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Series Introduction

Over the last decade, the field of forensic science has expanded enormously.
The critical subfield of forensic pathology is essentially based on a transverse,
multiorgan approach that includes autopsy, histology (comprising neuro-
pathological examination), immunohistochemistry, bacteriology, DNA
techniques, and toxicology to resolve obscure fatalities. The expansion of the
field has not only contributed to the understanding and interpretation of many
pathological findings, the recognition of injury causality, and the  availability of
new techniques in both autopsy room and laboratories, but also has produced
specific new markers for many pathological conditions within the wide variety
of traumatic and nontraumatic deaths with which the forensic pathologist deals.

The Forensic Pathology Reviews series reflects this expansion and provides
up-to-date knowledge on special topics in the field, focusing closely on the
dynamic and rapidly growing evolution of medical science and law. Individual
chapters take a problem-oriented approach to a central issue of forensic pathology.
A comprehensive review of the international literature that is otherwise difficult
to assimilate is given in each chapter. Insights into new diagnostic techniques
and their application, at a high level of evidential proof, will surely provide helpful
guidance and stimulus to all those involved with death investigation.

It is hoped that this series will succeed in serving as a practical guide to
daily forensic pathological and medicolegal routine, as well as provide
encouragement and inspiration for future research projects. I wish to express my
gratitude to Humana Press for the realization of Forensic Pathology Reviews.

Michael Tsokos, MD





Preface

A 2003 editorial in the well-renowned journal Science was entitled “Forensic
Science: Oxymoron?.” An oxymoron is a rhetorical figure in which an
epigrammatic effect is created by the conjunction of incongruous or contradictory
terms. This short article questioned both the reliability and validity of forensic
sciences, alleging a lack of such criteria as error rate, adequate testing, regular
standards and techniques, as well as a general lack of acceptance within the
field. The will of those involved in death investigation was also questioned, calling
for an improvement in the quality of their work in a scientific setting by noticing
“Both these public interests—security and justice—would be furthered by a more
scientific and reliable technology for analyzing crimes. The mystery here is why
the practitioners don’t seem to want it!.”

From this editor’s point of view it is generally impossible to quantify the
pain of tortured victims and, without a doubt, the violation of human rights cannot
be measured by biostatistical methods. However, police investigators and forensic
pathologists have evidenced and documented ethnic cleansing in war zones and
thus testified against war criminals in order to continually protect human rights
over the past decade. Physical evidence of torture is properly analyzed where
based in a scientific setting. Following regular standards and techniques for the
identification of human remains, forensic pathologists and anthropologists are
able to identify those who are killed by terroristic acts as opposed to civilian
deaths. The components of weapons of mass destructions are analyzed by means
of modern forensic science techniques. A harmonization of autopsy rules has
gained worldwide popularity, providing highly scientific international standards.
However, it is probably relatively easy to doubt the methods used in forensic
death investigation when one has no insight into real forensic casework. But to
doubt the will of those practitioners doing the field work is beyond any serious
discussion.

One year after the appearance of the first volume of Forensic Pathology
Reviews, this series has gained considerable attention within the forensic and
medicolegal scientific community worldwide, which is, among other things,
reflected in the efforts of 25 researchers from nine different nations representing
four continents who have contributed to this third volume of the series. Most of
the authors are the leading authorities in their particular fields of research. The
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chapters in this volume, once again, provide the reader with a profound scientific
and practical knowledge on a broad variety of different topics.

Chapter 1 gives the reader a thorough insight into the medicolegal
investigation of bodies found in water, focusing not only on victim identification,
evaluation of postmortem submersion time, and determination of the cause and
manner of death, but also in depth analysis of the pathophysiology of drowning.
Chapter 2 devotes attention to human immunodeficiency virus (HIV)-1 infection
of the central nervous system in the forensic pathological setting. The forensic
pathologist is frequently confronted with HIV-1 infection, especially in the context
of drug abuse. In particular, the sampling of specimens for histological
examination during autopsy, the neuropathological examination, and the related
findings of diagnostic relevance, including the macroscopic and microscopic
appearance of opportunistic infections, cerebrovascular complications, and
neoplasms associated with the disease, are emphasized. Chapter 3 deals with
rare events such as deaths in a head-down position, which most often occur
accidentally. The author examines the phenomenology and pathological features
of such fatalities, providing new insight into the pathophysiology of inverse body
position based on human and animal experiments under true and simulated
microgravitational conditions.

Chapter 4 deals with forensic bitemark analysis, giving a comprehensive
outlook on promising new areas of research in this field (e.g., the retention of
DNA on skin over time and the newly described bacterial fingerprinting
technique).

Chapters 5 and 6 are devoted to taphonomic changes of human bodies and
their remains, namely the underlying biological processes and resultant
postmortem changes that a corpse undergoes during the early postmortem interval.
The broad range of variables influencing the morphological picture under which
distinctive postmortem changes present, as well as elaborate findings that can
serve as a basis for the macromorphological exclusion of a forensically relevant
lay time of soil-embedded skeletal remains are provided.

Chapter 7 concerns arrhythmogenic ventricular dysplasia, a disease that
plays a significant role that should not be underestimated in daily forensic
pathological autopsy practice in cases of sudden death. The illness can lead to
lethal cardiac arrhythmia and usually manifests during the third decade of life.
Interestingly, regionally higher frequencies of the illness in some countries at
least suggest a genetic disposition to the disease. Chapter 8 concerns the
postmortem diagnosis of death in anaphylaxis. The authors provide the reader
with an up-to-date overview concerning morphological, biochemical, and
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immunological investigations toward the diagnosis of anaphylaxis and give
helpful guidelines for practical casework.

Chapter 9 takes a comprehensive look at gross, microscopical, and genetic
findings in the forensic pathological evaluation of fatal pulmonary
thromboembolism and the potentially involved medicolegal issues. Chapters 10
and 11 cover aspects of suicide. A profound look at the trends of suicide in the
United States during the twentieth century is given in Chapter 10. These trends
have altered drastically, especially within the past century and most specifically
in the United States. Chapter 11 addresses problems that may arise in the
medicolegal investigation of murder–suicides, uncommon events that require
careful investigation.

Chapter 12 deals with the investigation of iatrogenic deaths that constitute
a substantial forensic contribution to injury prevention, medical audit, and
continuing improvement in health care. Iatrogenic injuries such as perioperative
hemorrhage, sepsis, trauma, embolic phenomena, cardiovascular and
cerebrovascular events, complications associated with anesthesia, interventional
radiology and radiotherapy, as well as adverse drug events and reactions are
considered in detail. In Chapter 13, thorough information about the use of
radiology in medicolegal investigations (e.g., for the location of foreign bodies
within the body, documentation of mechanical injuries, identification purposes,
or elucidation of child abuse) is provided.

Again, I owe great thanks to my contributors for making their practical and
scientific knowledge available.

Michael Tsokos, MD
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1

Macroscopical, Microscopical, and
Laboratory Findings in Drowning Victims

A Comprehensive Review*

Philippe Lunetta, MD and Jerome H. Modell, MD,
DSc (Hon)
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SUMMARY

The medicolegal investigation of bodies found in water focuses on vic-
tim identification, evaluation of postmortem submersion time, and determina-

From: Forensic Pathology Reviews, Vol. 3
Edited by: M. Tsokos © Humana Press Inc., Totowa, NJ
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* This chapter is based in part on the introductory section of the first author’s doctoral disser-
tation entitled, “Bodies Found in Water–Epidermiological and Medico-Legal Aspects,” Helsinki,
2005.
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tion of the cause and manner of death. In any given case the circumstances
surrounding death, environmental factors, victim’s preexisting diseases, and
autopsy findings must be appropriately considered in reaching a diagnosis of
the cause and manner of death. In addition to drowning, injuries, intoxica-
tions, or natural conditions are all among the potential causes of death in bod-
ies found in water or the factor that may have contributed to the fatal outcome.
The interpretation of autopsy findings in putative drowning requires a basic
knowledge of the pathophysiology of drowning. Hypoxemia plays a primary
role in death by drowning, whereas serum electrolyte changes may be observed
in experimental models but have little or no clinical significance in humans.
The volume of liquid inhaled depends on factors such as the duration of laryn-
gospasm, the number and depth of respiratory movements before death, and
the time of onset of cardiac arrest. Recent studies suggest that the actual inci-
dence of drowning without liquid inhalation is much lower than previously
estimated. The most important morphological changes associated with drown-
ing are those related to liquid penetration into the airways: external foam,
frothy liquid in airways, and lung overexpansion. However, these changes are
not specific to drowning. The diagnostic value given to microscopic pulmo-
nary changes varies significantly and is limited mostly by their heterogeneous
distribution within the lung parenchyma. Laboratory methods for the diagno-
sis of drowning have their rationale in the shift of liquid and electrolytes across
the pulmonary air–blood barrier, which may cause blood volume and electro-
lyte changes. Although some methods have been reappraised recently, their
usefulness is greatly hampered by factors such as the variable volume of drown-
ing liquid penetrating the airways, the differing duration of the drowning pro-
cess, and postmortem biochemical instability. Contributions on the reliability
of the diatom method for the diagnosis of drowning have yielded widely di-
vergent opinions, of which the most critical often rely on studies lacking a
rigorous methodology. Until standardized protocols and reliable separation
values for diatoms between control and drowning cases are established, the
diatom method cannot be accepted in definitively proving a diagnosis of drown-
ing in the courtroom, but rather represents a useful supportive tool for the
diagnosis of death by drowning.

Key Words: Bodies found in water; drowning; pathophysiology; laryn-
gospasm; dry lungs, long QT syndrome; morphology; diatoms; electrolytes;
manner of death; body disposal.

1. INTRODUCTION

The focus and aim of any medicolegal investigation concerning a body
found in water is victim identification, evaluation of postmortem (PM) sub-
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mersion time, and determination of cause and manner of death. Localization
of the site of death, which can be close to the place where the body is found, a
remote aquatic setting or, in the case of the cadaver’s disposal, far away on
dry land, represents an important element of these investigations.

The diagnosis of cause and manner of death relies on accurate assess-
ment of autopsy findings, the victim’s individual characteristics, the environ-
ment, and circumstances surrounding death. A wide range of possibilities must
be considered. The sequence of events leading to death in water or to a body
being found in water can be complex: drowning, injuries, intoxications, or
natural conditions are all among the potential causes of death.

Pathological processes and traumatic lesions, even trivial, sustained before
entering or while in water as well as toxicological findings must be thoroughly
considered to reconstruct the events that led the victim into the water because
any of them may have triggered or contributed to fatal outcome. Death can
occur accidentally during recreational or occupational activities or be the result
of an intentional action, for example, either suicide or homicide. Even if the
cause of death is determined, the manner may, however, remain difficult to
assess.

2. HISTORICAL ASPECTS

Medicolegal problems related to drowning were already mentioned in
the Chinese Hsi Yuan Chi Lu (1247 AD), the oldest existing textbook of foren-
sic medicine (1). The chapter on drowning stresses the importance of deter-
mining the actual cause of death in bodies found in water. Although the chapter
includes popular beliefs devoid of any scientific basis (e.g., position of the
victim’s hand, eyes, hair to determine the manner of death, different floating
positions for males and females), it also stresses the value of frothy liquid in
the victim’s nose and mouth and of water in the stomach as evidence of in
vivo submersion, as do modern studies.

In Europe, the first works of forensic medicine appeared during the
Renaissance, after the Bamberg Code (1507) and the Constitutio Criminalis
Carolina (1530) had highlighted the role of medical experts in the evaluation
of injuries and causes of death in court. Textbooks by Paré, Fidelis, de Castro,
Platter, Zacchia, Bohn, and Valentini are among the most representative and
all contain passages concerning drowning.

Ambroise Paré´s Les Oeuvres (1575), in France, listed signs that prove
the “vitality” of drowning as water in the stomach and abdomen, nasal secre-
tions and foam protruding from the mouth, excoriations on the forehead and
fingers owing to violent movement, and scraping against the bottom before
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death (2). Fortunatus Fidelis, in Italy, wrote in the De Relationibus Medicorum
(1602) that investigation of the drowned is usually not difficult: the drowning
victim has a swollen abdomen; mucous secretion appears from the nostrils,
whereas the secretion that protrudes from the mouth is foamy; the fingertips
are excoriated. The tumefaction of the victim’s body is not caused by swal-
lowed water but instead is derived from the steam produced by warming up of
liquids during putrefaction (3). Roderigo de Castro, in Portugal, also under-
lined in his Medicus-Politicus (1614) the dilatation of the abdomen, mucous
secretion from nostrils, and foam from the mouth as signs of drowning, which
are not present if the body is thrown into water after death. De Castro implic-
itly admits that excoriations on fingertips may be present even in bodies thrown
into water after death. Moreover, the author maintains that the buoyancy of
the body may be the result of its content in water or to PM gases (4). In Swit-
zerland, Felix Platter wrote on drowning in his Observationes (1614) and later
in the Quaestionum Medicarum Paradoxarum (1625). In the former contribu-
tion, Platter describes four cases of women condemned to drowning for infan-
ticide who were thrown from a bridge into the River Rhine, but who were
recovered from the water after a variable interval of being still alive (5). In the
latter, he stresses that the stomach of drowning victims contains only a very
limited volume of water and that the cause of death is asphyxia consequent to
penetration of water into the airways (6).

Paulus Zacchia’s work, Quaestiones Medico-legalis (1726), contains two
passages on drowning. In the Libri Quinti, Titulus II (De Vulneribus), Quaes-
tio XI, Zacchia highlights the difficulties in distinguishing whether a person
has drowned or was killed before submersion. He reminds us that this issue
has been addressed by Paré, Fidelis, and de Castro (mentioned previously)
who have unanimously agreed on the following signs: swollen abdomen full
of water, mucous secretion protruding from the nostrils, and foamy secretion
protruding from the mouth; the nasal secretion is mucous because the cerebral
ventriculi are obstructed by water as a consequence of respiratory arrest, and
the mouth secretion is foamy because air is violently extruded from the lungs
and respiratory organs. Respiratory arrest is the cause of death rather than the
swallowing of water. The third sign is represented by the excoriations on the
fingertips because of attempts to avoid death by grasping stones and sand on
the bottom of the sea (7).

In Germany, Johannis Bohn in 1711 critically reviewed in his De
Renunciatione Vulnerum the signs of the drowning mentioned by Paré, Fidelis,
Castro, and Zacchia and stressed that these signs also may be absent in defi-
nite drowning and how, in some cases, the volume of water in the stomach or
airways may be negligible (Fig. 1 [8]). Michaelis Bernhardt Valentini’s Cor-
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pus Iuris Medico-legalis (1722) also contains passages on drowning, includ-
ing case reports on infanticide and suicide as well as correspondence between
the author and Johannes Conrad Becker on drowning without inhalation or
swallowing of water (9).

3. PATHOPHYSIOLOGY

During the 1940s and 1950s, Swann and associates performed experi-
mental studies on the pathophysiology of drowning that have influenced mod-
ern views. Swann’s works with dogs stressed the effects of drowning media of
differing osmolarity on blood volume and serum electrolyte concentrations.
In freshwater drowning, the hypotonic liquid penetrated into the circulation,
causing hypervolemia, hemodilution with decrease of serum electrolytes,
especially sodium (Na) and chloride (Cl), hemolysis with potassium (K) release
from red blood cells, and death by ventricular fibrillation (VF) within 3 to 5
minutes. In seawater drowning, conversely, the hypertonic media pulled liq-
uid from the circulation into the alveoli, causing hypovolemia and hemocon-
centration with an increase in the concentration of serum Na, Cl, and magnesium
(Mg), whereas no hemolysis and VF occurred, and dogs survived for 5 to 12
minutes (10–12).

During the 1960s, studies demonstrated that liquid penetration into an
organism may cause no clinically significant electrolyte imbalance because
the volume of aspirate may be small and that in death by drowning hypoxemia
plays a primary role. In 1966, Modell et al. (13) evaluated, in anesthetized
canines, the effects of inhalation of varying volumes of freshwater, from 2.2
mL/kg to 66 mL/kg body weight. Volumes greater than 11 mL/kg were needed
to cause a significant alteration in blood volume, greater than 22 mL/kg to
observe significant electrolyte changes, and 44 mL/kg or greater to cause VF.
The inhalation of such volumes is unlikely to occur in humans because, using
the magnitude of serum electrolyte changes found in human drowning victims
and comparing these with animal experiments that have a known quantity of
water aspirated, it has been calculated that 85% of human drowning victims
aspirate only 22 mL or less of water per kilogram body weight (14). Accord-
ingly, serum electrolyte concentrations of resuscitated drowning victims usu-
ally fail to reveal significant changes (15).

It is generally agreed that although pathophysiological differences
between drowning in freshwater or saltwater may be observed in experimen-
tal models, these have little or no clinical significance in human drowning
(16,17). The main physiological consequence of drowning is prolonged
hypoxemia with resultant metabolic acidosis (18,19). Yet, in peculiar envi-
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ronments, significant electrolyte changes have been observed, for instance
hypercalcemia and hypermagnesemia in the Dead Sea (20) and hypercalcemia
in polluted water (21).

3.1. Sequence of Events

In humans, the drowning process has been described as a continuum that
begins when the victim’s airways are located below the surface of the liquid,

Fig. 1. De Renunciatione Vulnerum. The book by Johannis Bohn (1711)
includes a chapter on the differential diagnosis between drowning and post-
mortem submersion.
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which leads to voluntarily breath-holding and then laryngospasm triggered by
the local effects of liquid on the upper airways (22). During this period, the
victim does not breathe, which causes hypoxemia, hypercapnia, and respira-
tory and metabolic acidosis. The victim also may swallow water into the stom-
ach. In human volunteers, the breath-holding breaking point varies from 87
seconds at rest to up to 146 seconds when preceded by hyperventilation (23).
Once breath-holding breaks, the victim breathes and allows liquid to enter his
or her airways. The respiratory efforts intensify, producing more intense nega-
tive airway pressure against a closed glottis, or the liquid column overdistends
and ruptures lung alveoli. At this point, different authors believe one of two
courses can occur. In 85 to 90% of the cases, as the arterial oxygen tension
drops further, laryngospasm abates, and the victim actively inhales a variable
volume of liquid (so-called “wet-drowning”). In the remaining 10 to 15%, the
victim does not present evidence of water aspiration. Some attribute this to
severe laryngospasm causing hypoxia, convulsions, and death before taking a
breath (so-called “dry-drowning”) (16,24). These later cases led some research-
ers to question whether these victims actually die of drowning or of other
causes (25).

3.2. Respiratory System

The primary target organ for submersion injury is the lung. The respira-
tory disturbance depends more on the volume of water aspirated than on its
osmolarity. In animal experiments, the aspiration of 2.2 mL of water per kilo-
gram body weight decreases the arterial O

2  
partial pressure to approx 60 mmHg

within 3 minutes (13). In humans, it seems that as little as 1 to 3 mL/kg pro-
duces profound alterations in pulmonary gas exchange and decreases pulmo-
nary compliance by 10 to 40% (13,26,27).

Freshwater, which moves rapidly across the alveolar–capillary membrane
into the circulation, produces disruption and denaturation of surfactant, which
leads to an increase in surface tension and a decrease in compliance, atelecta-
sis, and intrapulmonary shunts with marked ventilation/perfusion mismatch-
ing (26). In these conditions, as much as 70% of the cardiac output may be
shunted past perfused but unventilated alveoli (18). Because of the liquid shift
across the alveolar–capillary interface, the freshwater drowning victim may
develop acute hypervolemia. In saltwater drowning, the hypertonic liquid draws
protein-rich liquid from the vascular space into the pulmonary alveoli, caus-
ing damage to the basement membrane, dilution and washout of surfactant,
and reduction of compliance (26). Pulmonary edema occurs rapidly, and usu-
ally within a few minutes the liquid-filled alveoli are incapable of normal gas
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exchange, which leads to intrapulmonary shunting and a perfusion/ventilation
mismatch (28,29). The shift of liquid into the alveoli results in hypovolemia.
Systemic hypoxemia, in fresh- and saltwater drowning, causes myocardial
depression, reflex pulmonary vasoconstriction, and alteration of pulmonary
capillary permeability, all of which contribute to pulmonary edema.

3.3. Cardiovascular System

The effects of liquid penetration on the circulation have been studied in
detail in animal experiments. Significant hypervolemia occurs in dogs after
aspiration of at least 11 mL/kg of freshwater; within 2 to 3 minutes, a linear
relationship occurs between the volume of water aspirated and the increase in
blood volume (30). Blood volume increases by 1.4% for every milliliter of liquid/
kg until 44 mL/kg of water is aspirated. At this value, the blood volume reaches
a plateau, likely caused by the cessation of circulation (31). The absorption of
large quantities of freshwater can result in a dramatic decrease in blood den-
sity (12). When the victim survives, the hypervolemia after aspiration of fresh-
water is transient, with blood volume returning to normal levels within 1 hour
(32). This readjustment in blood volume is likely the result of redistribution of
the liquid into other body compartments and to plasma transudation into the
lungs. When significant quantities of seawater are aspirated, the reverse is
seen, with hypovolemia and elevated concentrations of serum Na and Cl (28).

Cardiac dysfunction during drowning is predominantly secondary to
changes in arterial oxygen tension and acid–base balance. The acute hypox-
emia results in catecholamine release, leading to tachycardia and hyperten-
sion, which are transient and are followed by bradycardia and hypotension as
hypoxemia intensifies. In addition, hypoxemia may directly reduce myocar-
dial contractility. Hypoxia and acidosis elevate the risk for arrhythmias,
including ventricular tachycardia, fibrillation, and asystole. A variety of elec-
trocardiographic abnormalities have been reported after drowning, such as a
decrease in the amplitude of the P-wave, disappearance of the P-wave, wid-
ened PR interval, complete atrioventricular dissociation, depression of the ST
segment, widening of the QRS complex, frequent premature ventricular con-
tractions, increase in amplitude of the T-wave, auricular fibrillation, and VF,
among others (31). As previously discussed, early studies in the 1950s sug-
gested that in freshwater death was caused by VF and in seawater by pulmo-
nary edema (12), but several studies since then have shown that VF as an
immediate cause of death is uncommon in human drowning victims (15).
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3.4. Central Nervous System

Brain death is the common final pathway of fatal submersion, whether
the pathophysiological mechanism is hypoxia attributable to liquid penetra-
tion into airways or to laryngospasm or anoxia from vagally mediated cardiac
arrest (33). When the brain is deprived of oxygen for more than approx 3
minutes, ischemic damage can occur. It is estimated that a window of up to 4
to 6 minutes may exist before irreversible neuronal damage occurs when the
oxygen supply is completely interrupted under normothermic conditions. The
central nervous system (CNS) has a selective vulnerability to hypoxic or anoxic
events, involving, in decreasing order of vulnerability in adults, the hippoc-
ampus, cerebral neocortex, cerebellum, thalamus, basal ganglia, brainstem,
and hypothalamus (34). There is, however, no data as to exactly how long a
drowning victim can remain submerged, receive cardiopulmonary resuscita-
tion (CPR), and still recover with no sequelae. Among the factors that influ-
ence this interval perhaps the most important is the body temperature of the
victim and the effectiveness of CPR applied. Generally, under normothermic
temperatures, most researchers will agree that if a victim is rescued and effec-
tive CPR applied within 3 minutes, the vast majority of victims will success-
fully be resuscitated. By the time 5 minutes have passed, although return of an
effective heartbeat is commonly observed, the majority of persons will show
permanent hypoxic encephalopathic damage.

3.5. Other Organ Effects

Hypoxia secondary to drowning can affect various organs. Many reports
point to acute renal and hepatic insufficiency, gastrointestinal injuries, and
disseminated intravascular coagulation. Concerning abnormalities in blood-
clotting factors, Modell et al. (35) described a child whose platelet count rose
to 1.9 million/mm3 after a submersion episode in excess of 20 minutes in cold
water and who experienced a complete recovery.

3.6. Delayed Complications

Immediate complications of drowning include cardiac arrhythmias (VF,
asystole) and cardiogenic shock caused by myocardial damage secondary to
hypoxia and acidosis. At times, the drowning victim appears healthy in the
emergency department but develops fulminant pulmonary edema as long as
12 hours after submersion owing to acute respiratory distress syndrome from
the primary pulmonary damage by liquid, as a consequence of hypoxia and
circulatory failure, or the drowning victim develops neurogenic pulmonary
edema attributed to cerebral hypoxia. Acute respiratory distress syndrome  also
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may develop as a consequence of pulmonary injuries caused by aspiration of
gastric contents. Common fatal sequelae of drowning in hospitalized drown-
ing victims are brain death as the result of hypoxic encephalopathy, pneumo-
nia (aspiration, chemical, bacterial), sepsis, and multiorgan failure. Posthypoxic
encephalopathy may occur because of hypoxemia sustained during the drown-
ing episode or secondarily to pulmonary damage or to increased intracranial
pressure (22).

3.7. Dry-Drowning

The sequence of events that follows the penetration of liquid into an
organism has been the subject of considerable speculation that has focused on
the volume of liquid penetrating the airways during the drowning process and
the concept of drowning without aspiration of liquid (“dry-drowning”) (25,36).
The volume of liquid aspirated varies considerably from one drowning victim
to the next (14) and depends on factors such as the frequency and duration of
laryngospasm, the number and depth of respiratory movements before death,
and the time of onset of cardiac arrest. Experimental (37) and clinical (15)
studies together with the autopsy finding of “dry lungs” in bodies found in
water, suggest that death can occur with no significant aspiration of liquid
into the lungs in approx 10 to 15% of alleged drowning victims (38–40). Dry-
drowning has been variously explained. In addition to laryngospasm, the role
of mechanisms, such as vago-vagal cardiac inhibition triggered by contact of
the liquid with the upper airways, sudden cardiac arrest, pulmonary reflexes,
or absorption of aspirated liquid into the bloodstream after prolonged resusci-
tation, have been proposed (30,40–42). Brinkmann (43) has listed different
potentially life-threatening reflexes, which may occur in human beings during
immersion or submersion.

The issue of dry-drowning has recently been reappraised, and the sug-
gestion has been made that its actual incidence may be lower than previously
estimated and that human bodies found in water with apparently normal lungs
could conceal more natural deaths or body disposal in water than is actually
recognized (19,22,25,44). The “laryngospasm” hypothesis has its rationale in
the complex innervation and reflexes of the upper airways under various stimuli
(45,46). However, no concrete evidence exists that prolonged laryngospasm
until death occurs during submersion, whereas experimental evidence sug-
gests that initial breath-holding and/or laryngospasm ceases within two min-
utes from the onset of submersion (23,48).
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3.8. Hypothermia

After immersion in cold water, hypothermia, defined as body tempera-
ture below the normal range of 36.8 to 37.7°C (49) can be, especially at high
latitudes, a component of drowning by its effects on the heart, lungs, and CNS.
When body temperature is less than 33ºC, hypoventilation occurs, and muscle
rigidity ensues; between 28ºC and 30ºC, a decrease in heart rate and
bradyarrhythmias occur, respiration becomes irregular, and apnea is a com-
mon feature; at temperatures less than 28ºC, VF, severe bradycardia or asys-
tole can occur, and respiration may be difficult to detect (24,36). As to the
CNS, when body temperature decreases to less than 35ºC, victims may become
confused and disoriented, and at less than 33ºC, they are semicomatose, with
a substantial percentage of drowning occurring at this time. At temperatures
less than 30ºC, it may be difficult to distinguish between hypothermia and
death, as frank coma supervenes (24,36). Cold-induced anaphylaxis in people
with cold urticaria syndrome can be a rare cause of drowning (50).

People who drown  in water less than 5ºC generally have a better prog-
nosis than those who drown in warm water because with metabolism diminu-
tion, O

2 
consumption and CO

2
 production decrease. For every 1ºC decrease in

temperature, there occurs a 7–9% decrease in oxygen required (25). Hypoth-
ermia is, however, a double-edged sword because it increases the risk for fatal
arrhythmias especially below 28ºC (51). The rapidity of the temperature fall
in a body has a profound influence on the capacity of the brain to withstand
hypoxia. In children, the large surface area-to-weight ratio associated with
cold water aspiration often causes a rapid core cooling below 30ºC during
submersion, which gives some degree of cerebral protection during hypoxia
(52) and explains remarkable recoveries of children after even more than 30
minutes submersion with return to normal activity (24,35,53,54).

4. MACROSCOPICAL FINDINGS

The main macromorphological changes associated with drowning
(external foam, frothy fluid in airways, lung overexpansion) are related to the
penetration of drowning liquid into the airways. These changes can be valu-
able for the diagnosis of drowning when interpreted within an appropriate
investigative context. However, they are not pathognomonic for drowning and
are not always detected because they fade with the onset of putrefaction.
Changes involving the body’s systems other than the respiratory system will
be briefly summarized in the next sections, although their relevance for the
diagnosis of drowning is marginal.
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4.1. Upper Airways

The penetration of drowning media into the respiratory system increases
airway pressure and causes a reactive pulmonary edema. The mixture of drown-
ing liquid with edema liquid, bronchial secretions, and pulmonary surfactant
produces a frothy fluid which, under respiratory efforts during drowning, can
reach the upper airways and be extruded from the nostrils and mouth, at times
as a mushroom-like foam (Figs. 2 and 3).

The external foam and internal frothy liquid (Fig. 4) are generally white
or blood-tinged (especially when freshwater is aspirated) and consist of drown-
ing and edema liquid, mucus, and fine air bubbles, which are relatively resis-
tant to collapse because of surfactant content. Respiratory epithelial cells and
CD68+ alveolar macrophages have been isolated from the frothy fluid (55).
External foam and frothy fluid may persist up to several days and, after the
onset of putrefaction, become red-brown, the fine air bubbles being replaced
by larger gas bubbles.

This external foam is considered one of the most valuable findings for
the diagnosis of drowning, yet it can be observed also in cardiogenic pulmo-
nary edema, epilepsy, drug intoxication, and electrical shock. Moreover, it is

Fig. 2. Characteristic foam extruding from the mouth and nostrils of a drowned
girl.
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generally found in a minority of drowning victims (43). In a series of 1590
bodies found in water, Lunetta et al. (2002) found external foam in 17.3% of
the cases (56). Some authors underline the greater quantity of frothy fluid in
drowning compared with other causes of death (42,57,58); however, no clear
demarcation exists between different conditions. Great caution is necessary
when interpreting the origin of frothy liquid in any suspicious death, in which
the body may have been disposed of on land after homicidal drowning.

4.2. Lungs

The lungs of drowning victims with no putrefactive changes usually are
waterlogged and overdistended (“emphysema aquosum”). Lungs occupy most
of the pleural cavities with at times imprints of ribs on pleural surfaces and
overlapping of the anterior margins on the mediastinal midline (Fig. 5). Lunetta
et al. (2002) found overextension of lungs with overlap of the anterior mar-
gins in 42.1% of 1590 bodies found in water (56). Pleural adhesions can mask
these changes. The lung surfaces usually are pale and mottled, with red and
grey areas displaying sometimes marked alveolar overdistension. After their
removal from the pleural cavities, the lungs retain their shape and size, and
cut sections ooze a variable quantity of foamy liquid. Subpleural hemorrhages
(Paltauf’s spots Fig. 6) are found in 5 to 60% of drownings (43), and their
blurring aspect is the result of hemolysis within intraalveolar hemorrhages (42).

Fig. 3. Drowning victim. Characteristic foam extruding from the mouth and
nostrils.
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4.2.1. Lung Weight
Different studies have addressed the weight of lungs in freshwater and

saltwater drowning. Lung weight alone has, however, little diagnostic signifi-
cance because of frequent overlap between drowning and control values. More-
over, wide individual variations exist, as well as marked discrepancies as
regards the normal range of lung weight (59–63). De la Grandmaison et al.
(64) reported the most detailed data on lung weight based on 684 healthy adults
who died of injury after a survival time of less than 1 hour. In males, the right

Fig. 4. Frothy fluid is seen in the trachea and bronchi of a drowning victim.
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lung weighed a mean 663  ± 239 g (SD) and the left 583 ± 216 g, whereas in
females the corresponding values were 546 ± 207 g and 467 ± 174 g, respec-
tively.

As for the values in drowning victims, Copeland (65) found a right lung
weight of 744.9 ± 199.3 g (SD) and left 655.4 ± 184.2 g in saltwater drowning
(n = 95), whereas the corresponding values for freshwater were 727.7 ± 210.6
g and 657 ± 206.3 g. Kringsholm et al. (66) reported a combined lung weight
of 1411 ± 396.4 g in 91 adults with a PM submersion time of less than 24
hours (66). Zhu et al. (67) suggest that differing body structure, pulmonary
vital capacity, cardiac function, and survival time in water may account for
differences in lung weight (67).

Fig. 5. Overdistension of the lungs with overlap of their anterior edges over
the midline in a drowning victim.
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4.2.2. Dry Lungs
Apparently normal lungs with no signs of aqueous emphysema (“dry

lungs”) have been reported in approx 10 to 15% of all presumed drowning
victims. Forensic pathologists have variably interpreted the PM finding of dry
lungs. Spitz (41), for instance, stressed the role of liquid reabsorption into the
circulation, especially when resuscitative attempts are performed before death.
Di Maio and Di Maio (68) mention the potential role of laryngeal spasm, and
Saukko and Knight (42) name, in addition to the above mechanisms, also reflex
cardiac arrest. Brinkmann (43) has listed several reflexes that may be trig-
gered by contact of the body with water and result in death with no significant
liquid inhalation.

Contributions on lung morphology in drowning have, at times, traced a
direct correlation between dry lung and lung weight, most using 1000 g as a
cut-off value for this definition (65,66,69). This approach is misleading because,
as mentioned previously, no consensus exists for normal lung weight, and low-
weight lungs are not necessarily “normal” because they may be overdistended
or show signs of liquid penetration. Lunetta et al. (44) observed the absence of
overdistension or signs of liquid penetration in less than 2% of “low-weight
lungs.” Copeland (65), using a cut-off value of 500 g per lung, found that in
saltwater drowning the percentage of dry right and left lung was 11.5% and

Fig. 6. Paltauf’s spots (arrows) located in the upper lobe of the right lung.
(Courtesy of Dr. Michael Tsokos, Hamburg, Germany.)



Drowning 19

18.9%, respectively, whereas the corresponding values for freshwater drown-
ing were 10.4% and 16.8%. Kringsholm et al. (66) found that 7.7% of 91
drowning victims with a PM interval of less than 24 hours had a combined
lung weight of less than 1000 g, but when considering a PM submersion time
up to 1 week and the combined lung and pleural liquid weight, 13% of 131
drowning victims had a combined lung weight of less than 1000 g. Morild
(69) found that only 6% of 133 drowning cases, most with a PM submersion
time of less than 1 week, had a combined lung weight of less than 1000 g. In
Copeland’s (65) and Morild’s (69) series, no significant differences are reported
between salt- and freshwater drowning, whereas no data on the influence of
water salinity are available in the study by Kringsholm et al. (66).

4.2.3. Drowning Lung vs Postmortem Hydrostatic Lung
The PM penetration of drowning media into lungs of bodies submerged

and having died from causes other than drowning has been addressed experi-
mentally using high-pressure chambers or lowering human bodies under water
to different depths. Reh (70) performed canine experiments in a baro-chamber
and observed significant pulmonary overexpansion mimicking drowning lungs
at 0.2 atm, whereas subpleural hemorrhages similar to Paltauf’s spots appeared
at 0.4 atm. Reh in the same year also published experiments on eight humans
in hyperbaric chambers (atm: 0.3–1.35; duration 4 to 65 hours) who died of
causes other than drowning (71). Lung changes identical to those of drowning
were observed in bodies kept at 0.3 atm for 65 hours, whereas those kept at
more than 0.5 atm for at least 45 to 50 hours showed marked pleural exudates
as well. Other investigators have reported, based on animal experiments, that
active respiration must be present for significant quantities of water to enter
the lungs of floating bodies (38).

4.2.4. Pleural Effusion
Pleural effusion is a relatively common finding in bodies recovered from

water, as the result of PM diffusion of pulmonary liquids into the thoracic
cavity (72). Morild (69) found pleural effusions (mean, 432 mL) in 53.3% of
133 drowning victims older than 16 years of age with no advanced putrefac-
tion. Kringsholm et al. (66) reported an increase in the volume of pleural exu-
date during the PM interval. Yorulmaz et al. (73), using univariate analysis,
investigated the relationship between volume of pleural liquid, circumstances,
and autopsy findings in 43 drowning victims and confirmed the link between
PM submersion time and pleural effusion. The correlation between the vol-
ume of pleural liquid and lung weight varies among studies, with some authors
describing a decrease in lung weight parallel to an increase in pleural liquid
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(66,67) and others failing to demonstrate such a correlation (69,73). Prolonged
PM intervals and advanced putrefaction seem to be associated with a trans-
thoracic leakage of pleural liquid (67,73).

4.3. Temporal Bone

Gross hemorrhages occur in the petrous and mastoid regions of the tem-
poral bone in drowning victims (Fig. 7). Niles (74) described hemorrhages,
mostly bilateral, in the mastoid cells of 23 of 24 freshwater drowning victims.
More recent contributions, based on a limited number of cases, also have drawn
attention to the association of this finding with drowning (75,76). Microscopi-
cally, the hemorrhages are localized in the mucosa of the middle ear or mas-
toid cells and are associated with submucosal edema and vascular congestion
(77–79). As to their pathogenesis, three mechanisms have been proposed: (a)
barotrauma, (b) penetration into the middle ear of inhaled liquid via the eusta-
chian tube, and (c) increased venous and capillary pressure owing to respira-
tory efforts against a closed glottis (75,76,78). At present, broad agreement
exists as to the nonspecificity of temporal bone hemorrhages, which have been
found in as many as 80% of deaths other than drowning (80,81).

4.4. Sinuses

The sinuses (frontal, ethmoidal, maxillary, sphenoidal) are air spaces
associated with each nasal cavity and lined with a ciliated epithelium. Aque-
ous liquid in the sinuses is considered a sign of permanence of the body in
water rather than a sign of drowning because liquid also may penetrate into
the sinuses PM (82). Hottmar (83) found liquid in sphenoid, maxillary, or
paranasal sinuses in 75% of 387 freshwater drowning victims, whereas among
50 controls, only one case had liquid in the paranasal sinuses. Bohnert et al.
(84) investigated the liquid content of the sphenoid sinuses in 60 drowning
victims and in 157 deaths from other causes: 92% of drowning victims had
1 to 4 mL of liquid in the sphenoid sinuses, but positive results were also
evident in 52% of the controls, although the average volume was lower than in
the drowning group.

4.5. Other Organs

4.5.1. Spleen
The observation of a small spleen in victims of drowning dates back to

the 19th century and, according to Reh (82), this change occurs in approx 30%
of all drowning cases. Haffner et al. (85) found in 42 victims of freshwater
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drowning a spleen weight significantly lower (~18%) than in matched con-
trols, with half the spleens being of a weight under the lower limit of controls.
These authors estimate that a cut-off value set at 0.2% of body weight can be
of considerable diagnostic value and speculate that spleen weight reduction
may be caused by sympathetic stimulation with vasoconstriction and contrac-
tion of the spleen capsule and trabeculae. Hadley and Fowler (86) questioned
these findings and suggested that low spleen weight may be the result of pure
PM changes.

4.5.2. Muscles
Muscular hemorrhages have been reported as vital sequelae of agonal

convulsions, hypercontraction, and overexertion of muscles during the drown-
ing process. Carter et al. (87) found neck-muscle hemorrhages in 81% of drown-
ing victims in their retrospective series. In a prospective study of 39 drowning

Fig. 7. Marked bilateral hemorrhages within the petrous region of the tempo-
ral bones (arrows) in a drowning victim.
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victims with dissection of the neck, trunk and upper extremity muscles, Püschel
et al. (88) found at least one focus of intramuscular hemorrhages in 20 cases
(51.3%). Overall, 93 hemorrhagic foci, unilateral in 50%, were found in
descending order of frequency in respiratory and auxiliary respiratory muscles,
musculature of the neck and back, and musculature of the shoulder girdle and
upper arm. These authors corroborated the fact that muscular hemorrhages in
drowning victims must be differentiated from those caused by other injuries
and resuscitation procedures. Reh (82) described drowning-associated hem-
orrhages as more elongated than the more diffuse ones associated with stran-
gulation. Histological examination may help in differentiating such vital
hemorrhages from PM artifacts or local hypostasis (82,87–89).

4.5.3. Gastroenteric Tract
Fagerlund’s review (90) on drowning liquid in the stomach and bowel

testifies to the range of studies focusing on this topic up to the 19th century,
which reflect the early theories on swallowing of water as a cause of death in
drowning. Reh (82) has attempted to reevaluate the presence of liquid in the
esophagus, stomach, or intestine as a sign of drowning, based on a study in
which 16 of 17 bodies submerged PM at 15 m for 65 hours showed no signs of
liquid penetration into the gastroenteric (GE) system. However, standard medi-
colegal textbooks consider this finding unreliable for the diagnosis of drown-
ing (42). Laceration of the gastric mucosa caused by increased pressure in the
stomach cavity during drowning is considered by some to be associated with
drowning, but other authors stress the sporadic nature of this finding and dif-
ficulty in interpreting its origin (43,82).

5. MICROSCOPIAL FINDINGS

5.1. Light Microscopy

5.1.1. Lung
The main light microscopic (LM) signs of drowning are represented by

foci of acute lung emphysema with overdilation of alveoli, thinning and lac-
erations of septa, capillary congestion, interstitial and intraalveolar edema and
hemorrhages and, sometimes, exogenous particles in the airways (Fig. 8). Reh
(82) has proposed a classification in four stages of acute lung emphysema
based on the degree of distension of the alveolar septa, changes in their reticu-
lar fibers (stained with Gomori), and compression of septal capillaries. The
first stage is characterized by reduction in the normal thickness of the septa
with capillaries still well recognizable and partial fiber ruptures; the second
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stage by increased distension of septa, capillary compression, and distinct fiber
ruptures; the third stage by maximal distension of the alveolar wall with thread-
like capillaries and distinct intraseptal fiber ruptures; and the fourth stage by
ruptures of alveolar septa and retraction of fibers, which appear broad and
wavy. The observation of reticular fiber changes in the nondrowned similar to
that observed in drowning victims (91), the wide variation in lung changes
caused by factors such as the depth at which the body is submerged and the
rapidity of the drowning process (92) as well as their fading during the PM
interval limit the practical utility of Reh’s classification.

The diagnostic weight given to these changes varies significantly, even
in standard textbooks. Saukko and Knight (42), for instance, state that “much
has been written about both light and electron microscopy of the lungs in
immersion deaths … the accounts are confusing … sometimes contradictory,
the consensus of opinion being that such changes are inconstant and unreli-
able.” Contrarily, especially German authors have traditionally emphasized
the potential of microscopical and ultrastructural studies for the diagnosis of
drowning (43).

5.1.1.1. Surfactant
Pulmonary surfactant is a lipoprotein complex, mainly synthesized by

the alveolar type II epithelial cells, which reduces the surface tension at the

Fig. 8. Lung histology in drowning. Acute emphysema of the lung with edema
liquid partially filling the alveoli (experimental conditions, mouse).
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air–liquid interface and contributes to host defense against infection and
inflammation (93). Surfactant is composed of approx 90% lipids (phospholip-
ids and neutral lipids) and 10% proteins. Phospholipids and neutral lipids are
stored in lamellar bodies of alveolar type II cells and released by exocytosis
into alveoli (94,95). There are four surfactant-specific proteins (SP): hydro-
philic SP-A and SP-D, which have host defense functions, and hydrophobic
SP-B and SP-C, which functional meaning is unknown (96).

Giamonna and Modell (26) demonstrated in anesthetized dogs that fresh-
water significantly alters the surface tension characteristics of pulmonary
surfactant, causing alveolar instability. Conversely, seawater washed out some of
the surfactant but did not change its surface tension characteristics. Lorente et
al. (97) studied, by using high-performance thin-layer chromatography, the
modification of surfactant phospholipids (LSPs) from rabbits drowned in fresh-
water and saltwater, isolated from endobronchial lavage and lung tissue (97).
In the lavage samples the proportion of LSPs differed significantly in drowned
and controls and between freshwater and saltwater drowning specimens,
whereas in lung tissue the changes were less marked, likely because of a higher
concentration of LSP stored in lung tissue. Lorente et al. (98) also have
addressed the PM stability of the LSPs by using rats drowned in freshwater
and saltwater in addition to controls. All LSPs were stable during the first 24
hours and significantly decreased after 48 hours.

Zhu et al. (99) assessed the distribution of pulmonary surfactant apoprotein
A (SP-A) in 282 autopsy cases, 59 of which drowned. The most intense and
dense granular immunostaining of intraalveolar SP-A was observed in drown-
ing, in hyaline membrane syndrome, and in perinatal aspiration of amniotic
fluid. Zhu et al. (100) also have evaluated the lung distribution of SP-A and
the serum levels of SP-A in 53 saltwater and freshwater drowning specimens.
In the lungs, SP-A immunostaining was classified into either a linear pattern
on the alveolar interior surface and into an intraalveolar granular deposit pat-
tern, each with a three-grade score. A high score for intraalveolar SP-A
aggregate occurred more frequently in freshwater drowning, likely because of
mechanical alteration or metabolic disturbance in the alveolar type II cells.
The left/right ratios of cardiac blood serum SP-A was significantly high both
in fresh- and saltwater drowning, but showed no relationship to aggregate SP-A
scores (100).

Ishida et al. (101) have investigated the difference in responsiveness
between the SP-A1 and SP-A2 genes by quantitative reverse transcription poly-
merase chain reaction assay of SP-A1 and SP-A2 mRNA transcripts in lung
tissue. The SP-A1/A2 ratio was markedly higher in drowning and other
asphyxia deaths than in controls (101). Maeda et al. (102) studied SP-A in
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lung tissue by using immunostaining with monoclonal antibody anti-SP-A and
a SP-A mRNA assay for SP-A1/A2 mRNA by quantitative reverse transcrip-
tion polymerase chain reaction and in blood by using a serum SP-A assay kit
containing two SP-A monoclonal antibodies. They found an increase in intra-
alveolar granular SP-A and in the SP-A1/A2 mRNA ratio in more than 75% of
freshwater drowning specimens, but only in some cases with a mild-to-mod-
erate increase in serum SP-A level.

5.1.1.2. Alveolar Macrophages
Betz et al. (55) examined CD68+ alveolar macrophages in 40 randomly

selected alveoli in each of 10 drowning cases and 15 controls and found no
significant differences in the number of alveolar macrophages/alveoli.
Excluding the influence of alveolar size, the drowning group showed fewer
macrophages, which was interpreted as a wash out-effect of the drowning liq-
uid. Brinkmann et al. (103) have investigated different myelomonocyte sub-
types (MRP8, MRP14, and 27E10) in the intraalveolar, alveolar-interstitial,
and alveolar-intracapillary compartments of drowning and control cases and
demonstrated a higher number of all subtypes in all compartments in the former,
but with wide variation from one case to another. Local (hypoxia, acidosis,
catecholamine reactions, interstitial edema, osmotic cytotoxicity) or systemic
factors (increase in pulmonary arterial and capillary pressure) may trigger
activation of these cells. Some authors have reported the passage of alveolar
macrophages into the left heart likely to be caused by the penetration of alveo-
lar content into circulation after alveoli rupture (104,105).

5.1.2. Other Organs
Gotohda et al. (106) observed in drowning deaths and other deaths by

asphyxia a higher expression of heat shock protein-70 and c-Fos (both mark-
ers of stress- or damage-related events) in the hypoglossal nucleus, which
innervates the upper respiratory tract. Quan et al. (107) investigated ubiquitin
(heat shock protein) distribution in the midbrain of 16 drowning victims and
of 18 other asphyxia victims and found a diffuse staining pattern in the nuclei
of substantia nigra neurons, suggesting this finding could be a morphological
equivalent of severe stress on the CNS.

5.2. Analytical Morphometry

Drowning-related pulmonary changes are distributed heterogeneously in
the lung parenchyma. Only extensive investigation of an adequate number of
samples can yield a representative picture of the overall changes.
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Semiquantitative and computer-assisted morphometry of lung specimens
has been tested more widely in chronic than in acute emphysema (108,109).
Computer-assisted morphometry has been used in drowning studies only
occasionally. Fornes et al. (110) have analyzed two randomly selected forma-
lin-fixed, reticulin-stained samples from each of 46 drowned subjects and 35
controls. For each sample, 15 microscopical fields were measured at 40-fold
magnification using as variables the total length and mean thickness of the
alveolar walls, and the number and mean area of the alveolar cavities. The
authors demonstrated significant changes of these parameters in the drowned
subjects. Kohlhase and Maxeiner (111), based on a study of six drowned and
seven nondrowned cadavers older than 70 years of age at the time of death,
demonstrated the possibility of differentiating acute emphysema aquosum from
senile chronic emphysema by computer-assisted morphometry when intratho-
racic in situ fixation is performed to avoid PM collapse of alveoli. The main
parameters used for analysis included total tissue area per image and percent-
age of interalveolar septa of the total area and per image. In this study lungs
were fixed in formalin via pulmonary arteries through a funnel placed 1 m
above the body for 30 minutes.

The main objective of histomorphometry is to yield reproducible data;
for this reason, studies in this area should be based on standardized methods
and parameters with regards to fixation procedures, sampling selection, and
embedding procedures as well as parameters and programs used to analyze
the results. For drowning, a correct perfusion pressure for fixative must be
used to avoid PM collapse of alveoli or an artificially high degree of insuffla-
tion. The 25 cm H

2
O normally used is insufficient to reproduce the overinflation

of the lung consequent to drowning.

5.3. Electron Microscopy

LM studies are inadequate to demonstrate delicate alterations related to
movement of liquid across the air–blood barrier in drowning. Ultrastructural
studies, mostly performed on experimental animals drowned by immersion or
tracheal intubation, have been performed both by scanning (SEM)(112–115)
and transmission electron microscopy (TEM)(116–121).

Torre et al. (114) investigated the alveolar changes in experimental drown-
ing by complete immersion using albino rats and sampling of the lung fol-
lowed by fixation in glutaraldehyde. These authors have illustrated alveolar
dilatation and atelectasis, lacerations, and disjunction of type I alveolar cells,
and exposure of underlying capillaries, as well as disorganization, shortening,
and reduction of villi in type II alveolar cells by using SEM. Torre and Varetto
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(115) described similar SEM changes in human drowning victims with lacera-
tion of the alveolar wall, stretching of the alveoli, and flattening of capillaries,
but more delicate variations were not detected, because of overlapping PM
changes. Qu (122) has studied the tracheal cilia of drowned rats up to 96 hours
PM showing their disorganization and structural damage.

