eliminate those individuals.

Medical or police personnel at a crime scene occasionally need to submit exem-
plars for exclusion purposes. We have performed the comparison and evaluation, and
we must now make a determination or answer the question posed initially. For exam-
ple, did this individual make the bloody bare footprint at the crime scene? Obviously, if
there is a significant discrepancy that cannot be explained, we have an exclusion or a
nonidentification. The forensic field is replete with differing opinions on how best to
define the eventual determination or conclusion. For example, “possible,” “very possi-
ble,” “likely,” “highly likely,” “with reasonable medical certainty,” and other terms are
commonly used. Answering in the affirmative indicates an identification to some
degree, but with an increasing number of intermediate class characteristics, one can
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transcend to greater levels of certainty. If the opinion is in the negative, then it is a non-
identification. An inconclusive determination can still be used. It is neither positive nor
negative and might be applicable in a situation where a bloody footprint, for example,
can neither be excluded nor identified satisfactorily.

7.7. Levels of Certainty

Level 1: Is it a footprint? If the answer is in the affirmative, subsequent questions
may be as follows: Is it a partial or full, static or dynamic print or impression? Is there
sufficient quantity or quality to continue? If the answer is still in the affirmative, then
we proceed to the next level. If there is not an agreement in the response, it could lead
to an inconclusive identification or nonidentification.

Level 2: General Agreement. Is there a general agreement in the size, shape, and
position of the digits and foot zones? (Fig. 5). If the answer is in the affirmative, then
we proceed to the next level.

Level 3: Identification Lines. Is there sufficient agreement of the web ridge line,
arch line, lateral foot line, heel line, and web space outline? If the answer is in the affir-
mative, then we proceed to the next level.

Level 4: Intermediate characteristics. This is where the medical practitioner’s
clinical expertise and knowledge of pathological, morphological, and biomechanical
imbalances or deviations are used. If the aggregate of findings are sufficient and can be
verified, then we proceed to level 5.

Level 5: Individual characteristics are noted or level 4 with verification.

8. CASE PRESENTATION

TYPE OF CRIME: Homicide, 19-yr-old female

DATE OF OCCURRENCE: November 1996, Phoenix, Arizona

CASE HISTORY: Four female friends took an early morning drive in Phoenix,
Arizona. After a failed attempt at strangling the victim, someone crushed her skull with a
large rock, and the body was placed in a pond. Two different footwear impressions were
discovered in soft dirt and photographed at the scene. The remaining three females, aged
15 to 18 yr, were arrested driving the victim’s vehicle on November 20, 1996, and the shoes
they were wearing were obtained by law enforcement for evaluation.

On November 21, 1996, four pairs of shoes were recovered from the victim’s
apartment.

On November 22, 1996, two pairs of shoes were recovered from the trunk of
the victim’s vehicle, along with other clothing items. The outsoles on these shoes
gave impressions similar to those discovered at the scene, but could not be positively
identified.

Subsequently, two pairs of the victim’s shoes were given to the police by her
parents to be used for the evaluation.

8.1. Objective

Can the following be determined from the evidence presented: (1) whether the
suspects most likely wore the questioned shoes, and (2) who was the predominant
wearer of each?
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8.2. Methodology

Initial contact was in June 1998 by the case detective, at which time an evaluation
of the questioned shoes was performed. There appeared to be sufficient quality and quantity
of the footwear for podiatric medical evaluation to continue. The suspects were taken into
custody and standards were collected including photographs, inked bare footprints with
foot outlines, impressible foam foot impressions that were cast with dental stone to cre-
ate positive molds of the feet, and foot measurements. Biomechanical and structural
problems were observed at this time. The laboratory personnel produced examination
quality photographs as requested, including photographically enhanced images of the
sock liners of the questioned footwear. Eleven pairs of shoes were examined. The ques-
tioned shoes were a brand name canvas off-court casual sneaker size 5.5, and a designer
athletic type shoe with a thick outsole, the left shoe measuring 5.0 and the right shoe
measuring 5.5. Other shoes included two pairs known to belong to the victim, as well
as several possibly belonging to the victim, and also some possibly belonging to one of
the suspects, who had lived for a short period of time with the victim. Analysis of the
questioned items was performed initially. A sock liner image was visible in each shoe,
as well as some inner liner wear in the toe box area of one shoe.

The inked footprints and the foot molds were compared with the foot images pre-
sent on the sock liners of the questioned shoes. The pair of shoes recovered from the
trunk of the vehicle appeared to be the shoes that left the impressions at the crime scene.
The suspects denied that these were their shoes. These shoes, in fact, were comparable
to the foot size of the suspects. (The third suspect was not involved in the actual mur-
der but was standing by at the car. She happened to be wearing a walking cast after sus-
taining a sprained ankle several days before the crime was committed and was wearing
a shoe on her other foot. Her shoes were approximately two sizes larger than the ques-
tioned shoes.) Using comparisons of the known exemplars to the questioned sock liners
and other footwear components, in addition to the biomechanical findings, foot mea-
surements, and pathologic changes noted, a conclusion in the affirmative was made.

This case was particularly challenging because of the morphologic similarities of
the suspects’ feet. However, one suspect had a bunion developing and a long second toe
that already had a fairly well-formed hammer toe. It was determined that the footwear
recovered from the trunk of the victim’s vehicle at the time of the arrest belonged to the
two main suspects, each suspect being the predominant wearer of an individual pair of
the questioned shoes. Moreover, one of the suspects was actually wearing a pair of the
victim’s shoes at the time of their arrest. Placing the suspects in their shoes, which were
considered to be the shoes that left the impressions at the crime scene, was one piece of
the circumstantial evidence that ultimately led to a conviction in this homicide.

APPENDIX

Foot:
Abduction. Movement of a body part (e.g., the foot) away from the midline of the body.
Adduction. Movement of a body part (e.g., the foot) towards the midline of the body.

Biomechanics. The application of mechanical laws to living structures, specifically to
the locomotor functions of the human body.
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Distal. Farthest away from the central location of the body or part in question, e.g., the
toes are distal to the heel.

Dorsal. Toward the front. In the foot, the upper surface of the foot.
Dorsiflexion. Upward bending (flexion) of the foot.

Eversion. Tilting away from the midline of the body, e.g., the plantar surface tilts away
from the midline of the body, thereby lowering the inner border of the foot.

Inversion. Tilting toward the midline of the body, e.g., the plantar surface tilts toward
the midline of the body, thereby elevating the inner border of the foot.

Intractable plantar keratosis (IPK). A deeply nucleated keratotic lesion on the bottom of
the foot that may leave its mark as an area of increased pressure on a receiving surface.

Lateral. Farther from the midline of the body.
Medial. Nearer to the midline of the body.

Metatarsalgia. A term denoting pain in the metatarsal area secondary to a variety of
conditions. Often, the associated prominence of the metatarsal heads toward the plantar
surface can lead to an area of increased pressure that can have forensic implications.

Plantar. Pertaining to the sole of the foot.
Plantar flexion. Downward bending of the foot.

Plantar verruca (plural, plantar verrucae). Plantar wart: lesion that appears on the bot-
tom of the foot and leaves its mark as an area of increased pressure or a break in conti-
nuity on a receiving surface.

Pronation. A triplane motion of the foot consisting of abduction, dorsiflexion, and ever-
sion of the calcaneus; often called a valgus (flat) foot type.

Proximal. Nearest to the central location of the body or the body part in question, e.g., the
heel is proximal to the toes.

Rectus. Straight position.
Running. Double-float phasic gait.
Step length. The distance between one foot plant and the next, e.g., right foot to left foot.

Stride length. The distance between one foot plant and the next of the same foot, e.g., from
a right foot plant to the next right foot plant.

Subtalar joint. Joint between the talus and calcaneus bones in the foot.

Supination. A tri-plane motion of the foot consisting of adduction, plantar flexion, and
inversion of the calcaneus; often referred to as the cavus (“high arch”) foot type.

Valgus. An abnormality or deformity characterized by foot turned or forced outward;
used to describe a pronatory attitude (“flat foot”).

Varus. An abnormality or deformity in which the foot is turned or forced inward; used
to describe supination (“high arch”).

Walking. Double-stance phasic gait.

Footwear and Miscellaneous:

Adhesive lifter. Adhesive-backed paper that can be used to “lift” a footprint from a
given surface.
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Amido black. Chemical agent that can be used to enhance bloody footprints.

CA fuming. Cyanoacrylate ester/superglue: A method used to detect and stabilize fin-
gerprints; also used on the sock liner of the shoe for the same purpose.

EVA/CREPE (Ethylene vinyl acetate). A versatile lightweight soling material that is
also used as a sock-liner component of shoe.

Gelatin lifter. Adhesive backed thin gelatin sheet used to “lift” a footprint from a hard
surface.

Impression. A mark made by pressure.

Polyurethane (PU). A very versatile long-wearing material soling material also can be
used for sock liner component and midsole component.