In regard to TEM studies, Reidbord and Spitz (117) studied lung changes
in rats drowned by tracheal intubation at 10 cm H

2
O perfusion pressure. In

freshwater drowning, the most striking feature was extensive interruption and
fragmentation of plasma membranes of endothelial, septal, and alveolar cells.
In the mostly damaged area the mitochondria and rough-surfaced endoplasmatic
reticulum of the septal and endothelium, cells were swollen and the Golgi
apparatus could not be identified. Within the vessels, numerous circular struc-
tures of various sizes were evident and limited by a single or double mem-
brane. Conversely, in seawater drowning, the cell outlines and
intracytoplasmatic organelles were better preserved. The most striking fea-
ture was the invagination of cell membranes, ranging from small elevations to
blebs, projecting into alveoli or into the endothelial lumen, and continuous
with the basement membrane as well as numerous circular and irregularly
rounded structures layered by mostly single limiting membranes in the vascu-
lar lumina, septal areas, and alveolar spaces. These structures may be the mor-
phological expression of liquid shifts across the alveolar wall, but they also
have been described in lung capillaries of nondrowned individuals (117).

Brinkmann and Butenuth (119) performed experimental drowning by tra-
cheotomy on anesthetized rats using liquid of different osmolarities. In fresh-
water drowning there was edematous swelling of all compartments of the
blood–gas barrier, cytolysis, karyolysis, hydropic alterations of the cell
organelles, and dilation of the pinocytotic system, ending in endothelial and
epithelial vesiculation. In saltwater drowning, there was compaction of the
matrix, and the epithelium showed numerous finger-shaped protrusions, con-
strictions, and exposure of the basement membrane (villous transformation).
Erythrocyte sludge and deformed erythrocytes were observable in the capil-
laries (119). Püschel et al. (121) detected similar findings in victims of drown-
ing investigated within 24 hours PM.

Bajanowski et al. (123) used X-ray microanalysis and transmission SEM
and fluorescence microscopy to study the penetration of tracers (gold par-
ticles, latex) through the alveolo-capillary barrier. Tracers with smaller diam-
eters penetrated intercellular gaps in the alveolar epithelium and those larger
were incorporated into the epithelial and endothelial cells by active pinocyto-
sis, thus passing through the air–blood barrier and being detected in kidneys
and lymph nodes.
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6. LABORATORY FINDINGS

Physical, chemical, and biochemical blood changes have been investi-
gated for more than 100 years to determine the pathophysiology of drowning
and to find reliable criteria for its PM diagnosis. Laboratory methods to inves-
tigate drowning have their rationale in the shift of liquid and electrolytes through
the pulmonary air–blood barrier, which may cause blood volume and electro-
lyte changes. The reliability of these methods is, however, hampered by fac-
tors such as the variable volume of drowning liquid penetrating the airways,
the differing length of the drowning process, PM biochemical instability, and
individual variations.

Extensive reviews of early studies on laboratory methods for the diagno-
sis of drowning are available from Gettler (124), Moritz (39), and Reh (39).
Most, if not all, laboratory methods are at present considered of no practical
utility for the diagnosis of drowning (42,57,68). The most important early
works and the most representative studies conducted since 1970 will be briefly
addressed in this section.

6.1. Blood Properties and Composition

Through the end of the 19th century, hemodilution in drowning has been
studied by measuring blood hemoglobin and red blood cell concentration
(125,126), specific gravity, freezing point, electrical conductivity (127), and
Cl content (128). In 1921, Gettler (124), investigating blood Cl in 18 drownings
(15 in saltwater, 3 in freshwater) and 23 controls, found in saltwater drowning
a higher Cl concentration in the left chamber of the heart than in the right
chamber and the reverse for freshwater drowning, the differences between the
two chambers varying from 19 mg to 294 mg, and control values being con-
sistently less than 5 mg. He thus concluded that a biventricular difference of
25 mg Cl or more is a reliable criteria to diagnose drowning and to differenti-
ate seawater from freshwater drowning.

Moritz (39) observed that Cl concentration diminishes in controls as early
as 12 hours PM and that early works reporting reduction in Cl in freshwater
drowning did not mention the PM interval. However, after determining
biventricular Cl concentration from 34 freshwater and 32 saltwater drowning
victims this author suggested that a difference of 17 meq/L or greater within
12 hours PM should be considered as presumptive evidence of drowning.

Swann and Spafford (12) in 1951 conducted experiments concerning the
pathophysiology of freshwater and saltwater drowning. Their experimental
model consisted of suddenly flooding a hood fastened tightly over the head of
nonanesthetized dogs, serial sampling of arterial blood, and measurement of
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whole blood O
2
, CO

2
, pH, serum electrolytes, proteins, globulins, and hemo-

globin. Deuterium oxide was used to monitor the changes in body liquid. With
freshwater, the drowning liquid penetrated into the circulation massively by
the third minute, causing marked blood dilution and hemolysis, while fulmi-
nating edema caused a shift of protein-rich liquid and blood salts into the
lungs. The increased ratio of K+/other cations caused by hemolysis and the
concomitant decrease in other cations exposed the animals to VF. With sea-
water, conversely, the liquid, electrolyte, and protein shift from blood into the
alveoli caused hemoconcentration.

Other studies have disputed the results of these early works by demon-
strating no significant differences in biventricular Cl concentrations
(14,129,130) or by showing the unreliability of hemoglobin and hematocrit
determination for predicting blood volume changes (28,30). Jeanmonod et al.
(131) reassessed the value of biventricular hemodilution by using the freezing
point as a measure of osmolarity and found a 15% false-positive rate.

Other studies have, conversely, reiterated the potential of these methods.
Fisher (132), for instance, reviewed the Cl content of 202 drownings (129
seawater, 73 freshwater) and showed this method to be a useful tool to diag-
nose drowning. Faroughi (133) reported a decrease in Na, Cl, and osmolarity
in serum from the left heart blood of eight freshwater drowning victims, using
for control femoral blood and cerebrospinal liquid. Rammer and Gerdin (134),
based on 38 freshwater drowning victims and 35 controls, concluded that a
lower osmolarity or lower Na or K concentration in the left heart compared
with that of cerebrospinal liquid is strongly suggestive of freshwater drown-
ing.

6.2. Exogenous Substances

The drowning media penetrating into the airways contain numerous sol-
utes, including electrolytes, inorganic debris, microorganisms, and zoo- and
phytoplanktonic elements that may enter the bloodstream. The most widely
studied markers of the drowning media are diatoms, which are considered in
detail separately later.

Stockis suggested for the diagnosis of drowning a search for crystalline
plankton in the cardiac cavities (128), and Icard (135) for blood electrolytes
(i.e., strontium [Sr],  bromide [Br], barium [Ba], fluorine [Fl]) present in large
quantities in seawater. Mg concentration has been studied in serum, vitreous
humor, and cerebrospinal liquid of drowning victims (136–138), but the
applicability of this method has been challenged by the PM increase of Mg
serum concentration (39) and the passive diffusion of Mg in human and bovine
eyeballs exenterated from cadavers and immersed in seawater (139,140).
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Aquatic organisms detectable in blood include chlorophyta, dinoflagel-
lates, invertebrates, protozoan ciliates, and bacteria (141,142). Lehmann and
Beuthin (143) recommend searching for pollutants such as calcium lingo-
sulfonate, and Chen et al. (144) recommend determining serum Fl in drown-
ing occurring in water with a high Fl concentration. Mukaida et al. (145)
demonstrated, by UV light and high-pressure liquid chromatography, fluores-
cent bath salts in the lung and kidney of a baby drowned in a bathtub.

Sr remains the most studied exogenous ionic tracer for drowning. The
seawater and serum Sr concentration ratio (650:1) makes it a potential marker
for drowning. Sr concentration, however, differs widely among geographic
areas, being, for instance, higher in the Mediterranean Sea than in the Baltic
Sea. Using flameless atomic absorption spectrophotometry, Piette et al. (146)
measured Sr concentration in the serum of nondrowned living persons (n =
36), and individuals recovered from freshwater (n = 29), and from seawater (n
= 33) and found significant biventricular differences in both freshwater and
seawater drowning. These authors concluded that Sr can serve as valuable
additional evidence for the diagnosis of seawater drowning, but cautioned about
possible PM contamination in Sr-rich water.

Azparren et al. (147), performing studies on human drowning victims,
found biventricular Sr differences in “typical” drowning greater than 75 µg
Sr/L, compared with less than 20 µg Sr/L in “atypical drowning.” These results
were confirmed in a further study that showed highly significant differences,
especially when the drowning media had an Sr concentration higher than
800 µg/L (148). Fornes et al. (110), comparing 116 drowned subjects with 35
controls who died from causes other than drowning and 23 healthy living sub-
jects, found mean Sr blood values much higher than in the controls with no
overlap between drowned and nondrowned subjects. Azparren et al. (149) re-
ported a study of 70 definite seawater drowning victims with a significant
relation between Sr blood concentration and duration of the agonal period.

6.3. Artificial Tracers

Artificial tracers have been widely used in experimental models to study
the absorption of drowning liquid into the organism. As early as 1752, Louis,
in France, performed animal experiments with ink-traced liquid to investigate
the passage of drowning media into lungs (150). The penetration of the drown-
ing medium into the respiratory tract, circulatory system, and peripheral organs
has been studied qualitatively and quantitatively with a variety of tracers such
as particulate matter, chromatic substances, radio-opaque media, and isotopes
(151–154). Whereas nonisotopic tracers furnish only qualitative data on this
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penetration, many isotopic tracers are unreliable for quantitative studies because
of their selective permeability at the pulmonary level and their affinity for
tissues or compounds. Tritium (H

3
) is the most reliable tracer of intravascu-

lar–extravascular liquid because it distributes uniformly into the H
2
O mol-

ecule and has no selective permeability and/or tissue affinity. However, only
one quantitative study on penetration of drowning media traced with H

3
 has

appeared (154), whereas another study has addressed the time-dependent pen-
etration of H

3
-traced drowning media into the circulation (155). More recently,

the fine interaction between drowning media and the alveolo–capillary barrier
has been studied ultrastructurally with latex particles, India ink, ferritin, myo-
globin, and colloidal gold (123,156).

7. THE DIATOM METHOD

7.1. General Remarks

The diatom test for the diagnosis of drowning is based on the assumption
that diatoms, which are eukaryotic unicellular algae, reach the lung with inha-
lation of liquid and if effective cardio-circulatory activity exists, penetrate the
pulmonary filter and disseminate to organs through the blood stream. Con-
versely, if a corpse is submerged PM, the diatoms may penetrate passively
into the airways, but, owing to the lack of cardiac activity, will not be trans-
ported to other organs. Since the first description of diatoms in drowning vic-
tims toward the end of the 19th century (157), more than 300 articles, several
reviews, and 2 monographs (158,159) have addressed a wide range of issues
on the diatom method for the diagnosis of drowning. Although a consensus of
opinion exists on the greater potential of this method than of other laboratory
tests, its utility and reliability remain very controversial.

7.2. Diatom Biology

Diatoms are eukaryotic unicellular or colonial algae, which are ubiqui-
tous in water, air, and soil. The diatom’s cell wall contains a high quantity of
silica and comprises two units, called valves, bound by linking siliceous struc-
tures, the girdle elements. The whole siliceous part of the diatom wall (valve
and girdles) is termed the frustule. A diatom size ranges from 2 µm to more
than 500 µm, with most species being 10 to 80 µm in length or diameter.

The valve structure, which is specific for each class, represents the basis
for taxonomic classification. The structure of the valve usually has either a
pattern of radial symmetry or an elongated one, which provide the first dis-
tinction between centric and pinnate diatoms. Centric diatoms have silicate
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ribs radiating from a center and pinnate ones have ribs extending from both
sides of a longitudinal tick element. Girdle bands bind the valves together,
have a protective function, and allow a volume increase in the diatoms during
the cell cycle. The diatom protoplast consists of the plasmalemma, yellow-
brown plastids containing DNA, chlorophylls, and carotenoids, as well as
mitochondria, dictyosomes, vacuoles, and a nucleus with a double membrane
and one or more nucleoli (160).

Diatoms, which are found in all types of water and may live as single
cells, paired cells, or in large colonies, can be classified according to their
ecological properties. The classification based on salinity (oligophilic: salin-
ity: <0.05%; mesohalophilic: brackish water; polyhalophilic: salinity >0.05%)
is relevant in forensic medicine because it may assist in differentiating between
freshwater and saltwater drowning. Diatoms can also be distinguished in
planctonic (free in water), periphytic, or benthic (on bottom or immersed
objects), and aerophilic or facultative aerophilic (in air or on soil and
rocks)(158).

7.3. Sample Preparation and Analysis

The whole procedure for the preparation of samples for diatom analysis
includes water sampling from the putative drowning site, tissue sampling from
victims at autopsy, tissue destruction to collect diatoms, diatom concentra-
tion, and microscopic analysis.

The collection of samples from putative drowning media should be per-
formed during the recovery of the body, from the water surface and deeper,
using 1 to 1.5 L sterile receptacles to be stored at 4°C, whereas samples from
putative drowning victims are collected at autopsy sterilely, mostly from lungs,
liver, kidney, brain, and bone marrow (161).

The identification of diatom shells in lung and other internal organs
requires the complete destruction of the organ tissues to be examined except
for the diatom frustules. The most common extraction technique consists of
chemical digestion by nitric or sulfuric acid (158,162), solubilizers (e.g.,
soluene 350 [163,164]), or enzymes (e.g., proteinase K [165,166]). Incinera-
tion has been used for fatty-rich samples, the resulting ashes being treated by
oxidizing acid.

Other methods for identification of diatoms in tissue include amplifica-
tion of planktonic or diatom DNA and RNA in human tissues (167–169), mi-
croscopic analysis in tissue sections (170,171), diatom cultivation in appropriate
media (172), and spectrofluophotometry to quantify chlorophyll(a) of plank-
ton in the lung (173). Methods to detect diatoms in blood include direct obser-
vation of diatoms on a membrane filter (174), after blood hemolysis by sodium
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dodecyl sulfate (175), or by combination of hemolysis, 5 mm pore-membrane
filtering, digestion with nitric acid, and re-filtration (176).

Once digestion is performed, diatoms can be isolated by centrifugation
or membrane filtration (176). Centrifugation cycles concentrate diatoms
and remove all traces of acid by repeated washing, the supernatant being
replaced each time with distilled water. The use of nitrocellulose filters is
advocated for samples with low diatom content and is followed by LM analy-
sis, eventually after acid treatment or incineration of filters (176–178). Filters
may, however, contain diatoms, and the deposition of other particles can
obstruct pores and obscure diatoms.

For LM, a drop of suspension is dried onto a cover slip. Because cleaned
diatoms are transparent and have a refraction index (r.i.) of 1.44, close to that
of glass, mounting in water (r.i. = 1.33) or Canada balsam (r.i. = 1.55) will not
reveal the fine structure of the cells, so synthetic resins with a high refraction
index, such as Naphrax (r.i. = 1.74) should be used. LM analysis must be
performed using 630- to 1000-fold magnification (161) and diatoms must be
counted (diatom density), analyzed (species determination), and measured
(morphometry).

7.4. Diatom Penetration in the Lung

Conflicting reports exist on the diagnostic value of diatoms in the lung.
It is generally assumed that diatoms may enter the lungs by in vivo inhalation
or during PM submersion. Tomonaga (179) found several diatoms in lungs of
a cadaver kept for 30 minutes at a 23 m depth, and Nanikawa and Kotoku
(180) reported up to 145 diatoms/g of lung in a nondrowned corpse submerged
for 2 to 3 months at a depth of 120 m. Accordingly, Reh (82) considered dia-
toms in the lungs an unspecific finding, and Neidhart and Greendyke (181)
stated that “… the demonstration of diatoms in lung tissue is of no value in
determining whether a victim was alive before submersion….” However,
Timperman (182) suggested that diatoms in the lung are strong evidence of
rapid death in water, and Auer and Möttönen (183) that a diagnosis of drown-
ing can be made when more than 20 diatoms per microscopic slide are found
in lungs. According to Ludes and Coste (158), when diatoms are found in the
lungs but not in closed organs, the possibility of a passive penetration cannot
be excluded.

Histological studies indicate that a different diatom distribution occurs
in drowning and in PM submersion. In the former a generalized dissemination
is observed with diatoms reaching the alveoli in the subpleural regions, whereas
in PM submersion passive diffusion in interlobular and intralobular bronchi
may occur, but they do not reach the bronchioli and alveoli (151,184).
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7.5. Diatoms in Peripheral Organs

Lunetta et al. (185) demonstrated, using SEM and TEM, the ultrastruc-
tural details of penetration of diatoms from the alveoli into the bloodstream
during the experimental drowning process and their phagocytosis by alveolar
macrophages. Diatoms passing through the pulmonary filter and extracted from
closed organs represent a distinctive subset of the diatoms present in the drown-
ing media. The selective filtration of diatoms depends in part on their size and
shape as well as their possible aggregation in colonies. Figures 9 through 12
show different diatoms in diverse pulmonary compartments as seen in SEM
and TEM.

Data concerning the size and shape of diatoms penetrating the alveolar
capillary barrier are contradictory. Tomonaga (179), for instance, fixed the
maximum diameter and length of diatoms entering the bloodstream at 100 µm
and 160 µm (179). Most authors, however, set the limit at less than 60 µm.
Hurlimann et al. (2000) found two-thirds of the valves as being less than 15 µm
and more than 90% to be less than 40 µm (161). Pachar and Cameron (185)
and Giri et al. (187) have found only diatoms measuring less than 30 µm in
closed organs.

The lack of standardized protocols for quantitative and qualitative dia-
tom analysis makes any comparison between different studies virtually
impossible. The diatom content of the drowning media, the aliquot of tissue
analyzed, and the extraction procedures are all among the variables, details of
which are not always available and which may substantially influence results.
Most of the studies, thus, have a merely empirical value, with some older
studies expressing their results only in terms of the positivity or negativity of
given organs (e.g., ref. 188) and some others not possessing the requisites for
any quantitative assessment (e.g., ref. 189).

Important differences exist concerning the number of positive cases within
any given series. For instance in the Ludes and Coste (158) series of 40 drown-
ing victims, 14 were lung positive and 11 both lung and internal organ (liver,
kidney, or brain) positive, whereas 15 were completely negative (158). Auer
and Möttönen (183), in 107 putative drowning victims, found 33 cases with
diatoms only in the lung, 62 with diatoms in lung and closed organs, and 12
completely negative.

Striking differences also exist concerning the number of penetrating dia-
toms in each positive case. Some authors speak in terms of dozens or hun-
dreds (161,190) and others of single diatoms (191). Foged (190), for instance,
reports 6 to 221 valves/g lung, 5 to 68/g liver, and 9 to 127/g kidney whereas
Giri et al. (187) report 40 diatoms/10 g lung, 25 in kidney, 20 in liver, and 10
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in brain. Hurlimann et al. (161) set the maximum diatom density at 54 to 108
diatoms/5 g in lung, 92 to 184 in liver, and 22 to 44 in kidney. Ludes and
Coste (158) found more than 60 diatoms/10 g lung in 66% of 30 drowning
cases, the maximum content in other organs (kidney, liver, brain) being 15
diatoms/10 g tissue. Few authors have established quantitative limits diagnos-
tic for drowning. Ludes et al. (192), for instance, set the limit at 20 diatoms
per histological slide per 100 µL pellet for lungs and 5 diatoms per slide per
100 µL as a reliable criteria for the diagnosis of drowning. Hurlimann et al.
(161) have proposed much higher separation values, for instance, up to 20 to
40 diatoms/5 g in bone marrow.

As to qualitative analysis, species composition may help in determining
the site of drowning and excluding the source of contamination. Several indi-
ces can be used to compare diatom samples (158). The species index (SI),
which is defined as SI

1,2 
=

 
S

1n2
/S

1+2
 * 100 (%), where S

1n2 
is the number of

species common to the two diatom communities, and S
1+2 

is the total number
of species in the two communities, is a measure of the similarities between
two diatom communities and ranges from 0 to 100%. An SI greater than 60%
indicates that the two samples originate from the same diatom community.
When calculating SI, the diatom samples must contain approximately the same
number of diatoms (at least 500) with a difference no higher than 20% (161).

Fig. 9. Diatoma moniliformis, a diatom, penetrating the wall of a distal air-
way (scanning electron microscopy; experimental conditions, rat).
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Because this requirement generally is not fulfilled in drowning, the percent-
age of each species (<40 µm) present in organ samples and in the drowning
medium must be calculated. Ludes et al. (192) maintain that when 60 diatoms/
10 g lung are recovered, the determination of proportional abundance of taxa
and its comparison with 300 frustules from the drowning media is possible.

Bone marrow, especially from the femur, is regarded as relatively pro-
tected from contamination even in cases of advanced putrefaction with adipo-
cere representing an additional protective layer during prolonged submersion.
Pollanen et al. (193) studied the femoral bone marrow in 771 presumed fresh-
water drowning victims and reported positive results in 205 cases (27%), the
percentage being higher in April and July (40%) and in November (30%) likely
because of the cyclic diatom blooms in freshwater occurring in early spring
and autumn. As regards quantitative data, some authors have found no more
than 10 diatoms per bone marrow sample (177,187) whereas other authors
have reported much higher values. Foged (190), for instance, has reported 1 to
230 diatoms/g bone marrow (vertebrae, femur) and Hurlimann et al. (161) 30
to 60 diatoms/5 g.

Fig. 10. Mastogloja smithii, a diatom, penetrating the alveolar wall through a
clearly visible laceration (scanning electron microscopy; experimental condi-
tions, rat).



Drowning 37

7.6. False-Positive Results

The main criticism of the diatom test is the finding of diatoms in lungs
and other organs in nondrowned human beings. Quantitative data on diatoms
in organs of the nondrowned are, once more, contradictory. Foged (190) found
in four nondrowned bodies up to 194 valves/cm3 lung, in liver up to 54, in
kidney up to 53, and in bone marrow (vertebrae, femur) up to 17. Pachar and
Cameron (186) found 5 to 25 diatoms/100 g lung and up to 10/100 g in closed
organs. Timperman (182) maintains that the number of diatoms in the
nondrowned person does not exceed 10/100 g. Auer and Möttönen (183) found
no diatoms from organs of 15 nondrowned individuals, nor did Ludes et al.
(166) find diatoms in their controls.

Most studies on animals and humans report few diatoms in the periph-
eral organs of the nondrowned (178,187,194). Mueller (195) found one
Cyclotella-like diatom in 30 livers (30 g); Waltz (196) a single Cyclotella and
two fragments in 40 livers (50 to 100 g); Timperman (197) one to four dia-
toms in 4 of 13 lungs (100 g), and Janitzki (198) one to three diatoms in two

Fig. 11. Phaeodactylum tricornitum, a diatom, in the interstitial space with
incipient ruptures of the endothelial membrane. End, endothelial lining; bm,
basal membrane; pn II, pneumocyte type II; d, diatom (transmission electron
microscopy; experimental conditions, rat).
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lungs of eight (100 g). A diatom species found in tissue that does not match
with any diatom species present in the water of the putative drowning site
should be, according to Ludes and Coste (158), considered a contaminating
diatom.

7.6.1. Antemortem Contamination
GE absorption of diatoms may occur as a result of ingestion of diatom-

laden food such as vegetables (e.g., salad, radish, watercress, celery) and shell-
fish (e.g., mussel, limpet, winkle, oyster) (199). Beverages may contain diatoms
in countries where natives drink ditch water and river water or where kieshelgur
is used as a filtering material in breweries and wine factories (177).

Researchers have investigated the GE absorption of diatoms. On one side,
Spitz and Schneider (191) found diatoms in internal organs in 92% of rats fed
with a diatom suspension and up to 111 diatoms/200 g liver in 21 of 22
nondrowned humans and suggested that GE absorption may occur via portal
veins or lymphatics. Conversely, Mueller (195) found no diatoms in the liver
or kidney of rats fed with diatoms, and Schneider (200) recovered no diatoms
after also feeding rats with a suspension of Nitzchia (10 × 90 µm). Merli et al.
(201), after feeding five dogs diatom-rich food (3 million/100 mL), did not
find diatoms in the lung, kidney, liver, or urine, nor in rats whose GE mucosa
was chemically damaged before feeding.

Fig. 12. Phaeodactylum tricornitum, a diatom, in a pulmonary capillary. Cap,
capillary; alv, alveolar space; end, endothelial cell; pn I, pneumocyte type I; i,
interstitial space (transmission electron microscopy; experimental conditions, rat).
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Diatom inhalation may involve aerophilic species or kieshelgur, which
is widely used as an inert chemical material, for instance, in the manufacture
of building and insulating materials, in paint, paper, cosmetic powders, and
safety matches (199,202). Authors such as Spitz and Schneider (190), Koseki
(191), and Foged (194) have demonstrated diatoms in air by using small bea-
kers or filtration bands exposed to the open air. Diatoms also may be inhaled
while smoking cigars since tobacco leaves contain diatoms (203). Otto (204)
reported a heavy diatom load in 23 of 28 lungs of workers exposed to silicate.

7.6.2. Postmortem Penetration
PM diatom penetration into an organism may occur during prolonged

submersion at high hydrostatic pressure, through antemortem (AM) and PM
wounds, or during reanimation procedures with artificial ventilation (158).

De Bernardi et al. (184) submerged 36 dead rats for up to 30 days in a
suspension containing up to 20,000 diatoms per milliliter (dimension: 5–90
µm), both at the surface and at 2 atm but found no diatoms in closed organs.
Koseki (194) found a few diatoms in the long bones (humerus, femur) of rab-
bits and dogs submerged dead for 1 month into a pond but not in those with a
shorter submersion period. When the bones were bleached and submerged in
tap water, they contained up to 13 diatoms after 1 day, up to 93 after 1 week,
and up to 276 after 1 month. In seawater, as many as 2550 diatoms were found
after a 1-month submersion. Koseki concluded that “bones submerged for a
long while and skeletonized bones are apt to produce errors in the determina-
tion of cause of death because of the intrusion of diatoms through foramen
nutricium and other pores.” Ludes and Coste (158) also stress the great risk of
contamination in skeletonized bones. Kan (205) studied the relationship
between water pressure and penetration of diatoms into bone marrow from
bleached bones of rabbits kept in a kieshelgur suspension (35,000–40,000 dia-
toms per milliliter) at 0 to 4 atm for 30 minutes. He observed an increase in the
number of bones yielding positive results and of the number of diatoms per
bone with increasing pressure. At 0.5 m, there were three positive bones with
up to four diatoms per bone (humerus), whereas at 40 m, all 11 bones were
positive, with up to 11 diatoms per bone (right ulna). In similar experiments
with unbleached bones, no diatoms were found even at 40 m depth.

Data on humans are more scant than for animals. Tamâska (206) found
no diatoms in the bone marrow of seven persons shot dead before falling into
water. Tomonaga (179) reported a “very small number” of diatoms in the heart
and none in closed organs of a body submersed PM at 23 m depth for 30
minutes. Tomonaga (207) described diatoms in the liver and kidney of humans
submerged at 130 m depth. Giri et al. (187) found as many as 20 diatoms in
lung samples, 10 in heart, and 1 in kidney in nondrowned submersed bodies.
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7.6.3. Contamination During Sample Preparation
Contamination may arise during the entire sequence of diatom prepara-

tion, from tissue sampling at autopsy to sample mounting onto the slide. At
autopsy, careless sampling procedures may yield contamination from the
victim’s clothes and body surface during external examination or between
different organs during internal examination. Moreover, during the whole
sample-preparation process, air, instruments, gloves, paper, water supplies,
reagents, and glassware represent potential contamination sources. Most stud-
ies concerning laboratory contamination have focused on tap water and
reagents. It is generally accepted that tap water may contain some diatoms. As
to distilled water, Porawski (194) and Koseki (208) found no diatoms, whereas
Tabbara and Dérobert (209) reported a single diatom in 5 L but none in tri-
distilled water. The presence of diatoms in reagents or glassware also varies
from one study to another, but is usually extremely limited (177) if not com-
pletely absent (183,186,210). To minimize risk of contamination, use of water
should be limited to bi- or tri-distilled water and reagents and chemicals must
be regularly tested for contaminating diatoms. Bottles and flasks used should
be cleaned for 24 hours in a solution, and old flasks must be replaced regularly
because glass irregularities may host diatoms. Paper material, such as ordi-
nary laboratory filters, must be avoided because of their potentially high dia-
tom content.

7.6.4. Other Sources of Contamination
Other potential sources of contamination include repeated swallowing

or inhalation of water by divers (211) or swimmers (212), transplacental pas-
sage (158), and possible contamination of the pancreas and gallbladder by
retrograde passage of duodenum contents (179). PM contamination from saw-
dust in the coffin must be considered in exhumation cases (177).

7.7. False-Negative Results

The low diatom concentration in drowning media, the low volume of
inhaled liquid, and diatoms lost during sample preparation also may yield nega-
tive results in definite drowning. Devos et al. (213) and Funayama et al. (214)
stressed that low diatom concentration may hamper the feasibility of the dia-
tom test in tap water and open sea drowning. Some authors have attempted to
determine the minimum number of diatoms in the drowning media required to
produce diatoms in closed organs. Mueller (215) set this limit at 20,000/100
mL for rats and 13,500/100 mL for rabbits. Tomonaga (179), defining the



Drowning 41

diatom content in water as 100, found diatom values varying from 200 to 1300
in human lungs and from 1 to 25 in closed organs.

The number of diatom-negative cases in drowning series varies widely,
depending also on whether the definition of a negative case includes instances
with diatoms in neither lung nor closed organs or only those with no diatoms
in closed organs. Angelini Rota (188) found in 48 drowned individuals 24.2%
with no diatoms in the lungs and 32.6% with no diatoms in closed organs,
whereas the respective values in Neidhart and Greendyke’s series was 17%
and 30.8% (181). Timperman (177), studying the whole lung in 40 drownings,
found no diatoms in approx 10%. Auer and Möttönen (183) reported 11.2%
having no diatoms in lungs and closed organs and Ludes and Coste (158)
37.5%.

In conclusion, studies on the reliability of the diatom test for the diagno-
sis of drowning have yielded widely divergent results and opinions. The latter
rely, at least partially, on dated studies that have not been performed using
rigorous and standardized methodologies and not by expert diatomologists.

Some concepts should be clear from this section on the diatom method
for the diagnosis of drowning. Regarding “negative” cases, the absence of
diatoms in a body should in no way allow for excluding drowning as the cause
of death. On the other hand, the mere finding of a few diatoms in a human
body does not establish a diagnosis of death by drowning. Any acceptable
results which may satisfactorily resist the criticisms which have been leveled
against the test depend on (a) the quantitative and qualitative taxonomical
concordance between diatom content in the body and putative drowning media,
(b) the adoption of a strict protocol to avoid contamination during sampling
preparation, and (c) the exclusion from the results of any diatoms that poten-
tially represent “contaminating” diatoms. Further studies are needed to estab-
lish standardized separation values between controls and definite drowning
cases. Until then, the diatom method cannot be accepted in definitively prov-
ing a diagnosis of drowning in the courtroom, but rather represents a useful
supportive evidence for diagnosing death by drowning.

8. SELECTED ISSUES

8.1. Identification

Bodies recovered from water are often, at least during the first phases of
investigations, unidentified. Identification represents an important step in the
early investigation of death in bodies found in water because personal history
can furnish important clues to link circumstantial data and PM findings to the
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actual death. The common medicolegal criteria for individual, sex, age, stat-
ure, and race identification apply also to bodies retrieved from aquatic envi-
ronments and include visual characteristics and fingerprinting as well as
odontological, anthropological, and DNA methods (216).

Medicolegal identification may be required for fresh or decomposed bod-
ies as well as for skeletonized remains found in water. During the early PM
period, identification may be hampered because personal documents are washed
out of the clothes, their features effaced by the effect of water, or because
clothing and other personal effects are lost in the water. AM or PM trauma
such as dismemberment by the perpetrator of a crime or by boat propellers or
later PM lesions caused by the aquatic macrofauna or microfauna can hamper
visual identification or fingerprinting. In individuals with advanced macera-
tion changes suitable fingerprinting ridge impressions can be obtained by a
variety of techniques (217).

Identification of bodies found in water represents a recurrent problem,
especially in jurisdictions operating in large coastal regions. In this context,
the transient nature of the population and bodies drifting from one country’s
coast to another’s are additional factors that may challenge prompt victim
identification. The drifting of cadavers can occur either during the early phases
of buoyancy and sinking or later during the decomposition process and depends
on several factors including currents, tides, waves, and winds. In northern
Europe, Kringsholm et al. (218) described a series of 80 initially unidentified
bodies and 9 skulls found from 1992 to 1996 in Danish waters. Danish nation-
als constituted 57% of the 74 identified cases, whereas the remaining cases
mostly involved victims from bordering countries.

Cadavers can be moved hundreds of miles away from their point of entry
into water in a relatively short period of time. Giertsen and Morild (219)
described two bodies that drifted for more than 500 km, following the Gulf
Stream from Denmark and the east coast of Scotland to the Norwegian coast
in 28 days and 4.5 months, respectively. Blanco Pampin and Lopez-Abajo
Rodriguez (220) reported victims drowned in a river in Portugal who drifted
by Atlantic Ocean currents to the Spanish coast 380 km away in only 60 hours.
Carniel et al. (221) reported a body drifting in the Mediterranean Sea more
than 300 km in 2 weeks.

Identification also is a primary issue in mass disasters occurring at sea or
in internal waters and involving aircraft (222), flooding (223), and ships (224).
Identification also is a growing concern in connection with shipwrecks trans-
porting clandestine immigrants.
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8.2. Postmortem Changes

PM changes that occur in a corpse in an aquatic environment include
early changes (e.g., skin maceration, goose flesh, hypostasis, rigor, and cool-
ing) and late changes (e.g., putrefaction, adipocere formation, and skeletonization).

8.2.1. Early Postmortem Changes
Skin maceration (“washerwoman’s skin,” Fig. 13) is characterized by

thickening, wrinkling, and whitening of the skin that occurs first on finger-
tips, palms and the backs of hands, soles and backs of feet, and later also on
elbows and knees. Saukko and Knight (42) set the onset of maceration in warm
water within minutes from exposure and in cold water after 4 to 5 hours, whereas
Giertsen (57), in Norway, states that maceration appears on fingertips in 2 to 4
hours and on the palm after approx 24 hours. Gee (58) maintains that “it takes
nearly twice as long for the skin of a clothed foot to attain the same degree of
maceration as the unprotected hand.”

Prolonged skin exposure to water causes progressive loosening of the
nails and skin peeling from hands (Fig. 14) and feet in a “glove and stocking-
like” fashion. Wide variation exists as regards the time interval before this
peeling occurs. Giertsen (57) stated that the skin may loosen from the hands
after 2 weeks, but the skin slips off in a glove-fashion only after 3 to 4 weeks.
Reh (82) observed that in a river during winter (water temperature: 3.2ºC), it
takes 7 to 8 weeks before the nails loosen, whereas during summer (18.6ºC)
this may occur after only 3 days. Püschel and Schneider (225) submitted
macrophotographs of 48 hands with maceration to German and foreign medi-
colegal experts and reported a wide heterogeneity of interpretations, testify-
ing to the difficulty of objectively grading these changes.

Histologically, early maceration changes have been characterized by
detachment of the stratum corneum and perinuclear vacuolization of the cells
of the Malpighian stratum; advanced lesions include homogenization of the
stratum corneum, detachment of epidermis, necrosis of the granular and basal
stratum, and fiber ruptures in hypoderma (226). Weber (227) interpreted skin
wrinkling as the result of repeated water input, which forms subepidermal
water-filled collections, in contrast to in vivo conditions in which a dynamic
balance exists between liquid uptake and its re-absorption into the bloodstream.

Goose flesh (“cutis anserina”) occurs in bodies located in water but also
is observed on those found on land. Spasm of the erector muscles of hair fol-
licles seems to play an important role in this phenomenon, although its cause
remains unclear. DiMaio and DiMaio (68) stress the association of goose flesh
with rigor mortis, but Saukko and Knight (42) question the role of rigor in the
etiology of this phenomenon.
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Fig. 13. Submersion. Typical maceration changes on the hand. (Courtesy of
Dr. Michael Tsokos, Hamburg, Germany.)

Fig. 14. Submersion. Maceration changes on right hand with partial peeling
of skin and nails. Examination of the soft tissue under the peeled skin revealed
small plastic fragments within irregular lacerations (arrow). Police investiga-
tions revealed that the victim was killed by firearm and that one bullet likely
impacted a mobile phone kept on her right hand.
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Hypostasis can be observed, as the result of the movements of the corpse
in water, in any pattern around the body. Often, however, hypostasis is selec-
tively located on the face, the upper parts of the chest, thighs, feet, and calves,
because of the head- and leg-down position the body may assume after sink-
ing. The pink-reddish color of hypostasis is likely attributed to unreduced oxy-
hemoglobin, the presence of which depends more on cold temperature than on
water exposure (42). Bonte et al. (228) have described a specific hypostasis
pattern in victims of electrocution in the bathtub, with the upper margins of
hypostasis along the water-surface line, whereas Wollenek et al. (229) have
observed a pale and thin skin mark parallel to the water surface that was inter-
preted as a thermal phase-transition phenomenon independent from hypostasis.

The term pink teeth designates a characteristic pink discoloration of the
crowns and roots of the teeth (230). This change has been investigated histo-
logically, biochemically, and ultrastructurally (231) and seems related to
increased venous pressure in the pulp due to the head-down position of the
corpse in water, followed by extravasation of erythrocytes, autolysis, and dif-
fusion of hemoglobin and its breakdown products from pulp tissue into the
dentin via dentinal tubules (232,233). A moist environment has been suggested
to accelerate hemolysis and the diffusion of blood in the dentin tubules. How-
ever, not all bodies found in water have pink teeth and pink teeth also have
been found in many other types of death such as hanging, carbon monoxide
poisoning, and barbiturate poisoning (233). This phenomenon has no specific
significance in regard to the PM interval (234).

Rigor mortis seen in immersion deaths is influenced by environmental
and individual factors similar to those acting on a body on land. Two factors
may act specifically on corpses in an aquatic environment: a) The low envi-
ronmental temperature, which usually retards the development of rigor and b)
the victims’ muscular contractions during the drowning process, which may
lead to earlier onset, stronger development, and longer persistence of rigor
mortis compared to that on land (57). The rigor of hand articulations may
facilitate grasping of seaweed and other marine material which may assist in
the determination of the site of submersion.

The cooling of a body in water is faster than on land since the thermal
conductivity of water is more than 20 times as high as that of air (0.60 vs
0.02). A naked corpse submerged in cold water cools approximately twice as fast
as does a body on land (58) and, once brought ashore, body cooling is even
more rapid because of liquid evaporation through the skin. The cooling rate in
water depends on various factors such as water temperature, currents, the
victim’s clothing, and body temperature at the time of death.
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Henssge et al. (235) measured the rectal temperature of 29 naked corpses
suspended in a tub filled with water at 20ºC, 10ºC, and 0ºC, and by using
Marshall and Hoare’s body-cooling formula. They found that a body cools as
quickly as an unclad corpse of half that body mass in calm air of the same
temperature. Henssge (236) has discussed in detail the effects of water and
wet environments on the constants of Marshall and Hoare’s formula. The rapid
cooling of a body in water implies that in this setting rectal temperature can be
used to estimate the PM interval only within the first few hours (generally 12
hours) of submersion, an interval during which forensic pathologists only
occasionally have the possibility to examine bodies retrieved from water.

8.2.2. Putrefaction, Adipocere, and Late Decomposition
Decomposition of a body in an aquatic environment (Fig. 15) occurs at a

rate roughly half that in air because the cooler water temperature inhibits bac-
terial and insect activities. Once the body floats or is taken ashore, decompo-
sition proceeds at an accelerated rate. Chromatic skin discoloration can appear
first in the abdominal region, but at times, owing to the peculiar position of a
corpse in water, also on the face, neck, and chest. In northern Europe, Giertsen
(57) stated that at water temperatures of 5 to 6ºC no appreciable decomposi-
tion might be evident even after several weeks, whereas at 10 to 20ºC, the
decomposition occurs after 3 to 5 days. In southern Europe, Gerin et al. (226)
reported advanced chromatic changes occurring within 2 days PM and de-
tachment of large epidermal areas and of hair after 5 to 6 days and 8 to 12
days. Adelson (237) states that during midsummer in temperate regions putre-
factive gases may form and rise a body to the surface within 2 to 3 days in a
lake or pond and after 2 to 3 weeks at sea. Several factors may influence the
decomposition of corpses in an aquatic environment. These include water tem-
perature and, to a lesser extent, the bacterial content of water and its salinity
(which has influence on bacterial activity) as well as PM and AM injuries
which create portals of entry for carrion insects and bacteria (42,57,238).

Adipocere is a waxy decomposition product formed from bacterial
hydrolysis and hydrogenation of adiposus tissue, which generally occurs in
bodies under water or in moist soil, in a warm, damp, and anaerobic environ-
ment (239,240). Adipocere provides good preservation of organs and tissues
(241). Adipocere biochemistry has been extensively investigated (242–246).
During the first steps of adipocere formation, triglycerides composed of neu-
tral fats are degraded by endogenous lipases and then bacterial enzymes con-
vert neutral fats into fatty acids. The latter are, in turn, converted to
hydroxy-fatty acids, oleic acid being the primary source of 10-hydroxystearic
acid which is the main component of adipocere. The low pH of fatty acid
(between 4.5 and 5.5) inhibits bacterial growth and putrefaction.
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The optimal temperature for adipocere formation has been related to the
growth temperature of Clostridium perfringens (>21ºC), which has been sug-
gested to be one of the main sources of enzymes for degradation of neutral
fats (241). Adipocere formation, however, also occurs at lower temperature.

Fig. 15. Body found in water. Putrefactive and emphysematous changes on a
young woman’s face which hampered her visual identification. The dark grey
changes on her cheek near the nose, arranged in a bilateral pattern, represent
areas of algal colonization. Postmortem submersion time was 3 weeks.
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Clostridium perfringens produces enzymes active below 21ºC (247), and other
bacteria are likely involved in the degradation of neutral fat (246,248).

As to time of adipocere onset, wide variability exists because of climatic
differences. Mellen et al. (244) performed experiments with human skin and
subcutaneous tissues and observed adipocere formation after 2 to 3 months at
16 to 21ºC and after 12 to 18 months at 4 to 5ºC. Different workers in Europe
and the United States mention that the minimum time required for adipocere
formation is approx 3 months (249), but some case studies show earlier adipo-
cere formation within 3 to 4 weeks (250–253).

When a body floats, tissue destruction may proceed differently in areas
exposed to air, infested by terrestrial scavengers, and in those body parts sub-
merged and exposed to marine life. Under specific circumstances, immersed
body parts may show adipocere transformation and regions exposed to air
may exhibit mummification changes. Marine scavenger organisms (e.g., worms,
molluscs, arthropods, echinoderms, crustaceans, fishes) can colonize soft tis-
sues and bones, produce PM artifacts, enhance bacterial penetration, and
quicken the course of the body’s disarticulation and skeletonization (254,255).
Crustaceans, for instance, cause crater-like pits of varying size in the face,
small fishes destroy the soft tissues of the face, fingers, and the genital region,
and smaller organisms may penetrate the respiratory or digestive tract. Colo-
nization of skin and exposed soft tissues by algae gives them a greenish or
blackish discoloration. Algae from specific habitats can be useful to link crimi-
nals to a crime scene in forensic investigations (256).

Water environments produce peculiar patterns of a body’s disarticula-
tion. Although land provides a firm and static support for articulation, in water,
the corpse’s movements in three dimensions enhance soft tissue detachment
and joint disarticulation. Synovial joints such as the shoulder are disconnected
before fibrous joints such as intervertebral ones; limbs disarticulate first dis-
tally owing to the higher torsion forces than on those acting proximally (257).

In a cold climate, bones which have been frozen, compressed within ice,
ground between block ice and gravel bars, or crushed in ice floes may present
with fractures, which should not be misinterpreted as AM trauma (258).

8.3. Antemortem and Postmortem Injuries

The recognition and interpretation of injuries on a body found in water is
essential for determining the actual sequence of events that led the victim into
the water. Bodies found in water may present with a wide range of AM and
PM injuries sustained before submersion, during the fall into the water, impact
on the water surface or on the bottom, or while in water. These injuries may
provide decisive insight into the cause and manner of death or can be unre-
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lated to the actual terminal events. The differentiation between AM and PM
injuries sustained before entering or while in water can be challenging and at
times impossible. During the early PM interval, for instance, vital lacerations
may be difficult to diagnose because bleeding can be washed away, and later
advanced decomposition can mask a wider range of vital injuries such as
bruises, gunshot or cutting wounds, and internal lesions.

The first group of AM injuries to be considered are injuries sustained
before falling into water. These injuries can be the unique cause of death or
can contribute to drowning. Indeed, accidental falling into water can be trig-
gered by mechanisms such as air, boating or road traffic accidents, electrocu-
tion, or by more trivial injuries during recreational or occupational activities.
In suicides special attention must be paid to self-inflicted injuries (e.g., stab-
bing, cutting, or shooting), which may reveal the mechanism of the victim’s
coming into water. In cases of homicide virtually all types of traumatic lesions
can be inflicted in proximity to a body of water or, in the case of body disposal
in water, far away from the water.

The pattern of injuries caused by falling into water, conversely, has no
specificity for the manner of death. Whether the victim falls, jumps, or is thrown
alive from a dock, bridge or ship, he or she can sustain any kind of injuries by
striking fixed objects such as rock, cliffs, or parts of a bridge or boat before
entering the water. These injuries may be responsible for death before the
victim reaches the water or can contribute to drowning by rendering the vic-
tim unconscious or unable to swim once in the water. Injuries caused by impact
on the water surface are generally caused by falls from a great height, for
example, in suicide by jumping from a high bridge and depending on the
velocity of the body, which is directly proportional to the height and to aero-
dynamic factors. Such injuries include skin lesions, muscle tears, bone frac-
tures, and lacerations of internal organs. The impact of a victim on the bottom
of a body of water with shallow water (e.g., swimming pool) is a well-recog-
nized mechanism of severe head and neck injuries, and can lead to drowning
by causing loss of consciousness or spinal cord paralysis (259–261).

Once the victim has fallen into the water or while in the water, he or she
can sustain further vital injuries by being washed by waves or currents against
any material or the bottom, by being struck by a ship or boat (especially in
harbors or other settings with high pleasure-boating traffic), or by being attacked
by marine predators like sharks. Boat propellers can produce multiple parallel
deep incision wounds especially in the head or trunk, amputation, or even
dismemberment (261–263). Electrocution (unintentional, self-inflicted, or
homicidal) can occur also while the victim is in the water (264). The linear
marks of pallor on the water level, which have been interpreted as signs of
lethal electric damage, may occur with no electric contact (265).
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Importantly, morphological changes to diagnose the cause of death may
fade in water. The intensity and surface pattern of ligature marks in water may
vanish and a strangulation furrow can disappear totally after exposure to water
and treatment with ointments (266). Betz et al. (267) showed experimentally
that conjunctival petechiae may disappear in freshwater, likely because of
hemolysis in a hyposmolar medium.

Different PM lesions and artifacts can be observed in submersed bodies.
PM lesions include injuries produced before cadaver disposal (e.g., dismem-
berment) or by throwing the body into the water, by mechanical actions while
the body is in water (e.g., squeezing between two ships, dashing against rocks
or drifting along the bottom, propeller injuries; Figs. 16–18) as well as inju-
ries produced during the decomposition process (e.g., by aquatic life depreda-
tion, “false” strangulation marks produced by tight clothes during putrefactive
swelling of the body, fractures of the skull caused in cold climate by ice), or
during search and retrieval procedures.

8.4. Manner of Death

Determination of the manner of death (accident, suicide, homicide, natu-
ral) for a body found in water requires a comprehensive approach based on
analysis of PM findings, the victim’s individual background, and circumstan-
tial factors—a gathering that requires the coordinated action of the forensic
pathologist and police investigators.

8.4.1. Unintentional Drowning
Most drowning deaths are unintentional. The wide range of settings and

circumstances in which accidental drowning generally occurs (Fig. 19), together
with the main individual risk factors, have been addressed in several epide-
miological studies (268). Witnessing and exclusion of other manners of death
are generally the strongest factors on which the basis for the diagnosis of acci-
dental drowning can be drawn, but are not constantly present (56).

8.4.2. Suicide
Suicide by drowning is much less common than is unintentional drown-

ing. Medicolegal studies on suicide by drowning have focused on littoral regions
where rates appear higher than in noncoastal areas (269,270). Byard et al.
(271) reported the largest coastal series consisting of 123 suicidal drowning
victims investigated in Adelaide (Australia) between 1980 and 2000. Wirthwein
et al. (270) reported 52 suicidal drownings from the noncoastal area of Dallas,
Texas, 1977 to 1996. Other studies on suicide by drowning have been per-
formed in Florida (272,273), in Canada (274), and Finland (275). In these



Drowning 51

Fig. 16. Body found in water. Transversal postmortem propeller injury of the
trunk with partial extrusion of abdominal viscera. (Courtesy of Dr. Michael
Tsokos, Hamburg, Germany.)

Fig. 17. Body found in water. Postmortem amputation of head and arms by
motorboat propeller. Note the irregularity of tissue lacerations compared with
the amputation surfaces shown in Fig. 18.
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series the percentage of suicide by drowning ranged from 0.85% (271) to 8.9%
(274) of all suicides.

Some studies have addressed the epidemiological and injury patterns of
suicide caused by jumping from high bridges in the United States (276–279),
Europe (280,281), and Australia (282). In these suicides, drowning is only
one of the possible causes or is a contributing cause of death because death
may also be due to trauma sustained before, during, or after the impact with
the water surface.