Print. An impression with ink.
Standard (exemplar). Any type model or example for comparison.
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Chapter 14

Ongoing Research Into Barefoot
Impression Evidence

Robert B. Kennedy

1. INTRODUCTION

Ongoing research in barefoot impression evidence will be discussed briefly.
Further research is necessary to shed light on what constitutes a “unique” (individual-
izing) feature between barefoot and footwear evidence and to determine if these fea-
tures are merely consistent with any individual or if they truly constitute an
identification. Such research is critical because this evidence might not be accepted in
some jurisdictions or may be at risk of not meeting the Daubert criteria in the United
States and the Mohan standard in Canada.

In 1989, convicted murderer Alan Legere escaped from the Atlantic Institution in
Renous, New Brunswick, Canada while being escorted to the hospital for an ear infection.
During the next 6 months, he killed four people, spreading fear throughout the Miramichi
region of New Brunswick. One of his victims, Father Smith, was found murdered in the
rectory of a Catholic church in Chatham Head, New Brunswick. At the crime scene,
bloody impressions from a pair of boots showed enough detail that they could be identified
as the boots worn by the killer—if they could be found.

About a week after the murder, a pair of work boots that had been discarded was
found behind a motel approx 60 mi from the murder scene and was subsequently
matched to the crime scene by way of accidental characteristics on the outsole of the
boots. The boots were cut apart in a search for any evidence that might link the owner
of the boots to the scene. Barefoot weight-bearing impressions were evident on the
insole of the boots, and it appeared that the impressions were of suitable quality for
comparison with a suspect barefoot impression. Upon further examination of the inside

From: Forensic Science and Medicine
Forensic Medicine of the Lower Extremity: Human Identification and Trauma Analysis
of the Thigh, Leg, and Foot
Edited by: J. Rich, D. E. Dean, and R. H. Powers © The Humana Press Inc., Totowa, N]J

401




402 Kennedy

Fig. 1. Nail in heel area of the footwear damaged the barefoot of Legere, as indicated by
a dimple in the cast.

of the boot, a nail was found protruding through the heel area that appeared significant
enough to cause damage to the foot.

When Legere was arrested in 1989, inked barefoot and molded impressions were
taken of his feet. It appeared that a scar on the heel of Legere’s foot was the same shape
and in the same area as the nail protruding through the heel area of the boot (Fig. 1).
The inked weight-bearing areas of Legere’s bare foot were consistent with the weight-
bearing barefoot impressions on the insole of the boot; this linked Legere to the boot
and hence to the crime scene.
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To get this barefoot morphology evidence introduced into a court of law, a detailed
research project was undertaken by the Royal Canadian Mounted Police (RCMP) to
prove that the inked weight-bearing areas of a human foot were unique to that person.
A total of 1000 volunteers gave their inked barefoot impressions and all the relevant
information was entered into a database. Each impression was searched through the
database against all the others in the collection. No matches other than to that of the owner
of the impression were found. The evidence was presented in court and Legere was
found guilty.

2. OVERVIEW

Anyone committing a crime must walk around the crime scene, leaving footwear
impressions and, at times, barefoot impressions, making the recovery of this type of evi-
dence important. The human foot contains ridge detail similar to that found in a finger-
print. Forensic barefoot morphology involves the comparison of the weight-bearing
areas of the bottom of a barefoot without such ridge detail, as in a fingerprint, to estab-
lish a link between the barefoot of an individual and an impression found in mud, blood,
or some other medium at the crime scene or on the insole of a shoe that may have been
linked to a crime scene. The elimination of an individual whose feet leave an impres-
sion that is not consistent with the crime scene impression is important to the judicial
system.

2.1. History

The use of barefoot impression morphology in its current form by the RCMP had
its origins in the Alan Legere case in 1989 (7). Although extensive research into the indi-
viduality (“uniqueness”) of barefoot impressions was not performed until last decade,
barefoot comparisons were presented in court for many years.

2.2. Historical Cases

In 1948, two brothers—Donald and William Kett—were charged with a series of
breaking-and-enterings in Canada. After Donald was convicted, William claimed he
was innocent and that the shoes that were matched back to the crime scenes belonged
to his brother. The shoes were cut open and the marks inside compared with the feet of
the two brothers; it was determined that William, not Donald, had worn the shoes, and
he was also convicted (2).

In 1953, New Scotland Yard had a case in which a burglar left a pair of shoes
behind at the scene of the crime. The main suspect denied ownership of the shoes and
volunteered an old pair of his own boots for comparison. The outsole of the boots and
the shoes exhibited the same unusual wear patterns. To compare the impressions on the
inside, a casting material was poured into the shoes and boots, the casts were shown to
be very similar, and the suspect was convicted (3).