Suicide notes, witnessing, and injuries related to combined suicide are
among the more significant factors that may lead to a diagnosis of suicide by
drowning. Factors such as previous suicide attempts, suicide ideation, and
psychiatric history must be considered judiciously because they can occur also
in victims of homicide and unintentional drowning. The percentage of sui-
cides by drowning with farewell notes ranges from approx 14% (271) to 37%

Fig. 18. Disposal of a body in water. Complete “defensive” dismemberment
of the victim by the homicide perpetrator. Note the regular amputation sur-
faces compared with those seen in Fig. 17 and the lack of hemorrhages within
the soft tissues.
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(270). Copeland (216) and Lucas et al. (272) have stressed that 25% and 6%
of their cases, respectively, involved a verbal equivalent to a suicide note just
prior to death. Among the Copeland (270) and Wirthwein et al. (272) series,
11% of the cases were witnessed whereas in the Li and Smialek (278) series of
jumping from bridges the percentage was much higher, namely 57%.

Victims of suicidal drowning may present hesitation marks, for example,
located on the wrists, and at times more extended wounds related to the com-
bination of drowning with other suicide methods, for example, a deep cut on
the wrist, antecubital region, or throat as well as gunshot wounds (226,271,272).
Gerling and Pribilla (283) have described a unique case of suicide in water by
a hand grenade.

At times, suicide perpetrators, before entering the water, weight them-
selves down to ensure the success of their act by filling their pockets with
stones or using heavy objects inside bags or by tightly binding their hands or
feet with a rope. Byard et al. (271) reported nine such cases (a load of bricks,
diving weight, rock, toolbox, dumbbell) and Wirthwein et al. (270) four cases
(anchors, bucket, concrete block). Giersten (57) stressed that putrefactive gases
may cause enough buoyancy to cause the body to ascend to the surface even if
it is carrying a 25 kg extra-weight. When retrieving a weighted body from
water, the differential diagnoses of homicide by drowning or body disposal in
water must be appropriately considered: ascertaining the origin of weights

Fig. 19. Drowning in a car: accident or suicide?



Lunetta and Modell54

and whether the victim could have applied the weight or the ropes alone are
important steps in this differential diagnostic approach.

Single case studies also demonstrate the difficulties that may arise in
establishing the diagnosis of suicide by drowning. Schmidt et al. (284) reported
a bathtub drowning compatible with homicide or suicide, likely associated
with epileptic seizures. Nadjem et al. (285) described a drowning case in a
young male boating with an inflatable on a lake. The man was found dressed
in a knight’s armor-like chain-mail coat and trousers: both suicide and acci-
dent during fantasy play were consistent with the scene and PM investiga-
tions. Petri et al. (286) reported the case of a diver found in an underwater
cave with a knife wound in the thorax and signs of drowning. The death, first
interpreted as homicide, after full investigation, was ruled as a suicide com-
mitted while running out of air to avoid the agony of drowning. Drowning
with apparent suicide features has been described in the context of accidental
autoerotic death during sexually oriented rituals under water (287).

8.4.3. Homicide
Homicidal drowning is generally perpetrated by a physically stronger

assailant against a weaker victim, generally a child or an incapacitated adult,
often in a bathtub or shallow water.

Drowning as a form of fatal child abuse, especially in the bathtub, can be
difficult to distinguish from unintentional drowning, sudden infant death syn-
drome, or other natural death (289). Often, there is little or no evidence of foul
play at drowning sites or on the victims’ bodies themselves because the pres-
sure required to keep a child under water is generally exerted by fingers and
hand on the back of the head and torso and often does not leave any detectable
signs of external violence. The diagnosis is thus generally based on character-
istic features of child abuse, including physical signs, inconsistency of his-
tory, lack of resuscitation attempts, delay in seeking care, and a previous history
of abuse (289,290).

Concerning homicidal drowning in adults (Fig. 20), it is generally assumed
that these involve situations with a physical or psychological disparity between
the perpetrator and the victim. The victims are generally incapacitated by dis-
ease or alcohol and drug intoxication or are taken by surprise. Medicolegal
textbooks mention the Smith cases where a husband drowned his three wives
at different times by pulling their legs up in the air and placing their heads
under water, causing no or minimal external violence (41,58). Birkinshaw et
al. (291) reported the homicide of a woman perpetrated by her husband first
by injecting insulin and then by submersion. Gee (58) describes two other
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examples of adult homicidal drowning with minimal external signs of vio-
lence: a young girl thrown into a canal and another pushed into a ditch with
the perpetrator holding her face under water. Glass and Robert (292) demon-
strated the difficulties in proving a homicidal drowning in an 89-year-old
woman with dementia found in a river and allegedly pushed in by a relative.
Lau (293) reported a drowning case in a hotel bathtub that was initially classi-
fied as accidental and in which the body was cremated without an autopsy for
which a late suspicion of homicide arose in connection with life insurance
issues. Homicide by drowning or manslaughter by drowning can be the result
of throwing a person into a body of water—only during play or as a joke with
subsequent failure to rescue him or her—or throwing someone off of a boat or
ship unobserved. Once more the scene investigation will reveal no indication
of a fight or foul play and the victims will present no specific injuries.

The vast majority of reported drowning homicides remain those involv-
ing additional forms of violence such as strangulation, stabbing, or beating
(Fig. 21)(280,294). Missliwetz et al. (295) reported six murders of adults by
drowning and distinguished those cases with premeditation where signs of
injuries are usually missing from those where drowning is the final stage of an
assault carried out by other means (e.g., strangulation).

Fig. 20. Body found in shallow water. Autopsy showed clear signs of liquid
penetration into the lower airways of this male victim and a recent hemorrhage
in the right basal ganglia; police investigations suggested also the possibility of
a sexual homicide.
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8.4.4. Undetermined
Since the introduction of the International Classification of Diseases-8

(World Health Organization, 1967), drowning can be classified under the cat-
egory “undetermined” when it is unclear whether it has been unintentional or
purposely inflicted. The problem of “undetermined” drowning has only lately
received attention in the medical literature. Smith (296) stressed how use of
the “undetermined” code varies greatly between countries; this can lead to
underestimation of unintentional drownings. Lunetta et al. (297) described the
epidemiological profile of undetermined drowning in South Finland and
stressed the factors leading to classification of drowning as undetermined.
Various medicolegal reports exemplify the difficulties in determining the
manner of death in drowning (284–286,293,298).

8.4.5. Natural Deaths
A victim who has been found in water could have died as a result of

sudden natural death. A preexisting disease itself may be responsible for death
or may contribute to drowning while the victim is in water, for example, dur-
ing swimming under the effect of physical exertion or cold, or by causing the
victim to fall into the water from a boat or bank. PM investigation of a body
found in water must thus not overlook any pathological lesion that may be
responsible for death. In these cases, clear signs of drowning can be missing,
but in some other cases the victims may also aspirate a significant volume of
liquid before death.

Despite the fact that the potential of natural disease to cause death in
water has been repeatedly stressed, few data and reports, with the exception of
epilepsy (296), are currently available on death in water associated with natu-
ral disease. Smith et al. (299) described two pediatric drownings, the first in
an 8-year-old boy who suffered a subarachnoid hemorrhage caused by a cere-
bral arteriovenous malformation while swimming and the second in an 11-
year-old boy who collapsed in a swimming pool and had marked hypoplasia
of the right coronary artery. Schmidt and Madea (300) have reported a bathtub
drowning in a child caused by severe heart failure resulting from Hurler´s
syndrome.

Recently, increased interest has focused on potentially fatal arrhythmias,
especially the long-QT syndrome (LQTS), which may be water-triggered and
occur during swimming activities (301–304). The LQTS has been indicated
as a potentially overlooked cause of “dry lungs” (25). Lunetta et al. (305),
however, found in a series of 165 putative drowning only one victim carrying
a LQTS founder mutation.
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8.5. Disposal of Corpses in Water

Disposal of corpses in a water setting (Fig. 22) may reflect the following
three aims:

1. Concealing the body with the expectation that it will remain under water or will
be transported far away from the scene of crime;

2. Preventing or retarding the identification of the victim and of inflicted injuries
because of artefacts and advanced PM changes;

3. Simulation of natural, accidental, or suicidal death in water.

The disposal of a victim in water after a crime perpetrated near a body of
water does not require complex action and does not necessarily imply pre-

Fig. 21. Body found in shallow water. The young male victim’s head and
neck were submerged in a ditch and the corresponding regions showed advanced
putrefaction and extensive fly maggots infestation (A,B). Police and medicole-
gal investigations ascertained the victim was killed by multiple stab wounds
inflicted by a screw to the neck in combination with forceful head immersion
in the ditch.
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meditation. Conversely, when the murder is perpetrated far away from the site
of concealment, disposal requires elaborate actions such as the body being
weighted, hidden in a sack or other container, or even dismemberment.

The following examples of cadaver disposal in water stress how the pro-
longed interval between crime and body retrieval can hamper victim identifi-
cation and obscure time of death as well as cause and manner of death.
Schneider et al. (306) reported the examination of two legs and two arms
belonging to the same person that were recovered at different times from water
and showed signs of criminal “defensive” dismemberment and injuries from a
ship’s propellers. Dix (252) described four bodies disposed of in Missouri
lakes and submerged between 3 weeks and 10 months. The bodies were dis-
covered weighted down with concrete blocks (two cases), by a 34 kg barbell
weight and by a combination of a cement anchor, tire wheel, and barbecue
grill. In only two cases the cause of death could be determined (strangulation,
blunt injury to head) and in only one was the assailant identified. Schumann et
al. (307) described the case of a 32-year-old prison inmate whose body was
retrieved embedded in a concrete block and a metal drum submerged in a
river. The victim had been killed 1 year before by the blow of a forked crow-
bar to his head. Lew et al. (308) described the disposal of a male body for
more than 15 years in a domestic septic tank after murder by multiple gunshot
wounds. Rajs et al. (309) studied 22 cases of criminal body mutilation occur-
ring in Sweden between 1961 and 1990 and found that in 4 out of 10 defensive
dismemberments the body parts were dumped into the sea. Pollanen (294)
reported two homicidal drownings with disposal of bodies on land, whereas
Fanton et al. (310) described the case of a woman disposed of by her husband
in a bathtub to simulate a natural death after a homicidal drowning in a marsh.

In certain regions of the world the possibility of burial at sea, for example,
disposition of human remains in an aquatic environment, must be considered
when investigating a body found in water. In the United States, most (90–
95%) burials at sea are cremated remains, but the remaining 5 to 10%,
accounting for approx 1000 cases per year, involve legal whole-body burial
(311).

8.6. Bathtub Deaths

Deaths in bathtubs frequently are encountered in medicolegal practice
(Fig. 23). In addition to drowning, a wide range of causes of death must be
considered. These include electrocution, drug or carbon monoxide intoxica-
tion, sharp or blunt violence, and strangulation as a consequence of accidents,
suicides, or homicides (213,312–317). Furthermore, natural deaths can occur
in the bathtub, particularly as a consequence of epileptic seizure or cardiac
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attack (316–318). In deaths other than drowning, the victim may aspirate little
or a variable volume of water during the terminal events (228,318). Geertinger
and Voigt (1970) and Spitz (1973) believe that bathtub drowning occurs only
when unconsciousness or weakened consciousness is brought about by a dis-
ease or by alcohol and drugs (41,312).

Studies on bathtub deaths also have focused on children. Trübner and
Püschel (318) have reported in Hamburg, Germany, 1971 to 1988, 24 out of

Fig. 22. Disposal of body. (A,B) A large bag that contained the corpse of a
middle-aged woman was filled with stones and was submersed in the sea after
a homicide by firearm (same case as Fig. 14).
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245 bathtub deaths involving children or adolescents. Of these, 20 were acci-
dents (of which 3 were drownings), 2 homicides (1 drowning, 1 strangula-
tion), 1 natural death (seizure) and 1 undetermined. Schmidt and Madea (300)
analyzed 12 bathtub deaths in children 9 months to 13 years old and found 7
accidents (of which 5 were drownings), 1 homicide (by stabbing), 2 natural
deaths (epilepsy, Hurler’s syndrome), and 2 undetermined deaths (seizure,
subdural hematoma).

Medicolegal studies on bathtub deaths in adults also include homicide.
In addition to drowning, homicides by strangulation, sharp instruments, and
blunt force also have been reported (213,318–320), as well as disposal of bod-
ies in bathtubs aiming to disguise a homicide, to clean and remove the traces
of violence, or to ensure death (213,300). Bathtub homicide in adults can show
a clear injury pattern or contrarily reveal only subtle changes. Schmidt and
Madea (300) described 11 homicides in bathtubs. In 8 of the 11 cases, mul-
tiple injuries led to a strong suspicion of homicide, whereas in the remaining 3
cases the scene findings were subtle. Drowning was the cause of death in only
2 of these authors’ cases.

Fig. 23. Deceased found in bathtub: suicide by multiple stab wounds in a
young male. At the time of the recovery of the body, the bathtub was partially
filled with bloody water; autopsy revealed no signs of liquid inhalation in this
subject.
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9. CONCLUSION

We have presented a comprehensive review of factors and findings that
have been reported to be compatible with, but not necessarily diagnostic of,
death by drowning. At present, no single morphological or laboratory marker
that conclusively identifies drowning as the cause of death and excludes all
other possible causes or contributing factors does in fact exist. Research stud-
ies in various areas pertaining to such a classical  forensic pathological topic
as the diagnosis of cause of death in water once more need to be strengthened
and implemented.
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SUMMARY

The forensic pathologist frequently is confronted with human immuno-
deficiency virus (HIV)-1 infection, especially in the context of drug abuse.
After involvement of the lung, the brain is the second most frequently affected
organ in HIV-1 infection. Because HIV-1 rarely is the cause of focal macro-
scopical lesions, even in severely infected patients, the systematic sampling
of specimens for histological examination is required. If focal lesions are
present, they are almost always attributed to opportunistic infections, cere-
brovascular complications, or neoplasms. Changes primarily attributed to HIV-
1 include HIV-1 encephalitis, HIV-1 leukoencephalopathy, and HIV-1 myelitis.
Early changes in the course of the infection are characterized by meningeal
lymphocytic infiltration and perivascular lymphocytic infiltration. Changes
probably attributed to HIV-1 include vacuolar myelopathy and vacuolar leu-
koencephalopathy. Opportunistic infections seen in the course of HIV-1
infection include a broad spectrum of viral, parasitic, fungal, and bacterial
infections. Furthermore, ischemic stroke and intracranial hemorrhage, as well
as lymphoma and Kaposi sarcoma, may be encountered. Despite the introduc-
tion of antiretroviral therapies with a greater life expectancy of HIV-1-infected
individuals, epidemiological data suggest that involvement of the brain in
acquired immunodeficiency syndrome subjects continues to be a frequent
autopsy finding. In the brains of HIV-1-infected children, the most common
findings are vascular mineralization/calcification, myelin pallor, and gliosis
of the white matter as well as inflammatory infiltrates and/or multinucleated
giant cells. In contrast to adults, opportunistic infections are comparatively
uncommon. The pathogenetic mechanisms induced by HIV-1 infection and
leading to the multiple facets of brain damage are not yet clearly understood.
The development of brain lesions caused by opportunistic infections and lym-
phomas might be explained by the lack of a competent immunological defense
system. In contrast, changes caused by direct or rather indirect effects of HIV-
1 are more controversially discussed. HIV-1 enters the brain mainly by being
passively carried by T lymphocytes and monocytes. Thereafter, perivascular
macrophages spread productive HIV-1 infection to neighboring microglia.
These are the major cell populations in the brain that are productively infected
with HIV-1. They serve as a reservoir for persistent viral infection and repli-
cation, a vehicle for viral dissemination throughout the brain, and a major
source of neurotoxic products that affect glial function, the blood–brain bar-
rier and neuronal function and finally lead to cell death.

Key Words: Central nervous system; forensic pathology; HIV-1 infec-
tion; opportunistic infections; pathogenesis.
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1. INTRODUCTION

Human immunodeficiency virus (HIV)-1 infection is a serious health
problem worldwide, and the forensic pathologist frequently is confronted with
this disease, especially in the context of drug abuse (1–11). Intravenous drug
abuse is a major risk factor for HIV-1 infection, and several drugs of abuse
have been shown to enhance both the HIV-1 entry into the central nervous
system (CNS) as well as the effects of HIV-1 on the CNS (2,6,12–25). Similar
to HIV-1, many abused drugs tend to affect neuronal function and enhance the
microglial activation resulting from HIV-1 infection in some individuals
(26,27). Further paralleling HIV-1, some drugs seem to compromise immune
function, which in turn may have secondary detrimental effects on the CNS
(28).

Neuropathological examinations show, in up to 95% of the brains, changes
that may be attributed to the primary effect of HIV-1 or to opportunistic agents
(29–45).

In this chapter, the neuropathological features seen in the brains of patients
infected with HIV-1 are reviewed briefly, and representative illustrations are
shown. The reader also is referred to the multitude of articles and textbooks
describing the neuropathological changes (6,14,16,29–76) as well as review
articles on HIV-1 and the brain (34,72,77–110). Moreover, changes especially
seen in the early stages of HIV-1 infection in adults as well as those seen in the
brains of children infected with HIV-1 are described briefly. In the following,
the nomenclature and the neuropathology-based terminology as proposed
in the consensus report of Budka et al. (31) is adopted. The definitions given
in this report serve as guidelines for the neuropathological descriptions.

The term “AIDS dementia complex” (ADC) was coined in 1986 (42,97)
to describe cognitive and motor disturbances frequently encountered in patients
infected with HIV-1. The authors suggested that the pathogenesis of ADC
was attributed to the changes found in the basal ganglia. Thus, ADC was con-
sidered to belong to the class of subcortical dementias. The name ADC was
later changed into HIV-1-associated cognitive and motor complex with HIV-
1-associated dementia complex (motor)/(behavior) (HAD) and HIV-1-associ-
ated myelopathy as its severe manifestations and HIV-1-associated minor
cognitive/motor disorder as its mild manifestation (111). It eventually affects
up to 30% of untreated adult patients with acquired immunodeficiency syn-
drome (AIDS [31,112,113]). It is characterized by progressive cognitive
decline, motor dysfunction, and behavioral abnormalities in 65% of patients
(97,98,101,112,114). HAD is the most devastating CNS consequence of AIDS
because of its poor prognosis and functional impairment. In some persons
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with HAD, the behavioral abnormalities can lead to violence and other crimi-
nal behavior (115).

The pathogenesis of HIV-1-induced brain damage is uncertain, and there
is evidence that multiple mechanisms leading to neurological injury occur (see
Section 17). These mechanisms include the role of neurovirulent strains of
HIV-1, the potential neurotoxicity of HIV proteins, macrophage/microglia-
mediated CNS injury, and altered blood–brain barrier (BBB) permeability
(77,83,84,98,103,105,116–118).

Table 1 provides a survey of the neuropathological changes seen in the
brains of patients infected with HIV-1. Table 2 summarizes the changes
occurring in the peripheral nervous system and skeletal muscles of patients
infected with HIV-1, but these are not dealt with in this review. The reader
is directed to articles dealing in more detail with the neuropathology of
peripheral nervous system and skeletal muscles (119–127).

As a rule in the forensic setting, the HIV status of all persons undergoing
autopsy should be determined ahead by enzyme-linked immunosorbent assay
analysis of blood samples, which may be obtained from femoral vessels. The
precautions in performing the autopsy of a patient who was infected with HIV,
including the removal and fixation of the brain, are reviewed elsewhere and
should be strictly practiced (128–133). For a thorough neurohistopathological
examination, infected cells may be identified by in situ hybridization or
immunohistochemistry against HIV-1 proteins (31,134–137).

2. EPIDEMIOLOGY

Worldwide, 33 million adults and 2 million children are infected with
HIV-1. Despite preventive efforts, the epidemic continues to spread rapidly,
and the socioeconomic consequences of the neurological dysfunction caused
by HIV-1 infection are of enormous proportions. Most of the affected patients
live in developing countries, where anti-retroviral medications are not available.

After involvement of the lung (75–85%), the brain is the second most
frequently affected organ (60–80%) in HIV-1 infection (16). The neurologi-
cal complications of HIV-1 infection are highly stage-specific. Therefore,
incidence rates depend on the stage, in which the individual is in, during the
course of systemic HIV-1 infection (70,99).

Neurological signs and symptoms are seen in up to 50% of patients
infected with HIV-1 (34,60,66,99,138,139). In approx 10% of the cases, neu-
rological signs are the first presentation of the disease (34,60,66,139). HIV-1-
associated CNS complications vary with ethnicity (140) and geography
(40,47,141,142). The different findings likely reflect afflictions common to
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Table 1
Survey of the More Common Neuropathological Changes Seen in the Brains

of Patients Infected With HIV-1

Changes primarily attributable to  HIV-1
1. HIV-1 encephalitis (HIVE)
2. HIV-1 leukoencephalopathy (HIVL)
3. HIV-1 myelitis
4. Lymphocytic meningitis (LM), meningeal lymphocytic infiltration (MLI), and

perivascular lymphocytic infiltration (PLI)

Changes probably attributable to HIV-1
1. Vacuolar myelopathy (VM)
2. Vacuolar leukoencephalopathy (VL)

Opportunistic infections and neoplasias
1. Viral Infections

• Cytomegalovirus infection (CMV)
• Progressive multifocal leukoencephalopathy (PML)
• Others including herpes simplex 1, herpes simplex 2, herpes zoster, HTLV-1

2. Parasitic infections
• Protozoa: Toxoplasma gondii, Acanthamoeba, Leptomyxid amoeba,

Tryponosoma cruzi
• Metazoa: Strongyloides

3. Fungal infections
• Aspergillus fumigatus
• Candida albicans
• Cryptococcus neoformans
• Others including histoplasma, phycomyces, coccidioides, blastomyces,

acremonium, cladosporium
4. Bacterial infections

• Pyogenic: Escherichia coli, Listeria, Staphylococcus, Salmonella
• Mycobacterial: Mycobacterium tuberculosis, Mycobacterium avium

intracellulare
• Spirochetal: Treponema pallidum
• Filamentous: Nocardia
• Miscellaneous: Whipple’s disease

5. Neoplasia
• Lymphoma (primary and secondary)
• Kaposi sarcoma
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developing countries—a high prevalence of opportunistic infections and a high
mortality rate. These conditions rarely lead to the development of complica-
tions such as lymphoma, which usually occurs later in the natural course of
the HIV-1 infection. Death caused by systemic opportunistic infections may
punctuate the course of HIV-1 encephalitis and prevent its full-blown mor-
phological expression. However, larger autopsy studies of patients infected
with HIV-1 over the course of longer time periods suggest that, despite the
beneficial effects of modern antiretroviral combination therapy, involvement
of the brain in AIDS subjects continues to be a frequent autopsy finding
(16,143–145).

3. GROSS ANATOMICAL CHANGES

It is important to emphasize the diffuse nature of the alterations that are
likely to be present on gross examination. HIV-1 is rarely the cause of focal
macroscopical lesions, even in heavily infected patients (71). Therefore, sys-
tematic sampling of specimens for histological examination is required. If focal
lesions are present, they are almost always caused by opportunistic infections,
hemorrhages, or neoplasms.

Using imaging techniques (computed tomography, magnetic resonance
imaging), it was claimed that brain atrophy is viewed in patients with HIV-1
infection and that this atrophy is already apparent in early stages of the infec-

Table 2
Neuropathological Changes Observed in the Peripheral Nervous System

and Skeletal Muscles of Patients Infected With HIV-1

Peripheral nervous system
1. Acute inflammatory demyelinating (poly) (radiculo) neuropathy
2. Chronic inflammatory demyelinating (poly) (radiculo) neuropathy
3. Axonal neuropathy
4. Ganglionitis, ganglioradiculitis, (poly) (radiculo) neuritis
5. Necrotizing vasculitis, vasculitic neuropathy

Skeletal muscle
1. (Poly-)myositis
2. Necrotizing myopathy
3. Nemaline rod myopathy
4. Vesicular myopathy, mitochondrial myopathy
5. Necrotizing vasculitis
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tion (146–148). Using autopsy brains and applying morphometrical techniques,
one can assess whether signs of atrophy occur, which parts of the brain are
affected, and to which extent these regions are affected.

The brain weight can be used as a rough indicator for atrophic changes
occurring in the brain. Data on the weight of brains infected with HIV-1 are
rarely published. The brain weight of 165 brains from HIV-1-positive patients
and 155 age- and gender-matched controls was analyzed (Weis et al., unpub-
lished data). No significant difference between controls and AIDS brains
existed: the average brain weight of controls was 1434.94 g and that of HIV-
1-positive patients was 1406.22 g. The degree of brain edema was rated using
a three-point scale (0 = no brain edema; 1 = moderate brain edema; 2 = severe
brain edema). There was no significant difference between the brains of con-
trols and patients with AIDS. Furthermore, we used a three-point rating scale
for assessing the widening of the ventricles (0 = no widening of lateral ven-
tricles; 1 = moderate widening of lateral ventricles; 2 = marked widening of
lateral ventricles). The widening of the lateral ventricles in the brains of patients
with AIDS reached the level of statistical significance (p = 0.04; Weis et al.,
unpublished data).

Gelman and Guinto (146) measured cerebrospinal fluid (CSF) spaces in
64 consecutively autopsied patients with AIDS, which were compared with
age-matched non-AIDS subjects (1992). Of the patients with AIDS, 37 (58%)
had a CSF space index greater than 2 standard deviations above the mean of
the age-matched control subjects. CSF spaces were expanded most in the frontal
and temporal lobes; ventricular spaces were expanded more than the sulcal
spaces. Patients with atrophy were much more likely to have HIV-1-associ-
ated histopathological changes in their brains, but the relationships were too
weak to establish the microscopical cause of the atrophy.

Oster et al. (147) obtained stereological estimates of mean volumes, sur-
face areas, and cortical thicknesses on formalin-fixed brains from 19 men with
AIDS and 19 controls. In AIDS, the mean volume of the neocortex was reduced
by 11%, and that of the central brain nuclei by 18%. Mean ventricular volume
was increased by 55%. Mean neocortical thickness was reduced by 12%. The
mean volume of the white matter was reduced by 13%. The findings in six
clinically demented AIDS patients were not statistically different from the
rest of the group.

The volumes of 20 cortical and 17 subcortical brain structures were esti-
mated using Cavalieri’s principle by Weis et al. (149). Furthermore, the sur-
face area and the mean cortical thickness of all cortical structures were
measured. No significant changes were found in the cerebral cortex of patients
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infected with HIV-1 as compared with age- and gender-matched controls. Only
a significant reduction in volume was found in the internal capsule. The lack
of significant changes in the brains of patients infected with HIV-1 might be
attributed to the selection of the sample, which was composed of brains with
the neuropathological diagnosis of HIV-1 encephalitis but that showed no
remarkable gross anatomical changes.

Subbiah et al. (148) also used unbiased, stereological methods on post-
mortem brain specimens to estimate volumes of different brain regions in
patients prospectively diagnosed with and without HIV-associated dementia.
A significant reduction in the mean neocortical volume (15%) was observed
in the group with AIDS when compared with the seronegative controls, and
this difference was accentuated when comparing only the group with HIV-
associated dementia to the seronegatives (neocortex: 18%).

4. CHANGES PRIMARILY ATTRIBUTABLE TO HIV-1

4.1. HIV-1 Encephalitis

HIV-1 encephalitis (HIVE) is characterized by multiple disseminated
inflammatory foci composed of microglia, macrophages, and multinucleated
giant cells (MGCs). The foci are predominantly located perivascularly in the
cortex, deep gray matter, and the white matter. The MGCs serve as the hall-
mark for HIVE, representing an HIV-1-specific cytopathic effect and are
derived from HIV-1-mediated fusion of infected microglia and macrophages
(Fig. 1A [31,71,103,150]). In their absence, the presence of HIV antigen or
HIV nucleic acids has to be demonstrated either by immunohistochemistry
(Fig. 1B) or by in situ hybridization, respectively (31). MGCs contain as many
as 20 round or elongated, basophilic nuclei that usually are arranged at the
periphery of the cell. There is no strong correlation between HIVE and the
clinical stages of the HAD (71). The cytoplasm of MGCs is eosinophilic and
appears densely stained in the center and vacuolated at the periphery. The
cells are of monocyte/histiocyte lineage and include microglia and macroph-
ages, as shown by immunohistochemical studies (32,37,150,151). The nucleic
acids of HIV proteins are located within their cytoplasm (116). Electron
microscopic analysis reveals retroviral particles either free in the cytoplasm
or in cytoplasmic cisternae (32). Microglia/macrophages and MGCs are capable
of HIV synthesis and, thus, constitute the major reservoir and vehicle for the
spread of the virus (71,77,109,118,152).

Despite the introduction of highly active anti-retroviral therapy (HAART)
with a greater life expectancy of infected individuals, epidemiological data
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Fig. 1. (A), Multinucleated giant cell (cresyl violet). (B),   HIV-1 antigen
shown in a small gliomesenchymal nodule (immunohistochemistry for p24).
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suggest that the prevalence of HIVE is on the rise (153–155). Additionally, a
new variant of HIVE has emerged in the era of HAART as a severe leukoen-
cephalopathy with significant perivascular infiltration of macrophages and
lymphocytes, which is assumed to be the result of an exaggerated response
from a newly reconstituted immune system (155). Synonyms previously used
to describe HIVE include giant-cell encephalitis, multifocal giant-cell encepha-
litis, multinucleated cell encephalitis, and subacute encephalitis.

4.2. HIV-1 Leukoencephalopathy

HIV-1 leukoencephalopathy (HIVL) is characterized by diffuse damage
to the white matter with myelin loss, reactive astrogliosis, macrophages, and
MGCs. Only few, if any, inflammatory infiltrates are seen. In the absence of
MGCs, the presence of HIV-1 antigen or HIV nucleic acids has to be demon-
strated either by immunohistochemistry or by in situ hybridization (31). Axonal
damage can be demonstrated with immunohistochemistry for β-amyloid pre-
cursor protein (156,157). Progressive diffuse leukoencephalopathy is another
phrase previously used in describing HIVL.

HIVE and HIVL usually occur in the later stages of the AIDS infection.
The differentiation between HIVE and HIVL can be confusing because in
both cases the histological features have been described as MGCs in a focus
with reactive astrocytes, microglia, and lymphocytes occurring in the white
matter for HIVL and in both gray and white matter for HIVE. On the basis of
our experience, the term HIVE should be used to describe the above-men-
tioned changes occurring in the gray matter only and HIVL to changes occur-
ring in the white matter only. However, in most of the cases, myelin pallor
usually is found around the gliomesenchymal nodule containing the MGCs.
Furthermore, the analysis of 300 autopsy cases in our laboratory (Weis et al.,
unpublished observation) shows that the above-described changes
(gliomesenchymal nodule with MGC) are found mainly in the cortex and deep
gray matter but less frequently in the white matter, hence, necessitating a clear-
cut delineation between HIVE and HIVL. Thus, the term HIVE should be
reserved for changes in the gray matter and HIVL for changes in the white
matter. If both gray and white matter are involved, the term HIVE/L should be
used.

4.3. Lymphocytic Meningitis, Meningeal Lymphocytic
Infiltrates, and Perivascular Lymphocytic Infiltration

Lymphocytic meningitis (LM) is characterized by a significant number
of lymphocytic infiltrates in the leptomeninges (Fig. 2A). No opportunistic
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pathogens are present in the meninges (31). LM should be distinguished from
meningeal lymphocytic infiltrates (MLI), which show lymphocytes in lesser
quantity infiltrating the leptomeninges than LM (Fig. 2B). Perivascular lym-
phocytic infiltration (PLI) is characterized by a significant number of lym-
phocytic infiltrates in the perivascular spaces of the brain tissue (Fig. 2C). No
opportunistic pathogens are present in the perivascular brain tissue (31).

The relation of MLI and PLI to the HIV-1 infection is not yet clearly
established, but it seems that lymphocytic infiltrates in the leptomeninges and
in the perivascular spaces of the brain tissue constitute changes occurring in
the early stages of the HIV-1 infection (see Section14).

5. CHANGES PROBABLY ATTRIBUTABLE TO HIV-1

Vacuolar myelopathy (VM) and vacuolar leukoencephalopathy (VL) are
changes that are probably attributable to HIV-1 (31). However, it is not yet
clear whether these changes are caused by a direct effect of HIV-1 or consti-
tute secondary changes.

5.1. Vacuolar Myelopathy

VM is characterized by numerous vacuolar myelin swellings and mac-
rophages in multiple areas of the spinal cord (31,71,158–163). VM predomi-
nantly involves the dorsolateral spinal tracts (Fig. 3A,B). Some macrophages
may be found in the vacuoles. The axon is at first unaffected, but it is damaged
in the later stages of the disease (71,164).

The changes of VM might not be specific for HIV-1 because they can
occur in the absence of HIV-1. However, in several studies HIV-1 has been
shown to be present in spinal cord tissue showing VM using immunohistochem-
istry or in situ hybridization (38,163,165). Thus, a direct relationship between
the presence of HIV-1 and the changes of VM can be drawn.

HIV-1 may rarely produce a MGC myelitis analogous to HIVE
(71,161,163). Opportunistic infections and lymphomas of the spinal cord are
uncommon (161,163).

5.2. Vacuolar Leukoencephalopathy

VL is characterized by numerous vacuolar myelin swellings in the cen-
tral white matter. Some macrophages may be found in the vacuoles. VL is a
rare condition (166).
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Fig. 2. (A), Lymphocytic meningitis (cresyl violet stain). (B), Meningeal lym-
phocytic infiltrates (Hematoxylin and eosin stain). (C), Perivascular lympho-
cytic infiltrates (Cresyl violet stain).
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6. VIRAL INFECTIONS IN THE COURSE OF HIV-1 INFECTION

6.1. Cytomegalovirus Infection

In general, there are no gross anatomical changes in the brains of patients
with AIDS who have cytomegalovirus (CMV) infection (167–171). In some
cases, a necrotizing ependymitis with small areas of necrosis lining the ven-
tricles is seen (172). Histologically, microglial nodules are seen scattered
throughout the nervous system. Within these microglial nodules, large cells
containing inclusion bodies are found (Fig. 4A). The microglial nodules located
in the gray and white matter usually are not surrounded by a necrotic area,
whereas along the periventricular spaces, CMV-containing cells are found
within the necrotic areas. Figure 4B shows the immunohistochemical staining
of an inclusion body. Diagnostic difficulties encountered are described in Sec-

Fig. 2. (continued)
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tion 12. The effects of CMV on the peripheral nervous system are reviewed
elsewhere (173,174).

6.2. Progressive Multifocal Leukoencephalopathy

The causative agent in progressive multifocal leukoencephalopathy (PML)
is papovavirus. Grossly, multiple areas of discoloration of the white matter
are quite characteristic of PML (Fig. 5). Sometimes, the white matter may
appear softened and mottled. Histologically, the diagnostic features for the
presence of PML are (a) multiple foci of demyelination seen in the white mat-
ter consisting of loss of myelin sheaths; (b) enlarged, bizarre astrocytes; and

Fig. 3. Spinal cord showing vacuolar myelopathy of the dorsal tracts. (A),
Woelcke’s myelin stain; (B), Hematoxylin and eosin stain.
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(c) intranuclear inclusions found within large swollen oligodendrocytes, the
latter being the hallmark of PML (175–178).

7. PARASITIC INFECTIONS

7.1. Toxoplasma gondii

Macroscopically, lesions appear as zones of necrosis with an area of
hyperemia and/or small hemorrhages surrounded by a poorly defined area of
edema (Fig. 6A). Microscopically, large zones of necrosis are found in the
brain tissue. Chronic inflammatory cell response may be seen in the area of
necrosis, which might be intense and sometimes gives the appearance of a
lymphoma. The infiltrates are composed of lymphocytes, plasma cells, and
histiocytes. The necrotic lesions are surrounded by reactive astrocytes, acti-
vated microglia, and inflammatory cells. Toxoplasma may be found in two
forms: encysted organisms (Fig. 6B) and tachyzoites found in small or larger
collections diffusely distributed near the junctional area between necrosis and
brain tissue (179,180). Toxoplasmosis restricted to the CNS can be
pathogenetically classified as reactivation of a latent infection, whereas acute,
systemic toxoplasmosis involving other organs is seen in patients who prob-

Fig. 3. (continued)
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ably acquired the infection during HIV-induced immunosuppression (181).
Diffuse, necrotizing toxoplasma encephalitis with widespread, confluent areas
of necrosis was observed primarily during the early period of the AIDS epi-
demic and restricted to patients who did not receive chemotherapy. In subse-

Fig. 4. Cytomegalovirus (CMV) infection. (A), Cells with inclusion bodies
(Nissl stain). (B), Cytomegalic cell with inclusion body (immunohistochemistry
for CMV).
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quent years, chronic, burnt-out lesions were observed. These are mainly com-
posed of lipid-laden macrophages and immunocytochemistry for Toxoplasma
gondii usually fails to detect the parasite (181).

8. FUNGAL INFECTIONS

8.1. Aspergillus fumigatus

Macroscopically, necrotizing lesions in various regions of the brain might
be seen in patients with Aspergillus infection. Aspergillus mainly involves
large vessels. Thus, the lesions are usually associated with hemorrhage and
hemorrhagic infarctions in large areas of the brain, but can be less pronounced.
Microscopically, the vessel walls are invaded by septaled, branching hyphae.
Thrombosis of the vessels and invasion of the tissue by the organisms are
associated with necrosis (64,76).

Fig. 5. Progressive multifocal leukoencephalopathy (Woelcke’s myelin stain).
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8.2. Candida albicans

Nonspecific changes are found in the brain at gross anatomical examina-
tion. Occasionally, a mild to moderate edema with yellow softening of the
brain tissue is noted. Histologically, multifocal microabscesses might be found
containing polymorphonuclear, monocytic, and microglial cells sometimes
surrounded by necrosis (139).

8.3. Cryptococcus neoformans

Macroscopically, the appearance of the brain lesions attributable to cryp-
tococcus are diverse (11,182). Sometimes, no changes can be discerned, or

Fig. 6. Toxoplasma gondii infection. (A), Large area of necrosis in the frontal
lobe (hematoxylin and eosin stain); (B), Encysted organisms in a
gliomesenchymal nodule (cresyl violet stain).



CNS Alterations in HIV-1 Infection 99

only small or large foci of gelatinous material may be seen either in the lep-
tomeninges or within the brain parenchyma (Fig. 7). These gelatinous areas
are histologically composed of thick mucin-positive capsules that contain the
cryptococcus spores. There may be minimal inflammatory response in the
neighborhood of the capsules (182).

Furthermore, a spectrum of various opportunistic diseases, for example,
varizella-zoster virus (183,184), herpes simplex virus (185), neurosyphilis
(186), tuberculosis (40,187), rabies (188), nocardiosis (189), and coccidioido-
mycosis (190) has been described in patients infected with HIV-1, but these
are rare conditions.

Fig. 6. (continued)
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9. NEOPLASIA IN THE COURSE OF HIV-1 INFECTION

9.1. Lymphomas

Lymphomas may occur as primary or secondary lesions; primary lym-
phoma is most commonly seen in AIDS brains (191,192). Multifocal mass
lesions that may be partially necrotic, partially hemorrhagic can be macro-
scopically localized anywhere in the brain. The tumors are composed of a
high number of large, pleomorphic malignant cells with cleaved and folded
nuclei and a varying amount of cytoplasm (Fig. 8). Most of the lymphomas
are non-Hodgkin’s B-cell tumors (193–196). The infiltration of the tumor con-
sists either of single cells or of cells that diffusely infiltrate the adjacent tis-
sue. Diffuse infiltration of the vessel walls can be noted.

Brain tumors (excluding lymphomas) occurring in patients infected with
HIV-1 have only occasionally been described (197) but must be considered in
the differential diagnosis of an intracranial space-occupying lesion in this popu-
lation.

Fig. 7. Cryptococcus neoformans infection (Alcian blue stain).
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9.2. Kaposi Sarcoma

Intracerebral Kaposi sarcoma, which is frequently present in peripheral
organs, has only been found in rare cases (198).

10. FREQUENCY AND TOPOGRAPHICAL DISTRIBUTION

OF NEUROPATHOLOGICAL CHANGES

10.1. Frequency of Neuropathological Changes

The frequency of neuropathological changes seen in the brains of patients
infected with HIV-1 by different research groups is shown in Table 3 (Weis et
al., unpublished data and refs. 6,8,14,16,29,32,33,35,37–43,47–49,51,52,55,
57,60,61,63–65,69,70,74–76,80,139,141,143,151,194,199–202).

Table 3 shows a high variation in the frequency of the different neuro-
pathological entities varying among the different research groups. These dif-
ferences in the frequency and the occurrence of the various neuropathological
changes might be caused by several factors that are given in the next section.

10.1.1. Sample Size
Sample size was quite small in the early reports. In recent reports the

sample size ranges between 150 and 200 cases. However, although the vari-
ability might be reduced by large sample sizes, there still exist intercontinen-

Fig. 8. Polymorphic non-Hodgkin’s B-cell lymphoma (hematoxylin and eosin
stain).
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Table  3
Comparison of the Reported Frequencies of Neuropathological Changes

in Brains of Patients Infected With HIV-1 (in %)

City/ Ref-
Country Year n HIVE HIVL CMV PML TOXO LYM erence

Miami 1984  52   5.7 nip   3.8   3.8 30.7   1.9 41
NYCor 1984  40   nip nip 37.5   2.5 12.5   7.5 65
New Jersey 1985   8   0.0 nip 12.5 12.5 50.0   0.0 74
UCSF 1985 128 27.3 nip nip   1.6 14.1   8.6 139
UCLA 1986  89 a nip 15.7   6.7   6.7   4.5 29
NYCor 1986  70 28.1 nip 24.3 nip nip nip 42
NYCor 1986 153 28.2 nip 26.1   2.0 10.5   5.9 43
Sao Paulo 1986  22  nip nip   0.0   0.0 18.2   9.1 141
Bronx 1987  53   9.4 nip 11.3 nip   9.4   5.6 37
Boston 1987  30 90.0 nip   6.6   3.3 16.6   6.6 151
USC 1987 100 nip nip 17.0 nip   5.0 13.0 69
AU/I 1987 100 26.0b 25.0b 18.0   5.0 17.0   6.0 32
Frankfurt 1987  28 60.7 nip 17.8   3.6 28.6   7.1 199
France 1988  40 37.5 nip 20.0   5.0 47.5   2.5 55
CH 1989 135 15.5 nip 10.4   6.6 25.9   6.6 39
Mu/I 1989  51 50.9c nip   5.8   7.8 19.6   5.8 35
Denmark 1989  43 nip nip 18.6   2.3   9.3   6.9 57
Oxf/Lon-hem 1989  11   9.1 nip   0.0   0.0   0.0 nip 80
Ox/Lon-nonhem  31 25.8 nip   9.7   9.7 22.6 nip 80
London 1989  26 23.0 nip   7.6 nip   7.6 11.5 60
Genoa (I) 1989  22 22.7 nip 13.6 18.2 31.8 13.6 52
UCLA 1989 158 10.1 nip 17.1   5.1   7.6   3.2 75
Japan 1991  15 26.6 nip 20.0   6.6 13.3 13.3 51
New York 1991 111 nip nip nip nip nip 13.5 194
Texas 1991 141 19.8 nip 16.3   2.8   3.5   6.4 33
Bronx 1991 221 25.8 nip 12.7   5.4 13.1   5.4 38
Sao Paulo 1992 252 10.7 nip   7.9   0.8 34.1   4.0 47
Vancouver 1992  39 43.5 nip 23.1   2.6 17.9 28.2 48
Milan 1993 202 27.7d 19.8 nip nip nip nip 200

Untreated 120 29.2 27.5 nip nip nip nip 200
Zidovudine- 82 25.6   8.5 nip nip nip nip 200

treated
USC 1993 400 35.7e   8.0e   7.7 nip   8.2   5.7 70
Düsseldorf 1993  70 17.1   2.8   8.5   2.8 21.4   8.6 64
Berlin 1995 200 33.5f nip 13.0   8.0 34.0 14.0 61

Drug abusers  37 59.5 nip   8.0 16.0 43.0 11.0 61
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Homo/
bisexuals 150 28.0 nip 13.0   7.0 35.0 16.0 61

Hamburg 1996  28 10.7 nip   3.6 nip   3.6 nip 8
New Yorkg 1996 471 10.6 nip   2.7   1.9   4.7   3.8 6

Asymptomatic 123   0.0 nip   0.0   0.0   0.0   0.0 6
Early stages 127 16.5 nip   0.0   0.0   0.0   0.0 6
Full-blown 221 13.1 nip   5.9   4.1 10.0   8.1 6

AIDS
UK 1997h 349

Homo/bisexual 238 21.4 – 20.2   6.7 8.8 13.9 49
Injecting drug  53

users
Blood recipient 40 17.5 – 12.5   2.5 5.0 5.0 49

   Heterosexual  18
Poland 1997 100 22.0 7.0 23.0 11.0 16.0 10.0 63
India 1998  85   0.0 –   7.0 – 13.0 – 40
Poland 1998 172 nip nip 22.7   9.3 16.3 nip 76
International 1998 1087 26.4i – 16.4   5.3 16.0 11.1 14

Baltimore 293 24.6 – 18.7   3.4 7.5 10.2 14
Newark 115 13.0 –   5.2   1.7 13.0 2.6 14
Edinburgh  81 44.4 – 13.6   3.7 8.6 16.0 14
London 283 22.3 – 18.4   4.9 9.5 11.3 14
Paris 243 30.0 – 16.5 10.7 38.7 13.6 14
Budapest  72 38.9 – 19.4   4.2 12.5 13.9 14

UCSD 2000 390 26.3 nip 22.3   2.9 2.5 8.4 143
Austria 2000 450   8.4 4.4 16.9   6.7 19.1 8.0 16

1984–1992 190 11.5 2.6 17.4   5.7 24.0 6.3 16
1993–1995 162   5.6 6.2 20.0   8.7 20.4 11.2 16
1996–1999  98   8.0 5.0 11.0   5.0 8.0 6.0 16
pre-HAART, <1996j 352   8.5 4.3 18.5   7.1 22.2 8.5 16

UCSD 2003 151 38.4 nip 16.5   5.9 2.6 13.2 201
Before 1995  62 25.8 nip 16.1   6.4 6.4 19.3 201
After 1995  89 43.8 nip 16.8   5.6 0.0 8.9 201

France 2003  23 17.4 nip   8.7 17.4 13.0 13.0 202
Munich 300 11.1 3.2 13.0   0.8 13.0 7.1 Weis

 unpub-
lished

Table  3
(continued)

City/ Ref-
Country Year n HIVE HIVL CMV PML TOXO LYM erence
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tal differences (e.g., United States, European countries), differences between
countries (e.g., Switzerland, Austria, Italy, Germany) and differences between
various regions within one country.

10.1.2. Composition of the Sample
The composition of the sample according to age (only adults), race (blacks,

Caucasians), ethnic origin (Haitians, Hispanics), and risk group (drug addicts,
hemophiliacs, homosexuals) might have an influence on the observed differ-
ences in the frequency of changes. However, there exists, until now, no paper
dealing systematically with this problem.

10.1.3. Source of the Brains Analyzed
In our experience, differences result if brains are derived from Institutes

of Pathology or from Institutes of Forensic Medicine. Brains derived from
Institutes of Pathology show changes mainly seen in the late stages of the
disease. Brains derived from Institutes of Forensic Medicine (composed mainly
of brains from autopsied persons who committed suicide or had lethal acci-
dents or died from other non-natural causes) mainly show changes seen in the

Table  3
(continued)

aAuthors report microglial nodules present in 62.9% of the cases without further specifica-
tion.

b13% of the cases with HIVE only, 12% of cases with HIVL only and 13% of cases with
HIVE + HIVL.

cSubacute microglial encephalitis with and without multinucleated giant cells.
dThe combination of HIVE + HIVL gave the following results: 6.4% of the total sample, 8.3%

in the untreated group, and 3.6% of the zidovudine treated group.
eNodular encephalitis defined as gliomesenchymal cell or microglial nodules and diffuse leu-

koencephalopathy defined as white matter pallor, demyelination, spongiform change, macroph-
ages, and astrogliosis. Note that there is no specific mention of multinucleated giant cells.

fHIV-related encephalopathy defined as vacuolization or spongy changes and astrocytosis in
subcortical white matter and, occasionally, in gray matter. Note that there is no specific mention
of multinucleated giant cells. MGCs were seen in 17.5% of the cases.

gA total of 221 persons from this study were used in a paper published by Kure et al. (38).
hHIVE and HIVL given together as HIVE/L.
iDiagnoses were given as HIVE/L.
jThis category was created by the authors of the present paper.
nip, no information provided; NYCor, New York Cornell University; UCSF, University of

California, San Francisco; UCLA, University of California, Los Angeles; USC, University of
Southern California; AU, Austria; I, Italy; CH, Switzerland; Mu, Munich; Oxf/Lon, Oxford/
London; UCSD, University of California, San Diego.
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early stages of the disease. However, data regarding the time of seroconversion
as well as the presence of clinical and neurological signs are often lacking.

10.1.4. Bias in Sampling
The number of patients infected with HIV-1 who undergo an autopsy

after death might also have a considerable influence. Most of the time, clini-
cians are interested to see only the brains from interesting clinical cases to be
analyzed by a pathologist/neuropathologist and insist for an autopsy, whereas
“uninteresting cases” might not undergo autopsy.

10.1.5. Diagnostic Criteria
The diagnostic criteria may play a fundamental role. The use of immu-

nohistochemistry or in situ hybridization to render the diagnosis of HIV
encephalitis is not performed in all laboratories dealing with brains infected
with HIV-1, thus limiting the reliability of this diagnosis.

10.2. Topographical Distribution of Neuropathological
Changes

The topographical localization of the various neuropathological changes
has not been described systematically until now. Table 4 shows the results of

Table 4
Frequency of Lesions Encountered in the Late Stages of HIV-1 Infection

 as Related to Their Topographical Localization in the Brain

Region HIVE HIVL CMV PML TOX CRY ASP LYM

Frontal 8.3 2.9 3.4 1.0 8.3 1.9 0.0 5.8
Parietal 3.2 1.6 3.2 1.1 7.4 2.1 0.0 1.6
Temporal 4.7 0.5 6.7 1.0 6.2 1.6 0.5 3.6
Occipital 2.0 1.5 3.9 1.0 7.1 1.5 0.5 4.1
Basal ganglia 5.7 – 7.8 – 8.8 1.6 0.5 4.7
Thalamus 4.9 – 7.4 – 2.5 1.8 0.0 3.1
Cerebellum 3.0 0.0 7.1 0.0 6.6 2.0 0.5 3.0
Mesencephalon 3.7 0.0 3.7 0.5 3.7 1.6 0.5 4.3
Pons 2.6 0.0 5.7 0.0 3.1 1.5 0.0 5.2
Medulla oblongata 2.6 0.0 6.7 0.0 3.1 1.5 0.5 4.1

HIVE, HIV-1 encephalitis; HIVL, HIV-1 leukoencephalopathy; CMV, cytomegalovirus
encephalitis; PML, progressive multifocal leukoencephalopathy; TOX, Toxoplasma gondii
encephalitis; CRY, Cryptococcus encephalitis; ASP, Aspergillus fumigatus encephalitis; LYM,
lymphoma.
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a study in our laboratory of 300 cases. No consistent pattern for the distribu-
tion of the various neuropathological changes can be discerned (Weis et al.,
unpublished data).