In 1962 in The Netherlands, a safecracker discarded the clothes he had worn while
committing his crime by throwing them into a canal. The clothes, including a pair of
shoes, were recovered and a prosecution expert compared the recovered shoes with the
shoes from the suspect and concluded that they were worn by the same person. The
defendant hired his own specialist, but was dismayed when his witness agreed with
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the first expert. The defendant, who until this time had not agreed to have his feet pho-
tographed or printed, asked a third expert to examine his feet. Again to his dismay, this
witness also agreed with the other two. The defendant was subsequently convicted (4).

In a case in New Jersey in 1981, a bloody socked footprint found at the scene of
a homicide was compared with the foot impressions of two suspects. One suspect had
left a bloody fingerprint at the crime scene but was eliminated as the person leaving the
bloody footprint. The second suspect’s foot impression was compared and was found to
be very similar to the print at the crime scene, leaving the expert to declare that there
was a high probability that the second suspect left the impression at the murder scene.
Both were convicted (5).

3. ONGOING BAREFOOT RESEARCH

The purpose of the research described here is to study the outlines of footprints of
persons walking and to determine whether one can prove that different people make
verifiably distinct footprints. To support this hypothesis, a database of footprint outlines
was compiled to provide a statistical basis for deciding whether the outlines of walking
footprints of various people are distinguishable.

3.1. Potential of Bare Feet to Present Individualizing Features

In early casework, the individuality of human footprints was often assumed
(2,4,6,7), i.e., no two prints, even from the same individual, would be identical. RCMP
research has shown that barefoot impressions from the same individual may remain
unchanged over several years. Impressions from the insole of several pairs of footwear
worn over a 25-year period were examined and showed little change in the weight-bear-
ing areas of the foot. Impressions taken from individuals walking a distance of 20 feet
show little or no change in the weight-bearing areas imprinted on paper. Barefoot
impressions taken from several identical twins show that their barefoot impressions are
distinct one from the other (Fig. 2).

A great deal of early research and casework in barefoot impressions was per-
formed in India, probably because there people are more often barefoot or in sandals.
For example, in 1965, Puri described his work of classifying and measuring barefoot
impressions for comparison purposes (8). In 1980, Qamra published the results of a pre-
liminary study involving the measurement of the footprints of 725 individuals (9).

3.2. Footprint Measurements

At its inception, footprint research involved an examination of anatomic character-
istics such as stature. For example, Topinard estimated that on average a person’s foot-
print length was equal to 15% of a person’s height (/0). Gordon and Buikstra (//) analyzed
the statures and foot lengths and widths of 867 soldiers in a combat boot-fitting study.
Barker and Scheuer (/2) investigated the Topinard estimate by collecting data from 105
seated and walking subjects.

Baba (/3) studied 826 males and 1018 females to prove that there were significant
differences in the ratios of breadth (i.e., ball width) to foot length and of ball girth to foot
length between French and Japanese populations. The length of the foot was determined



Ongoing Research Into Barefoot Impression Evidence 405

Fig. 2. Barefoot impressions from identical twins show differences in placement of the
toes and arch area.

to be the distance from the most posteriorly projecting point on the heel to the anterior
tip of whichever toe gave the longest measurement. Hawes (/4) studied ethnic differences
between 513 Asian and 708 North American males. Their method of measurement was
to have each subject place all of his weight on the right foot while the left foot was on a
platform raised 25 cm higher than the one on the right. Calipers were used to measure
the distance from the pternion to the tip of each toe, recording foot length as the maxi-
mum such measure. Breadth was measured between the first and fifth metatarsals in a
plane perpendicular to the long axis of the foot. The reliability of foot measurements of
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1197 Canadian subjects was studied, as well (/5). Kouchi and Mochimaru undertook a
thorough study of 5000 Japanese footprints (/6,17) and proved that there was a signifi-
cant distinctive out-flaring of the Japanese foot, with a mean flexion angle of 8.4°. The
individuality of feet was studied by Qamra (9), Laskowski and Kyle (/8), Kennedy
(19-22), and Barker and Scheuer (12).

The Federal Bureau of Investigation, specifically Special Agent William
Bodziak, has presented evidence on barefoot morphology and has conducted
research to help establish the potential individuality of barefoot impressions (23).
Bodziak’s collection of impressions from 500 volunteers provided a starting point for
studies of this nature. The RCMP has performed research regarding the individuality
of barefoot impressions since 1989 and has extended this research considerably with
the collection of samples from more than 12,000 volunteers who have given their
barefoot impressions.

When the RCMP research began in 1989 (217,22), impressions were traced by hand
and measured with a ruler to obtain the 19 measurements needed. These measurements
were entered into the database for each foot (e.g., overall length of foot from heel to
longest toe, width of ball of foot, distance of toe pads from edge of heel). The system
was capable of accepting these data and searching them against data already in the sys-
tem to determine whether any other foot matched this set of data. With 5000 impres-
sions in this database, no false matches were found. Each time, only the person being
entered was found if his or her impression was already in the database. In 1994, this
manual system was changed to an automated system in which the foot was scanned and
automatically traced and measured by the computer. The number of areas measured
went from 19 to approx 120 per foot (Fig. 3).