11. IMMUNOHISTOCHEMICAL DEMONSTRATION OF HIV-1:
FREQUENCY AND TOPOGRAPHY

The incidence and distribution of HIV-1 antigen, as shown
immunohistochemically with an antibody against the glycoprotein p24, is
shown in Fig. 9 (Weis et al., unpublished data). Data derived from other sys-
tematic analyses are, thus far, lacking.

12. DIAGNOSTIC DIFFICULTIES: UNSPECIFIED NODULAR

ENCEPHALITIS

In many of the brains of patients infected with HIV-1, the only histologi-
cal finding is the presence of gliomesenchymal nodules (GMNs; Fig. 10).
GMNs, which are composed of microglia, macrophages, and reactive astro-
cytes, are found in the gray and white matter. The diagnostic problem is a
result of the fact that there are neither MGCs present in the nodules nor large
cells containing inclusion bodies. The differential diagnosis for GMNs includes
HIV-1 encephalopathy/leukoencephalopathy, CMV encephalitis or Toxoplasma

Fig. 9. Frequencies expressed as percent of cases of p24-immunopositive
cells in various cortical regions.
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gondii encephalitis. As proposed by Budka et al. (32), these nodules are very
suspicious to contain CMV when further serial sectioning is performed. In our
experience, immunohistochemistry for CMV is of limited value. As described
by Schmidbauer et al. (169), improvement may be provided by in situ hybrid-
ization, which might yield a positive result in cases with negative immunohis-
tochemistry. In most of the cases, there is no immunohistochemical staining
for gp41 or p24. Thus, the term “unspecified nodular encephalitis” is used in
the diagnosis of these cases. Complete clarification is sometimes not possible.

13. NEUROPATHOLOGICAL CHANGES IN CHILDREN INFECTED

WITH HIV-1

Children born to mothers who are infected with HIV-1 also are infected
by the virus 10 to 39% of the time (203). These children develop symptoms
before the age of 2 years. Approximately 30% of children infected with HIV-
1 develop opportunistic infection or HIV-1 encephalopathy within the first
year of life. Brain growth is impaired, leading to intellectual deficiency. The
macroscopial analysis frequently shows brains that are too small for the child’s
age, either as microcephaly and/or brain atrophy (203,204). The most com-

Fig. 10. Unspecified nodular encephalitis (cresyl violet stain).
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mon finding in the brains of children infected with HIV-1 is mineralization/
calcification of predominantly small vessels in the basal ganglia found in 95%
of the cases (203,206). Myelin pallor and gliosis are noted changes of the
white matter and occur in 78% of the cases (203,205). Inflammatory infil-
trates and/or MGCs are seen in 62% of children infected with HIV-1 (203,205).
HIV-1 infection in fetal brains usually is below the limits of detection of
immunocytochemistry, but HIV-1 detection is usually successful with poly-
merase chain reaction (PCR [38]). In contrast to adults, opportunistic infec-
tions are comparatively uncommon in the pediatric population (203). For
details, the reader is referred to some articles and textbooks (38,203,205–217).

14. NEUROPATHOLOGICAL CHANGES IN EARLY STAGES

OF HIV-1 INFECTION

Gray et al. described early brain changes in 11 HIV-1 seropositive, non-
AIDS cases in comparison with 11 HIV-1 seronegative heroin addicts (218).
Cerebral vasculitis was significantly more frequent and marked in HIV serop-
ositive cases and was often associated with lymphocytic meningitis. Granular
ependymitis, myelin pallor with reactive astrocytosis, and microglial prolif-
eration also were more frequent and more severe in HIV seropositive cases.
Immunohistochemistry for HIV antigens was negative. Later, these authors
interpreted their results as being related to the occurrence of a usually
asymptomatic and transient immunopathological reaction coinciding with early
HIV infection of the nervous system (219). This immunological process
includes an inflammatory T-cell reaction with vasculitis and leptomeningitis
and immune activation of brain parenchyma with an increased number of
microglial cells, upregulation of major histocompatibility complex class II
antigens, and local production of cytokines (220,221). Some co-authors of the
Gray et al. (220) review articles reported separately their findings on 36 brains
of asymptomatic individuals (222). They detected HIV-1 DNA in 17 cases
(47%), astrogliosis in 34 cases (94%), microgliosis in 31 cases (86%), and
meningitis in 11 cases (31%). One has to stress that astrogliosis and microgliosis
were only rated, but no quantitative data were provided. Furthermore, the
authors demonstrated highly expressed cytokines (tumor necrosis factor-α,
interleukin [IL]-1, -4, -6). They used these findings to explain neuropatho-
logic changes and neuronal damage confirmed by the demonstration of
apoptotic neurons by in situ end labeling (222). Interestingly, it was stated in
the review article by this group (220) that neuronal death is only observed in
the late stages of the HIV-1 infection. The same group also reported having
detected HIV-1 DNA by PCR in all HIV-1-positive asymptomatic cases and
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by in situ PCR in astrocytes and endothelial cells, in addition to microglial
cells, in 6 of 18 HIV-1-asymptomatic patients (223). The validity of the stud-
ies reporting the presence of HIV-1 in various cell types other than macroph-
ages was questioned recently (224).

In an ongoing study of 44 males in our laboratory representing early
stages of HIV-1 infection, PLIs or MLIs were found in 70% of the cases. PLI
alone was observed in 61% of the cases, MLI alone in 43% of the cases, and
the combination of PLI and MLI in 34% of the cases (Weis et al., unpublished
data). Sometimes, the extent of lymphocytic infiltrates in the meninges is more
than normal but not enough to render a diagnosis of LM. Therefore, we apply
the term MLI to describe these changes. Both changes, PLI and MLI, may occur
together or separately in the brains of patients with HIV-1 at the early stages
of infection. The histopathological changes of vasculitis and leptomeningitis,
as reported by Gray et al. (218–220), are rarely seen in the late stages of full-
blown AIDS. In our study of 300 cases, we could never identify these changes
either in the pre-AIDS stages or the late stages of the infection. Our data are in
accordance with findings published by Kibayashi et al. in 1996 on 123 asymp-
tomatic carriers and 127 persons with the early stages of AIDS (6). They found
lymphocytic infiltration of the meninges in 24.4% and of the perivascular spaces
in 28.5% of the asymptomatic carriers, whereas these respective changes were
seen in 11.8% and 11% of the early stage patients.

15. NEUROPATHOLOGICAL CHANGES IN THE HAART ERA

In 1995/1996, HAARTs that combine nucleoside reverse transcriptase
inhibitors (NRTI) and protease inhibitors (PIs) were introduced in the treat-
ment of patients infected with HIV-1. NRTIs specifically inhibit the viral
reverse transcriptase enzyme necessary for DNA chain elongation of the virus.
The non-nucleoside reverse transcriptase inhibitors (NNRTI) are similar to
the NRTIs in their mechanism of action; however, their effects on reverse
transcriptase are by noncompetitive means. The PIs prevent the production of
active virus by interfering with the cleavage of proteins necessary for viral
assembly (225).

The frequency of HIV-1-related CNS diseases has been reduced by these
combinations of antiviral agents, in part through the reduction of both viral
load in the blood and continuous penetration of virus into the brain (226),
although this therapy will probably not be sufficient to completely abolish
any neurological risk. HIV-1-related dementia also depends on the intensity
of glial cell activation in the CNS, which induces reactivation of latent infec-
tion in these cells, and on the secretion of soluble inflammatory mediators
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acting on nearby neurons. During the HAART era, patients who test positive
for HIV live longer (144). The median survival after AIDS increased from
19.6 months for those patients diagnosed with AIDS in 1993–1995 to 39.6
months for those diagnosed in 1996–2000 in an Australian patient group (227).
The proportion of deaths that followed an HIV-related disease decreased by
23% annually; in contrast, there was a 32% yearly increase in the proportion
of deaths caused by known causes other than HIV-related or suicides (144).
The higher prevalences of cirrhosis and arteriosclerosis suggest that entities
not targeted by antiretroviral reconstitution of immunity will play an increas-
ingly important role in HIV-related mortality in the future (140).

Maschke et al. (228) compared the incidence and prevalence in two groups
of 563 patients seen between 1995–1996 and 1997–1998. Significantly, more
patients received HAART in 1997/1998 and the mean CD4+ cell count was
significantly higher in this group. The prevalence of HIV-associated dementia
and HIV-associated polyneuropathy were significantly lower in 1997–1998,
and the incidence of toxoplasma encephalitis decreased from 5.7% in 1995–
1996 to 2.2% in 1997–1998. In a prospective, single-center study of all con-
secutive patients infected with HIV who presented with focal brain lesions
observed between January 1991 and December 1998 (n = 281), Ammassari et
al. (229) reported the following results: during the HAART period, patients
were less likely to be male, contracted HIV more often through heterosexual
exposure, had fewer previous AIDS-defining events, received anti-toxoplasma
prophylaxis less frequently, and had a CD4+ lymphocyte count 2.5 times higher.
They found a relevant decline of primary CNS lymphoma, whereas the fre-
quency of toxoplasma encephalitis decreased during the pre-HAART period
and was stable afterward. A slight increase was observed over time for PML.
Focal white-matter lesions without mass effect or contrast enhancement became
the focal brain lesions observed most frequently. In an Australian patient group
of 4351 AIDS cases, the proportion of patients with ADC increased from 5.2%
in 1993–1995 to 6.8% in 1996–2000. The median survival after ADC increased
from 11.9 months in 1993–1995 to 48.2 in 1996–2000. Most striking was the
increase in survival among those patients with ADC and a CD4 cell count
below100 × 106 cells/L at diagnosis (5.1 months in 1993–1995 to 38.5 months
in 1996–2000 [227]).

Larger cohort autopsy studies of HIV-infected patients over longer time
periods suggest that, despite the beneficial effects of modern anti-retroviral
combination therapy, involvement of the brain in AIDS subjects continues to
be a frequent autopsy finding (16,55,143,153,154,230).

Vago et al. (230) recently reviewed 1597 consecutive autopsies of HIV-
1-positive patients performed between 1984 and 2000 and divided into four
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time periods on the basis of the therapeutic regimens available: 1984–1987:
no therapy; 1988–1994: monotherapy (zidovudine); 1995–1996: dual com-
bination therapy with NRTIs; and 1997–2000: triple combination therapy,
including two NRTIs and at least one PI or non-NRTI (230). They reported
the results for HIV-related lesions (including HIVE and HIVL) and opportu-
nistic infectious diseases (without specifying the causative agent) as shown in
Table 5.

The results of other autopsy studies with more detailed information of
neuropathological entities are listed in Table 6 (16,55,143,202). The most con-
sistent feature in it is its inconsistency of results. Thus, no consistent trend for
the frequency of HIV-1-related changes is seen. In one study the frequency
decreases, whereas in a second study it remains stable but increases dramati-
cally in a third study. The frequency of CMV was reduced in two of three
studies. PML and non-Hodgkin’s lymphomas were increased in frequency in
one study, whereas the frequency was unchanged in two studies. In all three
studies, the frequency of toxoplasma encephalitis was significantly reduced.

Gray et al. speculated that the overall decrease in incidence of cerebral
toxoplasmosis, CMV encephalitis, and HIVE was the result of successful treat-
ment (202). They also described a new variant of HIVE characterized by severe
leukoencephalopathy with intense perivascular macrophage and lymphocytic
infiltration, possibly the result of an exaggerated response from a newly
reconstituted immune system. Furthermore, they detected chronic “burnt-out”
forms of HIVE as well as varicella zoster virus encephalitis, toxoplasmosis,
and PML, possibly associated with prolonged survival, in which neither
inflammation nor organisms, could be detected.

In contrast, Langford et al. suggested that the increasing resistance of
HIV strains to antiretrovirals led to the resurgence in the frequency of HIVE
and HIVL (201). HIVE and HIVL in AIDS patients failing HAART is charac-

Table 5
Incidence of HIVE/L and Opportunistic Infections Under

Different Theraputic Regimes

Year n Therapy HIVE/L Opportunistic
infections

1984–1987 119 None 53.8 40.3
1988–1994 1116 Mono 32.2 46.8
1995–1996 256 Dual 17.9 42.6
1997–2000 106 Triple 15.1 42.5

From ref. 230.
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terized by massive infiltration of HIV-infected monocytes/macrophages into
the brain and extensive white matter destruction. This condition might be
attributable to interactions of anti-retrovirals with cerebrovascular endothe-
lium, astroglial cells, and white matter of the brain. These interactions might
lead to cerebral ischemia, increased BBB permeability and demyelination. The
authors postulate that potential mechanisms of such interactions include alter-
ations in host cell signaling that may result in trophic factor dysregulation and
mitochondrial injury (201).

Future studies have to address the above-mentioned points by systematic
investigation of the various cell systems (e.g., neurons, astrocytes, microglia,
oligodendrocytes) in much larger samples. Before reaching final conclusions
about the changed pattern of neuropathological changes in the HAART era,
one has also to prove that these reported divergent results are not due to a
sampling error, for example, the most interesting cases undergo autopsy,
whereas the less interesting cases are not autopsied.

Table 6
Frequencies of Various Neuropathological Changes in the Pre-HAART Era

Compared With the HAART Era (in %; n = sample size)

Author (year)
(Reference) n HIVE HIVL CMV PML TOX LYM

Gray et al. (1988)
(55) pre-HAART 40 37.5 nip 20.0 5.0 47.5 2.5

Gray et al. (2003)
(202)a HAART 23 17.4 nip   8.7 17.4 13.0 13.0

Jellinger et al. (2000)
(16) pre-HAART 352  8.5 4.3 18.5 7.1 22.2  8.5

HAART 98  8.0 5.0 11.0 5.0 8.0 6.0
Langford et al. (2003)

(201) pre-HAART 62 25.8 nip 16.1 6.4 6.4 19.3
HAART 89 43.8 nip 16.8 5.6  0.0 8.9

 aFrequencies for the pre-HAART could not be calculated because of the lack of original data
in this publication.

HIVE, HIV-1 encephalitis; HIVL, HIV-1 leukoencephalopathy; CMV, cytomegalovirus en-
cephalitis; PML, progressive multifocal leukoencephalopathy; TOX, Toxoplasma gondii en-
cephalitis; LYM, primary non-Hodgkin’s lymphoma; nip, no information provided.
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16. CEREBROVASCULAR COMPLICATIONS

Several case reports and larger autopsy series described cerebrovascular
complications in patients with HIV-1 infection (16,29,32,33,38,41,47,70,231–
237). Cerebrovascular disease has been reported to occur in about 10% of
asymptomatic HIV-1 carriers, 7% of patients with early AIDS, and 5% of
patients with fully developed AIDS (6). Autopsy series of patients with AIDS
have found a 4% to 30% prevalence of cerebral infarction and 1.2% to 11% of
intracranial hemorrhage (Table 7). Cerebral infarcts were mostly caused by
nonbacterial thrombotic endocarditis or concomitant opportunistic CNS
infection, whereas intracerebral hemorrhages were usually associated with
thrombocytopenia or primary CNS lymphoma. In a recent study it could be
demonstrated that AIDS patients have an increased risk of stroke with an
adjusted relative risk of 9.1 for ischemic stroke and 12.7 for intracerebral hem-
orrhage (238). According to the authors, AIDS is strongly associated with
both ischemic stroke and intracranial hemorrhage.

Besides these macromorphological changes, alterations of the BBB could
be demonstrated by several research groups (see Section 17). Furthermore, an
HIV-1-associated vasculopathy with small vessel thickening, rarefaction,
perivascular pigment deposition, and vessel wall mineralization has been
described in HIV-1-infected patients (232,239), but a true cerebral vasculitis
is exceptionally rare (240).

Table 7
Incidence of Cerebral Infarcts and Cerebral Hemorrhages in Larger Autopsy

Series of Patients Infected With HIV-1

Authors (Year) (Reference) Ischemic stroke Intracranial hemorrhage

Anders et al. (1986) (29) 14.6% (13/89) 5,6% (5/89)
Berger et al. (1990) (231) 7.2 % (13/181) nip
Budka et al. (1987) (32) nip 11.0% (11/100)
Burns et al. (1991) (33) 7.8% (11/141) 5.7% (8/141)
Jellinger et al. (2000) (16) 5.6–6.3% 1.2–4.0%
Kieburtz et al. (1993) (235) 30% (14/70) nip
Kure et al. (1991) (38) 19.5% (43/221) 5.4% (12/221)
Mizusawa et al. (1988) (236) 29% (24/83) 6% (5/83)
Moskowitz et al. (1984) (41) 3.9% (2/52) 8.0% (4/52)
Rhodes et al. (1993) (70) 9.0% (36/400) 5.8% (23/400)

nip, no information provided.
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17. PATHOGENETIC MECHANISMS

The pathogenetic mechanisms induced by the HIV-1 infection and lead-
ing to the multiple facets of brain damage are not yet clearly understood. A
complete review of the proposed mechanisms is not within the scope of the
present chapter; rather, we elected to briefly describe some of the most prob-
able aspects.

17.1. Mode of Entrance of HIV-1 to the Brain

HIV-1 is believed to enter the CNS by being passively carried by T-
lymphocytes and monocytes, that is, the “Trojan Horse” hypothesis
(77,241,242). Recent evidence suggests that cell-free HIV-1 particles may also
penetrate brain microvascular endothelial cells (243). After crossing the BBB
into the CNS, macrophages spread productive HIV-1 infection to neighboring
microglia (77,89,105,118,244). The potential role of the CSF or the choroid
plexus as a means for HIV-1 entry in the brain is still unclear (245). At the
time of primary HIV-1 infection, an acute aseptic meningitis or encephalitis
indicates CNS invasion (103). Opportunistic infectious agents or drugs of abuse
disturbing the BBB may further attract more HIV-1 infected T-lymphocytes
and macrophages into the brain. The point in time when the migration of HIV-
1-infected lymphocytes into the brain takes place is not known. It has been
shown that, at the time of seroconversion, HIV-1 can be detected in the CSF; this
is the time when, clinically, a subacute meningitis develops, thus, suggesting
that HIV-1 enters the CNS at a very early stage of the disease (96,246).

17.2. Target Cells of HIV-1

Although it has been claimed that HIV-1 is neurotrophic, the few articles
describing the localization of HIV-1 in nerve cells have been subsequently
disproved (59,71,89,247). Despite the detection of HIV-1 proteins in endothe-
lial cells (248), it is now generally believed that productive HIV-1 infection of
the cerebral endothelium does not occur (103,137,247). Furthermore, there is
only infection at low level in a subset of astrocytes (71,103,249). Bissel and
Wiley (224) reviewed the evidence of productive and nonproductive infection
for each cell type (neurons, astrocytes, oligodendrocytes, microglia/macroph-
ages, endothelial cells) in the brains of patients with HIV with and without
HIV encephalitis. They concluded that despite the voluminous literature and
substantial experimental effort during the past two decades, evidence for pro-
ductive infection of any brain cell other than macrophages is weak.

The cells in the brain identified to contain HIV-1 are the microglia,
macrophages, and MGCs (59,71,84,89,109,116–118,137,152,247,250,251).
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Microglia and monocyte-derived macrophages are the only cells in the CNS
that express both the CD4 and chemokine coreceptors (CCR5, CXCR4), the
prerequisite for HIV-1 to enter a cell (77,252,253). The HIV-1 glycoprotein-
mediated syncytia formation, which results from fusion of microglia or brain
macrophages, may be observed as multinucleated giant cells (see Subheading
4.1.). It has been demonstrated that perivascular macrophages are a major CNS
cell population that is productively infected with HIV-1. Such productive
infection occurs with an accumulation of macrophages in perivascular cuffs,
an event that correlates with entry of HIV-1 to the CNS (241). Brain macroph-
ages and microglia serve as a reservoir for persistent viral infection, a vehicle
for viral dissemination throughout the brain, and a major source of neurotoxic
products that, when produced in abundance, affect neuronal function and finally
lead to cell death (89,105,118,155). How HIV-1 evades the immune function
characteristic for these cells as a first line of defense is still unclear.

In vitro test system by cell culture enables one to infect neuronal,
astroglial, and endothelial cell lines, but does not seem to be the appropriate
medium to test the infectivity of cell groups. Moreover, these results contra-
dict the in vivo situation of the human brain.

17.3. Mechanisms of Brain Lesions

HIV-1 infection of the CNS occurs early after infection in the periphery,
from hours to days, but neurological symptoms and HIV-associated dementia
often occur years later, concomitant with or after the development of AIDS.
Because productive infection reemerges with the development of AIDS, it is
suggested that virus that enter the CNS early after infection can become latent
and then reemerge with AIDS or that productive infection, which results with
the development of AIDS, occurs from reseeding new virus from the periph-
ery (241).

The development of brain lesions from opportunistic infections and lym-
phomas might be explained by the lack of a competent immunological defense
system. The clinical signs and symptoms can be correlated with the site of the
lesion as well as the brain structures involved.

In contrast, changes caused by direct or rather indirect effects of HIV-1 are
more controversially discussed. Data based on systematic morphometrical
analyses of the various constituents of the brain give new insight into the dam-
age of the brain caused by HIV-1 (147–149,254–256). Neuronal loss was shown
by independent research groups to occur in the frontal, parietal, and temporal
cortex (50,257,258). Ketzler et al. (257), Weis et al. (258), and Weis (256)
showed that this neuronal dropout occurs in brain regions that are free from
any neuropathological changes. Others showed that neuronal damage in AIDS
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was, at least, partly caused by apoptosis (259–262). However, no correlation
was found between the presence and severity of neuronal loss or of neuronal
apoptosis and a history of cognitive disorders.

Weis et al. (263) showed an increase of glial fibrillary acidic protein-
positive astrocytes, a decrease of glial fibrillary acidic protein-negative astro-
cytes, but no changes in the total number of astroglial cells. The reactive
astrogliosis was not correlated with the loss of nerve cells, indicating that this
reaction pattern is rather a response to toxic factors secreted into the brain
tissue.

In addition, significant structural and functional abnormalities in the
microvasculature have been identified, including serum protein leakage (264–
266), alterations in endothelial cells and basement membranes (267–269), as
well as disruption of tight junctions (252,270–272), suggestive for BBB dam-
age in the course of HIV-1 infection. These alterations are believed to be the
result of a complex cascade of events and molecules involving HIV-1 proteins
as well as products of monocytes, microglia, astrocytes, and activated brain
endothelial cells (155,244,246,252,273–277).

One might assume that the above-described changes might result from
infection with HIV-1. However, it has been shown that neither neurons, nor
astrocytes, nor endothelial cells are significantly infected with HIV-1 (103).
Therefore, these changes are more probably the result of indirect toxic factors
that are produced either by infected MGCs or by activated microglia, or neu-
rotoxic viral proteins (77,84,89,107–109,116,275).

The number of activated microglia/macrophages is significantly increased
in all brain regions (278). This activation of microglia is not correlated with
the presence of HIV-1 antigen in the brain tissue. This result might give a hint
that, most probably, the activated microglia/macrophages, rather than MGCs,
secrete toxic factors. However, this hypothesis remains to be proven. How a
finite number of infected macrophages/microglia, localized in particular areas
of the brain, can lead to widespread neuronal injury is summarized below.

The neurotoxicity associated with HIV-1 infection is mediated, in part,
through cytokines and arachidonic acid metabolites, produced during cell-to-
cell interactions between HIV-1 infected brain macrophages and astrocytes
(84,89,103,105,118,155,279–281). The relationship between viral proteins,
CA2+ channels, NMDA receptors, chemokines, and cytokines on one hand and
cell damage on the other is summarized elsewhere (84,89,93,94,103,155,282–
286).

Briefly, the pathobiological events underlying the neurodegenerative pro-
cesses in HIV-1-associated dementia are believed to begin with productive
infection of monocytes/macrophages by HIV-1. Peripheral activation causes
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the differentiation of macrophages to produce a variety of immune products
that lead to the upregulation of adhesion molecules on brain microvascular
endothelial cells and the expression of cytokines on the monocyte-macroph-
age cell surface. After penetration of the BBB, the differentiated brain mac-
rophages and microglia can be vehicles for viral dissemination throughout the
brain and focal reservoirs for productive HIV-1 replication. The neurotoxic
events in the brain are caused by neurotoxins produced by these cells, which
are primed by HIV-1 and secondarily activated by factors such as immune
stimuli or by T-cells trafficking through the nervous system. The primed and
immune-activated brain macrophages/microglia secrete a variety of factors
that affect neural and glial function and eventually lead to CNS inflammation.
A proinflammatory cytokine response from blood-derived monocytes/mac-
rophages, microglia, and astrocytes is amplified and leads finally to
neurodegeneration. Immune neurotoxic factors may contribute to the break-
down of the BBB and affect the generation of chemokines, leading to
transendothelial migration of monocytes into the brain perpetuating the
inflammatory cascade. As a result of the neurotoxic activities of activated
macrophages/microglia, astrocytes may suppress or increase macrophages/
microglia secretory functions and toxicity, depending on the astrocytic func-
tional status. Cytolytic T-lymphocytes serve to eliminate infected cells, but
are lost in late-stage HIV-1 disease, allowing the virus-induced, neurodegen-
erative response to continue unabated (84,89,105,118,155,244).
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SUMMARY

Although deaths of persons in a head-down position are rare events, there
can be no doubt that they occur from time to time, most often accidentally.
The prolonged head-down position itself may lead to fatal outcome. The com-
mon features of such cases are as follows: (a) the finding of a body in an
inverted or head-down tilted position; (b) marked (“monstrous”) congestion
of face, scalp, neck, and other dependent parts of the body (e.g., hands, shoul-
ders); (c) accompanying effects of internal congestion with swelling of and
petechial bleedings at the affected parts as well as edema of the brain and
lungs; and (d) lack of a definite pathoanatomical cause of death. In some cases,
one may find traces of self-rescuing attempts on the deceased’s body as well.
Because postmortem examinations are unlikely to reveal the cause of death in
such cases, additional pathophysiological considerations are required to make
this determination. This chapter examines 10 cases in which the deceased was
found in a head-down position. Based on these cases, it is observed that eld-
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erly people, and in particular elderly with preexisting cardiovascular diseases,
seem to be more prone to death in a head-down position than others. This
suggests that final heart failure is the cause of death rather than cerebral or
pulmonary dysfunction. Results from human and animal experiments and
observations under true and simulated microgravitational conditions confirm
this assumption, suggesting that a prolonged, markedly elevated burden of
work for the heart because of increased volume load in an inverted body posi-
tion eventually leads to death by heart failure. Other mechanisms, such as
suffocation (“positional asphyxia”), reduced blood reflux to the heart attribut-
able to vanishing of blood in the venous system, decreased oxygen supply to
the brain after reduced arteriovenous pressure difference, and carotid sinus or
baroreceptor reflexes as well as other factors seem to play only a minor role, if
any, in deaths in head-down position.

Key Words: Head-down position; positional asphyxia; inverted suspen-
sion; cardiovascular dysfunction; heart failure; blood distribution; congestion.

1. INTRODUCTION

In August 1997, in an amusement park in Belgium, a roller coaster failed,
and a group of visitors was trapped in the wagon in a head-down position for
90 minutes before rescue could be achieved. It appears that none of the vic-
tims suffered harm resulting from this accident, indicating that human beings
can survive at least 1.5 hours in such an uncomfortable position.

There are, nevertheless, some rare reports of fatalities from an inverted
body position. Most of these reports describe cases in which the deceased
were accidentally trapped by their feet and left to hang, head-down, for a pro-
longed period of time before being found dead. Normally, postmortem exami-
nation reveals no obvious pathoanatomical cause of death in such cases, aside
from signs of severe congestion in the region of the head and upper torso.
Such observations prove that an inverse body position may have a fatal out-
come, particularly if endured for a considerable period of time.

Some authors ascribe the term “inverse (or reverse) suspension” to such
deaths. The word “suspension,” however, includes an element of “hanging”
or “being fixed” in some way. Although this may be the most frequent under-
lying mechanism in such fatalities, other mechanisms have been observed as
well. For example, one may fall head-down into a narrow, deep hole, get stuck
there, and die. In other cases, the victims have been found lying on a kind of
declined plane, for example, on a stairwell with their head facing down on the
half-landing, rather than in an inverted vertical position. Because “suspen-
sion” is not a necessary condition for this kind of accident, this author prefers
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as the more neutral expression “head-down (or inverted) position.” Similarly,
the expression “positional asphyxia” is sometimes used to describe the cause
of death in such cases. By applying this term, it is suggested that “asphyxia”
(suffocation) is the cause of death, which is, as evidenced from the review of
the following 10 cases, most doubtful in the most cases. If real asphyxia is not
obvious, for example, by compression of the thorax, this term should be avoided
as well.

A number of pathophysiological considerations and even experimental
approaches have been published to theoretically assess the cause of death in
head-down position. Here, a survey of the results already known is provided,
including some modern insights from space medicine, for example, the
examination of physiology under microgravitational conditions.

2. TEN CASE REPORTS

In the following, 10 well-documented case reports where the deceased
was found in a head-down position are portrayed. Excluded from this review
are certain cases from the earlier literature, which, although interesting, lack
relevant information such as autopsy results; these are:

• The case of a 77-year-old man who was found dead hanging over a window sill,
with his head and arms hanging down outside, after having called a doctor
because of an asthma attack (case 356 in ref. 1).

• The case of an elderly woman who was found hanging head-down on the outside
house wall with her left foot caught between the window and its frame (Fig.  184
in ref. 2).

• The case of a 73-year-old man who was hanging head-down, naked, with his feet
fixed by ropes at the uppermost rung of a ladder (of what appeared to be a self-
constructed “slaughtering bench”). He had a self-inscribed writing on his
abdominal region: “Schlachtsau, Handelsklasse II” (pig for slaughtering, grade
II) (case 13 in ref. 3).

Some better documented cases are discussed here.

2.1. Case 1

The body of a middle-aged man was found on a staircase, with his legs
and nearly his entire body laying lengthwise on the stair. His head was located
at the lowest position on a half-landing. Because of acute alcohol intoxication
(blood alcohol level [BAL] = 346 mg/dL), he must have lost his balance and
fallen into this position, where he stayed for an undetermined period of time
until he died. Autopsy revealed no signs of external violence and no definite
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pathoanatomical cause of death. Marked congestion of the head and upper
parts of the trunk, brain edema, and hemorrhagic edema of the upper parts of
the lungs were the most striking findings (author’s own case).

2.2. Case 2

An elderly man was at the pub one night. The next morning, he was
found dead, sticking head-down in a narrow hole on the ground of a building
site. He must have fallen into the hole at night on his way home from the pub.
Unable to rescue himself, he died during the night and was found about 6
hours later. Postmortem examination showed no external injuries or any inter-
nal cause of death. A marked congestion of the head, edema of the brain, and
hemorrhagic edema of the upper parts of the lungs were the most prominent
findings. His BAL was 341 mg/dL (author’s own case).

2.3. Case 3

A similar case is described by Yoshida et al. (4), in which a 74-year-old
man lived in a house where one room was filled with trash, the latter forming
1 to 1.8 m high “mountains.” While climbing over this trash, the man fell
head-over-heels into a hole and got stuck with his body nearly perpendicular
to the floor. He was found dead between 20 to 48 hours later. Upon autopsy, the
man had a pressure mark on the top of his head that was caused by a pan that
was situated at the bottom of the hole. No other signs of external injuries and
no definite pathoanatomical cause of death could be identified. The body
showed severe congestion of the head and the upper part of the trunk, pete-
chial hemorrhages in the oral and bronchial mucosae, brain edema, and con-
gestion of cerebral vessels.

2.4. Case 4

Purdue (5) reported the case of a 48-year-old man who tried to climb
over a 3-meter-high security fence to steal some goods from a warehouse yard.
Approximately 2 hours after he was last seen alive, a yell for help was heard,
but a police officer who investigated the area neither heard nor saw anything
out of the ordinary. The man was found dead the next morning, hanging per-
pendicular to the ground by his right foot attached to the fence. His foot had
been caught between two spikes of the fence and the body hung freely down-
ward without any support. Some blood-stained liquid had issued from his mouth
and nostrils. Upon autopsy, diverse superficial bruises and abrasions were
found, but no signs of severe trauma or underlying internal diseases were iden-
tified. Soft tissues of neck and face showed marked swelling and congestion,
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as did the lungs and brain. The gastric mucosa exhibited numerous tiny (stress)
hemorrhages and the blood from mouth and nose derived from the stomach.
BAL was 129 mg/dL.

2.5. Case 5

An 11-month-old baby was found dead one morning hanging from its
crib with one foot caught between the crib’s rods. The body was hanging freely,
without head contact to the floor. Autopsy revealed congestion of the head,
petechial hemorrhages in the soft tissues, and some atelectatic alveoli in the
lungs (from ref. 6).

2.6. Case 6

On the way home from the pub, a 67-year-old man fell over a thorn hedge
that was separating the road from a ditch. He was caught there, hanging in a
head-down position over the ditch. The man was stuck in this position by the
thorns and was unable to rescue himself. He was found dead the next morn-
ing. Autopsy showed severe swelling and congestion of neck and head with
marked edema of the conjunctivae, diverse non-lethal underlying diseases,
and a BAL of 230 mg/dL (from ref. 6).

2.7. Case 7

An 85-year-old woman was admitted to a hospital with vague abdominal
pain. A barium enema was applied for diagnostic radiography and, after this,
the woman was positioned in a 30° head-down position for better distribution
of the medium, when she suffered sudden cardiac arrest. At autopsy, advanced
general atherosclerosis was found with “calcified aortic stenosis with aortic
insufficiency, hypertrophy and dilatation of left ventricle and insufficiency of
the mitral valve.” In addition, dilation of the atrium of the left heart and a
pulmonary edema was noted. Left heart failure was determined as cause of
death (from ref. 7).

2.8. Case 8

After not having been seen for 2 days, a 56-year-old man was found dead
hanging head-down, perpendicular to the floor in a sack. The sack itself was
fixed by ropes to a rod that was extended over a door and a cupboard. Beside
the sack, there were two chairs, one of them overturned. The man must have
been standing on the chairs, preparing some autoerotic act with the sack pulled
over his head and trunk. He must have lost balance and fallen head-over-heels
into the sack, which then turned around, resulting in the head-down position.
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He held a pair of scissors in his hand, obviously prepared to rescue himself in
case of an accident, but he had only managed to cut a small hole into the sack.
Postmortem examination showed severe congestion of the skin of the head
and arms and of the internal organs and structures of head, neck, and thorax.
In addition to brain and lung edema, subcutaneous hemorrhages in the arms,
microscopically accompanied by a polymorphonuclear leukocyte infiltration,

Fig. 1. Case 9. (A) Death scene. The body of a 64-year-old man is hanging
head-down from a railing that separates the yard of a house from a staircase
leading down to the cellar. (B) Death scene. Closer view of the man’s right
knee jammed into a gap between the railing and the wall. Note waste bin,
apparently used as a step stool, and the bleeding wound seen on the left calf.
(C) Hemorrhagic congestion of conjunctiva and sclera. (D) Marked congestion
of lips and bloody fluid seen in the oral cavity. (Courtesy of Dr. Wolfgang
Huckenbeck, Düsseldorf, Germany.)
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Fig. 1. (Continued)
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were observed. A hypoxic vacuolization of liver cells was detected micro-
scopically (from ref. 7).

Cases 9 and 10 represent the most recent cases.

2.9. Case 9

A 64-year-old man was found dead, hanging head-down from a railing
that separated the yard of his house from the staircase leading down to the
cellar (Fig. 1A). His right knee was jammed into the gap between the end of
the staircase railing and the wall of the house (Fig. 1B). A fresh wound was
found on his left calf. Next to the wall, nearly under the kitchen’s window,
stood a waste bin. It was concluded that the victim had forgotten his key when
leaving the house and that he tried to enter the house through the window,
using the dustbin as a step stool. Doing so, he lost balance and fell backward
over the railing, accidentally jamming his knee into the gap between the end
of the staircase railing and the wall of the house. The period of time that he
had remained hanging in this position could not be estimated. Autopsy showed
congestion of head (Fig. 1C), neck and arms, and also of the brain and upper
parts of the lungs. The mucous membranes of the upper airways were severely
congested, with some bloody fluid coming out of his mouth and nostrils (Fig.
1D). Further findings were superficial lacerations of the skin, numerous pete-
chial hemorrhages of the gastric mucosa, fresh bleeding into the abdominal
wall muscles, general atherosclerosis, biatrial dilatation of the heart, and fatty

Fig. 1. (Continued)
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degeneration of liver cells (ref. 8 and W. Huckenbeck, Düsseldorf, Germany,
personal communication, 2004).

2.10. Case 10

A 77-year-old man was found dead in his home, laying completely naked
in a supine position on his kitchen table, head and lower legs hanging down
over the table’s edges. He had last been seen alive 24 hours before. The man
was known to be a chronic alcoholic, but an autopsy blood sample was found
to be free of alcohol. Besides severe congestion of the dependent parts of the
head accompanied by numerous, partly confluent, petechial skin bleedings
(Fig. 2A,B) and brain edema, marked general atherosclerosis and narrowing
of the coronary vessels due to sclerosis were found, as well as signs of older
myocardial infarctions. No signs of external violence were detected at autopsy.
A fresh myocardial infarction was ruled out by routine histological examina-
tion as well as immunohistochemistry. It remained unclear whether the man
may have believed himself to be in bed, possibly following delirious disorien-
tation. It was concluded that the cause of death most probably was cerebral
hypoxia as a sequel of insufficient cerebral blood flow due to head-down
position (M. Tsokos, Hamburg, Germany, personal communication, 2004).

3. DISCUSSION

The most obvious observation derived from the case reports presented
here is that men seem to be more prone to death in a head-down position than
are women (of the 10 cases, 8 were males, 1 was a female, gender of the infant
is unknown) and that in some cases high BALs constitute an additional rel-
evant factor. This may be explained by different behavioral patterns of men
and women. Women are generally more cautious; they are less likely to fall
into holes (case 2) or over hedges (case 6) on their way home from pubs or
drinking halls. They rarely climb over fences to steal goods (case 4). Women
typically do not construct strange devices for autoerotic practices (case 8).
Men, particularly after drinking, tend to be more daring and thus are more
prone to accidents, including the rare case of being caught in a head-down
position.

More striking is the observation that elderly people seem to have an
increased risk of dying in a head-down position when compared with younger
persons (at least six of the victims were older than 50, and among these were
three persons who were older than 70 years [in two cases, the exact age remained
unknown]); this could be owing to two different reasons. First, younger people
are more agile and may be able to rescue themselves more easily if they acci-
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dentally come into such a body position. Second, the cardiovascular system of
elderly people is less resistant to unfamiliar stress and may fail earlier than
that of younger persons. In other words, the elderly appear to die before they
can be found and rescued, whereas younger persons may survive for a longer
period of time and thus have a greater chance to be saved. However, case 5
(the infant) shows that head-down death is possible in any age group.

Fig. 2. Case 10. Autopsy features. (A) Enormous congestion of the depen-
dent (upper) parts of the head due to the hanging down of this 77-year-old
man’s head over the edge of a table. (B) A sharp demarcation is seen between
dependent and nondependent parts of the face. Note the numerous, partly
confluent, petechial skin bleedings. (Courtesy of Dr. Michael Tsokos, Ham-
burg, Germany.)
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Some of the cases reported here show that a strictly vertical body posi-
tion is not necessarily needed to die in a head-down position. A declivity of
45° (estimated in case 1), 30° (case 7), or the isolated hanging down of the
head may lead to death, particularly if, as demonstrated in cases 7 and 10,
there is severe preexisting cardiovascular insufficiency. This observation sug-
gests that the cardiovascular system may play a major role among the mecha-
nisms of death in head-down position, an aspect that is further elaborated below.

All head-down victims exhibited some common, characteristic features
among which are the severe congestion of head, neck and, depending on their
posture, arms and upper part of the trunk is the most striking finding. Such
congestion has been described by some authors as “hypostasis” or “livores,”
and it may well appear as such after death. But because this congestion already
begins while the affected persons are still alive, it should not be confused with
livores. The polymorphonuclear leukocyte infiltration of subcutaneous
bleedings in the arms in case 8 could have developed only while the victim
was still alive and thus indicates that the man must have survived the forma-
tion of the bruises for at least some time.

The grade of congestion in such cases is severe, sometimes even “mon-
strous,” and leads to a bluish-violaceous discoloration of face, neck, and scalp,
combined with marked swelling of the soft tissues, mucous membranes, and
anatomical structures of the eyes. Additional phenomena after such conges-
tion are petechial bleedings in skin, conjunctivae, and mucous membranes of

Fig. 2. (Continued)
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mouth and nose (sometimes presenting as confluent hemorrhages), brain edema,
congestion of brain vessels, and pulmonary edema, particularly in the upper
parts of the lungs, which also may appear hemorrhagic. If arms and shoulders
constituting dependent body parts in a given case, the same phenomena may
be observed in these body parts as well. Such congestion is easily understood
to be a consequence of increased hydrostatic blood pressure in the affected
body parts owing to the victim’s inverse body position.

In some cases, petechial hemorrhages of the gastric mucosa were
observed, too (cases 4 and 9). These may be interpreted as being induced by
stress, as similar effects have been identified in victims of severe blunt trauma,
infection, or burns. This indicates a prolonged phase of agony in head-down
position. Whether histopathological changes of liver cells (hypoxic vacuoliza-
tion as seen in case 8, fatty degeneration as found in case 9) belong to the
postural effects in inverse position or represent preexisting pathological con-
ditions remains unclear.

More typical are bruises, skin lacerations, wounds, and similar after-
effects of falling and self-rescue attempts. Such were the abrasions and bruises
observed in case 4, diverse scratches found in case 8, and the wounds and
lacerations detected in case 9. The latter case also is remarkable because of
the bleeding into the victim’s abdominal wall muscles, which probably was
caused by the victim’s attempts to reach some support with the hands. Broken
fingernails and similar traces may be observed in such cases as well. Such
findings indicate that the victims were not unconscious immediately after they
came into the head-down position, but that they rather were conscious for a
considerable period of time and were obviously aware of their situation. In
other cases, however, no such traces can be found, be it due to alcohol intoxi-
cation (cases 1 and 2), to rapid death (case 7), or to loss of consciousness by
unknown causes (case 10).

4. PATHOPHYSIOLOGICAL CONSIDERATIONS

Definite pathoanatomical causes of death, such as myocardial infarction,
pulmonary embolism, airway obstruction, and cerebral bleeding, normally are
not observed in head-down deaths, although in some of the cases presented
here severe cardiovascular diseases (cases 7 and 10) or alcohol intoxication
(cases 1 and 2) may have contributed to fatal outcome. In other cases, the
head-down position itself must have been the only determining factor of death.
The question is, how can this abnormal body position lead to death and what
are the underlying pathophysiological mechanisms?

Earlier animal experiments (9) with rabbits, dogs, frogs, and even snakes
that have been fixed lengthwise on a board and then brought into different
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body positions show that abnormal postures lead to a decrease of arterial blood
pressure and to marked circulatory disturbances. More recent experiments by
Uchigasaki et al. (10) revealed that 14 rabbits that were subjected to head-
down position died after 26 (17–44) hours. Prior to death, a slight increase of
respiratory frequency and a gradual decrease of amplitude of respiratory move-
ments, of arterial oxygen saturation, and of blood pressure were observed.
The authors interpret their observations as “resulting from hindered respira-
tory movements” and conclude therefore that “positional asphyxia” was the
cause of death.

Besides the many problems of transferring results of animal experiments
to humans, observations and experiments involving humans have revealed
further possible mechanisms of death induced by the inverted body position.
As early as 1968, Marshall (6) listed the three most likely mechanisms. In
addition to real “positional asphyxia,” Marshall noted (a) insufficient oxygen
supply of the brain as a result of reduced cerebral blood flow, following
diminished arteriovenous pressure difference (venous pressure is elevated by
the additional hydrostatic pressure of blood in an inverted body position),
and (b) cardiac insufficiency and eventual cardiac arrest resulting from
increased blood flow to the heart and, therefore, increased volume load, and
increased burden of work that cannot be tolerated by the victim for a pro-
longed period of time.

Is one of these the dominant cause of death in head-down cases?
Wilkins et al. (11) subjected 42 healthy volunteers to a short period of

being positioned  head-down. Besides general muscular tension and discom-
fort, the volunteers reported feelings of congestion of head and face, impedi-
ment of respiration, swelling of nasal mucosa and nasal mucous flow, ocular
tearing, and sweating of the face and neck. Objectively, jugular venous pres-
sure was increased and femoral arterial pressure diminished. Right atrial pres-
sure, ventricular stroke volume, and cardiac output were increased (indicating
increased burden of work for the heart). In another experiment, Deklunder et
al. compared –70° head-down position to +70° head-up position (all angles
measured from the horizontal) in 12 healthy male volunteers (12). They
observed in the head-down posture an increased passive filling of the left ven-
tricle and increased cardiac output, increased arterial pressure, and tachycar-
dia. These authors concluded that “in man, the cardiac responses to the changes
in posture appear to be related more to the passive changes in ventricular fill-
ing due to the blood shift than to the nervous regulation by the arterial
baroreflexes….”

Experiments with centrifuges may mimic a broad range of gravitational
influences by extent and by direction, respectively. Such experiments simu-
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lating head-down positions showed complex cardiovascular responses to this
altered circulatory situation (13,14). Both venous and arterial pressure in the
head region increase, but the arteriovenous pressure difference decreases,
resulting in an inadequate cerebral blood flow. The venous system reacts to
the increased internal pressure with a reflex vasodilation whereas, in contrast,
the arteries react by reflex vasoconstriction (the latter representing the
so-called “Bayliss effect”). The intrathoracic pressure and the volume load of
the heart are increased and so are the cardiac stroke and output volumes. Fur-
thermore, such situations provoke dramatic carotid sinus reflexes; bradycar-
dia and even asystole may occur. Thus, the cardiovascular reaction to a
head-down position seems to be governed by a series of different, interacting
reflexes and reactions, all of which are induced by an increased blood volume
in the upper half of the body.

Experiments under microgravity conditions, be they real or simulated,
provide further insight into the effect of altered blood distribution in the human
body. Preliminary investigations have shown that a head-down tilt of –5° to
–6° is equivalent to the microgravity conditions in space. Although more rare,
water immersion is also used for simulating weightlessness (15). Under such
conditions, a redistribution of body fluids from the lower to the upper parts of
the body and from blood vessels into the interstitial spaces, which can be
observed as swelling of facial tissue and shrinking of soft tissues of lower
limbs, is found (16). Under simulated hypoxic conditions, this effect is even
more pronounced (17), but the healthy human seems to be able to adapt to
such conditions (18). For space missions, a trouser-like device has been
developed that applies negative pressure to the lower body parts in order to
reduce or prevent such fluid redistribution (19).

Other effects are identified in conjunction with the shift of body fluids. The
intraocular pressure rises (20) after only 20 seconds of microgravity exposure
(21). Diuresis is forced and humans under prolonged microgravity conditions
loose body weight (7.7% in one case [16]), at least partially by water loss.
This effect seems to be forced by an increase of serum atrial natriuretic pep-
tide  that could be observed in six subjects (17), indicating an elevated volume
load to the heart which, just under such a condition, emits atrial natriuretic
peptide. Other researchers, however, could not confirm the aforementioned
findings (22). Increase of serum dopamine, reduction of blood velocity in the
middle cerebral artery, and changes to the arterial baroreflex control of heart
rate, all with complex but limited influence on the cardiovascular function,
have been observed as well (23–26). The more subtle effects of microgravity
conditions include reduced glucose tolerance (27) and difficulties of circadian
rhythm adaptation (28).
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It is well known from long-term observations in space and from simula-
tion experiments that the human organism may adapt to microgravity condi-
tions and does not suffer severe health defects from them (29). However, the
pathophysiological changes as well as long-term effects induced by
microgravity seem to be of minor interest for our reflection on the lethal mecha-
nisms of the head-down position. Nevertheless, it should be mentioned that
the first and most prominent effect of microgravity is a redistribution of body
fluids from the lower to the upper parts of the body. A similar but far more
substantial fluid shift to the head is caused by the head-down position. This
fluid shift is therefore to be discussed as the leading lethal mechanism in such
cases.

The observation that persons with cardiovascular diseases may die rap-
idly in a head-down position (case 7) and even under moderate head-down tilt
(case 10) supports the opinion that disturbed cardiac function plays an impor-
tant role as cause of death in inverted body positions. The increased blood
flow to the heart and the increased volume load require considerable more
work from the heart, which it, eventually, cannot withstand. This understand-
ing of the cardiac role in such deaths is compatible with all experiments and
observations mentioned above and helps to explain as well the fact that eld-
erly people, whose hearts may be less resistant to unfamiliar stresses, seem to
be more prone to death in head-down position than are younger persons.

It has been claimed that quite the contrary effect, namely a reduced blood
reflux to the heart following a “vanishing” of blood in the veins of the head
and upper torso (which do not support blood flow owing to the absence of a
muscle pump), contributes to heart failure in a head-down position (30). Such
an assumption, however, does not fit the experimental results cited above that
show an increase in passive filling of the heart and of atrial pressure in head-
down position (11,12). Whether slowing down of the heart beat rate following
carotid sinus reflex to elevated hydrostatic pressure in the arterial system has
an influence on lethal outcome remains unclear. As to this author’s opinion,
this effect cannot be too marked; otherwise, the victims could not survive
some hours in an inverted body position.

Reduced oxygen supply to the brain as the result of reduced arteriovenous
pressure difference and hindrance of respiration by the pressure of abdominal
intestina on the lungs may play additional, but less important, roles. If the
brain was insufficiently supplied with oxygen, rapid loss of consciousness
should be expected, but marked traces of self-rescuing efforts in some of the
cases presented previously in this chapter (cases 4, 8, and 9) show that this is
not necessarily the case. Moreover, if the thorax and lungs, respectively, are
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compressed over a considerable period of time, cries for help (as observed in
case 4) would be impossible.

Thus, it appears that death in a head-down position is a death of gradual
(occasionally sudden) heart failure and not a kind of cerebral death or death
by suffocation (“asphyxia”). Of course, asphyxia should be discussed as an
additionally factor influencing lethal outcome in cases where the victim is
caught in very tight openings or similar structures that prevent proper breath-
ing by thorax compression. However, asphyxia should not generally be assumed
in all cases of head-down deaths. In one of the most recent contributions to the
literature, Glatter and Karch (2004) correctly warn against the application of
the term “positional asphyxia” to any otherwise unexplained death (31).

5. CONCLUSION

Although head-down fatalities are rare events and are infrequently
reported in the literature, some authors (6,7) mention that in the past inverted
suspension was a common torture and death penalty method. St. Peter is said
to have been crucified in a head-down position because he himself desired not
to die in the same manner as Jesus (crucifixion in upright body position). Even
until World War II, such torture was applied from time to time and probably
still takes place in some countries nowadays. As the forensic examiner must,
on occasion, examine victims of torture, it may be useful to remember the
after-effects and objective traces, if any, of such a torture method. To this
author’s knowledge, detailed descriptions on this point are missing in litera-
ture.

Another point of uncertainty is the survival time after coming into an
inverted body position. Reports in the earlier literature (cited in ref. 7) claim
that agony after head-down hanging may last many hours up to 1 day. The
cases described in this chapter suggest a similar survival time, at least of some
hours in most cases. Apparently, the survival time depends on the strength
and endurance of the victim’s cardiovascular system. The period of time needed
after that sudden death of a person with preexisting severe cardiovascular dis-
orders (as in case 7) has to be expected after this person has been tilted down
remains entirely unclear.
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SUMMARY

A bitemark is the physical end product of a complex set of events that
occur when human or animal teeth are applied to skin or foodstuff. Despite its
long history of admission as evidence, there remains a number of significant
challenges to its evidential usefulness. Principal among these are the presumed
uniqueness of the human dentition, the variable visco-elastic properties of
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human skin, and the qualitative nature of bitemark analysis. In this chapter,
we outline these and other issues and we review the newly described bacterial
fingerprinting technique.

Key Words: Bitemark; evidence; human dentition; digital evaluation;
animal bites; postmortem damage; salivary analysis; Streptococcus; Daubert;
Frye.

1. INTRODUCTION

A bitemark may be defined as the physical alteration on a surface such as
skin or food that is caused by the dentition of a human or animal. A bitemark
is the end product of a highly complex set of events that includes the closure
of the mouth, movements of the victim, the angle of approach, and the force
exerted by the biter. This is further complicated by factors such as the posi-
tioning and state of the biting teeth, the biter’s temporomandibular joint and
occlusion, and the visco-elastic properties of the material bitten. The analysis
of bitemarks has a long history, dating back to the trial of the Reverend George
Burrows, who was accused of torturing and soliciting two young women into
witchcraft in 1692 (1). Other early cases include Ohio vs Robinson of 1870, in
which Dr. Robert Taft testified that he had examined marks left on the mur-
dered Mary Lunsford’s arm and found that they were toothmarks, and the
1906 case at the Cumberland Assizes at Carlisle, where a burglar was con-
victed on the basis of a comparison of his teeth and the marks left on a piece of
cheese (2). The recent revival of interest in bitemark analysis followed two
technological advances. First, the use of polymerase chain reaction (PCR)-
based typing of DNA present in the saliva either on human skin or on food-
stuff, which is then compared with the DNA profile of the suspect (3,4) and,
second, the use of digital imaging techniques to facilitate bitemark analysis
(5,6). It has been argued that bitemark analysis may not be as accurate as it has
been claimed (7). This argument was supported by those who claimed that the
human dentition was in fact not as unique as was previously supposed (8), that
it was impossible to determine who else in the broader population could have
produced a bite similar to the one under investigation (9), or that some overlay
methods of analysis were inaccurate and subjective (7,10). However, it has
recently been suggested that genotypic comparison of oral streptococci might
be used in bitemark analysis (11) and also that if it is acknowledged that
bitemark analysis is qualitative that this evidence might be used for selecting
a perpetrator from a small group of suspects (12).

This review is divided into six parts. First, we consider the presentation
of human and animal bitemarks; second, we look at bitemarks in food; third,
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we review the visco-elastic properties of human skin as well as the individual-
ity of teeth; fourth, we critically evaluate the current ways in which bitemarks
are evaluated; fifth, we introduce the novel technique of bacterial genotyping
(DNA “fingerprinting”); and finally, the evidential reliability of bitemark analy-
sis.

2. PREVALENCE AND PRESENTATION

2.1. Human Bitemarks

Bite wounds are responsible for about 1% of emergency department vis-
its in the United States and, of these, bites by dogs and cats are the most com-
mon, followed by human bites (13,14). There are two types of human bites;
occlusional bites, which result from the teeth being sunk into the skin, and
tooth marks sustained when a body part (e.g., a fist) strikes the dentition (15).
Their prevalence peaks between the ages of 10 and 34 years and during spring,
early summer and on weekends (16). The prevalence of human bites in chil-
dren is given as 1 per 600 emergency department visits (17,18). Human bites
occur most frequently on the hands and upper extremities (60–75%) but can
also involve the neck, nipples, and face (15–20%) and the lower extremities
(5% [19]). Traumatic love bites have been recorded mostly from the head,
neck, and genital areas (20,21).

Occlusional bitemarks are described as oval- to circular-patterned inju-
ries that typically consist of two opposing U-shaped arches, each representing
a maxillary and mandibular arch, separated to some degree at their bases (Fig.
1). A central contusion or ecchymosis is often recorded and is thought to result
either from negative pressure produced by the biter at the time of the bite or by
pressure of the teeth, which rupture small vessels or capillaries in that area
(22,23). Lacerations, linear abrasions (drag marks), and areas of punctured
skin caused by the movement of teeth over the skin or indentations caused by
imprinting of the palatal surfaces of the teeth against the skin may also be
present. Although individual arches are usually produced by the anterior den-
tition, markings from as far back as the molars have been recorded (24). Clearly,
the physical appearance of a bite is determined by a number of factors, includ-
ing the bite force, the presence or absence of a struggle, the anatomical posi-
tion of the bite, the age and ethnicity of the victim, and the presence or absence
of clothing over the skin (25). The appearances of bitemarks also vary with
time. Recently, Avon and her co-workers (26) presented the first qualitative
experimental analysis of differences between bites made antemortem and post-
mortem but were unable to show that it was possible to determine whether the
bite was made before or after death.
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2.2. Animal Bitemarks

Probably the earliest recorded bitemarks are those attributed to
Tyrannosaurus rex. Carpenter (27) interpreted healed wounds on an
Edmontosaurus caudal vertebra as evidence of a failed T. rex predation bite.
More recently, a number of Triceratops bones exhibiting large T. rex bite marks
have been described (28). Figure 2 shows predatory bite marks on a pilosaur’s
humerus.

Animal bites show a massive spectrum of variation, related to the animal
involved, the circumstances of the attack and the age, gender, or ethnicity of
the victim. Given the close association between humans and dogs, it is prob-
ably not surprising that dog bites are the most common animal bites found in
humans, with a reported prevalence of 0.3% to 1.1% of all emergency depart-
ment visits (13,29,30). It has been suggested that almost half of all children
will have been bitten by a dog at some point in their lives (31). Among chil-
dren, more than 50% of documented bites have been to the face, neck, and
head (32). Canine bitemarks are usually described as puncture or tear marks,
sometimes resembling stab wounds, occurring singly or in pairs (Fig. 3) and
differ from those of wolves in that the latter usually attack the gluteal regions
(33). Classically, wolves hunt in packs and leave only after all edible parts
have been consumed, unless interrupted by human intervention. Bitemark
analysis has been shown to be useful in distinguishing between wolf and dog
attacks (33) and, more recently, in a number of large cat attacks (34,35).

Fig. 1. Classic appearance of a human bitemark on skin. Note the two opposing
arches and central contusion.
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Postmortem injuries inflicted on human corpses by domestic animals have
been reported repeatedly in the literature. Large soft tissue defects inflicted
postmortem by dogs usually display rounded wound margins (Fig. 4). In con-
trast, bite injuries inflicted by domestic cats exhibit both sharp and crenated

Fig. 2. Predatory bite marks on the left humerus of Peloneustes, a small
pliosaur. (Courtesy of Dr. Richard Forrest, Leicester, United Kingdom.)
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wound margins as well as adjacent punctured wounds, the latter corresponding
to canine teeth marks (Fig. 5A,B).

Mostly, animal depredation is seen as postmortem damage by small car-
nivores or rodents. Although the differentiation between postmortem and an-
temortem bites usually presents no problems, species attribution can be a
challenge. Tsokos and his co-workers (36,37) described postmortem bites
caused by rodent activity to fresh skin as circular, with finely serrated wound
margins. Parallel cutaneous lacerations caused by rodent incisive chewing is
considered to be diagnostic when present (Figs. 6 and 7A,B). Generally, the
areas involved are those exposed and unprotected by clothing: eyelids, mouth
and nose, and the hands.

In an unusual animal bitemark case, the recent deaths of a highly endan-
gered species from Australia, the Brush-tailed Bettong (Bettongia penicillata),
was attributed to feral cats by examining the intercanine distances left by preda-
tor teeth on radio collars worn by the Bettongs (38).

3. BITEMARKS IN FOOD

As noted earlier, one of the earliest bitemark cases relates to the convic-
tion of a burglar who had bitten the side of a cheese in 1906 (1). Although

Fig. 3. Classic appearance of a dog bite: oval, stab wound-like bitemarks
caused by the canine teeth of an American Staffordshire Terrier. (Courtesy of
Dr. Michael Tsokos, Hamburg, Germany.)
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Fig. 4. Partly seletonization of the head and a large soft tissue defect on the
left side of the neck owing to postmortem animal interference by a dog. (Cour-
tesy of Dr. Seisaku Uchigasaki, Hamburg, Germany.)

Fig. 5. (A,B) Postmortem bite injuries caused by a domestic cat (Felis silvestris
f. catus) with complete loss of the decedent’s left ear. Both sharp and crenated
wound margins are seen around the removed ear as well as adjacent punctured
wounds. (Courtesy of Dr. Michael Tsokos, Hamburg, Germany.)
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there have been a number of early cases in which bitemarks on foodstuffs
have been analyzed (39–42), there has been little experimental or empirical
work directed toward understanding biting mechanics in food. An exception
was Stoddart (43), who described a method of producing permanent models
of bitten perishable substances, but unfortunately no analysis of reliability or
accuracy was included in the study. Rudland (44) investigated the dimensional
stability of bitemarks in apples after long-term (10 years) storage in a fixative
consisting of formaldehyde, glacial acetic acid, and ethanol and found that the
apples retained their dimensions as compared with a stone model. In 1994,
Aboshi et al. (45) empirically demonstrated the usefulness of computer imag-
ing when applied to bites on various foods, including sponge cake, chocolate,
and coconut slices. Further experimental analysis by this group attempted to
quantify the comparison between biter’s teeth and bitemarks produced on food-
stuffs by means of a computer-based shape analysis program (46). Interest-
ingly, the group failed to use this method in subsequently reported cases of
bitemarks left in chocolate and chewing gum (47,48).

Fig. 6. Superficial postmortem bitemarks over the cheek bones and deeper
soft tissue loss of the nose caused by rodents. Note the serrated wound margins
and parallel cutaneous lacerations. (Courtesy of Dr. Michael Tsokos, Hamburg,
Germany.)
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Fig. 7. Mummified body with extensive skin and soft tissue artefacts as the
result of postmortem damage caused by rodents. Parallel cutaneous lacerations
are seen in the desiccated tissue. (A) Face. (B) Back of the right hand. (Courtesy
of Dr. Michael Tsokos, Hamburg, Germany.)
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A recent double-blind experiment highlighted the ability of forensic
odontologists to use pattern-associated comparisons in the positive identifica-
tion of bitemarks in a number of foodstuffs (49). Subsequently, this method
was successfully used by the same unit in the case of a bitemark left in cheese
in which there were limited numbers of concordant features (50). Interestingly,
the comparison leaned heavily on a centrally positioned defect on the incisal
edge of the upper central incisor as reproduced in Fig. 8.

4. PROPERTIES OF SKIN AND TEETH

4.1. Visco-Elastic Behavior of Skin

The visco-elastic properties of skin are anisotropic or directionally
dependent (51). Its biomechanical properties are primarily related to three of
its constituents and their spatial arrangement, namely collagen, elastin, and
proteoglycans. Collagen fibers are randomly aligned parallel to the surface of
the skin in a somewhat loose fashion, especially when compared with tendon.
Elastin fibers vary in their density through the dermis with the amount
increasing with depth (52). The behavior of the collagen fibers is highly
dependent on their prealignment and state of strain; tendinous collagen fibers
are prestrained and well aligned, but those in skin tend to be loose and ran-
domly coiled, and hence have a low stiffness upon loading. Increased tension
results in greater fiber alignment and greater stiffness. The stress-strain response
of collagen fibres in skin typically consists of three regions; first, a low modu-
lus region typically for extensions of 20 to 40%, followed by a transitional
region over the next 5 to 50% strain and, third, a region where the fibers are
completely aligned and the stiffness of tendon is achieved. A scanning elec-
tron microscopy examination of human abdominal skin also showed that with
increasing strain the alignment of the collagen fibres gradually increased with
depth within the skin (53).

The visco-elastic properties of collagen have been investigated by Fung
(54) and more recently by Purslow et al. (55). It was initially thought that the
visco-elastic behavior was an intrinsic attribute of collagen, but Purslow et al.
showed that relaxation within the fiber was associated with creep of the sur-
rounding tissue (55). This has more recently been confirmed by Puxkandl et
al. (56), who showed that the proteoglycan-rich matrix surrounding the col-
lagen was the source of the relaxation.

Although elastin is only a minor component of skin (typically less than
2% by weight of the dermis), it has an almost entirely linear stress–strain
response, with a far lower effective elastic modulus than collagen, namely 0.5



Bitemarks 167

to 0.6 MPa (57). It also is capable of entirely elastic (reversible) extension of
100% of its original length, well beyond that of collagen. Proteoglycans are
considered to be primarily responsible for the visco-elastic behavior of skin
especially at small strains and this is associated with the presence of hyalu-

Fig. 8. Incisor notching and its effect on a bitemark in cheese. Left column
shows a cast of a notched upper right incisor (top), a scanning electron micros-
copy (SEM) view of the incisal edge (middle), and an SEM of an incisal bite into
cheese. Right column shows the same sequence for a smooth incisor.



Kieser et al.168

ronic acid, which demonstrates highly visco-elastic behavior that is strongly
dependent on strain rate.

The anisotropic behavior of skin was first described by Langer in 1861
(58) and was subsequently shown by Cox (59) to be associated with the orien-
tation of its constituent collagen and elastin fibres. This behaviour is associ-
ated with the initial deformation of the skin and the fact that the transition
from region 1 to region 3 of the stress–strain curve, which is reached earlier in
directions more aligned with the collagen and elastin fibers than in the
orthogonal directions. Skin also exhibits significant lossy behavior, as do all
visco-elastic materials (i.e., energy is dissipated during the loading and
unloading cycle). This lossy behavior is demonstrated by the angle between
the maximum stress and maximum strain during small strain cyclic deforma-
tion of visco-elastic materials. In the case of skin, there is typically a 15 to 20°
loss angle. In comparison, hyaluronic acid varies between almost 90° to less
than 20° as the strain rate increases over the range from 0.1 to 10 Hz (60).

Bite marks of skin are manifestations of large strain deformations, well
beyond their reversible range. Teeth can be considered rigid indenter-like struc-
tures that generate a complex deformation state, even for isotropic elastic
materials. High compressive stresses together with superimposed shear stresses
are generated directly beneath the points of contact between the teeth and
skin. However, as the skin surface is extended by the biting action of the teeth,
high tensile strain is developed near the surface immediately next to the point
of contact (61). This process may be further complicated by the presence of
bone, muscle, fascia or tendons beneath the contact area and of course by
permanent rupture when critical strain is exceeded.

In terms of bitemark analysis, it means that not only are skin marks
dependent on factors such as angle and force of attack, presence or absence of
movement, sweat or clothing on the skin, age, gender, and ethnicity of the
victim but also on the complex visco-elastic properties of skin. These are largely
determined by the spatial arrangement of collagen, elastin and proteoglycans,
which vary from location to location, and have not systematically been inves-
tigated from a forensic point of view.

4.2. Uniqueness of the Human Dentition

Although it is common knowledge that the human body is a develop-
mentally and functionally integrated whole, individualization requires the
decomposition of the organismic whole to isolate characters that are useful for
comparative forensic analysis. Such characters cannot be any observable fea-
ture of the body but rather a feature that captures distinguishing peculiarities
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of the individual concerned. No investigation has directly focused on the deci-
sion-making criteria used by forensic odontologists to include or exclude charac-
ters in bitemark analysis. Yet, there is evidence of widely differing opinions
among odontologists as to where the dividing line is between a marginally
acceptable or unacceptable character. Clearly, a meaningful character must be
one that can be described and critically evaluated, tested and potentially be
rejected, to conform to Popperian criteria of falsification (62). Because indi-
vidualization analysis depends on parsimony, meaningful characters for use
in forensic identification must be independent from one another, in other words
they must have a demonstrable lack of co-variation. Meaningful characters
must also be well defined. Badly defined characters will provide no severity
of test, no matter how many of them are involved in the analysis.

The reliability of bitemark evidence rests on the assumption that no two
humans have identical dentitions in respect to the size, shape, or arrangement
of the teeth (63–65). Yet, this assumption of uniqueness rests on the results of
a single paper, that of Rawson and co-workers, published in 1984, who referred
only to the uniqueness of the position of the teeth (66). Interestingly, this is
probably the least stable of the three characters, especially if one considers the
large number of persons of all ages undergoing orthodontic treatment that
actively seeks to change relative tooth positions. Hence, the question remains:
how unique is the dentition? Kieser (67,68) has argued that although consid-
eration of odontometric data has centred largely on discrimination between
sexes and ethnic groups, little attention has been paid to the allocation or
assignment of individuals on the basis of tooth size. These two processes are
independent, although often confused, and require different statistical analy-
ses. Their results showed that using tooth size, correct discrimination between
male and female Negroes, Caucasoids, and Amerindians could only be expected
in 66 to 78% of cases. Moreover, a lower proportion (12–55%) of individuals
could be allocated with a high degree of confidence, even if their original
population was known a priori. Harris (69) powerfully argued that because
the greatest component of tooth-size variation is within population groups rather
than between them, these data are insensitive for forensic purposes. The gen-
etic covariance of tooth morphologies and sizes within tooth fields (incisors,
canines, postcanine teeth) renders many tooth crown dimensions statistically
redundant. He added that measuring more teeth or more dimensions does not
increase the ability to discriminate between genders or ethnic groups.
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5. DIGITAL EVALUATION OF BITEMARKS

The use of image editing and computer-assisted bitemark analysis has
been documented for more than 10 years. The efficacy of such techniques has
been tested among forensic odontologists and general dentists (5,70,71).
Although conventional photographs have continuous tonal qualities derived
from the small crystals embedded in the photographic emulsion, digital images
are derived from multiple pixels (picture elements) each being a square or
rectangle of assigned colour. The density of pixels is expressed as pixels per
square inch and the highest possible resolution of a piece of equipment (e.g., a
camera or scanner) is expressed as the maximum number of pixels per square
inch for width and height (e.g., 1020 × 720). A photo-quality print expressed
as dots per inch (dpi) is considered to be 300 × 300 dpi. The maximum size of
an acceptable image without significant distortion is therefore derived by 1020
divided by 300 and 720 divided by 300 (~ 3 × 2 inches). If the image was
enlarged to 8 × 10 inches, a jagged edge between pixels (pixelation) would be
noticeable to the observer of the image. The price of high digital resolution is
file size (10–20 megabytes) and demands on the computers random access
memory, which should be three times the size of images being processed. The
major advantage of digital photography lies in the direct control over the  image
(e.g., focus, angulation, area of field). Moreover, image-processing software
can be used to help control image processing, for example, adjusting the image,
sharpening out of focus areas, correction of photographic distortion, adjusting
contrast, brightness and color balance, removing (cropping) unwanted dis-
tracting areas away from the field of interest, and other editing functions. Com-
parison of images can be done at either 1:1 image sizing or by magnification,
and independent adjustments in both x- and y-axes is possible.

The most commonly used image processing software is Adobe Photoshop
(Adobe Systems, Seattle, WA). This program records each step of image
manipulation, which is extremely important for presentation of evidence.
Reproducibility and accuracy can be demonstrated and has been reported by
Naru and Dykes (5) and Sweet et al. (72).

Three disadvantages of digital imaging techniques (print quality, origi-
nal image quality, and image file storage) have now largely been resolved.
Photographic quality prints are useful for the presentation of evidence to a
jury. In recent years, affordable domestic printers with photographic quality
printing have become the norm. Images can also be presented in court with
digital projectors. Images saved in a lossless format (e.g., tagged image for-
mat file) are big files. In recent years, image-storage technology has largely
addressed the problems of multiple large files. Both image-storage devices
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and operating system changes (e.g., Macintosh OS X) have been developed to
satisfy domestic computer users.

Sweet and co-workers (72) have demonstrated that a computer-overlay
method is superior to hand-traced overlays and recommend that the latter tech-
nique should be discontinued.

Recording of a three-dimensional object such as a bitemark as a two-
dimensional image requires a scale in the same plane as the bitemark and the
camera positioned at right angles to this plane directly above the centre of the
field of interest. An ABFO no. 2 scale (Lighting Powder Co. Inc., Jackson-
ville, FL) is ideal for this. However, distortion arises if the camera is not over
and at right angles to the plane of the bitemark and the scale, or if the scale is
not in the same plane as the bitemark. Distortion will also result if the scale is
bent during the taking of the photograph.

A flatbed scanner is required to scan study models from suspects who
have given consent to have impressions taken. The study models cast in dental
stone together with an ABFO no. 2 scale should be placed on the scanner. Not
all the cusps and incisal edges will be in contact with the glass. A sharper edge
to the biting surfaces of the teeth is obtained if the direction of the scan is from
the lingual aspect through to the buccal aspect if one side has features of inter-
est. Ambient light can be eliminated by placing a box over the scanner. Once
scanned, the image can be rotated to a desired position. Rotation can be selected
at 90 or 180 degrees or “arbitrary” clockwise or counterclockwise. In order to
resize the image 1:1 the ABFO scale should be aligned to coincide with x–y
axes on the computer screen. It is possible to move the image of the maxillary
and mandibular study models independently of each other. Selection of biting
surfaces is made with the “magic wand” tool (also holding down the shift key
if multiple selections are desired). This is the most subjective part of the pro-
cess, but with practise consistent results can be achieved by all examiners, as
shown by Naru and Dykes (2). Adjusted images need to be saved to layers,
each clearly labeled and preferably with some text that, besides providing
information, prevents accidental transposition. The scale also needs to be added
to each layer. The overlayer is then ready for comparison with the bitemark.
This comparison can be done digitally or by comparing photographs, etc.
Superimposition of images is performed with commands to drag and rotate
images.

6. SALIVARY ANALYSIS

Until recently, saliva stains could provide only supportive evidence link-
ing an aggressor to a bitemark. This evidence was provided as serological
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comparison of the saliva stain with a specimen from a suspect. Generally,
serological comparisons have low discriminatory capability, although, sig-
nificantly, they are able to unequivocally discount a non-matching suspect.
Advancements in DNA technology have had great impact on forensic science,
but as recently as 1994 it was widely held that an aggressor’s DNA is not
recoverable from a bitemark or other saliva stains because the nucleases present
in saliva rapidly degrade DNA (73). The half-life of DNA incubated in human
saliva has been estimated at about 1 minute (74).

Sweet and collaborators have devised a method aimed at overcoming
this difficulty. The technique centers on the recovery of intact epithelial cells
(derived from the biter) that have been deposited in the bitemark (75). The
aggressor’s DNA (within the epithelial cells) is protected from the salivary
nucleases and can be recovered once the cells have been washed free of the
nuclease-containing saliva. The purified DNA can then be compared to that of
a suspect by established molecular techniques such as analysis of short tan-
dem repeat sequences. The success of this method relies on careful double-
swabbing of the bitemarks, first with a moist swab to loosen the cells and then
with a dry swab to lift the cells from the skin surface. Under controlled experi-
mental conditions, in which drops of saliva were placed on the skin of cadav-
ers, the approach had a success rate of approx 80% (75). However, under diverse
and variable forensic conditions, the success rate is likely to be lower and
anecdotal reports suggest that this is indeed the case. Nevertheless, when suc-
cessful, this approach can provide compelling evidence either to convict or to
exonerate a suspect. The recovery of the biter’s DNA should certainly be
attempted because of the discriminative power provided by analysis of human
DNA. Undoubtedly, with time, the method will be refined to a point that it
will be confidently applied in all appropriate circumstances. Until such a time,
however, alternative approaches should be considered.

The mouth is home to a myriad of bacteria; recent analyses suggest that
as many as 500 distinct species may be found in the human oral cavity (76).
The teeth themselves provide a unique niche for a specialised microbial com-
munity that can develop into macroscopical aggregations called dental plaque.
Even in the absence of visible plaque, a bacterial biofilm coats the teeth and
this community will start to develop within minutes of professional dental
prophylaxis (77,78). The most abundant bacterial genus harboured within the
human mouth is Streptococcus (79). Some streptococcal species cause dental
caries, whereas others can lead to more threatening conditions such as rheu-
matic fever. However, most oral streptococci are relatively benign and are
present in large numbers on the teeth of virtually all healthy humans. Thus,
essentially every bite will deposit large numbers of streptococci on the bitten
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surface. Although it has its own microbial community, the skin is not nor-
mally colonised by streptococci. Recovery of these bacteria from the skin there-
fore will generally imply oral contact. In our own studies involving
experimental bitemarks self-inflicted on human skin, oral streptococci were
recovered from all sites (using selective culture media) for up to 24 hours
(80). Because the victims of violent sexual crimes generally seek medical
assistance well within this time frame (81), it should be possible to isolate oral
streptococci derived from the biter provided the bitemark has not been washed.

The taxonomy of the oral streptococci has always been somewhat con-
fusing and investigations aimed at defining species by molecular (DNA) tech-
niques have not generally helped because the common nonpathogenic species
such as S. sanguinis, S. oralis, S. mitis, and S. gordonii are genotypically highly
diverse (82–84). In fact, it has been very difficult to find two identical geno-
types (strains) within a species (84).

The problem of extreme genotypic diversity may have delayed taxonomic
advances but could be of value to forensic scientists. By comparing the DNA
profiles (genotypes) of streptococci isolated from the teeth of eight unrelated
adults, each individual could be characterised by specific bacterial genotypes
(80). Furthermore, no isolated streptococcal genotypes were shared between
individuals (80). In a refinement of this approach, using a randomly primed
PCR method to compare oral bacterial genotypes with those recovered from
an experimental bitemark, an investigator was able to unambiguously iden-
tify, from a group of eight individuals, the perpetrator of the bitemark (85).
The same eight participants were examined 12 months later and each found to
retain at least 20% of the predominant streptococcal genotypes on their teeth
(Rahimi M, Heng NCK, Kieser JA, Tompkins GR, unpublished data). An
example of arbitrarily primed-PCR-generated streptococcal genotypic profiles
is shown in Fig. 9. The frequency at which streptococcal genotypes are shared
between unrelated individuals has yet to be determined but is expected to be
less than 10–2 (based on previous studies [82–84]). Assuming that oral strep-
tococcal genotypes are transmitted and established independently of one
another, then the chance of two familially unrelated individuals harbouring
the same four streptococcal genotypes would be of the order of 10–8, which is
a compelling statistic.

7. EVIDENTIAL RELIABILITY OF BITEMARK ANALYSIS

From the foregoing, it is clear that bitemark analysis has had a long his-
tory of admission as evidence and that there are a number of promising new
areas of research in this field. However, significant and unanswered questions
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remain. Principal among these are the presumed uniqueness of the human den-
tition, the retention of DNA on skin over time and the variability of visco-
elastic properties of skin. The question now remains, what is the evidential
reliability of bitemark analysis? The answer lies in two issues that seem dif-
ferent, but are in fact closely allied at a deeper level: the qualitative nature of
bitemark analysis and the rules of admission of scientific evidence. Bitemark
analysis is inherently qualitative. Kittelson et al. (12) stressed that although
some characteristics, such as tooth dimensions, angulations, and intercanine
distances, may be measurable, the ability to discern these depends on impres-
sions left on skin, which is a poor impression material. The second issue relates
to the rules of evidence in science and law. Restriction of space precludes a
discussion of Frye and Daubert (86,87), but essentially the underlying theme
is the continuing clash of two evidentiary values; the desirability of present-
ing as complete an evidentiary record as possible (including expert assistance)
and the protection of the fact-finding process against distortion. The latter
value often is expressed as the fear that such assistance will demand a surren-

Fig. 9. Arbitrarily primed-polymerase chain reaction-generated genotype pro-
files of oral streptococci isolated from lower incisors (T) matching those recov-
ered from an experimentally induced bitemark (B). Molecular mass calibration
standards (M) are run in the extreme wells on either side (Courtesy of Dr. Mehdi
Rahimi, Sydney, Australia.)
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der of judgement by the trier of fact to the expert (the “mystic infallibility”
risk).

Although Frye is engineered to protect against the “mystic infallibility”
effect by requiring “general acceptance” in the relevant scientific community,
Daubert (and its sister cases) are premised on a court-conducted reliability
inquiry as the proper prophylactic against the same risk. As Daubert observes,
evidentiary rules are “not designed to seek cosmic understanding but to resolve
legal disputes.” But where scientific evidence is offered in a legal forum, the
strength of the scientific foundation should be commensurate with the effect
of admitting to the results of that science. To ensure this congruence (that the
probative value of the evidence outweighs its prejudicial effect), the better
path would be to assess reliability in a gate-keeping inquiry. Yet, although
scientists and academics continue to battle it out on that front, bitemark iden-
tification evidence currently seems immune to such admissibility challenges.
Put positively, this may demonstrate a trust in the trier of fact to accord this
kind of evidence the appropriate weight, no matter how “scientific” the sci-
ence. Put negatively, it may reflect a trial strategy devoted to the advantages
of unhelpfulness (confusion by the trier of fact and the according of inappro-
priate weight).
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alteration of the underlying progress of tissue destruction. The understanding
of the resultant postmortem changes is of great importance for the forensic
pathologist and medical examiner. As a general rule, changes in ambient
temperature tend to alter the rate but do not change the underlying biological
mechanisms of postmortem changes. The manifestation of putrefaction may
cause interpretational problems and, accordingly, a death may seem suspi-
cious in a given case. Putrefaction may mask traumatic injuries an invidual
sustained before death. However, purging of putrefaction fluid from the mouth
and nostrils is frequently confused with blood, for example, deriving from
antemortem facial injuries, by those investigators unfamiliar with the phe-
nomenon. When tight clothing is worn by the deceased, putrefactive bloating
of the neck region may lead to cutaneous alterations mimicking strangulation
marks. In contrast to livor mortis, vibices, rigor mortis, autolysis, and putre-
faction, all of which are known as postmortem phenomena that are frequently
observed in the death investigator´s daily practice, more uncommon postmor-
tem changes that do only occur occasionally and under specific intra-indi-
vidual or environmental conditions may be interpreted falsely by the
inexperienced. Abrasions and lacerations on the skin may be produced by
manipulation of the body during postmortem handling, transportation, and stor-
age. Urine may cause extensive skin damage postmortem to an infant on the
perigenital skin areas that were in contact with a urine-soaked diaper postmor-
tem. One has to be aware to differentiate such postmortem skin changes from
vitally acquired alterations and not to interpret them uncritically as signs of
neglect prior to death. Postmortem hypostasis in the muscles located in the
lateral submalleolar region and the thenar eminence may mimic antemortem
bruising. It generally is impossible to draw any definite conclusions concern-
ing the time of death by the appearance of a single postmortem change, or
conversely, to predict what postmortem changes are to be expected in a given
case after a particular postmortem interval has elapsed. Nevertheless, in some
distinct cases, particularly the presence and picture of several postmortem
changes may, when analyzed combined with the rectal temperature of the
deceased, give the death investigator valuable hints concerning the time frame
in wich the subject most probably has died.

Key Words: Taphonomy; livor mortis; rigor mortis; algor mortis; post-
mortem cooling; vibices; autolysis; imbibition; maceration; putrefaction;
venous marbling; freeze-drying; pink teeth; animal depredation; washer-
woman’s skin; blistering; postmortem injuries; skin lesions; differential diag-
noses.
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1. INTRODUCTION

The understanding of the underlying biological processes leading to par-
ticular postmortem changes is of great importance for the forensic pathologist
and medical examiner, concerning the differentiation between artifactual
changes of the body surface or internal organs vs underlying (true) pathologi-
cal conditions. Just to give a few examples: the inexperienced may interpret
livor mortis in the myocardium as circumscribed hemorrhage accompanying
fresh myocardial infarction or, when livor mortis is found in the lungs, as
edema or pneumonia. Vibices (“postmortem ecchymoses”) may be confused
by the unwary with petechial bleedings caused by mechanical asphyxia or
with hematomas. Some postmortem changes may render a careful external
examination of the body difficult, for example, putrefactive skin changes may
conceal cutaneous injuries. When found in curious death scene scenarios or in
fatalities with additional signs of external violence preceding death, uncom-
mon postmortem changes such as marks caused by animal depredation, inju-
ries following handling and transportation of the body, or skin changes caused
postmortem by leaking out of urine may be interpreted falsely. In children, a
dilated anal orificium (from the loss of muscle tone immediately after death,
with anal dilation occurring as a result of rigor mortis) may be erroneously
mistaken as a sign of penetrating anal abuse prior to death. In such cases has-
tened conclusions may lead the investigative inquiries in a wrong direction or,
in the worst case, to the miscarriage of justice.

In this chapter, death is defined as the irreversible cessation of blood
circulation. After death, a complex cascade of cellular events and biological
phenomena begins, starting with cellular oxygen depravation. With the pro-
gression of the postmortem interval, autolytic changes and putrefaction take
over. Death is a process rather than an event. The underlying biological pro-
cesses that a human body or its remains undergo after death are complex and,
as with other biological phenomena, there is a broad range of variables influ-
encing postmortem changes by the alteration of the underlying progress of
tissue destruction. As a general rule, changes in ambient (environmental) tem-
perature tend to alter the rate but do not change the underlying biological
mechanisms leading to a particular postmortem change. A summary of the
main intrinsic and extrinsic factors accelerating or decelerating, respectively,
the onset and extent of postmortem changes is presented in Table 1.

This chapter does not focus in detail on aspects of the estimation of the
time elapsed since death; for this, one should refer to the well-renowned text-
book edited by Knight (1) and the recent publications by Henssge et al. (2,3).
The following review rather concentrates on the morphological pictures under
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which different postmortem changes may present. Apart from giving a synop-
sis of common and uncommon postmortem changes seen in the death
investigator’s daily practice, it is also the aim of this chapter to draw the reader’s
attention to potential differential diagnoses between postmortem changes and
vitally acquired body alterations and the pitfalls the similarities between some
of them may contain.

2. LIVOR MORTIS (LIVORES, POSTMORTEM LIVIDITY, POSTMORTEM

HYPOSTASIS)

Livor mortis is visible as a usually bluish-violaceous to purple colora-
tion appearing on the lower (dependent) parts of the body within 30 minutes
to 3 hours after death.

After the cardiovascular system has ceased to function, under the influ-
ence of gravity, movement of blood into the dependent parts of the body occurs
(Fig. 1). Livores correspond to hypostasis (gravitational pooling of blood post-
mortem) into the capillaries within the dermis (consisting of the papillary and
reticular layer) in the dependent parts of the body. Therefore, when a subject

Table 1
Intrinsic and Extrinsic Factors Influencing the Onset

 and Extent of Postmortem Changes

Acceleration of onset and extent of postmortem changes

Death occurring in a hot, moist environment/under high ambient temperatures
Body surface insulation by warm clothing or other covering
Considerable time interval elapsed after death until artifactual cooling of the body
Subject was overweight/had a high fat content
Subject suffered/died from underlying infection or sepsis
Subject was intoxicated (e.g., with illicit drugs such as heroin)
Subject suffered/died from open wounds (perforating/penetrating traumatic injuries

such as stab wounds, gunshot wounds, impalement injuries) or during surgical pro-
cedures

Deceleration of onset and extent of postmortem changesa

Death occurred in a cold, dry environment/under low ambient temperatures
Subject was scantily dressed/naked/undressed shortly after death
Subject was stored in a cooling apparatus shortly after death

aThese factors slow the rate of postmortem changes but do in general not alter the underlying
postmortem biological processes.
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has died in a prone position, livores will spread over the front of the body and
when death took place in a supine position, livores will spread over the back
of the body.

2.1. Patterned Appearance and Contact Blanching of Livor
Mortis

Livor mortis frequently is patterned because the appearance of livores is
hindered when the vessels in dependent parts of the body are obstructed as the
result of outer body surface compression. The resulting contact blanching of
livor mortis is seen where prominent parts of the body surface, for example,
areas over bony structures, are firmly adhering to rigid surfaces because of the
weight of the body. In such areas, livor mortis is absent, with the skin in such
parts appearing pale to white. When livor mortis formation is present on the
back of the body, this contact blanching has a typical “butterfly appearance”
over the upper half of the body (Fig. 2). The same phenomenon of a patterned
appearance of livores occurs when tight clothing compresses the involved vessel
lumina (Fig. 3). One has to be well aware of the fact that creasing of the skin
or tight clothing may produce a kind of contact blanching on the neck that
may resemble a ligature mark (Fig. 4). Therefore, the knowledge of the posi-
tion of the head and neck as well as the clothing worn at the time of death is
occasionally highly important to the death investigator.

Contact blanching also may image the exterior of objects that were in
contact with the dependent parts of the body surface during livor mortis for-
mation, and occasionally the distinctive morphological appearance of contact
blanching may give the death investigator valuable hints toward the case in
question (Fig. 5).

Fig. 1. Livor mortis in dependent areas of the body.
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Fig. 2. Intense livor mortis formation on the posterior aspect of a body with
typical “butterfly-like”contact blanching over the scapular region.

Fig. 3. Contact blanching of livor mortis induced by a tight suspender.
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Fig. 4. Contact blanching of livores on the skin of the anterior neck caused
by creasing of the skin. This postmortem phenomenon is easily confused with a
ligature mark by the inexperienced.

Fig. 5. Contact blanching of livores on the back of the body outlining a pistol
that was located under the body when death occured.
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2.2. Chronological Sequence of Livor Mortis Formation

After a first patchy development of livor mortis within 30 minutes to 3
hours after death, livores become confluent. Under moderate to cool climatic
conditions, livores are usually fully developed within 4 to 8 hours postmor-
tem, reaching their maximum intensity after an average of 10 hours postmor-
tem (Table 2). Livor mortis is most intense in cases of sudden death with a
short agonal period and a great circulating blood volume.

In the early postmortem interval, roughly until 12 to 18 hours after death,
livor mortis is not yet fixed. Nonfixation of livor mortis means that livores can
be blanched when a blunt object such as a finger, the hand, or an instrument is
pressed against the skin in areas of livores formation (Fig. 6 A,B). This selec-
tive pressure forces the blood from the engorged dermal capillaries, which
results in a pale to white blanching that quickly refills. The principally same
phenomenon results if the body is moved into a new posture. Livor mortis will
then shift to the dependent parts of the body brought about after body move-
ment. The capability of livores to shift as a result of the gravitational move-
ment of blood is assumed to depend on a prevailing number of intact
erythrocytes within the vascular system: Selective pressure moves the intact
blood cells within the vessels. However, this assumption has been questioned
more than once by different authorities.

After approx 18 to 24 hours, livor mortis becomes fixed, which relates to
the observation that livores can not be blanched by selective pressure on the
outer body surface and the incapacity of gravity to bring livores about to shift.
The time of onset of fixation of livores depends mostly on the ambient tem-
perature the body has been exposed to, that is, high ambient temperatures are
positively correlated with an early onset of fixation of livor mortis and con-
versely. When livor mortis is fixed, a change in body position will have no
effect on the original pattern of livores formation.

Table 2
Sequential Order of Usual Appearance of the Different States of Livor Mortis

Under Moderate to Cool Climatic Conditions

Earliest General Latest
Observation  appearance  appearance  appearance

Patchy beginning of development 0.5 hours PM 2 hours PM 3 hours PM
Full development, confluence 4 hours PM 6 hours PM 8 hours PM
Reaching its maximum of intensity 6 hours PM 10 hours PM 16 hours PM

PM, postmortem.
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Fixation of livor mortis is considered a result of hemolysis of the blood
serum. With the breakdown of erythrocyte membranes during autolysis, the
erythrocytes become pervious for hemoglobin and its derivates with subse-
quent diffusion of hemolytic blood serum through the walls of the vessels
involved in livores formation. In this case, selective pressure over an area of
livor mortis will have no noticeable effect on the movement of blood cells
within the vessels or on the hemolytic coloration of the surrounding tissue.
This theory has also been doubted, but the underlying pathophysiological
mechanisms decisive for nonfixation or fixation of livores have no real practi-
cal value anyway.

It has to be mentioned that cases have been reported where shifting of
livores was observed even after 48 hours or more, but such observations will
be mostly restricted to cases where cold ambient temperatures prevail.

2.3. Color of Livor Mortis

In the early phase of their formation, livores have a reddish color, which
results from the prevailing number of erythrocytes carrying oxygenated hemo-
globin. As the postmortem interval increases, livores intensify and become
darker. The normal color of livor mortis is bluish-violaceous to purple. This
bluish-violaceous to purple color is the result of oxygen dissociation from the
hemoglobin of erythrocytes postmortem and continuous oxygen consumption
from cells that initially survive the cessation of cardiovascular function (e.g.,
liver cells survive cessation of the cardiovascular system for approx 40 min-
utes and skeletal muscle cells between 2 and 8 hours). The resulting product is
deoxyhemoglobin that has typically a bluish-violaceous to purple color.

Fig. 6. Contact blanching of livor mortis within the state of nonfixation of
postmortem lividity. Selective pressure (A) with the hand leads to a pale to
white area of blanching (B).
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2.3.1. Light Reddish-Pink Livores
Light reddish or pink livores are seen in carbon monoxide poisoning,

fatal hypothermia, cyanide poisoning, or after disposal of a body postmortem
under cold ambient temperatures.

2.3.1.1. Carbon Monoxide Poisoning
A light reddish or pink, sometimes described as “cherry red,” coloration

of livores is classically found in carbon monoxide poisoning as a result of
carboxyhemoglobin formation. The assumption often brought forward that a
bluish-violaceous color of the matrix of the nails when found together with a
light reddish color of livores refutes carbon monoxide poisoning as the under-
lying cause of the light reddish coloration of livores must be contradicted
vehemently. This author, as well as others, have seen cases of fatal carbon
monoxide poisoning where the matrix of the nails showed a bluish-violaceous
color despite carbon monoxide hemoglobin concentrations of 50% and more.
In such doubtful cases, laboratory testing of heart blood samples must be per-
formed immediately to avoid exposing other persons to danger at the scene of
death.

2.3.1.2. Hypothermia
Light reddish or pink livores also are seen frequently in fatal hypother-

mia and bodies stored postmortem in a cooling apparatus since cold ambient
temperatures inhibit dissociation of oxygen from the hemoglobin. Oxygen-
ated hemoglobin has a lighter red color than deoxyhemoglobin. Under cold
ambient temperatures (roughly below 15°C), reoxygenation of hemoglobin
does slowly occur postmortem, which is the explanation for the light red color
of livores seen in bodies after storage in a cooling apparatus postmortem. This
reoxygenation of hemoglobin does not occur in livores located in the matrix
of the nails owing to their protection from the gases (and especially oxygen)
of the outside environment by the fingernails. This phenomenon enables the
death investigator to differentiate between the presence of light reddish livores
as a result of postmortem reoxygenation of hemoglobin owing to cold ambi-
ent temperatures and underlying carboxyhemoglobin formation.

2.3.1.3. Cyanide Poisoning
In cyanide poisoning, the cyanide inhibits dissociation of oxygen from

the hemoglobin by blocking the cytochromoxydase activity thus equivalently
leading to a light reddish (or pink) coloration of livor mortis.
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2.3.2. Brownish Color of Livores
A brownish, sometimes described as “chocolate,” color of livor mortis is

seen in poisoning with nitrates, nitrites, or sodium chloride. The reason for
this brown coloration of livores is the formation of methemoglobin.

2.3.3. Greenish Color of Livores
Livores often partially turn to green under the influence of putrefaction

processes due to hemoglobin conversion into sulfhemoglobin.

2.4. Livor Mortis in Internal Organs

Comparable with the development and their location of appearance on
the outer body surface, livores also are found in dependent parts of internal
organs such as the lungs, heart, liver, and kidneys.

In the lungs, internal livores corresponding to accumulation of blood
and transudation of hemolytic serum caused by hypostasis may be occasion-
ally confused with edema of the lungs or pneumonia.

In the heart, internal livores as reflected by a reddish-violaceous discol-
oration zone in the myocardium may mimick fresh infarction (Fig. 7). The
exact location of internal livores in the myocardium is depending on the pos-
ture of the body after death.

Fig. 7. Internal livores seen in the myocardium on the lower cutting edge.



Tsokos194

In the liver, when livores have developed in a right-sided position of the
body, contact blanching deriving from the ribs may be observed (Fig. 8).

Difficulties arising from the presence of livores in internal organs and
their differentiation from underlying diseases are easily solved by microscopic
examination.

2.5. Absence of Livor Mortis

Livores may be sparse or even absent in fatalities with a considerable
loss of blood prior to death, be it from internal sources (e.g., gastrointestinal
bleeding) or as a result of external hemorrhage (e.g., stab wounds or traumatic
amputation of limbs). In most of these cases, the external examination of the
body will already give the explanation for inconspicuous or absent livores by
revealing a possible source of bleeding (e.g., blood smears on the face, espe-
cially around the mouth, resulting from hematemesis or melena; external inju-
ries).

Total absence of livores necessitates at least a blood loss of approx 65%
of the circulating blood volume in adolescents and 45% in infants and chil-
dren. In cases with antemortem anemia (e.g., aplastic anemia, autoimmune
hemolytic anemia, anemia secondary to malignancy, malnutrition, or infec-

Fig. 8. Internal livores seen on the surface of the right lobe of the liver with
contact blanching deriving from a rib. Note the indentation of Glisson’s cap-
sule and the underlying liver parenchyma above as a sequel of chronic lung
emphysema.
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tion) livor mortis may be occasionally hardly noticeable, depending on the
amount of the circulating blood volume, thus determining the total hemoglo-
bin count within the circulation before death. In suntanned or dark-skinned
individuals, livores may be difficult to establish or unnoticeable at all.

In drowning deaths, depending on the submersion time and depth the
body was located underwater, livores may not develop because the vessels
beneath the outer surface of the body (that are normally involved in livor mor-
tis formation) are obstructed as a result of compression by the surrounding
hydrostatic water pressure. If the body is recovered from the water within
roughly 24 hours, livores will often still develop in the then dependent parts of
the body, but whether this occurs or not is highly depending on the water
temperature, which will be a determining factor in whether livor mortis is
already fixed or not. In bodies recovered from very cold water, the appearance
of livores may be observed even after a postmortem interval of 48 to 72 hours.

2.6. Criminal Aspects of Livor Mortis Formation
and Appearance

When a subject has died in a supine position, livores will spread over the
posterior parts of the body, and when death took place in a prone position,
livores will spread over the anterior parts of the body. However, the reverse
assumption that a deceased who has livores on the back of his body has died in
a supine position or that livores found on the front of the body indicate that
this person has died in a prone position may be misleading because, as men-
tioned previously, livores have the ability to shift when the body is moved
into a new position before livor mortis has become fixed.

In hanging deaths, livor mortis will be apparent likewise in the depen-
dent parts of the body, for example, glove-like and stocking-like appearance
of livores on the lower parts of the arms and legs, respectively, as shown in
Fig. 9. However, the finding of livores in the dependent parts of the body
corresponding to hanging does not unequivocally exclude that this body has
not been transferred into this posture postmortem, for example, to conceal a
homicide and pretend a suicidal mode of death.

If a body is found for instance in a supine position, but livores are present
on the anterior parts of the body, this does imply that the body has been moved
a considerable time span after death, namely after fixation of livor mortis.

2.7. Differential Diagnoses

Although rarely, livores, especially when appearing in a circumscribed
pattern, may be confused with subcutaneous hematomas by the inexperienced.
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Within the first 18 to 24 hours after death, proof of contact blanching caused
by selective pressure to the outer body surface will help to differentiate between
hematomas and livores because application of surface compression to an area
of bruising will not cause any blanching. In the later postmortem interval, the
incision of a doubtful skin area will make a clear distinction since no hemor-
rhage will be apparent in the soft tissue beneath livores formation. Livores
occasionally resemble confluent cutaneous bleedings owing to septic dissemi-
nated intravascular coagulation (4).

3. VIBICES (POSTMORTEM ECCHYMOSES, DEATH SPOTS)

Vibices are tiny, most often spot-like, sometimes confluent, oval-to-round,
bluish-blackish hemorrhages of postmortem origin exclusively limited to areas
of livor mortis (Fig. 10). Vibices result from postmortem mechanical rupture
of subcutaneous capillaries and smaller vessels (predominantly veins) result-
ing from an increase in intravascular pressure coming from pooling of eryth-
rocytes in this vascular compartments under the influence of gravity during
livor mortis formation. Histologically, erythrocytes appear intact within vibices
in the early postmortem interval (Fig. 11 A,B). With increasing length of the
postmortem interval, under the influence of autolysis and putrefaction, vibices
diminish in number and intensity due to the breakdown of erythrocyte mem-
branes with subsequent hemolysis and diffusion of hemoglobin and its derivates
into the surrounding tissue.

Fig. 9. Hanging: glove-like appearance of livores on the lower parts of the
arms and on the dependent parts of the legs.
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When livores are sparse, vibices usually are absent. The formation of
vibices is dependent on the hydrostatic pressure within the vessels, which is
defined by both the total amount of the circulating blood volume and the pos-
ture of the body after death. Accordingly, vibices are seen more commonly in
those corpses that are obese rather than in those that are underweight. Vibices

Fig. 10. Vibices strictly limited to livor mortis formation on the back of a
deceased.