Initial research (20,21) indicates that bare feet have characteristics that may form the
basis for identification and that these characteristics can be compared to eliminate or link
a suspect to the scene of a crime. This research is statistical in nature and based on
anatomic measurements; however, the actual forensic examination involves a comparison
of the contours, shapes, and placements of parts of the foot, and the bare feet from differ-
ent people may show a degree of individuality. In a study (22) based on the population
from which our samples come, barefoot impressions show a high degree of individuality.
The probability of a chance match was estimated to be less than 1 in 103. A subsequent
analysis based on a larger sample size yielded a chance-match probability of 1 in 10'! (RB
Kennedy et al., unpublished data). Of note, the mathematical database is used strictly for
research purposes to establish the individuality of barefoot impressions.

The footprint impressions are collected from volunteers using a commercially
available inkless pad and chemically treated paper. The pad is placed on the floor about
one stride from the volunteer and the paper is placed approximately one stride ahead of
the pad. The footprint impressions are taken in a one-step method not in a dynamic mode
(i.e., walking mode). The volunteer walks toward the pad, steps on the inkless pad with
one of his or her feet, and continues walking until that foot walks on the paper, creating
a darkened impression. The process is repeated with the other foot so that we have a left
and a right barefoot impression on each sheet of paper. The impressions are scanned and
entered into a computer database. The computer program is capable of adding data to the
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Fig. 3. Printout from the Royal Canadian Mounted Police database showing some of the
areas measured during the processing of the barefoot impressions.

system and, as entry of new data takes place, it is searched against all the data presently
in the system to determine whether a match exists. The system is capable of extracting
data in any order for analysis by mathematicians and statisticians.

Damage or injury to the foot should be considered during the comparison process; it
may explain a difference in impressions or produce an individualizing impression.
Flexion creases on the foot can also be used to aid in the comparison and in sufficient
number can be used to “individualize” the barefoot (24). While partial impressions may
not contain sufficient information to individualize a barefoot, they may still be useful
evidence in a court of law and for the possible elimination of a suspect.
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Fig. 4. Crime scene barefoot impression in dust.

4. CASE STUDIES
4.1. Case Study 1

The investigation of a murder in Ontario, Canada, is an example of the compari-
son of a barefoot crime scene impression with a barefoot impression from a suspect.
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fi

Fig. 5. Inked barefoot impression from suspect.

The police received a report that a woman accidentally shot her husband as he tried to
kill her. She contended that he went to the gun locker in the basement and returned to
the bedroom carrying a rifle, with the intention of shooting her. She claimed that a strug-
gle ensued and the rifle went off, killing him. The police found a set of barefoot impres-
sions in dust on the concrete floor that led to the gun cabinet and then away. Barefoot
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Fig. 6. Inked tracing of Fig. 6 overlaid on Fig. 5, the crime scene impression, showing
consistency between the crime scene impression and the barefoot of the suspect.

impressions of the victim, his wife, and her sister were received and examined. It was
determined that the barefoot impressions were too small to be the victim’s and did not
match the sister’s, but did match the wife’s barefoot impressions. These findings, along
with other evidence gathered during the investigation, was presented in court, and she
was subsequently found guilty of the murder (Figs. 4-6).
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Fig. 7. Weight-bearing areas on the insole of two running shoes. Running shoes seized
from the suspect with top removed (A) and running shoes (with the tops removed) found
in the trash at the jail (B).

4.2. Case Study 2

A successful link between footwear from a crime scene and the accused was estab-
lished in 1993, when an inmate in a prison in Quebec was found dead in his cell as a
result of knife wounds in his neck and chest. Eighteen inmates lived in this section of
the prison, providing a limited pool of suspects. Of the seventeen remaining prisoners,
two brothers stood out as the prime suspects. The younger brother had only a short time
left to serve, while the older brother, who then admitted to the killing, was serving a life
sentence for murder.