Fig. 11. Histology of vibices. Vibices are seen next to two subcutaneous
venules with intact erythrocytes lacking any surrounding inflammatory cellular
response. (A) Panoramic view. (B) Higher magnification.
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are a frequent finding in the dependent parts of the body in hanging deaths,
especially in the lower parts of the legs. The duration of the agonal period
seems to have no influence whether vibices manifest or not.

3.1. Differential Diagnoses

Vibices should not be confused with petechial bleedings as a result of
strangulation or traumatic asphyxia or spot-like or more confluent cutaneous
bleedings due to septic disseminated intravascular coagulation. As a general
rule and most helpful for the differential diagnosis is the fact that the appear-
ance, intensity, and extent of vibices is positively correlated with that of livor
mortis and therefore, vibices are strictly limited to the body parts where livores
are existent. However, a clear distinction between conjunctival and facial pete-
chial bleedings and vibices may be difficult or even impossible in a face-down
or head-down position of the body after death.

From time to time, vibices develop heavily on the body of the deceased
and have a more confluent rather than spot-like appearance. In such cases one
may mistake these postmortem bleedings with vital hematomas (Figs. 12 and
13). When located on the anterior aspect of the neck, vibices occasionally
may be erroneously taken for signs of strangulation, especially when appear-

Fig. 12. Intense vibices formation on the lateral aspect of the chest. In this
case death occurred in a partly right-sided body position and was caused by
acute right heart failure.
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ing together with creasing of the skin resulting in contact blanching of livor
mortis  (Fig. 14).

4. RIGOR MORTIS (POSTMORTEM RIGIDITY, POSTMORTEM

STIFFENING)

Rigor mortis is the stiffening of muscles after death. Rigor mortis is pre-
ceded by a total (primary) relaxation of the musculature immediately after
death. Rigor mortis begins to appear in the muscles of the eyelids and the jaw
(at earliest approx 20 minutes postmortem), the latter becoming tightened
resulting from the stiffening of the masticatory muscles. After that, postmor-
tem rigidity begins to affect larger muscle groups with stiffening of elbow and
knee joints approx 2 to 6 hours after death. However, the rate of onset and
time of full development of rigor mortis is highly variable and, as with all
postmortem changes, for the most part depending especially on the ambient
temperature: High ambient temperatures accelerate the onset and intensity of
rigor mortis, although extremes of cold have been observed to produce a rapid
onset of rigor mortis as well.

In forensic pathological practice, the intensity of rigor mortis is assessed
on a pure subjective basis, meaning whether skeletal muscles offer resistance

Fig. 13. Heavily developed, confluent vibices on the face that are easily
mistaken for vital hematomas.
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when joints are moved (flexion/extension). As a result, the determination of
the state of rigor mortis highly varies from one investigator to the other. In
addition, numerous intrinsic and extrinsic factors affect the development of
rigor mortis (see following sections) and, therefore, using the state of rigor
mortis to estimate the postmortem interval is, in general, of no real value. In
mechanical terms, postmortem rigidity is characterized by a loss of muscle
elasticity and plasticity, an increase in stiffness, and shortening of muscle
length.

4.1. Pathophysiology of Rigor Mortis Formation

Muscles are composed of myofibrils, which are again composed of myo-
filaments. Two types of myofilaments can be distinguished: actin and myosin.
Under the influence of adenosine triphosphate (ATP), actin and myosin form
a contractile compound, actomyosin, which is the basic source of energy for
muscle contraction. After death, ATP formation terminates, and ATP is con-
tinuously consumed (strictly speaking, some ATP is still generated by anaero-
bic glycolysis for a short period of time postmortem, but this can be neglected
in the present context). The theory most often brought forward concerning the

Fig. 14. Vibices formation located on the anterior aspect of the neck in con-
junction with creasing of the skin that resulted in partial contact blanching of
livor mortis. Such findings may mimick signs of strangulation. A dried-up postmor-
tem skin abrasion is additionally present on the right side of the anterior neck.
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underlying pathophysiological musculature changes that lead to postmortem
stiffening of muscles is that with decrease of ATP levels postmortem, actin
and myosin enter into a nonshiftable and rigid state of adhesion until, under
the influence of autolysis and putrefaction, protein disintegration of the myo-
fibrils leads to loosening of rigor mortis (secondary relaxation).

Experimental investigations revealed that the onset of rigor mortis is ear-
lier and more rapidly progressing in red muscles than in white muscles, which
has been attributed to ATP levels falling more rapidly after death in red muscles
than in white muscles (5). However, this observation is highly academic and
of no real value for practical forensic casework.

4.2. Chronological Sequel of the Development
and Disappearance of Rigor Mortis

In cool and temperate climate zones, rigor mortis is usually fully devel-
oped (Fig. 15) after about 6 to 18 hours. Under high ambient temperatures, the
onset of rigor mortis is accelerated and postmortem rigidity may be even fully
developed as early as 1 to 2 hours after death.

Any forceful physical exertion before death will lead to a decrease of
ATP levels within the musculature. It is often mentioned that this ATP decrease

Fig. 15. Fully developed rigor mortis in the upper limbs.
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is the explanation for an accelerated onset of rigor mortis in cases with physi-
cal exhaustion prior to death, for example, in manual strangulation deaths with
violent struggling during the strangulation process. The onset of rigor mortis
also may be very rapid in children or in deaths caused by electrocution. When
the onset of rigor mortis is rapid, its duration is usually shorter than in cases
with delayed onset under equal ambient temperatures.

Rigor mortis develops in all muscles at the same time and at the same
speed. However, because of the different diameters of the muscles involved,
postmortem rigidity becomes noticeable at first in smaller muscle groups.

When fully developed, rigor mortis may lead to such a rigidity of the
body that it may be capable of supporting the whole body weight (Fig. 16). In
such cases, even the most forceful efforts to break down rigor mortis may be
fruitless.

The development of postmortem rigidity usually descends from the head
to the shoulder girdle and arms and then to the legs, a phenomenon that is
known since 1811 as “Nysten’s rule.” This finding can be explained by the
greater diameter of the muscle groups located at joints that are located farther
downwards the body. But no rule is without exception: after forceful physical
exertion of the musculature of the legs (e.g., following a flight on foot) rigor
mortis will develop earlier in the inferior parts of the body than in the superior
parts (most probably a result of muscle activity in the legs with resulting
decrease of ATP levels).

When rigor mortis is broken, which means when the joints are stretched
forcefully against their fixation by rigor mortis, rigor mortis may develop again
when it was not fully developed at this point of time. When it had already
been fully developed, rigor mortis will not return after its breaking.

Fig. 16. When fully developed, rigor mortis may be capable of supporting
the whole body weight.
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In cool and temperate climate zones loosening of rigor mortis, reflected
by a secondary relaxation of the muscles (meaning a decrease in tension after
full development of postmortem muscle stiffening) begins approx 24 to 36
hours postmortem, a finding that is again highly dependent on the ambient
temperature: high ambient temperatures accelerate the time of onset of loos-
ening of rigor mortis and therefore shorten the duration of rigor mortis. Usu-
ally, rigor mortis disappears in the order in which it has appeared, but the
finger joints remain stiff usually for the longest time.

In putrefied bodies, rigor mortis is absent. Rigor mortis may be weak or
even unnoticeable in subjects who suffered from debilitating illnesses prior to
death, in cachectic individuals, or those who died in advanced states of mul-
tiple sclerosis, amyotrophic lateral sclerosis, or Duchenne muscular atrophy.
Table 3 gives an overview on intrinsic and extrinsic factors influencing the
onset of postmortem rigidity.

4.3. “Cadaveric Spasm”

Reports of an instantaneous appearance of fully developed rigor mortis
of the whole body musculature immediately after death, the so-called “cadav-
eric spasm,” appear from time to time in the literature. The true existence of
cadaveric spasm is more than doubtful from the academic point of view, and
this author rejects its true existence completely because a satisfactory patho-

Table 3
Intrinsic and Extrinsic Factors Influencing the Onset of Rigor Mortis

Factors accelerating the time of onset of rigor mortis

Physical exhaustion prior to death (e.g., forceful muscular exertion during a fight or
violent struggle during drowning)

High body temperature/fever at the time of death (e.g., due to hyperthyroidism, infec-
tion, or intoxication)

Convulsions prior to death (e.g., due to underlying epilepsy or drug-induced)
High ambient temperatures

Factors delaying the time of onset of rigor mortis

Debilitating diseases
Cachexia
Cool/cold ambient temperatures
Death after a short agonal period
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physiological explanation for this phenomenon is absolutely lacking. When
personal belongings or leaves are found clutched in the hands postmortem
(Figs. 17 and 18), the logical explanation for this finding is that they were
actually located under the palms when postmortem rigidity set in.

Most reports of cases of cadaveric spasm derive from observations made
on the European battlefields of World Wars I and II. War correspondents as
well as military personnel reported cadavers found in body postures that seemed
illogical when death would have occurred in this particular body position, for
example, bodies lying in a supine position with their arms and hands stretched
out upward. Because it was already established in those days on a scientific
basis that “normal” rigor mortis would not develop in the observed manner in
such a body position (because of primary relaxation of the muscles after death
and gravity-induced falling down of the limbs), the myth of “cadaveric spasm”
was raised. In these cases, the phenomenon of cadaveric spasm is easily
explained by a postmortem movement of the affected bodies, for example,
because of blast waves from explosives that hit the battlefield and flung the
bodies around in which rigor mortis was already fully developed. After this

Fig. 17. A syringe with attached needle found clutched in the hand of a
deceased with known prior intravenous drug abuse. Actually, this individual
died in a prone position and the syringe was located between palm and abdo-
men when rigor mortis set in (no “cadaveric spasm”!).
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blast-wave induced movement of the bodies, the cadavers were found in
unreasonable positions because rigor mortis maintained. Personal communi-
cations to this author from survivors of World War II who as children searched
killed soldiers for valuables, thereby turning the bodies in whom rigor mortis
was, in most cases, already fully developed around, confirm the aforemen-
tioned opinion that the observation of “cadaveric spasm” is in reality the result
of manipulation of body posture postmortem. Another logical explanation may
be the fixation of tetanic convulsion in rigor mortis, which has been observed
in rare cases.

4.4. Rigor Mortis in Internal Organs

Postmortem rigidity does not only affect the skeletal muscles. Rigor mortis
also is found in internal organs such as the myocardium, uterus, gall bladder,
and urinary bladder. As with the skeletal musculature, rigor mortis also is
preceded by a total primary relaxation of all muscles of internal organs. This
muscle relaxation immediately after death explains the finding of leaking out
of urine or seminal fluid from the orificium of the urethra owing to flaccidity
of the urinary bladder and the pelvic diaphragm.

Fig. 18. Leaves and blades of grass found clutched in the hand of a body
recovered from water (no “cadaveric spasm”!).
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The finding of “goose-skin” (“cutis anserina”) after death (Fig. 19) is the
result of postmortem contraction of the Musculi erector pilae in the sequel of
rigor mortis formation.

4.5. Criminal Aspects

Rigor mortis occasionally is helpful in determining whether a body has
been moved after death. If a body is found in an illogical posture, this means a
body position that would not have been maintained under the influence of
gravity (primary relaxation of the muscles after death), this position implies
that the body has been moved after the development of rigor mortis.

Rigor mortis may make the examination of the palms and the inside
aspects of the fingers difficult in such a way that current marks or defense
injuries located here may be overlooked.

Particularly in infants and children, a marked dilation of the anal orificium
may be observed postmortem (Fig. 20). As mentioned before, immediately as
death occurs and preceding the onset of rigor mortis, the whole body muscula-
ture loses its tone. In children a dilatated anal orificium (because of the loss of
tone of the musculature immediately as death occurs) may be fixed by rigor
mortis, and this finding may even persist after rigor mortis has faded. There-
fore, anal dilation alone is not a sufficient marker for penetrative anal abuse of
children prior to death (6).

Fig. 19. “Goose-skin” postmortem.
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Muscle relaxation immediately after death with opening of the eyes and
the mouth with subsequent fixation in rigor mortis may give the face a some-
how grimace-like look postmortem. However, one cannot predict from the
face of a deceased, as often assumed by the unaware, whether this individual’s
last moments were of fear or fright.

5. ALGOR MORTIS (POSTMORTEM COOLING)

Algor mortis is the normal cooling of a body after death as a result of
equilibration of the body with the ambient (environmental) temperature. The
normal rectal temperature in the living is 36.9°C (range, 34.2–37.6°C), but the
assumption that a “healthy” person had a “normal” body (rectal) temperature
at the time of death is often erroneous because many factors influence body
temperature at the time of death (Table 4).

The heat exchange between the body and the surroundings is mediated
by conduction, convection, radiation, and evaporation. The main factors
influencing the fall in body temperature after death are conduction and con-

Fig. 20. Marked dilatation of the anal orificium in an infant postmortem.
Anal dilatation alone is not a sufficient marker for penetrative anal abuse prior
to death.
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vection. Radiation can be usually neglected, but evaporation may become
important if the body itself or the clothing worn by the deceased are wet.

The pace of cooling of a body after death depends, for instance, on the
following:

1. Body weight in relation to surface area (the higher the body weight, the slower
the cooling).

2. Temperature gradient between the core temperature of the deceased and the
ambient temperature (the higher this temperature gradient, the faster the cooling;
exchange of heat between the core and surface of the body is mediated exclu-
sively by conduction).

3. Gender (female individuals have a higher fat content than male individuals, which
results in a slower postmortem cooling of females when compared with males of
identical weight).

4. Environmental conditions and surrounding mediums (e.g., still or flowing water,

Table 4
Individual Factors Potentially Influencing Body Temperature

at the Time of Death

Raise of body temperature at the time of death owing to …

Infectious diseases (e.g., pneumonia, sepsis)a,b

Psychic (“emotional”) stress
Physical activity (e.g., sports, fight, escape)
Central fever (e.g., stroke, intracranial hemorrhage, intoxication with illicit drugs)
Hyperthyroidism
Malignant hyperthermia
Exsiccosis
Administration of neuroleptic medication

Lowering of body temperature at the time of death owing to …

Hypothermia (e.g., prolonged exposure of the subject to a natural cold environment,
artefactual hibernation)

Hypothyroidism
Peripheral arterial occlusive disease
Administration of muscle relaxants

aNote that in elderly people infectious diseases may present without fever.
bWhen estimating the time since death using temperature-based methods, the error owing to

fever is greatest during the first hours postmortem and decreases with the progression of the
postmortem interval.
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draft, wind, sun radiation on the body [with potential re-warming of the body
days after death]),

5. Surface insulation of the body by clothing or other covering such as blankets.
6. Wet clothing.
7. Body posture (faster cooling in a stretched out body position than in a crouched

down position).

After death, the body temperature stays relatively constant, which is
referred to as the “postmortem temperature plateau.” In moderate to cool cli-
mates, this temperature plateau lasts about 1 to 3 hours and is then followed
by a linear rate of cooling of 0.5 to 1.5°C per hour for the next 10 to 16 hours.
Then, as body temperature nears the ambient temperature, the hourly cooling
rate slows down. Water immersion cools a body much more quickly by con-
vection than does exposure to air of the same temperature.

Estimation of the time since death based only on the body (rectal) tem-
perature is often not accurate because the actual length of the temperature
plateau is generally unknown and such an assessment is useless when the body
temperature has approached the ambient temperature.

5.1. Criminal Aspects

Temperature-based nomogram methods for estimation of the time since
death are founded on measurement of rectal temperature and mean ambient
temperature at the death scene, determination of body weight, and the use of
an empirical corrective factor. These factors are considered the most reliable
methods by the leading authorities in the field (1). Such temperature-based
methods and their related formulas are most useful in temperate and cool cli-
mate zones in industrialized countries in which the majority of people dies
indoors with structures of indoor heating but are often useless in warm or
tropical climate zones and outdoor deaths.

6. AUTOLYSIS

Autolysis is “self-digestion” of tissue resulting from the breakdown of
cell function postmortem. After death, when continuous oxygen supply stops
and the cytoplasmatic pH decreases, loss of cell membrane integrity results.
As a result, lysosomes and their digestive enzymes (mainly hydrolases) are
released from the cells. Self-protective mechanisms of cells and tissues from
endogenous noxae break down. Lysosome-rich organs, such as the pancreas,
spleen, and lungs, express signs of autolysis earlier than do organs with a
lesser hydrolytic enzyme content. Autolysis develops faster under warm and
hot ambient temperatures than under cool or cold conditions. Autolysis is



Tsokos210

accelerated by high body temperatures, for example, if the deceased had fever
at the time of death.

At external examination of the body, the earliest sign of autolysis is
detectable as a whitish, cloudy appearance of the cornea. At autopsy, autolytic
changes manifest for instance as a doughy consistency of the parenchyma of
the pancreas with loss of its normal macroscopic architecture on its cut sur-
faces. Liquefaction of the splenic pulp is another early phenomenon of autoly-
sis that may be confused with the softening of the spleen as a sequel of acute
splenitis (“septic spleen”). The lung parenchyma contains a large number of
macrophages whose lysosomes release hydrolytic enzymes during autolysis,
thus leading to a dim appearance of the outlines of cellular structures under
the microscope. The adrenals normally retain their macroscopic appearance
for several days postmortem, but appear flabby with loss of cohesion of the
medulla as a sequel of autolysis. In the stomach, where the secretion of mucus
has stopped after death, gastric acid affects the mucosal surface with resultant
loss of the relief of the gastric mucosa. Postmortem leakage of gastric juice
within the peritoneal cavity as a result of autolytic self-digestion of the gastric
wall has been reported to take place in rare cases. As a result of the breakdown
of erythrocyte membranes, hemolysis of the blood serum occurs. The intima
of larger and smaller arteries becomes a reddish to light brownish, muddy
appearance that is referred to as “imbibition” (Fig. 21). This imbibition is a
result of a hemolytic discoloration of the inner vessel layer.

Fig. 21. Autolytic imbibition as a result of a hemolytic discoloration seen in
the inner vessel layer of the aorta.
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By definition, autolysis is a pure result of endogenous enzyme activity
and bacterial processes play no role. However, destruction of tissue by autoly-
sis and by bacterial processes runs a parallel course and their products are
overlapping. Therefore, it is more an academic question than a matter of prac-
tical relevance whether, for instance, superficial skin slippage is a result of
pure autolysis (as considered by some authors) or if putrefaction processes
play the major part in its development.

Histology is most useful to distinguish whether organ changes seen at
autopsy are a sequel of shock or a manifestation of autolysis; however, this
task can be extremely difficult. For a detailed overview of histological changes
occurring as a result of autolysis, it is referred to the comprehensive review by
Rutty (7).

7. MACERATION

Maceration is sterile autolysis of an unborn fetus who has died in utero
enclosed within the amniotic cavity. The most prominent finding at the exter-
nal examination is skin slippage with underlying brownish-blackish discol-
oration of tissue (Fig. 22). If the amniotic cavity has been opened prior to the
delivery of a stillborn fetus, bacterial putrefaction will alter the morphological
picture of maceration. The presence of maceration without any putrefactive
changes in a recently delivered child is indicative of stillbirth (8).

Fig. 22. Maceration in a stillbirth manifesting as skin slippage with underly-
ing brownish-blackish discoloration of tissue.
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8. PUTREFACTION

Putrefaction is bacterial degradation of soft tissue. After death, when
homeostasis ceases, anaerobic bacteria (mostly Clostridia and Proteus spe-
cies) migrate from the gut into blood vessels and into tissue where they multi-
ply and spread throughout the whole body.

The terms putrefaction and autolysis are often used synonymous in the
Anglo-American literature, but these processes have to be strictly differenti-
ated because, by definition, bacterial processes play no role in the develop-
ment of autolytic changes. On the other hand, autolysis paves the way for
bacteria to spread throughout the body by the breakdown of cell integrity of
the gut mucosa. The term decomposition is often used synonymous with
putrefaction, too. By strict definition, decomposition is the product of soft
tissue degradation by aerobic bacteria (originating from outside environmen-
tal sources), but for practical purposes this differentiation seems far too aca-
demic since both processes can, for the most part, not be distinguished
adequately.

8.1. Factors Accelerating the Onset of Putrefactive Tissue
Changes

Many variables affect the onset, extent, and time course of putrefaction,
but temperature is the most decisive factor. Putrefactive tissue changes develop
faster under warm and hot ambient temperatures than under cool or cold condi-
tions. Putrefaction is accelerated in subjects who died of infectious diseases
(e.g., sepsis, gas gangrene) because blood and organs have already been invaded
by bacteria before death on the one hand and on the other hand body tempera-
ture is usually raised in such fatalities at the time of death.

The administration of antibiotics before death often slows down the
putrefaction process. Because open wounds are a portal of entry for micro-
organisms from the outside environment, those subjects who die with or from
wounds that are wide open and extending far down within the subcutaneous
tissue show accelerated rates of putrefaction. Obesity accelerates the onset of
putrefaction, too.

Putrefaction is delayed in individuals with a considerable loss of blood
prior to death since hemoglobin as well as other proteins from blood cells are
a main source of energy for bacteria involved in putrefaction processes.
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8.2. Pathophysiological Processes and Chemistry
of Putrefactive Organ Changes

The process of putrefaction is catalyzed by autolysis-induced breakdown
products of proteins, carbohydrates, and lipids that serve bacteria as a source
of energy.

Hydrogen sulfide (H
2
S) is the main product of reductive catalysis by

endogenous bacteria. The compound of H
2
S with hemoglobin that is released

from autolytic erythrocytes leads to the formation of sulfhemoglobin, which
is responsible for the characteristic greenish discoloration of putrefied human
bodies.

Venous marbling, or the outlining of superficial epidermal blood ves-
sels, is the result of a combination of autolysis of erythrocytes (postmortem
hemolysis) and intravascular multiplication and growth of intestinal bacteria
that use blood vessels as “through roads” to spread over the entire body.
Whether marbling manifests with a greenish or a more violaceous to muddy-
brownish color is depending on the total amount of sulfhemoglobin formation
within the affected vessels.

The characteristic bloating of a putrefied body is reflected by the swell-
ing of the face, distension of the abdomen and, in males, scrotal swelling as a
result of bacterial gas formation. On palpation, crepitus is noticed. Putrefac-
tive gas has an offensive foul odor and is the volatile final product of bacterial
reductive catalysis. Putrefactive gas is mainly composed of methane, H

2
S,

CO
2
, ammonia, mercaptans, and primary amines. The purging of putrefactive

fluid from mouth and nostrils as well as eversion of the lips and protrusion of
the tongue is the result of an increase of intrathoracic pressure owing to bacte-
rial gas formation within the thoracic cavities.

8.3. Morphology of Putrefaction

The exact chronological order of appearance of putrefactive changes is
highly variable and depending on a broad variety of individual as well as envi-
ronmental conditions. Therefore, it is far beyond the scope of this chapter to
give a nearly satisfactory overview on all morphological findings and the time
frames in which they may have developed in different seasons and climate
zones. However, putrefactive body changes usually follow a sequential order.

The earliest sign of putrefaction is a greenish skin discoloration of the
abdomen, which usually is first visible in the right lower abdominal quadrant.
As this greenish skin discoloration becomes more prominent and spreads over
the whole body, skin slippage with glove-like peeling of the horny skin layer
of the hands, formation of gaseous or putrefactive fluid-filled skin blisters
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Fig. 23. Putrefactive skin blistering. “Strawberry-like” appearance.

(Fig. 23), venous marbling (Fig. 24A–C), purging of putrefaction fluid from
mouth and nostrils (Fig. 25), swelling of the face with bulging of the eyes,
eversion of the lips, and protrusion of the tongue between the teeth and lips,
bloating of the abdomen under tension and, in males, gaseous swelling of the
scrotum and penis (Fig. 26) develops. Hair and nails become loose and can
be easily dislodged. In advanced states, the skin has a brownish-blackish
appearance.

Changes of internal organs as a result of bacterial gas formation are, for
example, dilation of the renal pelvis and the ventricles and vestibules of the
heart. Muddy-brown putrefaction fluid is found within the pleural and perito-
neal cavities. So-called “putrefaction crystals,” yellowish particles composed
of tyrosine and leucine, are found on the surface of internal organs, especially
on the surface and bottomside of the liver, adhering loosened to Glisson’s
capsule, as well as on the capsule of the spleen. The liver shows a spongy
consistency giving both cut sections and histological sections in more advanced
stages a foamy (so-called “swiss cheese-like”) appearance (Fig. 27). The in-
testinal loops are distended as a result of gas formation. The myocardium ap-
pears in a muddy brownish to blackish color and hence, myocardial infarction
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Fig. 24. (A–C) Venous marbling in putrefied corpses.

often escapes macroscopial detection. The brain appears soft to liquified with
loss of the cortical surface structures and shows a dark grayish to green dis-
coloration of cortex, caudate nucleus, trabs, and putamen on cut sections. Gas-
eous bubble formation is seen under mucosal surfaces of internal organs
especially in the stomach and urinary bladder.

Venous marbling is not strictly limited to the outer surface of the body,
this phenomenon is also observed under mucosal or serous surfaces of hollow
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Fig. 25. Purging of putrefaction fluid from mouth and nostrils.

Fig. 26. Gaseous swelling of the scrotum and penis in a putrefied body.
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organs (Fig. 28). In advanced stages of putrefaction, the volume of bacterial
gases produced is usually enough to float solid organs like liver, kidneys, or
spleen when brought into a water bowl at autopsy. The prostate gland is usu-
ally the organ offering most resistance toward putrefaction and may occasion-
ally be used to determine the gender of otherwise totally putrefied human
remains.

8.4. Criminal Aspects

The manifestation of putrefaction can cause interpretational problems
and, accordingly, a death may seem suspicious in a given case. Putrefaction
may mask traumatic injuries that a person sustained before death. On the other
hand, purging of putrefaction fluid from the mouth and nostrils is frequently
confused with blood, for example, deriving from antemortem facial injuries
or originating from a gastrointestinal source of bleeding, by those investiga-
tors unfamiliar with the phenomenon. When tight clothing is worn by the
deceased, putrefactive bloating of the neck region may lead to cutaneous
alterations mimicking strangulation marks. Putrefactive tissue changes of head
and face often make visual identification difficult or impossible at all.

Fig. 27. Cut surface of putrefied liver parenchyma exhibiting a foamy
appearance (“swiss cheese pattern”) surrounding opened vessels’ lumina.
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8.5. Differential Diagnoses

A major problem in forensic autopsy practice is the broad variety of a
number of artifacts produced in more advanced states of putrefaction as well
as the possible overlapping of putrefactive tissue changes with preexisting
diseases, the latter being missed at gross inspection of the affected organ.
Examples are the presence of froth in the heart in a putrefied body that must
not be misinterpreted for air embolism, a flabby appearance of the heart caused
by bacterial gas production that may mimic dilatation of the ventricles and
atria of the heart, venous marbling seen under the mucosa of the esophagus
mistaken for esophageal varicosis, or putrefactive liquefaction of the lung
parenchyma misdiagnosed as edema. Putrefaction fluid within the pleural cavity
may be mistaken for hemothorax or pleural effusions.

However, the prominence of congested subcutaneous venous vessels (Fig.
29), as especially seen in older, cachectic individuals may be mistaken for
venous marbling in otherwise fresh bodies. The documentation of such a false
interpretation in the protocol of external examination in a given case may later
lead to false conclusions when roughly estimating the time since death purely
based on such descriptions in addition to other criteria.

Fig. 28. After opening of the abdominal cavity, venous marbling of the gas-
tric mucosa is shining through underneath the serous surface of the (still intact)
stomach.
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Coma blisters (Fig. 30), that are bullous cutaneous lesions occasionally
found in the setting of coma and caused by intoxication with barbiturates,
benzodiazepines, theophylline, or in carbon monoxide poisoning, may be mis-
taken for skin blistering as a result of putrefaction and, conversely, coma blis-
ters may be overlooked when putrefactive changes of the body have occurred.
Concerning the differential diagnosis, coma blisters are most often located at
sites of dermal compression and appear histologically as subepidermal blister
formation without any epidermal necrosis, but with eosinophilic necrosis of
the eccrine sweat gland coils (9).

Very early onset of a rapid progressive course of putrefactive skin and
tissue changes especially when seen adjacent to wounds, surgical incisions, or
necrotic skin areas, and when found in a circumscribed pattern and accompa-
nied by tissue emphysema (as indicated by crepitus on palpitation), is highly
suspicious for a vitally acquired infection with clostridae (gas gangrene).

9. POSTMORTEM PRESERVATION BY FREEZING

If a body has been frozen immediately after death, for instance, in a freezer
or another type of cooling apparatus with the purpose to hide the corpse, the
rate of postmortem changes slows virtually to zero. Homicides in which the
victim’s body had been hidden in deep-freezes or similar devices have been

Fig. 29. Prominence of congested subcutaneous venous vessels seen on the
anterior aspect of the upper arm of a cachectic 86-year-old-woman. This find-
ing should not be mistaken for venous marbling as a sequel of putrefaction.
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reported (10). In such cases the estimation of the time since death is impossible
based solely on the forensic pathological findings. When a corpse that was frozen
prior to its dumping is thawed again, more advanced putrefaction is usually
observed on the outer body surface than in internal organs. The reason for this
phenomenon is that the enteric flora has in such cases been most often put to
death before any relevant putrefaction of the viscera could occur. Accordingly,
anaerobic bacteria from the outside will have greater effects on the course and
manifestation of putrefaction of the outer body surface than on internal organs.

Freezing of tissues leads to the formation of ice crystals in extracellular
spaces, for example, in the myocardium or liver. When the tissue is rewarmed,
the ice crystals melt. Therefore, the forensic pathologist will only see the after-
effects of freezing of tissue in the extracellular spaces under the microscope
since the specimens were thawed and prepared for histology. These ice crystal
artifacts are described as long, parallel areas that resemble the shape of ice
crystals and expand the extracellular spaces of liver and myocardium (11).

9.1. Freeze-Drying

Freeze-drying, the process of body preservation mediated by sublimation, is
predominately seen in bodies recovered from polar regions and permafrost zones
in Siberia or the Middle East. Such bodies are usually well preserved externally

Fig. 30. Coma blisters on the back of the body of an African male who died
of mixed intoxication with pentobarbital, thiopental, midazolam, and propofol.
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and internally or may show mummification. When freeze-dried bodies are mum-
mified, the internal organs are usually better preserved than in those cases where
mummification occurred under hot environmental conditions.

10. POSTMORTEM ANIMAL DEPREDATION

Postmortem animal depredation is a substantial part of the taphonomic
processes a body undergoes after death (12,13). Although the occurrence
and presentation of such injuries are well known to forensic pathologists, the
morphological appearance of these injuries can be misinterpreted by the con-
sulted medical practitioner or police officers and other investigating authorities.

Postmortem injuries may be inflicted by all kinds of animals irrespective
their size or environmental origin either from land, sea, or air (14–20). The
discrimination between antemortem injury vs postmortem artifacts generally
presents no difficulties because of the total absence of hemorrhage and red-
dening in the tissue adjacent to the wound margins as well as the lack of any
vital reaction under the microscope in the latter cases. Low ambient tempera-

Fig. 31. Tissue defects of the left auricle showing serrated wound margins
with irregular edges. These injuries were caused postmortem by rodents (most
probably mice according to the scene findings).
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Fig. 32. This large tissue defect of parts of the face, right auricle, and scalp
was caused postmortem by water rats.

ture has, in addition to slowing the onset and extent of postmortem changes,
considerable impact on a delayed manifestation of odor of the body, thus mak-
ing the human remains less olfactory absorbing for carnivores and rodents.

10.1. Injuries Caused by Land Animals

The most effective tissue removers are insects and rodents (21–23).
Cutaneous holes and soft tissue defects, for example, made by maggots, espe-
cially when overlapped by tissue shrinkage caused by mummification with
resulting enlargement of the defects, can mimic gunshot wounds or other
mechanical tissue defects that were sustained before death, for example, as a
result of stabbing with sharp-pointed instruments such as knives or scissors.

Skin and soft tissue artifacts caused by rodents may occur as early as
within the first hour postmortem (23). In the majority of injuries inflicted post-
mortem by rodents, the wounds have a circular appearance and the wound
margins are finely serrated showing irregular edges (Figs. 31 and 32). Distinct
parallel series of cutaneous lacerations deriving from the biting action of the
upper and lower pairs of the rodent incisors are diagnostic for rodent activity
(23,24). However, the determination of a distinct rodent species (e.g., rats,
mice) solely based on the morphological appearance of the damage to skin
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Fig. 33. Rounded, regular wound margins caused by a German shepherd post-
mortem. Note the two punctured wounds on the intact skin in the immediate
vicinity to the actual wound margins (arrow) originating from the canine teeth of
the dog.

Fig. 34. Skin lesions caused postmortem by ants. (Courtesy of Dr. Wolfgang
Huckenbeck, Düsseldorf, Germany.)
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Fig. 35. (A) Dermal abrasions caused postmortem by cockroaches. (B) De-
tailed view.

and soft tissue often is unconvincing. The finding of rodent excrements as the
connecting link for the diagnosis of rodent interference to human remains has
been proposed, thus providing the possibility of distinguishing DNA sequences
of the animal itself from those of food residues of human origin (18,25,26).

A broad range of carnivores can be involved in the postmortem destruc-
tion of corpses located in open spaces or indoors (e.g., wild animals such as
foxes and big cats or domestic animals such as dogs and cats). The wound
margins caused by carnivores often appear more regular than those caused by
rodents and V-shaped or rhomboid punctured wounds are often seen on the
intact skin in the immediate vicinity to the actual wound margins (Fig. 33).
Such stab wound-like defects represent canine tooth marks of carnivores’ ori-
gin. An additional criterion for animal depredation by carnivores is the pres-
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Fig. 36. (A,B) Punctured round to oval cutaneous defects caused by Excirolana
japonica, a marine isopod. (C) This specimen of Excirolana japonica was re-
covered from the subcutaneous tissue behind the right auricle after dissection
during autopsy. (Courtesy of Prof. Satoru Miyaishi, Okayama, Japan.)
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ence of claw-induced linear scratch-type abrasions in the vicinity of the dam-
aged skin areas (24).

Insects producing corrosive secretions, for example ants, may cause post-
mortem skin lesions (Fig. 34) that, when located on the neck, may look like
cutaneous marks resulting from manual strangulation. Cockroaches produce
superficial dermal abrasions that may mimick skin diseases. Injuries of cock-
roaches’ origin are typically observed on body regions formerly protected by
tunnel-like layers of clothing such as the arms and legs (Fig. 35A,B).

10.2. Injuries Caused by Marine Animals

In drowning victims or persons whose death led to their deposition in
water or when a body has been dumped in an aquatic environment, postmor-
tem artifacts on the body surface owing to aquatic living structures are often
observed (19,27).

Depending on the given aquatic environment, a broad variety of marine
living structures is involved in tissue destruction of bodies recovered from
water (Fig. 36A–C). Crustaceans are considered the most effective tissue
removers in water, typically leaving oval to round, crater-like dermal lesions
of varying size (Fig. 37).

Sea lice (Natatolana woodjonesi), which are approx 2.5 cm long isopods
that live on the surface of sand in shallow water, are found in aquatic environ-

Fig. 37. Round, crater-like dermal lesions caused by crustaceans postmortem.
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Fig. 38. Facial (A) and auricular defects (B) caused by sea lice (Natatolana
woodjonesi). This body was recovered from the sea within less than 12 hours
submersion time. (Courtesy of Prof. Jules Kieser, Otago, New Zealand.)

Fig. 39. Large shark bite defect on the left arm of a body recovered from
water with significant loss of skin and soft tissue. Note the arch of characteristic
shark tooth marks adjacent to the cleanly incised wound margin. (Courtesy of
Prof. Jules Kieser, Otago, New Zealand.)
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ments worldwide. They are active swimmers when searching for food. Sea
lice can reduce a dead fish to a skeleton in a few hours. Sea lice may cause
bizarre mutilation of submerged bodies as shown in Fig. 38; however, some-
times the animals leave more defined, oval punctate defects, occasionally
resembling shotgun pellet wounds (19).

Starfish cause dermal hematomas by their peculiar mechanism of feed-
ing, namely sucking. When inflicted in the early postmortem interval, these
hematomas have been reported to be easily mistaken for vitally sustained
hematomas (28). When such starfish-induced injuries are present upon a body
that was recovered from water or when starfishes themselves are found adher-
ing to such a corpse, this finding indicates that this body must have been, at
least for a short period of time, located at the bottom of a body of water because
starfishes are not able to swim and are only found at the bottom of their par-
ticular aquatic living space.

Shark bites occur every so often in intact and fragmented bodies found at
sea. Shark bites tend to have cleanly incised edges with significant loss of skin
and underlying soft tissue. The pattern of typical shark bites corresponding to
the triangular shape of their teeth can often be clearly identified (Fig. 39). If
the attack was not witnessed and only parts of the body recovered, it is usually
impossible to determine from the injuries whether death was a result of the
shark attack or if the injuries merely represent postmortem feeding on human
remains (19).

11. MISCELLANEOUS

In contrast to livor mortis, vibices, rigor mortis, algor mortis, autolysis,
and putrefaction, all of which are postmortem phenomena that frequently are
observed in the death investigator’s daily practice, the following postmortem
changes occur only occasionally and under specific intraindividual or envi-
ronmental conditions.

11.1. Postmortem Changes and Injuries to the Skin

11.1.1. Injuries Caused by Handling, Transportation,
and Storage of the Body

Abrasions and lacerations on the skin may be produced by manipulation
of the body during postmortem handling, transportation, and storage (29). When
arising in the early postmortem interval, these postmortem injuries are rela-
tively easily distinguishable from vital injuries by their light yellowish-brown-
ish to golden, shiny appearance in cases were the epidermis is still intact and
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no postmortem skin slippage has occurred as a result of autolysis and/or
putrefaction. These shiny postmortem skin alterations result from loss of the
barrier function of the epidermal layer of the skin with subsequent evapora-
tion of tissue fluid. In doubtful cases, incision of cutaneous injuries of post-
mortem origin will reveal a hardened, slightly flattened area on cut sections
without any hemorrhage in the underlying soft tissue. A similar phenomenon
is observed at pressure points of the body surface without any injuries or loss
of superficial skin layers, respectively. When caused by the fingertips and
nails of the deceased him or herself, typically these skin alterations appear
dried up, yellowish to light brownish with blanching in central portions corre-
sponding to the points of most pressure (Fig. 40).

In skin areas where the epidermis is very thin (e.g., the tip of the nose
and the scrotum), drying up as a result of postmortem evaporation of tissue
fluids occurs. The result is a hardened, light brownish appearance of the affected
epidermal surfaces (sometimes referred to as the earliest stage of mummifica-
tion).

11.1.2. Skin Changes Produced by Corrosives
Corrosives such as acids or alkalis may lead to loss of the epidermal

layer of the skin. Regurgitation of gastric juice may produce skin lesions
resembling to those caused by chemical agents containing corrosives (30).
The running out of gastric juice during the handling or transportation of the
body may produce pale, sometimes band-like, cutaneous alterations that should
not be confused with ligature marks when located on the neck (29).

Fig. 40. (A,B) Marks on the skin of the left thigh caused by pressure from
fingertips and nails of the deceased.
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11.1.3. Skin Changes Produced by Postmortem Urine Leakage
Leaking of urine postmortem may cause extensive skin damage to an

infant on the perigenital skin areas. The same is the case when the infant’s
skin was in contact with a urine-soaked diaper postmortem. One has to be
aware to differentiate these postmortem skin changes from vitally acquired
alterations and not to interpret them uncritically as signs of neglect prior to
death (31). Histologically, no vital reaction will be detected in such skin alter-
ations.

11.1.4. Skin Changes Caused by Resuscitation Procedures
Resuscitation procedures may leave a broad pattern of “injuries” on a

deceased person’s skin. The most common signs corresponding to external
heart massage performed before death are superficial dermal abrasions above
the sternum stemming from the hands of the person performing cardiac mas-
sage (32). As a general rule, these dermal abrasions are better observed at
later time points postmortem than in earlier stages of the postmortem interval
because of postmortem evaporation of tissue fluids out of the superficially
injured epidermis and subsequent drying out of the skin with further progres-
sion of the postmortem interval. Defibrillation leaves typical rectangular marks
on the body surface as shown in Fig. 41.

Fig. 41. Defibrillation marks.
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11.1.5. Washer-Woman’s Skin and Heat-Mediated Changes
Mimicking Washer-Woman’s Skin

In bodies recovered from water or moist environments, the skin of the
palms of the hands and the feet becomes a whitish discoloration of the epider-
mis associated with swelling, wrinkling, and vesicular detachment up to glove-
like peeling, mainly as a result of soaking of the horny layer of the epidermis.
This finding, referred to as washer-woman’s skin, which is seen particularly
after prolonged exposure to water in drowning deaths (Fig. 42), should not be
confused with another special form of skin changes seen on the hands and feet
that are caused by heat (Fig. 43). In the latter, histological examination shows
fluid-filled blisters in the stratum germinativum, hyperchromasia and pali-
sade arrangement of the nuclei, as well as clumping of the erythrocytes corre-
sponding to a morphological variation of a second-degree burn caused by the
special anatomy of skin friction (33,34).

Fig. 42. Washer-woman’s skin formation on the hand in a drowning victim.
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11.2. Drying of Mucosal Surfaces

Postmortem evaporation of tissue fluids and hypostasis after cessation
of circulation leads to drying up of mucosal surfaces, for example, of the lips,
the tip of the tongue, the glans of penis, the glans of clitoris, or the pudendal
lips, thus resulting in a hardened, light-to-dark brown appearance of the affected
mucosal surfaces. Especially a dark brown, sometimes black appearance of
parts of the tip of the tongue should not be confused with an epileptic tongue
bite.

11.3. External Changes of the Eye After Death

As with most postmortem changes, alterations of the eye after death are
accelerated in their onset and intensity under warm ambient temperatures and

Fig. 43. Heat-mediated changes to the hand mimicking washer-woman´s
skin.



Postmortem Changes 233

in dry climates. Under moderate to cool ambient temperatures, approx 3 to 9
hours after death, the cornea becomes a whitish, cloudy appearance that is a
result of autolysis. With further increase of the postmortem interval, the cor-
nea looses its turgor.

If the eyes remain open after death, the areas of the sclera exposed to air
dry out, which results in a first yellowish then brownish-blackish band-like
discoloration zone called “tache noire” (Fig. 44).

The conjunctivae soften and become a light grayish color. In states of
advanced putrefaction, conjunctival petechiae, for example, as a result of
asphyxia, may not only be masked because of sulfhemoglobin production,
giving the conjunctivae a homogenous grayish to light-greenish appearance,
but these petechiae may vanish completely because of postmortem hemolysis
in the course of autolysis.

11.4. Pink Teeth and Nails Phenomenon

Pink discoloration of teeth and nails is a rare postmortem finding that is
thought to derive from hemolysis after exudation of hemoglobin and hemo-
globin derivates. This phenomenon seems to depend on the anatomical pres-
ence of porous structures, an anatomical feature that is found in the dentine

Fig. 44. Tache noir (postmortem interval 7 to 8 hours; opened eyes after
death).
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tubules of the crowns and roots of the teeth (but not in the enamel which is
more compact and therefore not colored) as well as in the fingernails and toe-
nails (35). Most observations of this phenomenon have been described in
association with antemortem cranial blood congestion especially in asphyxial
deaths, such as strangulation, death in a head-down position, and drowning.
The presence of a pink discoloration of teeth and nails has been reported to be
apparent even after postmortem intervals of several months.

11.5. Submalleolar and Thenar Eminence Hypostasis

Postmortem hypostasis in the muscles located in the lateral submalleolar
region and the thenar eminence may mimick antemortem bruising (29). An
incision will show lack of hemorrhage within the muscle tissue.

Fig. 45. Fungi colonization around left nostril and mouth (postmortem inter-
val 2 days; moist environmental conditions).
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11.6. Fungi Colonization

Fungi may colonize the body in every possible location and at each time
during the postmortem interval. However, the eyes are more often affected by
fungi colonization under dry conditions and the mouth and nose are more often
colonized with fungi in moist to wet environments (Fig. 45). This author has
more than once investigated cases where inexperienced physicians mistook
postmortem fungi colonization around mouth and nostrils for dried up edema
fluid as often seen in cases of failure of the left heart.

12. CONCLUSION

It generally is impossible to draw any definite conclusion concerning the
time of death by the appearance of a single postmortem change, or conversely,
to predict what postmortem changes are to be expected in a given case after a
particular postmortem interval has elapsed. Nevertheless, in the very early
postmortem interval (approx within 24 hours after death), in some distinct
cases, particularly the presence and picture of several postmortem changes
may, when analyzed combined with the rectal temperature of the deceased,
give the death investigator valuable hints concerning the time frame in which
the subject most probably has died. The presented tables summarizing the
chronologic order of appearance and sequence of events of distinctive post-
mortem changes such as livor mortis and rigor mortis as well as the comments
on algor mortis (“postmortem cooling”) will prove useful in forensic case-
work to give an approximate estimation of the time since death.

A detailed knowledge of the changes as well as the underlying biological
processes that a human body undergoes after death is essential for every forensic
pathologist and medical examiner, respectively. Especially a good survey of
potential differential diagnoses of the multitude of possible skin alterations
and lesions occurring postmortem is crucial for every death investigator.
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SUMMARY

So far, a reliable determination of the postmortem interval (PMI) of human
bones or skeletal remains is possible neither by morphological examinations
nor by extensive technical investigations. Concerning forensic osteological
practice, in most cases, the question of the length of the PMI can be restricted
to the exclusion of a forensically relevant lay time (in the present context
corresponding to a PMI of >50 years). We reviewed 21 original publications
from the literature and surveyed the results on the basis of our own experience
with macroscopical findings of soil-embedded bones with known lay times. A
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total of 1259 bones and the respective findings were evaluated. Eleven
macromorphological findings are presented that are of relevance when present
and, in addition, five findings that are relevant through their absence for the
determination of a PMI of more than 50 years. In none of the reviewed publi-
cations were these criteria described in soil-embedded bones with a lay time
of less than 50 years. These elaborated findings are a basis for the
macromorphological exclusion of a forensically relevant lay time of soil-
embedded skeletal remains in a given case.

Key Words: Forensic osteology; decomposition; postmortem interval
(PMI); forensically relevant lay time; taphonomy.

1. INTRODUCTION

The find of skeletal remains will always lead to the question of whether
they are of forensic relevance. First of all, the forensic pathologist or anthro-
pologist has to determine whether the bones are of human origin (1,2). If a
nonhuman provenance can be affirmed, forensic interests are limited. If the
bones turn out to be of human origin, on principle three major topics need to
be discussed: (a) The length of the postmortem interval (PMI) elapsed (3), (b)
the presence of signs of perimortem trauma (4), and (c) the identification of
the individual the remains belong to (5,6). In the United States, inquiries
directed to forensic anthropologists by official authorities concerning the length
of the PMI obviously are increasing (7). Experts’ opinions on skeletal remains
suggesting that one is dealing with historical (ancient) material usually allow
one to stop preliminary proceedings for prosecution.

2. LAY TIME ANALYSIS OF SKELETAL REMAINS

Giving an appropriate estimation of the length of the PMI is one of the
most difficult problems dealt with in forensic osteological practice (8–11).
Attention is always called to the necessity of the investigator’s experience
(12,13). In most cases, the circumstances of the finding of the skeletal remains,
their location, as well as other accompanying finds (e.g., burial goods) may
give evidence with respect to the lay time or indicate a historical find (14).
Old maps should be checked for the former existence of graveyards in the
respective area. The orientation or alignment of the excavated skeleton in the
ground, the imprint of a faded coffin, remains of metal coffin trimmings and
fastenings, as well as personal belongings representing burial goods may point
to an official burial.

In finds of bones from modern times, clothing, newspapers, or plastic
bags will allow one to narrow the time frame of the time elapsed since death
or the disposal of the body, respectively. Marks left by vegetation, such as the
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growth of roots from nearby plants and the marks they produce (15), as well
as entomological investigations (16) or pollen analyses (17) are additional
relevant factors for a determination of the PMI.

The fields of forensic pathology and anthropology have for a long time
striven to develop adequate methods to obtain objective and reliable markers
for the determination of the PMI of skeletal remains. Basically, there are mor-
phological studies at hand, both macro- and microscopical, the latter using
different staining methods (18). Scanning electron microscopical investigations
also have been performed (19). In addition, there exist physical, chemical, and
extensive technical investigative techniques (20), such as ultrasonic examina-
tions (21), analysis of amino acid spectrums (12,22), determination of atomic
absorption spectrums of anorganic substances (9), complex analysis of ions,
lipids, and proteins (23), and the analysis of the quantity of nitrogen (24).

2.1. Decomposition and Other Thaphonomic Influences

The above-mentioned methods detect changes of bony tissue caused by
decomposition. In addition to the pure effects of lay time on the morphologi-
cal appearance of skeletal remains, there is a broad variety of factors involved,
each influencing the other, which are difficult to estimate in their specific
effect (25). Lay conditions are determined mainly by soil composition (8,26–
28). Detailed listings of the effect of soil composition on decomposition can
be found in Hunger’s textbook (26). A rough overview of different soils and
their effect on bones was presented by Kunter ([27] Table 1).

Apart from the specific type of soil, there are many other factors influ-
encing lay settings in different dimensions. In the early stages of the PMI,
coffin material and seasons have to be considered. In later stages, factors like
burial depth, seasonal humidity, and soil warming also are relevant (26,27,29).
However, skeletons with identical PMIs from the same graveyard that were
obviously buried in soil of the same composition can show different qualita-
tive and quantitative signs of decomposition (14,27,30).

2.2. Radionuclide Methods

Because of the high variability of the factors that influence lay condi-
tions and the difficulty in assessing these influences on decomposition of skel-
etal remains, the goal is to establish absolute indicators or to develop
investigative methods that depend solely on the PMI. A number of such meth-
ods are based on radionuclide measurements. However, these methods are
expensive, time-consuming, and squander material. The most popular method
is the radiocarbon (C-14) analysis (31). With a half-life of 5730 years for C-
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14, this method is, however, insufficient for a PMI of less than 100 years (32).
For skeletal remains with shorter PMIs, recent research with strontium-90 (33)
and plutonium (34) provided promising results.