A pair of blood-spattered running shoes, a pair of bloodstained jogging pants, and a
nametag were found in the trash. The blood stains were eventually matched to the victim.
Footwear and barefoot impressions were taken from both brothers and submitted, along
with the running shoes found in the trash, to the Forensic Identification Research Services
Section at RCMP Headquarters. The shoes were cut apart, and the impressions on the
insoles were examined and compared with the barefoot impressions of the two suspects
(Fig. 7). The older brother’s impressions did not match those found in the running shoes,
but the impressions of the younger brother were a good match. The case went to court,
and the younger brother was found guilty and is presently serving a life sentence.
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5. SuMMARY

Barefoot morphology has been used successfully in jurisdictions to exclude or
include a suspect as having been at the scene of a crime. This evidence is based on an
evaluation of the shapes and placement of various weight-bearing parts of the foot.
Although statistical research has been performed to establish the potential individuality
of barefoot impressions to meet the stringent jurisprudence standards in the United
States, Canada and elsewhere (25), further studies may be necessary to help validate
identification markers between the barefoot and shoe wear.
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Falaca, radiographic findings, 147, 206, 207
Falls,

biomechanics,
gait determinants, 346-349
macroslip, 349-351, 354
prospects for study, 354, 355

children, 244

epidemiology, 343

friction testing, 344-346

slips, 343

tribology, 344-346

Femur,

age at death estimation,
amino acid isomerization, 105
bone remodeling, 104
fetal body length estimation, 100
infancy through adolescence, 101
ossification center appearance
in development, 102
anatomy,
articular surfaces, 34
condyles, 34-36
epicondyles, 36-38
intercondylar notch, 38
overview, 18, 33, 34
popliteal surface, 38, 39
bending fracture, 293, 294
bone islands, 159-161
fibrous cortical defects, 162, 163
fracture and radiography, 164, 171, 174, 177
fragmentary remains, 22, 24
knee injury and stress evidence, 50, 53, 54
Legg-Calvé-Perthe disease, 150
length variation, 21
osteogenic sarcoma, 157
positioning for X-ray,
anterior view, 223, 224, 226, 227
lateral view, 225, 226
race determination, 73, 74, 87
sex determination, 84—86
stature estimation, 7678, 88—90, 92-94, 133
stress tolerance, 286
traffic injury reconstruction, 326, 327

Fibrous dysplasia, radiography, 158
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Fibula,
anatomy, 19, 44
bending fracture, 295
fetal body length estimation, 100
ossification center appearance
in development, 102
ossification center appearance
in development, 102
pseudoarthrosis, 145
stature estimation, 92-94, 133
Foot,
anatomy, 19, 380-383
anthropology,
death investigation examples,
biographic profiling for identification,
360, 361
fireworks factory explosion, 362, 363
plane crashes, 363, 365, 366, 369-371
train crashes, 368, 369
historical perspective, 359, 360
bones, 19
developmental radiology, 127-130
fetal body length estimation from first
metatarsal, 101
footwear and print evidence, see Forensic
podiatry
heel pad thickness measurement, 132, 133
Madura foot, 153
melorheostosis of bones, 147
neurogenic destruction, 149
ossification center appearance
in development, 102
pedal injury patterns, see Pedal injury
patterns
plantar fascia attachment site
calcification, 153
positioning for X-ray,
anterior view, 231, 232
lateral view, 233, 235
recovery of specimens, 370-372
sex determination from tarsals, 87
size trends, 387
stature determination from metatarsals, 89
structural features, 254
Forensic podiatry,
barefoot impression evidence,
boot matching with foot, 401403
historical perspective, 403, 404
individualizing features, 404
measurement of footprints, 404—407
research prospects, 412
biomechanical foot types, 383, 384
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case examples, 396, 397, 401-404, 407411
crime scene handling guidelines, 377-380
evaluation principles,
ACE-V, 391
analysis of questioned item, 391
certainty levels, 396
class characteristics, 390, 391
comparison and evaluation, 395, 396
individual characteristics, 390, 391
known standard fabrication, 393-395
pedal evidence and forensic
considerations, 391-393
evidence types, 389
foot anatomy and classification, 380-383
forensic team role, 390
glossary of terms, 397-399
historical perspective, 375-377, 403
pathology, 384-386
professional organizations, 377
shoe types and components, 387-389
Fracture, see also specific bones
and traumas,
biomechanics, see Biomechanics
blunt force trauma in child abuse, 261-264
radiography, see Radiography
tension line visualization, 292, 295, 296
timing and mechanism of trauma, 257-261
Fractures,
child abuse, 118, 140-142, 171-180
radiography of healed fractures, 137,
164, 174
Fully method, stature estimation, 75

G

Gait, determinants, 346-349
Gunshot injuries,
radiographic findings,
caliber of bullets, 149, 150, 213
identification of bullet type and
composition, 151, 155, 159,
215-220
localization, 150, 151, 213, 214
number of bullets, 149
skeletal trauma analysis, 272, 273

H

Hair tourniquet syndrome, features, 250, 251
Hammer toe deformity, forensic podiatry, 385

J

Juvenile rheumatoid arthritis, radiography,
155, 156
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K

Kerley method, age at death estimation,
103, 104
Knee,
bones, see Fabella; Femur; Patella; Tibia
developmental radiology, 126
intercondylar shelf angle, 131, 132
osteopoikilosis, 148
positioning for X-ray,
anterior view, 223, 224, 226, 227
lateral view, 225, 226
skeletal evidence of injury and stress,
48-54
traffic injury,
mechanisms,
bicycle accidents, 333
drivers and passengers, 333, 334
motorcycle accidents, 338
pedestrian trauma, 327, 329-332
reconstruction, 322-324
Knee capping, radiographic findings, 147,
149, 208-211

L

Lawnmower, pediatric injury, 244, 245
Legg-Calvé-Perthe disease, radiography, 150
Leukemia, radiographic findings, 192
Lisfranc lesion, radiography, 145, 199
Liver mortis, biochemical processes

in decomposition, 11, 12

M

Madura foot, radiography, 153
Magnetic resonance imaging (MRI),

bone island of femur, 160

fibrous cortical defects of femur, 163
Meningococcemia, clinical manifestations, 247
Menkes disease, radiographic findings, 189
Messerer’s fracture, traffic accidents, 320, 321
Metaphyseal cupping, radiography, 140, 176
Metaphyseal fracture, infant abuse, 172, 173
Motor vehicle accidents (MVAs),

automobile drivers and passengers, 264-266

children, 243, 244

motorcycles, 266, 267

pedestrian trauma, 243, 267, 268
Motorcycles, see Motor vehicle accidents
Motor vehicle accidents (MVAs),

automobiles, 264-266

bicycle collisions, see Bicycle accidents

biological markers,

evidential value, 313, 314
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lower extremity injury analysis
findings, 314
reconstruction parameters, 312, 313
children, 243, 244
collision speed determination
from injuries, 338
incidence, 311, 312
knee and ankle joint injuries,
mechanisms,
bicycle accidents, 333
drivers and passengers, 333, 334
motorcycle accidents, 338
pedestrian trauma, 327, 329-332
reconstruction, 322-324
lower extremity injury analysis
in reconstruction,
ankle injury, 324-326
external injuries, 314-316
femoral proximal epiphysis injury,
326, 327
knee injury, 322-324
long bone fracture, 320-322
soft tissue injuries, 316, 318, 320
motorcycles, 266, 267
pedestrian trauma, see Pedestrian trauma
physics of movement, 282-284
seatbelt case study, 306-308
MRI, see Magnetic resonance imaging
Mummification, biochemical processes
in decomposition, 14
MYV As, see Motor vehicle accidents

N

Natural objects, confusion of bones with, 22,
23,26

o

Ol, see Osteogenesis imperfecta
Osgood—Schlatter disease, skeletal analysis,
54, 67
Osteogenesis imperfecta (OI),
radiography, 142, 185
rarity, 247
types and causes, 247
Osteogenic sarcoma, radiography, 157
Osteomalacia, radiographic findings, 187
Osteomyelitis,
osteomyelitis of Garré, 154
radiographic findings, 190

P
Palmatoria, radiographic findings, 147, 201-205
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Patella,
anatomy, 18, 45, 46
dorsal defect, 136, 138—141
knee injury and stress evidence, 54
tension fracture, 289-291
Pedal injury patterns,
aviator’s foot, 144, 197, 198
bumper fracture, 145, 200
classification, 143, 144
Lisfranc lesion, 145, 199
talar injury, 193-196
Pedestrian trauma,
biological markers,
evidential value, 313, 314
lower extremity injury analysis
findings, 314
reconstruction parameters, 312, 313
cadaver study, 279, 280
case examples of reconstruction from
injuries, 305, 306, 339-341
children, 243
collision speed determination
from injuries, 338
incidence, 311, 312
knee and ankle joint injuries,
mechanisms, 327, 329-332
reconstruction, 322-324
lower extremity injury analysis in recon-
struction,
ankle injury, 324-326
external injuries, 314-316
femoral proximal epiphysis injury, 326, 327
knee injury, 322-324
long bone fracture, 320-322
soft tissue injuries, 316, 318, 320
skeletal trauma analysis, 267, 268
Pediatrics, see Child trauma
Pelligrini-Stieda disease,
radiography, 169
skeletal analysis, 54, 60
Penetrating trauma,
child abuse, 246
skeletal trauma analysis, 270, 271
Plane accidents,
foot identification and analysis, 363, 365,
366, 369-371
skeletal trauma analysis, 268, 269
Putrefaction, biochemical processes
in decomposition, 12—14