2.3. Forensically Relevant Lay Time

Apparently, there are no technical methods available so far that allow a
precise determination of the PMI of skeletal remains for forensic purposes.
For practical casework, it would be most useful that the investigator is able to
exclude cases of nonforensic relevance immediately. First, it has to be deter-
mined on a national and international level, respectively, which PMI has to be
considered as forensically relevant. There are different statute-barred pros-
ecution times to be considered. A period of less than 50 years appears to be, in
most jurisdictions, the most forensically relevant period of time (1,12,35,36).

Diagnostic criteria that are appropriate to exclude a PMI of less than 50
years are therefore highly desirable. Only changes of a given bone that could
under no circumstances appear in lay times more than 50 years would have to
be considered.

Table 1
Soil Types and Their Effect on the State of Preservation

Soil type State of preservation

Loess Good preservation; mostly complete bones
Clayey soil Bones mostly softened; excavation difficult
Rocky soil Bones dispersed or destroyed by stones
Lime resp. chalk

containing soil Bones are often very fragile; smashed and friable; soft
Lime and minerals

containing soil Good preservation of the bones; fossilization if enough iron
and manganese are present

Turf (moor) “Moor corpses”: Quick decalcification of the bones, but pres-
ervation of organic structures; preservation of form and height

Sour soil Worst state of preservation of bones; in most cases no skeletal
remains, only imprints

Sand Chalky Good preservation; heavy fossilization
Dry Good preservation; mummified tissue remains

Modified according to ref. 27.
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2.4. Selection of Appropriate Methods

For practical purposes, methods giving the investigator valuable criteria
for a possible exclusion of a forensically relevant lay time at hand should
require low technical efforts. To evolve exclusion criteria for forensically rel-
evant lay times, tests with various materials under different specified condi-
tions would be necessary. However, a number of reports concerning findings
on recent and historical (ancient) bone material from systematic investiga-
tions or case studies already exist.

2.4.1. Literature Review
A detailed analysis based on the observations and data given in the lit-

erature was conducted to scrutinize whether there exist any macromorpho-
logical findings in soil-embedded bones that have not been described for a
PMI of less than 50 years. In this, the most extensive literature review per-
formed by our study group to date (37), all relevant journals and textbooks as
well as the Medline and other online resources were searched. In our analysis,
only original publications were included where (a) the results were based on
the respective authors’ own macroscopical investigations of soil-embedded
bones and skeletons, (b) the PMI was known, and (c) the results were well
documented. All results were collected, sorted by PMI, and listed by diagno-
sis and description, independent of soil composition.

2.4.2. Results
Twenty-one original publications fulfilling the above-mentioned criteria

were identified; with 1259 individuals examined in total. The highest PMI
was approx 6000 years, the shortest only a few years.

Sixteen criteria were described for soil-embedded bones with a PMI more
than 50 years, 11 of which were relevant through their presence and 5 through
their absence. None of the publications described these criteria for a soil-
embedded lay time of less than 50 years. Figures 1 through 5 display some of
the relevant findings and the results are listed in Tables 2 and 3.

3. DISCUSSION

For the daily routine of estimating the PMI of soil-embedded skeletal remains
(e.g., bones found during construction work), extensive technical methods,
including radionuclide measurements, are too expensive and time-consuming.

For a precise determination of the lay time of bones and skeletal find-
ings, there is no morphological or technical method available that can be con-
sidered adequate to determine a PMI of 100 years or less. With the exception
of the radionuclide methods, all analyses are highly dependent on soil compo-
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sition and lay conditions. Even when in a given case soil samples, geological,
and metereological data, and the like, are available or can be clearly recon-
structed, there still is the possibility that the given skeletal finding could per-
haps not have laid at the location of excavation throughout the whole PMI.

Fig. 1. Diaphysis of a right human humerus. The surface of the bone shows
cuttings and exfoliation (Middle Ages).

Fig. 2. Fragment of a left human tibia. Frayed cortical area up to the bone
marrow region with lifting, heavy decomposition, breaking, and deep chunking
(Middle Ages).

Fig. 3. Diaphysis of a right human humerus. Enlarged exfoliation of the outer
cortical layer and partly darkish stains due to bacterial interference (Middle
Ages).
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If a forensically relevant lay time can be denied irrespective of the pre-
cise determination of the PMI, the question of the precise lay time is irrelevant
to the official authorities. Such an exclusion would be given when a historical
finding is at hand or the PMI is definitely more than 50 years. Therefore, the
elaborated findings derived from the literature concerning an exclusion of a
forensically relevant lay time seem to be valid and reliable. The question

Fig. 4. Fragment of a right human scapula, dorsolateral aspect. Note partly
deep cuttings and torsion of the spina scapulae towards the corpus scapulae
(Middle Ages).

Fig. 5. Phalanx of a human finger. Palmar aspect showing enlarged pow-
dery-layered brushite development (16th century, sarkophagus).
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Table 2
Macromorphological Bone Findings: Earliest Described Phenomena of Soil-
Embedded Bones According to the Literature (Starting With a PMI of 50 Years)

Earliest PMI
Findings (Reference)

No soft tissue coloring left 56 years (30)
Macroscopically no traces of adipocere on outer surface, >50 years (26)

compact bone or bone marrow
Noticeable incisions of humerus head and femur condyles 52 years (30)
Compact bone opening in the direction of the incisions, partly 155 years (38)

polygonally arranged
Longitudinal and transversal incisions of compact bone 200 years (39)
Fraying of outer lamellar system 155 years (38)
Lifting of cortical bone 200 years (39)
Enlarged defects of outer surface >50 years (26)
Torsion of tissue 200 years (39)
Dark brown, earthy color 155 years (38)
Intensive blackish-brownish discoloration due to micro- 155 years (38)

organisms on outer surface
Brushite: White efflorescence on the compacta 155 years (38)
Bone manually breakable 1200 years (30)
Reduced UV-fluorescence of freshly incised surface of limb 100 years (35)

bones (“sandwich,” “centralization”)
Reduced UV-fluorescence of freshly incised surface of smaller 50 years (35)

bones and skull (“sandwich,” “centralization”)
No UV-fluorescence on freshly incised surface 200 years (35)

PMI, postmortem interval; UV, ultraviolet. (Modified according to ref. 37.)

remains whether an expert opinion that is based purely on morphological cri-
teria is acceptable and justifiable or if additional investigations will be neces-
sary and requested by the investigating public authorities.

Apart from the radionuclide methods, which are not precise enough at
all to exclude a forensically relevant lay time, all physical, chemical, and other
technically extensive methods, as well as histological methods, have no basic
advantage when compared with macroscopical methods because all param-
eters that can be measured also are dependent on the lay conditions as well as
on the PMI. Consequently, it must be critically asked whether any technical
effort undertaken to exclude a forensically relevant lay time after a thorough
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macroscopical analysis will have any benefit in providing additional informa-
tion.

The results of our literature evaluation (Table 2) must be verified by
further investigations including, for example, analyses of graveyard excava-
tions and case studies of skeletons with a known PMI and an exclusively soil-
embedded lay time. It must be examined if one of the listed findings shown in
Table 2 is also found in cases with soil-embedded lay times of less than 50
years and under which particular conditions this may occur.

4. PRACTICAL ADVICE

An important precondition for the practical application of the elaborated
findings given in Table 2 is that there are no implications for an open-air lay
condition, such as signs of outdoor weathering. The reported findings are
restricted to soil-embedded lay conditions. Influences of open-air lay condi-
tions cannot be estimated yet.

If one or more of the listed criteria (Table 2) can be applied to a bone or
skeleton examined, under the assumption that there are no signs of an open-air
lay condition, then the forensic anthropological expert judgment would exclude

Table 3
Macromorphological Findings Allowing the Exclusion of a Forensically Relevant

Lay Time of Soil-Embedded Bones (PMI Up to 50 Years)

Outer Surface Appearance
• Macroscopically no adipocere
• Deep incisions of outer compact layer
• Extensive defects on outer surface
• Intense brownish-blackish discoloration due to interference of microorganisms
• Fraying of outer lamellar system
• Lifting of cortical area
• Torsion of tissue
• Attached brushite
• Bone manually breakable

Appearance on freshly cut cross-sections
• Lack of adipocere
• Brushite in bone marrow region
• Reduced UV-fluorescence or total lack of UV-fluorescence

PMI, postmortem interval; UV, ultraviolet.
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a forensically relevant soil-embedded lay time of less than 50 years. The more
of these criteria can be documented for a skeletal finding, the more precise
this statement will be. However, it must be considered that some findings can-
not appear combined because they follow each other in different stages of
decomposition or they are subject to different lay conditions, respectively.
The following examples illustrate this: former deep cuttings on the outer sur-
face of a bone with already frayed outer lamellar systems will not be identi-
fied as they are no longer apparent for the investigator. Under humid lay
conditions, the formation of adipocere is promoted and its presence is there-
fore prolonged (26,40); when adipocere formation has already disappeared,
there will be no brushite development because of the lack of a dry environ-
ment (38).

Some of the reported findings given in Table 2 may be difficult to differ-
entiate between each other. Furthermore, it has been reported that soft tissue
stains were not detectable on a skull after a PMI of only approx 40 years in a
humid clayey soil from a graveyard in Middle Hesse (Germany). According
to observations derived from excavations at a graveyard in Puglia (Italy), nearly
all examined bones had a deep brown color after a PMI of 30 years; this color
correlated with the soil color itself (37).

Based on the results of our review of the literature, we propose to keep to
the macromorphological criteria given in Table 3 that will, if present, allow
the exclusion of a forensically relevant lay time (in the present context corre-
sponding to a PMI of >50 years) of soil-embedded bones (37).
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SUMMARY

Arrhythmogenic right ventricular cardiomyopathy is a heart muscle dis-
ease of unknown cause that is characterized by a gradual loss of myocytes and
replacement by adipose and fibroadipose tissue. Although this condition is
believed to be a selective disorder involving the right ventricle, there have
been reports of concomitant “minor” abnormalities of the left ventricle. Clas-
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sically, left ventricular involvement is considered much less profound than
that of the right ventricle. Nevertheless, right, left, and biventricular involve-
ment and the similarities of pathological lesions might suggest that varying
localizations do not represent separate entities, but instead different expres-
sions of the same disease. Arrhythmogenic ventricular dysplasia plays a role
that should not be underestimated in cases of sudden death, particularly of
younger adolescents. Thus, the question of a correct ex ante diagnosis may
arise in specific cases.

Key Words: Sudden death; arrhythmogenic ventricular dysplasia;
arrhythmogenic cardiomyopathy; genetic aspects; forensic pathology; medi-
colegal aspects.

1. INTRODUCTION

Arrythmogenic right ventricular dysplasia (ARVD) is by far the most
frequent variant of ventricular arrhythmogenic disease. It is a heart muscle
disease that is characterized by a progressive muscular dystrophy of the right
ventricle and an associated transmural deposit of adipose or fibroadipose tis-
sue. The pathological process originates from the subendocardium and
progresses to the endocardium. Because of the different types of replacement
tissue found, various synonyms have been coined, such as “fatty infiltration
of the right ventricle,” “parchment heart,” or earlier, “Uhl’s anomaly” (1).
This type of cardiomyopathy (whose cause is not clearly understood) and the
consequent life-threatening arrhythmias can be histomorphologically distin-
guished from cardiac lipomatosis.

The term “arrhythmogenic dysplasia of the right ventricle” was used for
the first time by Abe and co-workers in 1973 (2). This term was also used by
Fontaine et al. and Marcus et al. (3,4), and by the beginning of the 1980s had
been adopted by most investigators (4–14). Whereas the majority of reports
were of clinical and pathological relevance, only a few publications on this
topic can be found in the medicolegal literature. In 1988, Sigrist et al. (15)
were the first to refer to this possible cause of natural death, and their work
has been followed more recently by a set of casuistic reports (16–18). For the
sake of completeness, the German review article of Zack and Wegener (19)
should also be mentioned here.

Typically, histopathological changes are found in the right ventricle. In
recent years, however, several investigations have reported left ventricular
fibrofatty alterations that occurred either exclusively or in addition to myo-
cardial changes of the right ventricle (8,18,20–23).
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2. CLINICAL FINDINGS

Clinically, arrhythmogenic ventricular dysplasia manifests itself in stress-
dependent precordialgia, palpitations, or recurrent syncopes, which occur typi-
cally after physical exertion. In most cases, the patient’s electrocardiogram
(ECG) at rest does not show any abnormalities. The typical polytopic ven-
tricular tachycardia showing a left bundle branch block is observed only under
stress. Allmann et al. (20) reported that ventricular tachycardias could be
reproduced in affected patients by programmed stimulation or a dose of iso-
prenaline. Whereas no abnormalities usually are displayed by radiological
investigations, echocardiographic methods often give indications of akinetic
or dyskinetic myocardial areas at an early stage. The most sensitive imaging
method is ECG-triggered magnetic resonance tomography, which is believed
to be capable of demonstrating both adipose tissue infiltration as well as mus-
cular motility disorders.

The underlying cause of arrhythmogenic dysplasia is still unclear. In the
literature, the following three possible causative processes are discussed: dys-
ontogenetic factors (congenital aplasia), chronic inflammation (viral infec-
tion), or a genetically regulated degenerative process.

3. GENETIC ASPECTS

Although the report of Uhl (24) referred to an 8-month-old child, the
illness generally manifests during the third decade of life (6,20,25). Published
case reports show that gender distribution appears more or less even, with a
slight tendency to the male gender. Regionally higher frequencies of the ill-
ness, for example, in the Veneto region of Italy (1,26) or on the Greek island
of Naxos (27), suggest at least a genetic disposition to the disease. Genetic
investigations have thus far implicated the involvement of six gene loci, two
of which are located on chromosome 14 and one each on chromosomes 1, 2, 3,
and 17 (28–32). The inheritance of the condition is described as autosomal
dominant. The variant described on Naxos, however, is believed to follow
recessive inheritance with a penetrance of approx 90% (29). In this case, the
affected gene locus is 17q21.

4. GROSS PATHOLOGY

The gross pathological hallmark of ARVD is a muscular degradation of
the right ventricle of varying extent (Figs. 1 and 2). In extreme cases, com-
plete replacement by either adipose or adipose and connective tissue can occur.
Some reports described an extremely thin ventricle wall with substitution of
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Fig. 1. Gross appearance of arrythmogenic right ventricular dysplasia at
autopsy.

Fig. 2. Cut sections through the ventricle of the right heart showing adi-
pose tissue replacing the myocardium. The pathological process progresses to
the endocardium.
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muscular by connective tissue (“parchment heart” [33,34]). More generally,
morphological abnormalities are caused by a substitution of muscular tissue
by either adipose tissue, or a mixture of adipose and connective tissue also
termed “Uhl’s anomaly” (24).

5. HISTOPATHOLOGY

Fibrofatty infiltration of the myocardium has been recognized as a dis-
tinct pathomorphological correlative and a possible cause of sudden heart death
since the end of the 1970s. Nevertheless, uncertainties as to its etiology and
localization and terminological inconsistencies remain. The most commonly
described findings essentially consist of pathological–anatomical evidence of
infiltration and scattered or extensive replacement of the right ventricular
myocardium tissue by adipose tissue, frequently concomitant with fibrous
connective tissue and, more rarely, with inflammatory leukocytic infiltrates.

ARVD is histomorphologically distinguishable from cardiac lipomato-
sis, which is characterized by adipose tissue deposits between muscle fiber
bundles, which themselves exhibit no fat deposits. In contrast, in the case of
ARVD, sharp delimitations between adipose and remaining myocardial tissue
are observed. The remaining myocardium often is partially hypertrophied (Fig.
3) but may appear atrophic as well (Fig. 4A,B) and is embedded in the pre-
dominant adipose tissue either as single fibers or groups of fibers. Myocytes
can appear vacuolated, thus exhibiting fatty degeneration (Fig. 5) or may show
coagulation necroses (Fig. 6). Sometimes they are surrounded by inflamma-
tory, mostly lymphocytic, infiltrates (6,26), which, in contrast to myocarditis,
are not lined up on the surface of the muscle cells (Fig. 7).

The number of reports of cases of left ventricular functional disorders
concomitant with diagnosed right ventricular dysplasia is increasing
(2,17,25,27,34–44). Furthermore, in some published casuistries, histologically
detectable adipose and fibrous infiltrations of the left ventricular myocardium
have been described. However, in all cases a concomitant infiltration of the
right ventricle was present (45–47). The additional infiltration of the left ven-
tricle was regarded as a supplementary diagnostic finding.

A similar situation was found in cases where fatty fibrous myocardial
infiltrations of the left ventricle—limited to the subepicardial layers and not
amounting to the complete substitution of the myocardium—also were dis-
covered (7,47). If the inner layer of the cardiac wall also was affected (Fig. 8),
simultaneous infiltration of the right cardiac wall was always found (10,41).
Only Shrapnel and co-workers have (18) reported a case with a predominant
left ventricular fatty degeneration. The casuistry of Allmann et al. (20) also
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reported on a mainly left ventricular dysplasia concomitant with some detect-
able fatty fibrous centers in the inner layer of the right ventricle.

So far, only one report on isolated localizations of fatty fibrous infiltra-
tions in the myocardium of the left ventricle has been published (22). In an
unpublished observation, the authors examined five cases of ventricular dys-
plasia that were discovered at medicolegal autopsies performed at Heraklion
(Greece) and surroundings (Crete). Two cases deviated from the usual find-
ings. In one case, a nearly equal-sized adipose myocardial infiltration of the
right and left ventricle was found, whereas the second case revealed an exten-
sive, purely left ventricular localization of adipose infiltration. The latter case
displayed extensively developed fibrous connective tissue both in the endocar-
diac as well as in the subendocardiac layer—an image corresponding to that
of right ventricular dysplasia described in the literature. An autopsy series
from northern Italy showed that ARVD was implicated in 20% of cases of the
sudden death of adolescents younger than 20 years of age (1,26).

Fig. 3. Histological appearance of arrhythmogenic right ventricular dys-
plasia with adipose tissue infiltration and hypertrophied myocardial cells.



Arrhythmogenic Dysplasia 259

Fig. 4. Histological appearance of fatty replacement of cardiac muscle in
arrythmogenic right ventricular dysplasia. (A,B) Adipose tissue infiltration is
associated with atrophic myocardial cells.
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Fig. 5. Fatty replacement of cardiac muscle within the right ventricular wall.
High-power view of myocardial cells showing fatty degeneration as displayed by
large vacuoles.

Fig. 6. Right ventricular dysplasia: coagulation necroses of myocytes
not accompanied by any inflammatory reaction.
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Fig. 7. Fatty replacement of cardiac muscle in arrythmogenic right ven-
tricular dysplasia infiltrated by rare isolated lymphocytes.

Fig. 8. Gross pathological appearance of left ventricular fatty degenera-
tion with adipose tissue replacing the subendocardium.
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6. MEDICOLEGAL SIGNIFICANCE

As ever, the proof of lethal cardiac arrhythmia by morphological cor-
relatives represents a medicolegal challenge in cases of sudden, unexpected
deaths, in particular of young individuals. A possible cause that was most
often overlooked previously would be a ventricular dysplasia that occurs mainly
in the right chamber. This could explain the occurrence of ventricular
arrhythmias on a pathogenetic basis.

Apart from recognizing the actual cause of death, further questions can
arise in medicolegal practice. The compilation of several studies by Schmidt
et al. (34) revealed that in 34 cases of sudden death of young adolescents, only
12 displayed initial manifestations of the disease. Thus, the question of a cor-
rect ex ante diagnosis for the remaining 22 cases exists. According to the clinical
literature, a thorough clinical examination is recommended if palpitations,
syncopes, and T-wave inversions in precordial ECG derivations or ventricular
arrhythmias with left bundle branch blocks are detected for otherwise symp-
tomless patients. The examination process should commence with two-dimen-
sional echocardiography. For further clarification, the application of invasive
methods such as angiography and ventriculography is advised. Today, biopsy
of the endocardium is considered to be a diagnostic measure of last resort
(48).

7. OUTLOOK

Arrhythmogenic ventricular dysplasia plays a role that should not be
underestimated in cases of sudden death, particularly in younger people.
Autopsy diagnosis of the actual cause of death should generally not present a
problem: histology can be used to provide evidence of diagnosis. Because of
the possibility of both the right and left ventricle being affected, we recom-
mend that the term arrhythmogenic right ventricular dysplasia should not be
used in the future. A further subdivision of terms is required, using additional
terms such as right- or left-predominant, right- or left-limited, or bilateral ven-
tricular dysplasia. Investigations into genetic disposition promise a decisive
improvement in future clinical diagnoses.
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SUMMARY

Death in anaphylaxis often occurs suddenly and outside hospitals. The
incidence of fatal outcome is not known with certainty but has been estimated
to be about 1% of the total incidence of anaphylaxis per year. The morphology
of anaphylaxis is nonspecific. In rapidly occurring deaths, the only finding
might be visceral congestion. In more prolonged agony, the main findings are
airway obstruction caused by edema and mucous plugging. Microscopical
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examination occasionally reveals edema in the respiratory mucosa, discrete
inflammation with eosinophilia, and epithelial desquamation. The number of
mast cells in different organs and tissues in anaphylactic deaths has hitherto
not been properly evaluated. Furthermore, mast cells that have degranulated
are difficult to identify in postmortem tissues. The development of immuno-
logical methods to detect and quantify mast cell proteases, especially tryptase,
has made it easier to diagnose or confirm anaphylaxis postmortem in quite a
few cases. But tryptase may not be elevated when death occurs very suddenly
and in deaths caused by food anaphylaxis. Moreover, it has been found that
tryptase can be elevated in a few cases believed not to be caused by allergy.
An artifactual increase of tryptase caused by postmortem diffusion from tis-
sues into blood might also occur. Knowledge of the patient’s history and cir-
cumstances of death is of major importance when investigating suspected
anaphylaxis. Tryptase measurements should always be accompanied with
analysis of allergen-specific immunoglobulin E antibodies or, if no allergen is
known, a panel of common airborne and food allergens.

Key Words: Anaphylaxis; mast cell; tryptase; IgE; forensic pathology;
sudden death.

1. INTRODUCTION

Sudden anaphylactic deaths that occur outside hospital, sometimes in
the emergency room, or during medical treatment usually are subject to foren-
sic autopsies. These cases are a source of frustration to the forensic patholo-
gist because the diagnosis of anaphylactic shock is one of exclusion and has
hitherto been based solely on circumstantial evidence, for example, in deaths
immediately after ingestion of certain foods or medications known to cause
allergy or after stings (e.g., wasp or honey bee stings). The forensic literature
on anaphylactic deaths typically comprises numerous case studies and a few
population-based studies. In unclear accidental or out-of-hospital deaths, reli-
able diagnostic methods to confirm or exclude anaphylaxis would be of great
value. Death resulting from anaphylaxis occurs, as reported by witnesses, sud-
denly in most of the cases. With the increasing incidence of allergies world-
wide, it is conceivable that also anaphylactic deaths might show an upward
trend. In a 10-year forensic autopsy material from Sweden, the incidence of
diagnosed fatal anaphylaxis was about 0.2 per 1000 autopsies (source: data-
base of the Swedish National Board of Forensic Medicine). The total inci-
dence of death in anaphylaxis worldwide, may it be in huge countries such the
United States, or even in small countries like Sweden, is largely unknown.
This ignorance can be explained, on the one hand, by the fact that reliable
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methods for diagnosing anaphylaxis postmortem have not been developed until
recently and that unwitnessed deaths caused by anaphylaxis may not be sub-
ject to a careful death investigation on the other. In different epidemiological
studies of anaphylaxis as registered at hospitals and emergency departments,
the percentage of fatal anaphylaxis from the total number of incidents is about
1% (1–3). A retrospective study of unexplained sudden deaths revealed that
13% of the cases might actually have been caused by unrecognized anaphy-
laxis (4).

This review focuses on the postmortem diagnosis of suspected anaphy-
lactic deaths using morphological, biochemical, and immunological methods.

2. ANAPHYLAXIS

Anaphylaxis involves a constellation of symptoms that can be mild or
severe. Fatal outcome may have been preceded by vascular collapse,
angioedema, airway obstruction caused by laryngeal edema, asthma, nausea
and vomiting, diarrhea, palpitations, lightheadedness, itching of palate and
pharynx, pruritus, and urticaria (5). The allergic anaphylactic reaction is an
immunoglobulin (Ig)E-mediated, systemic reaction that is triggered by aller-
gens ingested, injected, or inhaled, in an allergic individual who is sensitized (an
individual who has allergen-specific IgE antibodies) to the allergen involved (6).
The IgE antibodies are bound to high-affinity receptors on mast cells and
basophils and crosslinking of receptors by allergen-bound IgE induces the
release of inflammatory mediators (e.g., histamine), which in turn causes the
immediate reaction.

In some instances, anaphylactoid reactions can occur when mast cells
release their content without mediation of IgE antibodies in response to
endogenic substances, for example, complement factors (7), or in response to
exogenic causes such as opiates (8) or physical exertion (9). In quite a few
cases, the factors that triggered the anaphylactic or anaphylactoid reactions
are never established (10).

3. MAST CELLS

Mast cells, the principal effector cells of anaphylaxis, are found through-
out the body, but mast cells are especially abundant in connective tissue in the
skin and around blood vessels, in the respiratory and intestinal mucosa, and
connective tissue. Mast cells contain metachromatic granules that empty their
contents when stimulated, for example via IgE receptors on the cell surface.
In these granules, histamine and neutral proteases such as tryptase, chymase,
and carboxypeptidase are stored. Mast cells also produce membrane lipid
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mediators, cyclooxygenase and lipoxygenase, metabolites of arachidonic acid,
and cytokines (11,12). Mast cell function and the physiological effects of the
neutral peptidases have been subjected to intense investigation during the last
two decades (13). Two main types of mast cells have been identified: connec-
tive tissue mast cells rich in tryptase and chymase (MC

TC
) and mucosal mast

cells containing tryptase and less chymase (MC
T
; [14]).

4. MAST CELL MEDIATORS

Histamine, serotonin, and heparin are substances stored in mast cells and
also are present in other cells (11,12). Their physiological and biochemical
effects have been known for a long time. In vivo, histamine has been used to
indicate mast cell activation (7). However, histamine is rapidly metabolized
postmortem (15). The more recently characterized neutral proteases are more
stable and have been reported to be located exclusively in mast cells and baso-
phils (16). One of the neutral protease, tryptase, is the most abundant protein
product produced by human mast cells and principally derives from two genes
on chromosome 16p13.3, α-tryptase and β-tryptase (17). Mature β-tryptase is
stored in secretory granules as an enzymatically active tetramer in a complex
with heparin proteoglycan until the cells are activated to degranulate and release
the protease-proteoglycan complex. α-Tryptase is the predominant form of
tryptase detected in normal serum and is markedly elevated in patients with
systemic mastocytosis (18). The release of β-tryptase into the circulation serves
as a clinical marker of mast cell activation (19).

5. MORPHOLOGICAL INVESTIGATIONS TOWARD THE DIAGNOSIS

OF ANAPHYLACTIC DEATHS

5.1. Autopsy Findings

External signs of anaphylactic deaths are rare and, when present, a skin
rash, petechial hemorrhages, and distinct marks after insect stings are usually
unobtrusive. James and Austen (20), who reported autopsy findings in six
cases, demonstrated that the main findings in five of the six cases were located
in the airways and lungs (e.g., laryngeal edema and acute pulmonary emphy-
sema). The sixth person had only unspecific changes of a preceding cardio-
vascular collapse. In a study analyzing 50 insect sting fatalities (21), Barnard
argued that there existed four types of pathology. The first comprises findings
in the respiratory tract, such as laryngeal edema, mucous bronchial secretion,
and acute pulmonary emphysema. The second group exhibits vascular changes.
The third group is defined as anaphylaxis, and the last group applies when the
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principal lesions were found in the nervous system. In the first group, which
includes prominent respiratory findings, the mechanism of death might have
been a local reaction rather than a systemic shock. The group defined as ana-
phylaxis showed no specific anatomical lesions, and five of six individuals
died within 30 minutes. The individuals included in the other groups had a
longer survival time after the insect sting and the corresponding lesions. Vas-
cular congestion and brain edema, meningeal edema, perivascular hemorrhage,
and encephalomalacia could be interpreted as secondary to circulatory shock.

Delage and Irey (22) studied 43 cases of verified fatal anaphylactic reac-
tion caused by drugs or therapeutic agents. An autopsy was performed in 40 of
the 43 cases, and 36 individuals showed pulmonary congestion, 20 a pulmo-
nary edema, 18 intraalveolar bleedings or tracheobronchial secretions, 15 had
a laryngeal edema, and 11 an acute emphysema.

Pumphrey and Roberts (23) studied postmortem findings in 56 cases of
probable anaphylactic deaths classified into deaths caused by venom, food,
and drugs. Upper airway edema was found to be most common in food-related
deaths (62.5%) and was seen in about 30% of the cases included in the other
two groups. In contrast, pulmonary congestion and edema were observed in
73.7% of cases in the venom group and in 85.7% in the drug group but only in
56.3% in the food group. Mucous plugging and acute emphysema were
uncommon, as were petechial hemorrhages. Cutaneous erythema and edema
were seen in only three cases (5.4%).

Thus, autopsy findings in suspected anaphylactic deaths are variable and
appear to depend on the type of allergen and the route of administration as
well as the time between initiation of the allergic reaction and death. The ques-
tion is whether anaphylactic death should be defined in its strictest meaning,
namely that of a sudden vascular collapse, or in a wider sense also including
individuals dying from respiratory failure resulting from upper and/or lower
airway edema (24). However, it seems that rapid anaphylactic deaths (sudden
cardiovascular collapse) may show nothing more than visceral congestion at
autopsy.

5.2. Histology

No case–control or prospective histological postmortem study on ana-
phylaxis is found in the medical literature. In his retrospective study on insect
sting fatalities, Barnard noted that no particular inflammatory cell was seen
histologically in airway edema or at the site of the sting (21). However, Barnard
did not use any specific mast cell stain. Delage and Irey (22) used histological
sections from 40 cases stained with only hematoxylin and eosin. They demon-
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strated an increased number of eosinophils in the splenic red pulp, but no
reference to control cases or statistical calculations were presented. In early
reports on fatal anaphylaxis, similar aggregations of eosinophils in the spleen
and liver were observed (25,26). In another study, Delage et al., using the
hematoxylin-basic fuchsin-picric acid method, found myocardial lesions in
the form of discreet myocyte damage in 80% of 30 cases of anaphylactic deaths
(27). In the retrospective study by Pumphrey and Roberts (23), in 20 of 56
cases histology showed a pronounced eosinophilia in the upper airway edema
and inflammation with epithelial sloughing in cases of mucous plugging.

Counting mast cells in different organs and tissues is one possible post-
mortem approach toward the diagnosis of anaphylactic deaths. Mast cell stains
are based on the metachromatic properties of their cytoplasmic granules, as
first described by Ehrlich in 1879. Several stains for mast cells have been
developed using the metachromatic reaction (28) among which the toluidine
blue stain has been the most commonly used. However, the ability of mast
cells to stain positively seems to vary with the fixatives and staining tech-
niques used (29). The staining time and pH of the buffer can also influence the
outcome (30).

Because mast cells degranulate promptly in anaphylaxis, the number of
visible mast cells might be substantially reduced in postmortem tissues in ana-
phylactic fatalities. The baseline amount of mast cells also may vary consider-
ably between different individuals. No systematic evaluation of mast cell
numbers in the lung or other tissues and organs in anaphylactic deaths has
been performed so far. In one study using the long toluidine blue stain (30), an
increased number of mast cells were found in the lungs in patients with aller-
gic alveolitis and a decreased number was found in deaths from asthma when
compared to lung biopsies from controls (31). However, the number of cases
in this study was too small to allow any statistical calculations. In a few stud-
ies, mast cell counts in the bronchi and lungs have been compared to serum
tryptase- and serum IgE levels, but no correlations were found (32–34). Occa-
sionally, mast cell granules can be observed in the vicinity of a mast cell.
Whether this is caused by recent degranulation or is an artifactual result of
preparation is difficult to evaluate, especially in postmortem tissue samples
(34,35). Experimental studies using electron microscopy can visualize mast
cell degranulation (36), but electron microscopy obviously is not suitable for
postmortem studies.

The basophil granulocyte is a discrete participant in the anaphylactic
reaction, but its contribution in the process is not known (37). The low num-
bers of basophils in the tissues and their similarity to the mast cells in ability
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to take up metachromatic dyes render them less useful than mast cells for a
micromorphological diagnosis with histochemical methods.

5.3. Immunohistochemistry

The earliest attempts to produce antibodies to identify mast cells in tis-
sue samples did not address any specific epitope (38). Antibodies against his-
tamine were found to be effective (39), but because of postmortem instability
of histamine and a lack of specificity for mast cells, they have not been inves-
tigated systematically on postmortem material. Identification of neutral pro-
teases as constituents of the mast cell granules (40,41), and the development
of monoclonal antibodies against mast cell tryptase and chymase (42,43) have
facilitated the identification and typing of mast cells in histological sections.
The potential advantages of immunohistochemistry vs histochemical stains
have been evaluated in a few studies (44) but not on postmortem tissue. These
studies found that tryptase antibodies stained far more cells (morphologically
corresponding to mast cells) than did conventional stains. Antibodies against
tryptase for use in immunohistochemistry have been developed commercially
and can be applied on paraffin-embedded formaldehyde-fixed tissue and are there-
fore suitable for routine pathology and retrospective studies. Apparently,
tryptase antibodies identify far more mast cells than for example does the tolui-
dine blue stain (45).

Chymase antibodies are also available commercially, but until recently
they were not suitable for formaldehyde-fixed tissue and have not been widely
applied to postmortem material. By using a sandwich technique applying both
tryptase and chymase simultaneously, it is now possible to estimate the relative
number of the two subtypes (MC

TC
 and MC

T
) of mast cells in the same tissue

section (46).
Antibodies to identify basophilic granulocytes are those directed against

basogranulin, which could be useful to differentiate between mast cells and
basophils in tissue sections (47).

In summary, increased numbers of cells potentially participating in ana-
phylaxis, for example, mast cells and eosinophils, have been observed in
intravasal locations or within the bronchial mucosa and the parenchyma of the
lungs in cases of anaphylactic death. However, no serious attempts to confirm
and statistically evaluate those findings have been performed so far. More-
over, the potential of immunohistochemistry to diagnose anaphylactic deaths
has not been fully investigated to date.
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6. BIOCHEMICAL AND IMMUNOLOGICAL METHODS

6.1. Histamine

The earliest attempts to measure mast cell degranulation involved mea-
surements of histamine levels in body fluids (48). Although not specific for
mast cells, histamine has been a successful marker for mast cell activation in
vivo (49,50), and the time course of its release and disappearance has been
well documented. For postmortem studies, the catabolism of histamine (half-
life: 2 minutes) is too rapid to make analysis of histamine in serum useful
(51). It would be possible to measure its degradation product methylhistamine
(52), which is more stable in urine, but again in rapid anaphylactic deaths
significant amounts of methylhistamine might not have had time to appear in
urine. Passive diffusion of methylhistamine into extravasal fluids, for example
vitreous humor, might occur postmortem, but to our knowledge such mea-
surements have not been performed.

6.2. Tryptase

Commercial kits for determination of mast cell tryptase, based on the
work of Schwartz et al. (53,54) have been developed (Pharmacia Diagnostics
AB, Uppsala, Sweden). The first version measured only the free form of active
tryptase (β) in serum. A more sensitive method was subsequently developed
(55) that measures both the protein-bound form of protryptase α and its free
form β. The usefulness of tryptase in diagnosing anaphylaxis postmortem was
first demonstrated in 1991 by Yunginger et al. (56). In anaphylactic deaths,
the authors showed differences between food-induced anaphylaxis, in which
tryptase usually was slightly to moderately elevated (the normal concentration of
β-tryptase in healthy, living subjects is 0), and anaphylactoid reactions caused
by radio-contrast media, where tryptase concentrations of as many as 6000
µg/mL were detected. Anaphylactic fatalities due to venom (except for one
case) fell in between these extremes.

In previous studies by Schwartz et al., tryptase was shown to have its
peak concentration in serum  between 1 and 2 hours, with a half-life of 2 hours
(51). It could, therefore, be a marker of ongoing allergic reactions and, more-
over, tryptase was found to be rather stable in blood samples kept under room
temperature for several hours (51).

The study of Yunginger et al. (56) has been followed by some case stud-
ies making use of tryptase as an indicator of anaphylactic deaths (57–60).
However, in a study that included control individuals who had died from vari-
ous well defined causes, Randall et al. (61) found that tryptase was sometimes
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elevated in deaths not clearly related to anaphylaxis. We as well as other
investigators have shown that tryptase is elevated in sudden infant death syn-
drome (63–66), in traumatic deaths (67), and heroin-related fatalities among
drug abusers, among whom 30 to 40% had elevated values of tryptase (34,68).

The reasons for variations of tryptase concentrations postmortem in
nonallergic fatalities are not clear, but one probable factor might be postmor-
tem diffusion of tryptase from lysed tissue mast cells into the blood vessels,
which could explain the consistently higher values in blood samples postmor-
tem, especially from the heart chambers vs femoral blood (69,70). Therefore,
sampling of blood from the femoral vein should be preferred. Because of these
variations, the reference values for tryptase in clinical cases cannot readily be
applied on serum obtained postmortem.

6.3. Measurements of Total Serum IgE and Specific IgE

IgE, as shown by numerous studies, appears to be stable in postmortem
blood samples and experimentally it can be demonstrated even in putrefied
corpses (71). Measuring total IgE in anaphylactic deaths might, however, be
of limited value as elevated values are not synonymous with allergic disease.
Moreover, IgE shows a seasonal variation (72) and may even increase with
the length of the postmortem interval (70). To confirm high postmortem val-
ues of tryptase, measurement of allergen-specific IgE in serum should be per-
formed (e.g., with the Pharmacia CAP system, Pharmacia Diagnostics AB
[73]). If the allergen causing the anaphylactic reaction is known or can be
suspected, IgE analysis against the allergen should be carried out. If the aller-
gen is totally unknown, the serum could be tested against a panel of common
food or airborne allergens (74). However, these tests are less sensitive than
IgE analysis against a single allergen.

6.4. Other Markers of Anaphylaxis

Measurements of mast cell chymase and carboxypeptidase have so far
not been carried out in cases of anaphylactic death. Elevated levels of eosino-
phil cationic protein have been demonstrated together with tryptase in asthma
fatalities and in heroin-related deaths that were believed to have been caused
by anaphylaxis or an anaphylactoid reaction (34). Whether eosinophils play
any role in acute anaphylactic reactions is not known with certainty, but it is
known that eosinophil cationic protein can induce mast cell degranulation (75).

Other indicators of mast cell degranulation and anaphylaxis are angio-
tensin I and II measured in plasma or urine (76), cytokines (77), and
anaphylatoxins (complement split products that can be catalyzed by tryptase)
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in serum (78). However, these are non-specific indirect tests that might possi-
bly be performed postmortem as an adjunct to direct measurements of mast
cell proteases.

7. CONCLUSIONS AND RECOMMENDATIONS

So far, no specific morphology has been found in anaphylactic deaths.
Findings such as visceral congestion, edema and eosinophilia of the laryngeal
and bronchial mucosa, increased numbers of mast cells in the lungs and con-
nective tissue, as well as conspicuous amounts of eosinophils in the capillar-
ies of the liver and spleen are only consistent with the diagnosis.

During the last decade, the knowledge of mast cells, their mediators, and
their role in anaphylaxis has increased, and there are now reliable laboratory
methods to support the diagnosis. However, a definite conclusion that ana-
phylaxis was the cause of death cannot be made without a thorough penetra-
tion of the patient’s history and the circumstances of death. If food-induced
anaphylaxis is suspected, gastric contents could be collected to confirm that a
certain food allergen was ingested prior to death. However, identification of
food allergens in gastric contents has seldom been successful (23).

Tissue biopsies from the larynx, bronchi, lungs, heart, and spleen should
be stained for mast cells and eosinophils, preferably by immunohistochemis-
try. At autopsy, samples of blood should be collected from the femoral vein
for analysis of tryptase, for example, α- and β-tryptase. As stated earlier, in
postmortem serum the concentration of tryptase is sometimes slightly to mod-
erately elevated in control samples. If an elevated value of tryptase is found
and a probable or possible allergen has been identified, a test for allergen-
specific IgE should follow. Otherwise, IgE analysis against a panel of com-
mon food and airborne allergens could be valuable. If the tests render a high
tryptase value in combination with a negative IgE analysis, an anaphylactoid
reaction vs artifactually elevated tryptase concentrations must be further evalu-
ated. The circumstances of death (e.g., physical exertion, intake of antibiotics,
antiinflammatory compounds, and other medications, signs of recent drug abuse)
should be taken into account as well as factors related to the autopsy (e.g.,
method of sampling, hemolysis, length of the postmortem interval).

Systematic studies of postmortem changes in anaphylactic fatalities vs
controls and the access to new immunohistochemical antibodies against vari-
ous mast cell mediators might reveal better micromorphological indicators.
Along with continuing validation of tryptase and chymase assays in postmor-
tem fluids and tissues, a more reliable diagnosis of anaphylactic sudden death
could be reached in the future.
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SUMMARY

Deaths resulting from pulmonary emboli are common. The autopsy dis-
section, documentation, and ancillary studies pertaining to  pulmonary emboli
are important components of evaluating such fatalities. The detection of a saddle
embolism at autopsy does not signify the end of the investigation because the
underlying risk factors still may need to be determined. The gross, micro-
scopical, and genetic findings can distinguish various thrombotic risk factors
and etiologies. Because deaths caused by pulmonary emboli may involve medi-
colegal issues, a dependable protocol is needed for their investigation. In par-
ticular, the timing of a pulmonary embolism may have important medicolegal
consequences. Because of the pathophysiology and propagation of a throm-
bus, one may see a broad histological range of thrombosis and organization.
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Histological examination of residual deep vein thrombus provides the best
opportunity to properly age the thrombus. Understanding the pathogenesis and
pitfalls of venous thromboembolism allows the pathologist to properly certify
the proximate cause of death. Currently, there are DNA techniques that allow
for the postmortem diagnosis of some hereditary thrombophilias. These in-
clude factor V, prothrombin, and methylenetetrahydrofolate reductase muta-
tions. Decedents who are candidates for these tests include those who are
younger than 45 years of age; those whose deaths were related to pregnancy;
those with a history of recurrent or unexplained stillbirths, oral contraceptive
pill use, hormone replacement, or treatment with chemotherapy; those with
weak risk factors (long car ride, flights, obesity); or those with deep venous
thrombosis of undetermined etiology. These tests benefit the investigator, who
is attempting to discern the proximate cause, and potentially the surviving
family members.

Key Words: Forensic pathology; pulmonary embolism; thrombus; he-
reditary thrombophilia; autopsy; postmortem; venous thromboembolism.

1. INTRODUCTION

Venous thromboembolism (VTE) encompasses pulmonary thrombo-
emboli (PE) and deep venous thrombosis (DVT), typically of the pelvic and
lower-extremity veins (1). The incidences of pulmonary embolism and DVT
are difficult to calculate and are commonly underdiagnosed (2–8). Not all
pulmonary emboli are fatal (9). Pulmonary emboli have been estimated to
occur in more than 600,000 patients per year in the United States and result in
50,000 to 200,000 deaths annually (2,6,10). Approximately 11% of patients
with an acute PE die within 1 hour; this accounts for two-thirds of the fatali-
ties caused by PE (6,10). Most people who die of a PE were never appropri-
ately treated because the diagnosis was not made (10). The mortality rate of
an acute untreated PE is 30–35% (11).

VTE is a common immediate cause of death diagnosed by the forensic
and hospital pathologist. Because of the sudden and unexpected presentation,
out-of-hospital deaths caused by  pulmonary embolism are investigated by the
medical examiner/coroner. Hospital deaths caused by complications of therapy
or diagnostic studies also are usually reportable. Fatal  pulmonary emboli that
complicate a proximate injury are under the jurisdiction of the medical exam-
iner/coroner. The prosector must recognize that the detection of a saddle
embolism at autopsy does not signify the end of the investigation. Although
there is a clear immediate cause of death, the underlying risk factors must be
investigated.
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Virchow described three risk factors for thrombosis, which bear his
eponym, Virchow’s Triad. These include endothelial injury, stasis, and hyper-
coagulability (12–14). With the advent of genetic tests, inheritable
thrombophilias may be definitively diagnosed. The majority of idiopathic VTE
are caused by specific coagulation disorders (15). For deaths caused by PE,
postmortem blood samples may be analyzed for the most common causes of
thrombophilic coagulation disorders: mutations in factor V, prothrombin, and
methylenetetrahydrofolate reductase (MTHFR) (16). The benefits of these tests
as clinical screening tools have been debated; however, their role in the inves-
tigation of death is useful (15,17–20).

Because of medical, legal, and familial issues, deaths caused by pulmo-
nary emboli  need to be properly investigated and documented (21). The medi-
colegal investigation of fatal PE commonly includes photographic, written,
and microscopical documentation of the embolism and DVT. In addition, DNA
testing for hereditary thrombophilias is a new option.

2. PATHOGENESIS AND PATHOPHYSIOLOGY

A thrombus may form in the deep leg veins because of endothelial injury,
stasis, and/or a hypercoagulable state. Once the thrombus forms, it can gradu-
ally enlarge as more fibrin and blood are layered (the so-called “lines of Zahn”).
There are three possible fates of the thrombus: lysis, organization with reca-
nalization and resorption, or embolism. Before resolution, the thrombus may
extend further in the veins. Proximal propagation is the most dangerous because
the risk of embolism is greatest from thrombi in the inguinal/proximal leg
veins (22). Because of the pathophysiology of propagation, this proximal throm-
bus is the most recent and therefore least adherent to the vessel wall. In fact,
treatment of a DVT with anticoagulation therapy is aimed to stop the progres-
sion of the thrombus to allow time for the body to naturally lyse or organize
and resorb the thrombus. Heparin and warfarin have no direct thrombolytic
action.

Kakkar et al. (22) examined the natural history of VTE in patients under-
going surgery without anticoagulant prophylaxis. DVT began in the lower leg
veins and had three outcomes: one-third spontaneously lysed, one-third
remained in the calf veins, and one-third extended to the popliteal or femoral
veins. PE occurred only in the group with proximal extension.

Once the thrombus dislodges and travels to the lung, the embolism,
depending on its size and coexisting cardiovascular diseases, interferes with
hemodynamics (6). Increased pulmonary vascular resistance will cause right
heart strain/failure. Inadequate gas exchange occurs because of decreased per-
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fusion, which results in increased dead space and ventilation–perfusion mis-
matches. This, combined with decreased cardiac output, leads to global hy-
poxia (23). Because of the dual blood supply of the lungs (bronchial arteries)
and the rapidity of death, infarction of the lung is uncommon in these sudden
deaths. Pulmonary infarcts may occur, particularly in patients with primary
heart disease (congestive heart failure etiologies) and protracted clinical
courses. Even grossly appearing infarcts, however, may be pulmonary hemor-
rhage and edema caused by ischemia with inflammation and not true tissue
necrosis when viewed microscopically (24).

The initial causes of the thrombus and propagation are the risk factors
related to endothelial injury, stasis, and/or hypercoagulability. Endothelial
injury is typically secondary to trauma of the lower extremity. Blunt injury
that causes a fracture of the leg can result in endothelial injury in addition to
stasis from subsequent inactivity. Hypercoagulability may be due to various
hereditary or acquired (e.g., malignancy, pregnancy) thrombophilias.

Strong risk factors for DVT include lower extremity fractures, major
general surgery (especially lower extremity orthopedic operations), or spinal
cord injury (25). Moderate risk factors include hormone therapy (26), para-
lytic stroke, malignancy/chemotherapy (27,28), history of venous thrombosis,
congestive heart failure etiologies, and the postpartum period (12,29,30). Weak
risk factors include inactivity as the result of prolonged sitting (31,32), obe-
sity (33), varicose veins, and the prepartum period (12).

Thrombophlebitis and phlebothrombosis are two designations for venous
thrombosis. Classically, thrombophlebitis is defined as inflammation of a vein
with secondary thrombosis. Phlebothrombosis is simply a thrombus in a vein.
Because venous thrombosis may lead to inflammatory changes within the vein
wall, thrombophlebitis and phlebothrombosis are considered, by some, as two
designations for a single entity (34). Morphologically, the terms, however,
continue to serve a purpose. For example, there are some fatalities in which
thrombophlebitis is detected in one leg and phlebothrombosis in the other leg.

Although residual thrombus is not always detected, dissection of the leg
veins may provide important information (21). The detection of the thrombus
depends upon where and how extensively the dissection is done. The vast
majority of pulmonary emboli (90%) arise from thrombi of the veins of the
lower extremities and pelvis; however, there are other locations as well.
Thrombi arising from indwelling central venous catheters, upper extremity
veins, and the right heart have been described (24). Once these locations have
been excluded, one may conclude that the entire thrombus embolized to the
lung. Often the gross morphology (diameter, length) of the embolism will allow
one to conclude that it originated in a deep leg vein.
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Because the vast majority of pulmonary emboli arise from the veins of
the lower extremities and pelvis, the rareness of upper-extremity DVT (com-
pared with lower leg) raises interesting questions of pathophysiology. Frac-
tures of bones in the arm can potentially cause as much vascular injury as an
injured leg and the arm is equally immobilized. The frequency of death from a
pulmonary embolism after an isolated upper extremity injury, however, is
minuscule compared with those after leg injuries. This disparity may be related
to several factors, including the ability to ambulate with an upper extremity
injury that would stimulate cardiac output. Prolonged inactivity/immobility,
for any reason, has major health implications, particularly for the cardiovas-
cular system. Inactivity even may play a major role in some of the other risk
factors for VTE (e.g., obesity and increasing age). Cardiovascular decondi-
tioning occurs in astronauts in space because of microgravity (35–37). Mod-
els on earth that study this deconditioning use various bed rest regimens that
demonstrate the extent of cardiovascular compromise from prolonged inactiv-
ity/immobility (36–38). Another factor to consider is the smaller diameter and
shorter length of the deep veins in the arm compared with the leg veins (24).
Thrombi may form in the arm veins, but any subsequent emboli may be too
small to cause pulmonary symptoms (24).