R

Race, determination from lower extremity
analysis, 72-74, 87
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Radiography,
age at death determination, 105, 122,
123, 125
equipment for X-rays,
cassettes, 168
film, 165, 168
mobile unit, 160
film,
documentation, 171
exposure, 171, 173, 221
handling, 165
processing, 168, 171
foreign bodies in bone, 139, 170
gunshot wounds,
caliber of bullets, 149, 150, 213
identification of bullet type and
composition, 151, 155, 159,
215-220
localization, 150, 151, 213, 214
number of bullets, 149
historical perspective, 113-121
human versus animal remains, 122
identification of unknown remains,
developmental and congenital
variations, 135, 136
disease or degenerative change, 137, 138
mass casualties, 139, 140
overview, 135
statistical considerations, 135
trabecular patterns and vascular
grooves, 138
orthopedic materials, 138, 167
osteogenesis imperfecta, 142, 185
pattern injuries,
abuse,
adults, 142
child abuse, 118, 140-142, 171
elderly, 143
pedal injury patterns, 143—-146, 194-200
torture and terrorism, 147-149, 201-212
positioning,
foot,
anterior view, 231, 232
lateral view, 233, 235
hip, 221, 222
lower leg,
anterior view, 228, 229
lateral view, 230
overview, 173
thigh or knee,
anterior view, 223, 224, 226, 227
lateral view, 225, 226
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sex determination, 123, 125, 126, 130, 132
skeletal remains and documentation, 28, 29
spiral fractures, 298-300
Rigor mortis, biochemical processes
in decomposition, 11
Rubella, radiographic findings, 186
Ruxton murder case, history of radiology,

118,119

S

Scanogram, long bone length measurement,
134, 135

Scurvy, radiographic findings, 188
Sex, determination from lower extremity
analysis, 70-72, 84-87, 123, 125, 126,
130, 132
Shoes,
components, 387-389
footwear evidence, see Forensic podiatry
proper sizing, 386, 387
types, 387
SJS, see Stevens-Johnson syndrome
Skeletal remains, see also specific bones,
age at death estimation,
arthritic changes, 105
bone remodeling, 103—105
chemical changes, 105
fetus, 100, 101
infancy through adolescents, 101, 102
ossification center appearance and
epiphyseal union, 102, 103, 125
overview, 99, 106
radiography, 105
algorithm for forensic analysis, 22, 23
archaeologic findings, 26, 27
cleaning, 255, 256
confusion of bones with natural objects,

22,23, 26
definitions,
damage, 256

defects, 256

fractures, 256

injury, 256

insult, 256
documentation, 28-30
heating and tension line visualization,

292, 295, 296

human versus animal remains, 26
missing person matching, 30
photography, 256
race determination, 72-74, 87
reconstruction, 256
recovery and transport, 27, 28
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sex determination, 70-72, 84-87
stature determination, 74—83, 88-94
timing of trauma, 257-261
Skeleton, see also specific bones,
anatomy overview in forensics, 18, 19
bone composition, 280-282
embryology, 20-22
radiography, see Radiography
Slips, see Falls
Smith v. Grant, history of radiology, 115-117
Spiral fracture,
radiography and analysis, 298-300
traffic accidents, 321, 322
Stature, determination from bones,
aging loss considerations, 81, 82
decompositional process effects, 83
errors in living measurement and
reporting, 79-81
fragmentary bone analysis, 79
Fully method, 75
lower extremity analysis, 75-79
overview, 74, 79-83
Stevens-Johnson syndrome (SJS),
dermatologic complications, 248, 249
Stress—strain curve, generation and analysis,
284-286
Synovium, knee injury and stress evidence, 51
Syphylis, radiographic findings, 192

T

Thigh,
positioning for radiography,
anterior view, 223, 224, 226, 227
lateral view, 225, 226
structural features, 254
Tibia,
anatomy,
articular surfaces, 40, 41
condyles, 42, 43
overview, 18, 19, 39
posterior surface, 43, 44
tuberosity, 42
bending fracture, 293-295
fetal body length estimation, 100
fracture in child abuse, 178
fragmentary remains, 22, 25
knee injury and stress evidence, 50, 54
kyphoscoliosis, 145
length variation, 22
melorheostosis, 146
ossification center appearance
in development, 102
periostitis in Caffey’s disease, 191
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positioning for X-ray,
anterior view, 228, 229
lateral view, 230
race determination, 73, 74
sex determination, 71, 86
stature estimation, 88, 90-94, 133
stress tolerance, 286, 287
Toddler’s fracture, radiography, 141, 183, 184
Traffic accidents, see Bicycle accidents;
Motor vehicle accidents; Pedestrian
trauma
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Train accidents,
foot identification and analysis, 368, 369
skeletal trauma analysis, 268
Tribometry, friction testing, 344-346

A\
Viscoelasticity, definition, 286
X

X-ray, see Radiography