3. DISSECTION AND MORPHOLOGY

PE and DVT have gross and microscopical features that may be impor-
tant in the evaluation of these deaths. The autopsy investigation of fatal PE
commonly includes photographic, written, and microscopical documentation
of the VTE. Bilateral dissection of the deep veins of the pelvis and legs in
VTE deaths can provide valuable information regarding the proximate cause
and manner of death. Even if there is no grossly apparent thrombus, micro-
scopical examination of the veins can be of benefit. One may see microscopi-
cal thrombus or signs of a recently departed thrombus (e.g., phlebitis).

3.1. Gross Pathology

Gross features may allow the differentiation of thromboemboli from post-
mortem clot. These features include the shape, color, size, and the extent of
attachment to the blood vessel. None of these findings is absolute, and one
must be careful of pitfalls. The gross appearance of the classic saddle pulmo-
nary embolism would include a tangled embolism bulging from the proximal
pulmonary arteries that is slightly adherent to the blood vessel and has a het-
erogeneous red–blue–tan appearance (Fig. 1A,B). A typical postmortem clot
will slip out of the blood vessel, has distinct purple (red clot) and tan compo-
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Fig. 1. Gross appearance of pulmonary embolism. (A) In situ pulmonary
embolism. (B) Untangled embolism.
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nents (fibrin/serum), and has the shape of the blood vessel in which it is found.
Pulmonary emboli, however, may also take the shape of the blood vessel in
which they have lodged, particularly if postmortem clot has formed a sheath
surrounding the embolism in the blood vessel. Emboli that arise from very
recent DVT may have a more homogeneous appearance. Because of their patho-
genesis, acute thrombi are more likely to embolize than organizing thrombi,
which have become adherent to the blood vessel wall from the ingrowths of
granulation tissue. Microscopical examination is particularly helpful with
grossly equivocal emboli.

At autopsy, the pulmonary arteries should be incised during the routine
removal of the lung and close attention to the cut surfaces of the blood vessels
(including the vena cava) should be given. Some emboli may lodge in the
right heart and can be missed if they drop out of the vena cava during removal
of the heart (39). Typically, adherent embolism will bulge from the incised
pulmonary arteries. Even after removal of the lungs from the thorax, the
thromboemboli usually will remain lodged in the hilar pulmonary arteries.
The hilum and then the removed and unraveled emboli may now conveniently
be photographed. The pulmonary artery tree should be opened from the hilum
toward the periphery to search for smaller emboli in the lobar and segmental
arteries (24).  Finally, transverse incisions of the pulmonary parenchyma may
disclose emboli in the small peripheral vessels, which tend to protrude above
the cut surface.

Dissection of the leg veins is useful in deaths from PE. Simply “milking”
the upper leg veins is inadequate to include or exclude a DVT. Dissection of
the upper leg veins may be performed with the body in the supine position.
Starting with the already exposed iliac vein, continue the dissection with a
pair of scissors along the medial thigh to expose the femoral veins. Adherent
thrombus may be documented with photographs and microscopical sections.
Microscopical sections of the thrombus should include the adjacent vein wall
and muscle. The popliteal and posterior tibial veins are dissected with the
body in the prone position. Removal and transverse sectioning of the muscles
of the posterior tibial compartment (soleus and gastrocnemius) may reveal
thrombi in leg veins with the characteristic protruding morphology (Fig. 2A,B).
Often the anterior tibial and peroneal veins between the tibia and fibula will
contain thrombi. Even if a thrombus is found on dissection of the first leg, the
contralateral leg has to be dissected as well.

Therapeutic attempts can modify autopsy findings in deaths caused by
PE. These include vigorous resuscitation and use of thrombolytics, which may
partially disrupt or displace the embolism. In these deaths, the absence of a
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Fig. 2. (A) Technique of DVT leg dissection with thrombus (upper cross-
section) and postmortem clot (lower cross-section). (B) DVT as seen at dissec-
tion of the leg. (Fig. 2A reprinted with permission from Spitz and Fisher’s Medi-
colegal Investigation of Death, 3rd ed., Figure XXI, page 779; 1993.)
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saddle embolism at autopsy does not exclude a pulmonary embolism. Histo-
logical examination of the lung will typically demonstrate thromboemboli in
small blood vessels. Removal of the saddle embolism by a tissue harvesting
team who has removed the heart for valve tissue donation also should be con-
sidered. In one such death, the embolism was found undisturbed in the peri-
cardial sac with a chart notation by the recovery team of its discovery at
harvesting.

Postmortem artifacts, particularly related to embalming, should be con-
sidered. Arterial embalming may dislodge postmortem clots in veins that then
may “embolize” toward the heart. Performing a microscopical examination
can distinguish these false emboli. Postmortem clot surrounding a thrombus
in the main pulmonary artery may mask the typical tangled gross appearance
of the PE. Performing serial sectioning of the “clot” and a histological exami-
nation will confirm these true emboli (Fig. 3A,B).

Fig. 3. (A) Gross section of embolism encased in postmortem clot. (B) Mi-
croscopical section of the same embolism (hematoxylin and eosin stain). (Cour-
tesy of Dr. Mark Flomenbaum, Office of Chief Medical Examiner, New York
City, New York.)
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3.2. Histopathology

The age of a DVT may have medicolegal importance. Various micro-
scopical criteria may be used to estimate the age of a thrombus (40). Typi-
cally, one may determine whether a thrombus is acute, organizing, or remote.
Because of individual variability, it is not possible to determine a precise age.
The histological appearance, however, can be compared with the clinical
information (see Section 5). An opinion may be given on whether the age of a
thrombus is or is not consistent with a known history. Because of the patho-
physiology of thrombus formation, there may be thrombi of various ages in
the same vein. Because for medicolegal purposes, the maximum age usually
is most important, adequate sampling of the thrombus is needed. The veins of
both legs, including segments with and without thrombus, may be sampled
with appropriate “right” and “left” designations.

In one case, there were deep-red, slightly granular emboli in the proxi-
mal pulmonary arteries. Microscopically, there were lines of Zahn and fibrin
thromboemboli scattered in distal small pulmonary vessels. Partial recanalized,
gray–tan thrombi of the deep veins of the right lower leg extended to the right
popliteal fossa. At the proximal and distal aspects, the thrombus was deep red.
Microscopically, sections of the deep veins showed thrombi that ranged from
acute to organized. Portions of the thrombus showed fibroblast proliferation
with recanalization, and hemosiderin-laden macrophages (Fig. 4A,B).

Histological examination of the lungs may demonstrate thrombotic lesions
in small arteries. These typically are prior small emboli but also may be seen
with acute larger emboli that have been treated with thrombolytics. Wide-
spread primary thrombosis in the pulmonary artery, though rare, does occur,
particularly with primary pulmonary hypertension. Morphologically, it is dif-
ficult to distinguish emboli from primary thrombi in the small vessels of the
lung. Other findings (e.g., a proximal PE, DVT, or plexogenic pulmonary
arteriopathy) may clarify the pathology (24).

4. THROMBOPHILIAS

There is a subgroup of patients who die of PE without known major risk
factors (19,20,29,30,41). The role of previously unrecognized hypercoagu-
lable states in these deaths can now be further investigated. With the use of
DNA techniques (polymerase chain reaction), new diagnoses of certain genetic
thrombophilias can be made (42,43). In some deaths, the medicolegal investi-
gation of PE may include genetic analysis for particular mutations that increase
the risk of DVT. These include factor V, prothrombin, and MTHFR muta-
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Fig. 4. (A,B) Sections of a DVT from the same leg vein with acute (*) and
organizing (**) morphology (hematoxylin and eosin stain). The acute compo-
nent (*) is a layered mixture of blood and fibrin. The organizing component
shows granulation tissue, neovascularization, and hemosiderin deposition.
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tions. Functional coagulation studies, including factor concentration assays,
are useless on postmortem specimens and of questionable benefit antemortem
during an acute thrombotic event (44). Because the genetic tests involve DNA
analysis, they are well suited for postmortem analysis.

The DNA tests are costly, and the clinical benefits for relatives have
been debated (14,15,17,18). In selected cases, these results may be helpful in
fully elucidating the cause of death. Decedents who are candidates for these
tests include those who are younger than 45 years of age; those whose deaths
were related to pregnancy; those with a history of recurrent or unexplained
stillbirths, oral contraceptive pill use, hormone replacement, or treatment with
chemotherapy (methotrexate or tamoxifen), particularly if cancer-free at
autopsy; those with weak risk factors (long car ride, flights, obesity); or those
with DVT of undetermined etiology.

4.1. Activated Protein C Resistance (Factor V Leiden
Mutation)

Resistance to activated protein C, the most potent endogenous antico-
agulant, is the result of a mutation of the factor V gene (e.g., the Leiden muta-
tion), which results in decreased control of thrombin generation. Normally,
activated factor V augments factor X which leads to the production of throm-
bin. Downregulation of thrombin generation is controlled by activated protein
C, which inactivates factor Va. The Leiden mutation (Arg506Gln) of factor V
makes it more difficult for protein C to inactivate factor V. This leads to pro-
longed thrombin generation.

In North America, the heterozygous factor V Leiden is most common in
Caucasians (up to 7% incidence) and causes an increased risk for VTE of up
to sevenfold (45–47). The homozygous mutation has been reported to result in
an 80-fold increase in relative risk for DVT (45,48,49). The hereditary nature
of the mutation was confirmed by Simioni et al. in 1997, who identified the defect
in at least one first-degree relative of all 41 of their patients who were diag-
nosed with factor V Leiden (47).

4.2. Prothrombin Mutation

The G20210A autosomal dominant mutation in the prothrombin gene is
associated with an increased amount of prothrombin, which promotes the for-
mation of thrombin. The prothrombin mutation is highest in Caucasians (1–
3%) and has an up to threefold increase in relative risk for DVT (21,43,50).
Patients with mutations in both the prothrombin gene and factor V are at an
even higher risk (49).
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4.3. Hyperhomocystinemia

Hyperhomocystinemia (plasma homocystinemia concentration >15 µmol/
L) is a risk factor for venous (and arterial) thrombosis. The mechanism of
thrombosis is unknown; however, hyperhomocystinemia is an independent
risk factor for VTE (12,51). The relative risk for VTE in patients with elevated
homocysteine concentrations (>95th percentile) has been demonstrated to be
twice that of the patients with lower concentrations (15,51,52). The risk of
VTE in patients with both hyperhomocystinemia and factor V mutations is
greater than the sum of the individual risks (52).

Increased concentration of homocysteine is determined partly by enzymes
involved in its metabolism. Mutations in MTHFR and cystathionine-B-reduc-
tase are associated with elevated concentrations of homocysteine. Currently,
there are no clinical tests available for the cystathionine-B-reductase muta-
tions. Hyperhomocystinemia also may be owing to acquired defects. Defi-
ciency in folic acid or vitamins B

12
 or B

6
, increasing age, hypothyroidism, and

renal failure can all affect homocysteine metabolism. Postmortem testing of
homocysteine concentrations is unreliable (19).

4.4. Other Thrombophilias

Other hereditary thrombophilic disorders (autosomal dominant) include
antithrombin, protein C, and protein S deficiencies. Antithrombin inhibits
thrombin and other clotting factors. Proteins C and S promote anticoagulation
through inactivation of factors Va and VIIIa. Mutations in any of these three
factors can result in deficiencies and thereby increase the risk of thrombosis.
Assays on postmortem blood samples for antithrombin and proteins C and S
are not reliable. In addition, their concentrations may be depressed during an
acute thrombotic event, which can result in misleading results (44). Because
these three factors are produced by hepatocytes, liver disease may cause an
acquired deficiency.

The antiphospholipid syndrome is an acquired thrombophilia, which
involves antibodies directed at phospholipid-protein complexes. The cause of
antiphospholipid syndrome may be idiopathic or associated with autoimmune
diseases (e.g., systemic lupus erythematosus), medications, or malignancies.
It increases the risk of thrombosis through inhibition of endothelial activation
of protein C. Clinically, tests for the lupus anticoagulant are performed because
the result may affect anticoagulation management (44).
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5. MEDICOLEGAL ASPECTS OF PULMONARY THROMBOEMBOLISM

The timing of VTE may have important medicolegal consequences (53).
DVT may form in hours, and the resultant embolism often occurs after a sud-
den onset of movement after inactivity. Although immobility because of pro-
longed sitting has been found to be a weak risk factor (12), there has been
interest in the lay press and studies have examined the risk (31,32,54). A review
of nonfatal PE after airplane travel found that the incidence of PE was mark-
edly higher among passengers who traveled by air for more than 5000 km
(31). None of the initial presentations of the PE occurred beyond the jetway in
passengers arriving after long flights (31). Because of study limitations, symp-
tomatic cases that occurred beyond the airport facility and fatalities were not
included.

Most surgical teaching is that a DVT starts “on the table.” The use of
preoperative, operative, and postoperative prophylaxis usually is dictated by
individual patient risk factors and the type and anticipated length of the surgi-
cal procedure (11,12,55). Studies on postoperative PE have found that PE may
present up to 1 month after surgery (25,44). Bergqvist and Lindblad (56) found
that 25% of postoperative PE occurred 15 to 30 days following surgery and
15% occurred more than 30 days after surgery. Some have described intervals
of up to 90 days after an injury or surgery for the occurrence of a pulmonary
embolism (57). For the medicolegal investigator, it becomes more difficult to
find or establish an initiating link when the interval increases beyond several
weeks.

Because of the pathophysiology and propagation of a thrombus, one may
see a broad histological range of thrombosis and organization. Histological
examination of residual DVT gives the best opportunity to properly age the
thrombus. The embolism will typically appear recent and offers little help in
dating the initiating thrombosis. Thorough sampling of the deep leg veins,
with particular attention to the thrombo-endothelial junction, provides the most
information (58). Endothelial proliferation, collagen deposition, hemosiderin,
and neovascularization are common features to note (58).

Depending upon the particulars of an investigation, one may offer an
opinion of the age (and therefore possibly the etiology) of a thrombus. For
example, a woman presents to the emergency department with a swollen ankle.
She has had decreased activity because she injured her ankle several days ago.
A lower fibula fracture is diagnosed, and a surgical pinning is performed. One
day after surgery, she dies of a pulmonary embolism. At autopsy, there is
organizing thrombus in both leg veins. These findings are consistent with the
initiation and development of the thrombus caused by inactivity prior to medi-
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cal attention. The detection of thrombi in both legs is consistent with risk
factors from stasis and decreased mobility as opposed to a direct injury of one
leg. The proximate cause (the blunt injury of the ankle) would be the same;
however, the role of the surgery and subsequent immobility would be reduced.
Medicolegally, this may be important in certain cases of minor injury in which
ambulation from the injury was or was not impaired.

6. CONCLUSION

Despite clinical recognition of risk factors and various prophylactic thera-
pies, VTE remains an unexpected cause of death that cannot be completely
prevented. Because of its association with injury and its sudden appearance,
the forensic pathologist commonly investigates it. The autopsy evaluation of a
pulmonary embolism is enhanced by dissection of the leg veins with micro-
scopical examination. As the availability increases and the cost decreases,
genetic testing will become a common component of the evaluation of these
deaths. Clinicians still need to fully define how this information may alter
patient management; postmortem testing will provide valuable mortality data
and have a positive impact on the living.
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SUMMARY

Suicide represents a global health concern that encompasses a myriad of
biological, psychological, and social factors. Suicide, strictly speaking a man-
ner of death, currently ranks epidemiologically as the 11th leading cause of
death in the United States, accounting for approx 30,000 deaths annually.
Although reports of suicide have existed since the Greek and Roman times,
the trends of suicide specifically in the United States have drastically changed,
especially within the past century. The most striking finding is the significant
increase in suicide rate for both men and women in the second and third decade
of life. The highest suicide rate throughout the 20th century was recorded for
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Caucasian males and increased with advancing age. In the United States, the
national suicide rate decreased by 14% during the last decade of the 20th cen-
tury, dropping suicide from the 8th to the 11th leading contributory cause of
death. Methods of suicide have changed over the century. In 1860, the most
common cause of suicide was hanging, which was supplanted by poisoning in
1900. By 1910, and every decade thereafter, death by firearms has prevailed
as the primary method of choice. Numerous risk factors have been associated
with an increased risk for suicide, such as being divorced or unemployed or
suffering from a physical or mental illness. Individuals with a disease of the
central nervous system have the highest risk of suicide and may commit sui-
cide within a short time period after diagnosis, or in the late stages of the
disease, when the pain and burden have become debilitating. Three mental
illnesses most frequently linked to an increased risk of suicide, namely major
affective disorder, schizophrenia, and neuropsychological sequelae of chronic
alcoholism, are highlighted. The forensic pathologist plays a pivotal role in
classifying the manner of death as homicide, suicide, accident, or natural. Both
an extensive scene investigation and a thorough postmortem examination with
complete toxicological study are warranted in the determination of a suicide.
Although “classic” findings at the scene and at autopsy characterize a suicidal
death, investigators should be astute to features that may have been intention-
ally altered to conceal the accurate manner of death. The psychodynamics of
the suicide autopsy, which must be realistically evaluated in each case, are
discussed in this review. This chapter also addresses causes of suicidal death,
including firearm injuries, hanging, stabbing, self-immolation, and overdose.
Particular attention to findings at autopsy is addressed. Suicide in the United
States is the primary focus of this review because of the wealth of literature
and because it is the authors’ country of residence. Nevertheless, an interna-
tional perspective on suicide with specific consideration of gender differences,
adolescent suicide, and self-inflicted death by firearms is presented that corre-
lates well with United States findings. In summary, this review encompasses
numerous aspects of suicide, including statistics and trends in the United States,
psychosocial characteristics, risk factors, and autopsy findings.

Key Words: Suicide; trends; risk factors; firearms; autopsy; forensic
pathology.

1. INTRODUCTION

The determination of a suicidal death ultimately rests on the reasonable
inferences establishing the self-inflicted nature of the act and the underlying
intent (1). Table 1 indicates certain well-known risk factors. The self-inflicted
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basis of the death may be inferred from the pathological and toxicological
evidence obtained from a postmortem examination. Certain features apparent
on discovery of the victim, such as multiple gunshot wounds of the head, ini-
tially may be construed as homicidal. This presumption may well be over-
come by a thorough autopsy and collection of pertinent historical information
about the decedent. Such investigational evidence may include a detailed scene
analysis, police reports, and the victim’s medical records. Suicidal intent refers
to the decedent’s wish to end his or her life and the knowledge that a particular
act would result in death (1). Explicit expression of intent in the form of the
suicide note occurs in only between 20 and 30% of suicides (2,3). A suicide
note may offer explanations as to the motivations behind a suicide and pro-
vide a healing or blaming role for the survivors. Ho et al. analyzed the suicide
notes of 154 suicides in 1992, accounting for 20% of all suicide victims (2).
The majority of authors of the notes were young females of nonwidowed marital
status, with no history of previous suicide attempts or psychiatric illness, who
held religious beliefs and characteristically wrote passionate letters. Elderly
victims composed notes that were more succinct, less emotional, and included
detailed instructions pertaining to funeral arrangements and allocations of
possessions.

Implicit evidence of intent conveying suicidal ideation may include pre-
mature preparations for death, exclamations of farewell in anticipation of an
impending death, and a previous suicide attempt. Failed suicide attempts are
significant in the psychosocial history of a deceased individual and it is well
known that these attempts occur in greater numbers in females. The
determination of intent may be obscured by a decedent’s history of ethanol
intoxication or mental illness (1); however, these conditions do not necessar-
ily preclude an individual from forming intent. Other self-inflicted mortal acts,
such as Russian roulette, have been hotly debated without resolution as to
whether the underlying motivation is intentional (4,5).

Table 1
Risk Factors for Suicide

• Male
• Caucasian
• Elderly
• Divorced
• Unemployed
• Physical disease
• Mental illness
• Spring and summer seasons
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The self-destructive behavior inherent in a suicide may be divided as a
triad of intrapersonal and interpersonal characteristics, and implementation
(6). The intrapersonal features include both conscious and unconscious inten-
tion, specifically, the awareness of the effects of an individual’s self-destruc-
tive behavior and associated suicidal ideation on others, devices for rescue,
and the psychodynamic factors of anxiety, hostility, and dependency. The
intrapersonal component also includes “ego organization” in the form of
impulsivity versus control, rigidity vs flexibility, and isolation vs relatedness
(6). The interpersonal aspect of self-destructive behavior refers to an
individual’s communicative abilities with others and his or her role in society.
Finally, implementation incorporates the lethality of the suicidal method
selected, taking into account the reversibility and rescue capability of the action.
The contemplation and completion of a suicide encompass a host of
biopsychosocial factors. By delving into the underlying motivations behind a
suicide and addressing the historical trends of suicide, investigators marshal
well-founded support to conclude that the manner of death was suicide.

2. INCIDENCE AND PREVALENCE

The World Health Organization estimates an incidence of 1 million sui-
cides and 10 to 20 times as many attempted suicides worldwide in 2000,
amounting to one death every 40 seconds and one attempt every 3 seconds (7).
Women were three times more likely than men to attempt suicide (8).

Approximately 30,000 individuals committed suicide in the United States
in 2001 (9). The manner of suicide ranked as the 11th leading associated causes
of death in the United States in 2001 (Table 2[9]). Combining both genders and
all ages and races, New Mexico and Montana had the highest suicide rates in
2001 with age-adjusted rates of 20.2 and 19.15 per 100,000, respectively (9).
New York and Massachusetts had the lowest suicides rates with age-adjusted
rates of 6.45 and 6.43 per 100,000, respectively. Between 1990 and 1994,
crude suicide rates in the United States were highest in the west (14.1 per
100,000), followed by the south (13.1), midwest (11.4), and northeast (9.3;
ref. 10). The most popular suicide site worldwide is the Golden Gate Bridge in
San Francisco, which more than 800 suicide victims have chosen since its
opening in 1937 (11).

3. TRENDS

The foregoing analysis of distinctive trends of suicide in the United States
offers a unique perspective on the methods used to commit suicide, especially
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when viewed in combination with a relative mix of gender, race, and age of
the victims.

3.1. Gender, Age, and Race Trends

Suicide rates have exhibited several striking trends during the past cen-
tury in the United States with regard to gender, age, and race of victims. The
most startling change during this period is the increasing youth suicide rate of
both males and females in the 15 to 24 age range. Between 1940 and 1980, the
rate for white males aged 15 to 19 years more than tripled, representing a
231% increase, and doubled for white males aged 20 to 24, a 116% increase
(12). During this same time span, the rate increased by 262% for non-white
males aged 15 to 19 and increased by 182% for non-white males aged 20 to
34. The suicide rate of men older than the age of 65 gradually decreased during
this period. The rates for white and non-white women also increased between
1940 and 1980, although not as drastically as seen in the male counterpart.

Between 1980 and 1992, suicide rates in the United States increased for
persons aged 10 to 19 years and older than 75 years of age (13,14). The rate
increased by 120% (from 0.8 to 1.7) in persons aged 10 to 14 years for both
males and females and in all racial groups (13).  Furthermore, the rate increased
by 28.3% among those aged 15 to 19 years (from 8.5 to 10.9), with a 165.3%
increased rate for black males. The rate also significantly increased in the
elderly population: 11% between 75 and 79 years, 35% between 80 and 84
years, and 15% 85 years and older (14).  Men constituted 81% of suicides of
people aged 65 years or older.

Table 2
The 12 Leading Causes of Death

 in the United States in 2001

1. Heart disease
2. Malignant neoplasms
3. Cerebrovascular disease
4. Chronic respiratory disease
5. Unintentional injury
6. Diabetes mellitus
7. Influenza and pneumonia
8. Alzheimer’s disease
9. Nephritis

10. Septicemia
11. Suicide (manner; from all types of causes)
12. Liver disease
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Suicide rates in the United States decreased by 14% between 1990 and
1999 (8), in turn, dropping the manner of suicide from the 8th to the 11th
overall associated causes of death. Rates decreased in every age bracket, in all
races, and for both men and women during the last decade of the 20th century.
In 2001, 24,672 men and 5950 women committed suicide in the United States,
ranking the manner of suicide 8th and 19th for men and women, respectively,
among leading associated causes of death (9). The manner of suicide ranked
as the third leading associated causes of death in 2001 between the ages of 10 and
34 years, after death by unintentional injury and homicide.

During the past century, certain features of suicidal trends have remained
the same. The suicidal rates throughout the twentieth century have been the
highest for white males and increase with advancing age. In 1999, the suicide
rate in the United States was 10.7 per 100,000, whereas the rates for individuals
over the age of 65 and 85 were 15.9 and 19.2, respectively (8). Although the
number of women aged 65 or older exceeds that of men in this age group in
the population, the suicide rate of men is more than six times that of women
(15). Furthermore, non-Caucasian suicide rates peak by the fourth decade and
subsequently decrease, unlike Caucasian rates, which continue to increase with
age.

3.2. Methods of Suicide Trends

The earliest statistical reports of methods of suicide in the United States
were documented in 1860 as a component of the Eighth Census (16). The
leading cause of suicidal death in 1860 was hanging, followed by poisoning
and firearm. A total of 993 individuals, 789 men and 204 women, committed
suicide. By 1900, poisoning emerged as the leading cause of suicidal death,
followed by firearm and hanging (17). Death by firearm was the primary method
chosen by suicidal individuals every decade thereafter during the twentieth
century in the United States (9,17). Table 3 documents the leading causes of
suicidal death, the suicide rate, the male to female ratio, and the race of sui-
cide victims in the United States between 1860 and 2000 (9,16,17).

Death by firearms has remained the leading cause of suicide in the United
States since 1910 for both men and women (17). Approximately 1 million
firearm deaths were reported between 1933 and 1982 in the United States, of
which suicide comprised 49% of these fatalities (18). Throughout this time
period, the firearm suicide rate exceeded that of homicide. The total number
of deaths by firearm increased by 137% between 1962 and 1993, with suicide
accounting for the largest percentage (19).

An ongoing debate has focused on the relationship between household
gun ownership and increased rate of suicide by firearm (20–24). In a regional
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and state-level analysis of the United States, a high correlation was obtained
between the rates of household firearm ownership and suicide (23). Individu-
als living in a high-gun state (Louisiana, Alabama, Mississippi, Wyoming,
West Virginia, and Arkansas) were 3.8 times more likely to commit suicide
using a firearm as compared to a low-gun state (Hawaii, Massachusetts, Rhode
Island, and New Jersey). In a study of 803 suicides in both Shelby County,
Tennessee and King County, Washington between 1987 and 1990, Kellermann
et al. reported 326 (58%) suicides by firearm occurring in the victim’s home
(24). Handguns were used in 72% of the cases, and the gun had been stored in
the victim’s home in 80% of the suicides by firearms. The majority of subjects
kept guns in the home for months or years prior to their death whereas only a
few victims had acquired the weapon within hours or days of their death. On
this evidence they concluded that the ready availability of firearms increased
the risk of suicide in the home and suggested that individuals should weigh the
benefit of gun ownership when it may raise the possibility of a future suicide in a
family member or self (24).

Table 3
Suicide in United States With Respect to Methods, Gender, and Race:

1860–2000

Hanging/ Males/ White/
Yeara Firearms Poisoning strangulation females non-white

1860b #3 #2 #1 789/204 N/A
1900 (10.2) #2 (2.2) #1 (3.1) #3 (2.0) 15.7/4.7 N/A
1910 (15.3) #1 (4.6) #2 (4.1) #3 (2.4) 23.0/7.2 15.4/11.8
1920 (10.2) #1 (3.6) #3 (1.6) #2 (1.9) 14.5/5.7 10.8/3.6
1930 (15.6) #1 (5.7) #3 (2.5) #2 (2.8) 24.1/6.9 16.8/5.0
1940 (14.4)c N/A 4.3 N/A 21.9/6.8 15.5/4.6
1950 (11.4) #1 (4.9) #2 (2.6) #3 (2.4) 17.3/4.9 11.6/4.7
1960 (10.6) #1 (5.0) #2 (2.4) #3 (1.9) 16.6/5.0 11.1/5.4
1970 (11.6)d #1 #2 #3 16.8/6.6 12.4/5.6
1981 (12.0) #1 (7.0) #2 (2.4) #3 (1.6) 19.1/5.8 12.7/6.5
1990 (12.4) #1 (7.6) #2 (2.2) #3 (1.8) 21.2/4.8 13.2/7.2
2000 (10.4) #1 (5.9) #3 (1.7) #2 (2.0) 17.8/4.0 11.3/5.5

Note: aSuicide rate per 100,000 in parentheses. bIn 1860, the rates of the cause of death were
not available, and the male-to-female ratio represents the total number of victims in the United
States. cIn 1940, other causes of suicidal death besides poisoning are grouped with a rate of 10.1.
dIn 1970, the rates of the cause of death were not available.

# Indicates the prevailing cause of death.
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3.3. International Trends
The comparison of suicidal trends between nations affords a unique out-

look into the study of suicide and may provide an innovative method of con-
firming certain higher risk factors for suicide as a means of achieving the
ultimate goal of treatment and prevention. Of the 62 countries reporting sui-
cide data to the World Health Organization between 1960 and 1985, 42 (67.8%)
nations experienced increased suicide rates during this period, reflecting an
average percent change of 37% and a range from 66 to 437% (25). This increase
in rates was primarily observed in the 15- to 20-year age group worldwide.
Diekstra pointed out that this age group constituted the children of the post-
World War II baby boom whose large numbers spurred competition for jobs
and participated in political uproar in Europe and the United States (25). The
year 1910 also marked a peak in youth suicide internationally (25). Of inter-
est, the first scientific conference on suicide was held in 1910 in Vienna, where
Sigmund Freud was one of the participants. The rampant political, social, and
cultural changes at the turn of the twentieth century, which culminated in World
War I in 1914 and the Russian Revolution in 1917, may be associated with the
increase in youth suicide in 1910. Between 1970 and 1984 the male suicide
rate increased in 21 of 23 countries worldwide, while the female rate only
increased in 14 nations (26). During the 1980s and 1990s, two striking trends
were noted internationally, namely a decrease in the female suicide rate and a
substantial rise in the rate of adolescent suicide (27).

In 1990, the highest suicide rates were recorded in Hungary and Sri Lanka,
at 39.9 and 33.2, respectively; Kuwait and Egypt had the lowest rates, at 0.8
and 0.004, respectively (27). The male suicide rate was higher than that of
females in all countries in 1990 except China.  Yip’s study of suicide in Beijing
between 1987 and 1996 found that the female suicide rate for ages 15 to 44
was higher than that of males (28). Of special note, the female rate was 1.6
times greater than that of males in the age group 15 to 24. Factors attributed to
the higher female rate were the patriarchal social structure in China, which
may instill hopelessness and helplessness in women and promote suicide (29).
Furthermore, approximately half of Chinese women commit suicide by inges-
tion of poison, specifically, widely available lethal insecticides and herbicides.

Although an increase in adolescent suicide has been observed interna-
tionally, France has experienced a substantial rise in suicidal behavior among
young adults. Approximately 40,000 adolescents are evaluated annually in a
hospital after a suicide attempt, and the manner of suicide ranked as the second
most common associated cause of death in the 15 to 24 year age group behind
motor vehicle accidents and as the leading associated cause in the 25 to 35
year age group in 1993 (30). Furthermore, a fivefold rise in suicide rate in
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men aged 15 to 24 and a doubling of the rate in women in the same age group
between 1955 and 1987 were recorded in New Zealand (31).

Initially observed in 1910, death by firearm has remained the leading
method of suicide in the United States throughout the twentieth century. In
contrast to the United States, the three most common causes of death in 1862
suicides in northwest London between 1957 and 1977 were as follows: drug
poisoning, in most cases barbiturates, in 48% of the victims, followed by car-
bon monoxide intoxication in 32%, and physical injury in 20% of the subjects
(32). The latter category included all methods of physical self-destruction,
specifically shooting, stabbing, drowning, hanging, jumping from a height,
and self-immolation. In all modalities, males constituted the majority of cases
(77%). Internationally, there also appears to be a striking connection with gun
ownership and increased suicide rates. Killias reported findings of an interna-
tional survey of 11 European countries, Australia, Canada, and the United
States focusing on the relationship between gun ownership and the suicide
rate (33). He observed a direct correlation between household gun ownership
and use of a gun to commit suicide. The highest percentage of households
with a gun (48.0%) and the highest rate of suicides using a gun (72.8 per
million) were recorded in the United States. On the other hand, the Nether-
lands reported the lowest percentage of guns in the household (1.9%) and the
lowest rate of self-inflicted gunshot wounds (2.8 per million).

3.4. Marital Status

Marriage tends to provide protection against suicide for both genders,
more so for men than women (34). Marriage resulting in children confers a
protective factor against suicide, with a rate of 11 per 100,000 (11). Although
never-married people have a suicide rate twice that of married, divorced indi-
viduals have the greatest rate of suicide, where a rate of 69 per 100,000 for
men and 18 per 100,000 for women applies. Never-married, divorced, wid-
owed, or separated individuals with a mental illness have the highest risk of
suicide (34).

3.5. Employment

Unemployment has been closely associated with suicidal risk (35,36). In
particular, unemployed men and women ages 24 to 44 and men ages 45 to 64
are two to three times more likely to commit suicide than employed individu-
als of these ages (35). Unemployment may increase the risk of suicide by
either exacerbating a preexisting or provoking a mental illness, such as
depression, anxiety disorders, and alcoholism. It may also intensify stressful
life situations, including financial hardships and domestic strife.
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Studies have documented an inverse relationship between socioeconomic
status and suicide. In a study of 1210 suicides in Detroit, Michigan, the sui-
cide rate of blue-collar workers was 44.2 compared with 17.8 for white-collar
workers (37). The suicide rate of laborers was 4.6 times that of professional-
technical workers. Of the high-status societal positions, several studies have
suggested that physicians and dentists have an increased risk of suicide
(11,38,39), most commonly resulting from substance overdoses rather than
firearms, the primary modality among the general population (11). Physicians
who commit suicide have often suffered from a mental illness, including
depression and substance abuse, in conjunction with a recent professional or
domestic hardship. Individuals with a preemployment psychiatric illness often
are enticed to pursue specific occupations. Persons with a depressive disorder
who seek a high-status position in the medical field are drawn to psychiatry
(40). Artists also have a high rate of suicide, which may be attributed to a
concomitant psychiatric disorder. Artists have a suicide risk 2.25 higher than
that of the general population (41). In a study of 30 creative writers, 80%
suffered from an affective disorder, whereas 43% were afflicted with bipolar
disorder (42).

3.6. Seasons

Contrary to the popular view, suicide frequencies generally peak in the
spring and summer months and are at their lowest in the autumn and winter
months (43). December frequencies fall 10% below other months, and the
Christmas and New Years holidays are the least likely times to commit sui-
cide of the entire year (43,44). Social isolation and stressful situations during
the holiday season can lead to suicidal ideation. However, the support system
offered by family bonding and religious traditions in December may dispel
suicidal thoughts and offer hope and a positive outlook for those contemplat-
ing suicide.

Studies have investigated the relationship between season and method of
suicide (43,45).  Hanging peaked in the spring for both men and women, and
drowning and jumping from heights were most common in the summer months
(45). Traffic suicides experienced a trough in the winter for both genders. The
distribution of suicides throughout the week reveals that the number of sui-
cides is highest on a Monday for both men and women and lowest on Saturday
for men and Sunday for women (46).

3.7. Physical Health

Physical illness has been associated with an increased risk of suicide
(Table 4). Thirty-two percent of suicide victims have received medical atten-
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tion within 6 months of death (11). Patients with diseases of the central ner-
vous system have the highest risk of suicide, with the most common being
epilepsy, multiple sclerosis, spinal cord and head injury, and Huntington’s
disease (11,47). Individuals suffering from a physical illness may experience
a loss of control over their life, leading to helplessness and hopelessness, a
severing of ties with one’s support system, a feeling of mortality, and an
inability to exercise logic and reason (48). The pain often associated with
chronic debilitating diseases forces sufferers to depend on others for all aspects
of daily life, a dependency that may promote suicidal thoughts (47). The tim-
ing of suicide after diagnosis of an illness varies. In certain cases cancer patients
are more likely to commit suicide in the advanced stages of their illness when
their prognosis is poor (49), as opposed to others, who commit suicide within
a short time of receiving their diagnosis, presumably because of the fear of the
consequences that will ensue (50).

3.8. Mental Health

Three psychiatric diagnoses have been closely linked to an increased
risk of suicide: major affective disorder (including unipolar depression and
bipolar disorder), schizophrenia, and chronic alcoholism (Table 5 [34,51]). A
combination of a depressive-mood disorder and substance abuse significantly
increases the risk of suicide, as 70 to 80% of suicide victims are diagnosed
with comorbidity (52). Furthermore, about 90% of adults who commit suicide
have at least one of the Diagnostic and Statistical Manual of Mental Disor-
ders (Fourth Edition) psychiatric diagnoses. The suicidal risk is 3 to 12 times
greater for psychiatric patients than the overall general population. The mean
age of psychiatric suicide victims is generally younger than the typical older
age of suicide victims in the same population (11). The younger age of the

Table 4
Suicidal Ideation Resulting From Disease States

  Physical Emotional

• Highest suicidal risk associated • Loss of control over one’s life
with diseases of central nervous • Severing of ties with support systems
system: epilepsy, multiple • Feelings of impending mortality
sclerosis, spinal cord and head
injuries, Huntington’s disease

• Chronic and debilitating nature
of physical disease
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psychiatric suicides is ascribed to the early-onset illness of major depressive
disorder and schizophrenia. Suicide risk is increased in depressed patients at
the initiation or end of a depressive episode and within 6 months of discharge
from the hospital (11,53). Only 5% of suicidal patients use their prescribed
antidepressants as a mode to commit suicide (54,55). These findings suggest
that these medications may be underprescribed, ineffective in treating a sui-
cidal patient, or may entice an individual with preexisting suicidal ideation to
commit suicide. The volatility of bipolar disorder, which is characterized by
inherent mania marked by irritability and excessive energy and coupled with
the defeating depressive lows, embraces the escape mechanism that suicide

Table 5
Mental Illnesses Associated With Increased Risk of Suicide

Distinguishing characteristics
Mental illness in relation to suicide

Major affective disorder • 25–30% lifetime probability of suicide
(unipolar depression, bipolar disorder) • Depression:

Initiation of end of depressive
episode;
Within 6 months of discharge from
hospital

• Bipolar disorder:
First-degree family member suicide;
History of suicide attempts

Schizophrenia • 10–20% lifetime probability of suicide
• Young male
• Early stage of illness
• Recent discharge from hospital
• High intelligence and expectations
• Illness well-controlled with

antipsychotic medication
Chronic alcoholism • 15–25% lifetime probability of suicide

• Caucasian, middle-aged male
• Unmarried
• Within 6 weeks of interpersonal loss/

conflict
• Increased aggression, psychological

distress
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offers. Risk factors for an individual with bipolar disorder include both a first-
degree family history of suicide and a history of suicide attempts (56).

Approximately 10% of individuals with schizophrenia will commit sui-
cide, whereas two to five times as many will attempt suicide (57). Risk factors
include being young, male, in the early stages of the illness, recently discharged
from the hospital, and possessing high intelligence with high expectations.
Similar to other suicide victims, schizophrenics who commit suicide often
experience a recent loss or stress, feelings of hopelessness and isolation, and a
lack of self-esteem. Paradoxically, schizophrenics are more likely to take their
lives when their symptoms are under control, while compliantly taking their
antipsychotic medications, without reference to an exacerbation of their ill-
ness (58). Explanations for this pattern include postpsychotic depression that
may lead to suicidal ideation or akathisia, an uncomfortable restlessness that
often accompanies antipsychotic medication, which can induce suicidal
behavior. A study by Chute et al. at the Office of the Chief Medical Examiner
in Maryland evaluated 66 individuals with schizophrenia who died suddenly
between 1994 and 1996. Thirteen (20%) schizophrenic victims committed
suicide, compared with approx 6% of suicidal deaths in the general Maryland
population (59). The schizophrenics’ most common causes of death were hang-
ing and jumping from a height. They were less likely to commit suicide by
firearms (<20%), as opposed to 53 to 58% of victims of a self-inflicted gun-
shot wound in the general population in the state.

Alcohol dependence affects 20.1% of men and 8.2% of women over their
lifetimes; 200,000 individuals succumb to alcohol-related deaths annually
(60,61). The majority of alcohol-dependent suicide victims are Caucasian,
middle-aged males who are unmarried and socially isolated (11). As many as
50% had experienced an interpersonal loss or relationship disruption within 1
year and, in many cases, within 6 weeks of their suicide (11,62,63). Alcohol
consumption influences suicidal behavior through a variety of methods. Most
common are its ability to increase aggressiveness and psychological distress,
to crumble barriers during sobriety that protect against suicide in an individual
with preexisting suicidal ideation, and to distort cognitive sensibilities that
impair the development of coping strategies (64,65). Alcohol dependence in
association with comorbid psychopathology, such as major depressive disor-
der, increases the risk of suicidal ideation and attempts. The cause-and-effect
relationship between alcohol consumption and suicidal ideation remains unclear
in that alcohol use may aggravate or ameliorate psychopathology; conversely,
one’s psychopathology may lead an individual to consume alcohol (65).
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4. HIGHLIGHTING THREE POPULATIONS: YOUNG ADULTS,
OLDER ADULTS, AND WOMEN

Special attention should be focused on high-risk groups, specifically ado-
lescents and young unmarried adults and the elderly. Although women have a
lower rate of suicide than men, women are significantly more likely to attempt
suicide. Each of these groups of individuals possesses features that place them
at risk for suicidal behavior.

4.1. Young Adults

The estimated ratio of attempted suicides to completed suicides for ado-
lescents is 200:1 (66), which is significantly higher than that of the general
population with an estimated 10 to 25 attempts for every completed suicide
(8). In a study of 31 suicides in persons who were younger than 18 years of
age, 42% had histories of risk-taking behaviors, including reckless motorcycle
riding, running away from home, auto theft, assault, and truancy (67). Numer-
ous proposed psychosocial factors increase the risk of adolescent suicide and
are tabulated in Table 6. The majority of adolescent suicide victims suffer
from either single or combined psychiatric disorders, including affective dis-
orders, substance abuse, anxiety or conduct disorders, eating disorders, and
aggressive and antisocial tendencies (68–73). Of special note is the adoles-
cent “exposure to suicides” that poses a significant risk factor for adolescent
suicide, namely either experiencing the suicidal death of a member of a young
individual’s peer group or indirectly gaining awareness of suicide through the
media or discussions with friends (72).

Studies have attempted to explain the impact of psychosocial dynamics
on the developing and impressionable mind of an adolescent. It is postulated
that the youth of our society strive to gain independence as they explore and

Table 6
Risk Factors for Suicide in Adolescents and Young Adults

• Psychiatric disorders: affective, conduct, and eating disorders, substance abuse,
aggressive and antisocial behavior

• Interpersonal conflict with a lack of family support
• Family history of suicide
• Financial and legal difficulties
• Employment and school problems
• Physical and sexual abuse
• Risk-taking behavior: reckless driving, run away from home, theft, assault, truancy
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formulate a unique vision of their own identifying role in society. More than a
century ago, Durkheim proposed that societies, in particular social institu-
tions such as the family unit and religion, fail to adequately integrate the young
person socially (74). This inability to transform adolescents into productive
and functioning members of society may lead to the hopelessness often linked
to suicide. Society’s quest for individualism and autonomy of its members
may lead to detrimental consequences if not attained, resulting in a dichotomy
between expectations and realities (75). This sense of personal failure and
lack of fulfillment may promote suicidal ideations within adolescents or young
adults.

4.2. Older Adults

Compared with younger people, older adults face specific age-related
suicidal risk factors. These characteristics are given in Table 7 (76–78). Their
psychosocial dynamics, consisting of an increased risk of comorbid depression,
social isolation, a feeling of hopelessness and rare overt expression of suicidal
intentions, play a role in suicidal behavior. Between 71 and 95% of suicide
victims aged 65 or older have been diagnosed with a major psychiatric disor-
der prior to death (79). The elderly are more likely to suffer from depression
as opposed to psychotic illness (schizophrenia or delusional disorder), per-
sonality disorders, or anxiety disorders.  Furthermore, alcoholism and sub-
stance disorders are infrequent in the elderly population compared to their
younger counterparts (80).

Older adults, as compared with younger people, are more likely to use
more immediately lethal modes, which evince increased planning and intent
(77,79). They are less likely to survive their injury partly because of their
limited physical reserves and of the decreased likelihood of being discovered
before a fatality because of diminished social support. Attitudes toward death
and dying expressed by elderly persons reveal that they rarely fear death and
often experience greater anxiety facing stressful life situations (78).

Table 7
Suicidal Characteristics of the Elderly

• Chronic and painful medical disease: cancer and cardiovascular disease
• Functional impairment
• Less inclined to share thoughts of suicidal ideation
• Social isolation
• Major depressive disorder
• Increased suicidal planning and intent
• Use methods that prove lethal caused by limited physical reserves
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4.3. Women

Although women in the United States are twice as likely to experience
major depression compared with men, the suicide rate among men in 2001
was four times that of women (9,81). Estimates suggest that there are 10 to 25
nonfatal suicide attempts for every fatality, and women are three times as likely
to attempt suicide vs men (8). The fewer number of nonfatal suicidal acts by
men as compared to women may be the result of underreporting, in part attrib-
utable to the social stigma of suicidal ideation—regarded inconsistent with
masculinity—and the failure of researchers to detect suicidal clues in men
(82). However, most male suicides may be due to statistical underreporting of
the female suicidal deaths, which have been categorized as accidents or unde-
termined deaths owing to drug-related toxicity.

A suicide attempt refers to intentional self-harm with an awareness that
the act could result in a fatal outcome (70). Individuals who attempt suicide,
also known as parasuicides, often behave impulsively, alert others about their
intentions, and use methods that are either ineffective or slowly acting (83).
At 35 years follow-up, less than 12% of all suicide attempters will succumb to
suicide (84). Both men and women are more inclined to select a drug overdose
during a suicide attempt (85).

Numerous hypotheses have been offered to explain the lower rate of sui-
cide for women. Men have been socialized to lead independent lives and act
decisively without approaching others in times of need (85). Discussion of a
man’s suicidal ideation may be deemed as a sign of weakness. In turn, depres-
sive and suicidal thoughts may become overpowering, culminating in a sui-
cide. On the other hand, women value close emotional bonds with others and
are more likely to disclose turmoil and hardships in their lives. In this respect,
women are able to release frustrations and discuss negative thoughts prior to
succumbing to the grip of suicide.

Historically, more women chose a drug overdose as their primary means
of suicide (86).  Currently, the majority of women in the United States in 2001
selected a firearm to commit suicide (9). This difference in method choice
may reflect a woman’s determination in ensuring a fatality, leaving no ability
for method failure or escape. In addition, the increased incidence of self-
inflicted gunshot wounds by women may be to the result of the greater avail-
ability of firearms in the homes of suicidal individuals and the increased social
acceptance of women’s use of firearms (87).
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5. AUTOPSY FINDINGS

5.1. Firearms

A host of injuries may be detected at postmortem examination, which
leads to the determination of a suicidal death. The primary mode of suicide for
both males and females in the United States is by firearm. Kohlmeier et al.
performed a 15-year retrospective review of 1704 firearm-related suicidal cases
(88). Both men and women between the ages of 20 and 29 were most likely to
use a firearm. The entrance wound site was as follows: head (83.7%), chest
(14.0%), abdomen (1.9%), and a combination of these sites (0.4%).  Hand-
guns were the most commonly chosen weapons for both sexes. Eisele et al.’s
study of 266 suicides confirmed Kohlmeier et al.’s review with respect to
entrance wound location; the head was the preferred entrance wound site (74%),
followed by chest (18%), and neck and abdomen (both 4% [89]). In Cina et
al.’s study of 86 fatalities caused by a self-inflicted gunshot wound to the
head, 47% of the cases were temporal, 16% were intraoral, 16% of the entrances
were located at the side of the head, 15% were aimed at the face, 3.5% were
below the chin, and 2.5% were at the back of the head (90). Handguns were
used in 85% of the cases, and 97% of the victims had sustained a contact
wound. Although individuals are more likely to shoot themselves on the same
side of the head as their dominant hand, this act is not an absolute finding
(89).

The majority of suicidal gunshot wounds are single and directed against
a specific area of the body; however, suicides resulting from multiple gunshot
wounds of various bodily locations using one gun or two guns simultaneously
have been reported (91–95). Similarly, atypical features of entrance gunshot
wounds are not reliable criteria to exclude a suicidal manner of death (96).
Multiple gunshot wounds of the body warrant utmost scrutiny to avoid the
hasty judgment of labeling them homicidal. The necessity of multiple gunshot
wounds of the head to ensure a fatality may result from the victim’s lack of
knowledge of anatomy, inability to damage vital centers, or defective weap-
onry or ammunition (91,92,97).

A thorough scene analysis with particular attention to placement of the
weapon is warranted in the investigation of a suicide by firearm. In a study of
574 suicidal gunshot wounds, the gun was discovered in the victim’s hand in
24% of the cases, on or within 30 cm of the body in 69%, and more than 30 cm
from the victim in 7% of the cases (98).  Attention should be addressed to the
blood spatter patterns (Fig. 1), position of the firearm with reference to the
victim (Fig. 2A–C), and tests of hand wipings for gunshot residues (99,100).
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Fig. 1. Blowback on the shooting hand in a case of suicide. The weapon
used in this case was an automatic pistol caliber 9 mm (Courtesy of Dr. Michael
Tsokos, Hamburg, Germany.)

5.2. Asphyxia

Asphyxial suicides include both ligature hanging and emplacement of a
plastic bag placed over the head. In a series of 61 cases of asphyxial deaths by
hanging, a ligature furrow denoting the demarcation of the overlying ligature
was noted in each case and was located superior to the thyroid cartilage promi-
nence in most victims (101,102). The presence of conjunctival and facial pete-
chiae was directly proportional to the extent of support below the ligature
suspension. Of the victims, 26% had sustained hyoid bone and/or thyroid car-
tilage fractures and were primarily those individuals who had been discovered
completely suspended. The percentage of fractures has been shown to be higher
when the suspension time is less than 16 hours (103) and with increasing age
of the victims (101,103). In a study of 53 suicides using plastic bags, only 3%
of the victims had evidence of petechiae, primarily of the conjunctivae (104).
Cutaneous markings about the neck were noted in 19% of victims, and a sole
victim had sustained an internal neck injury, specifically thyrohyoid mem-
brane hemorrhage.

Specific attention should be addressed to complex (combined) suicides
involving hanging. The question whether capacity to execute a subsequent act
was maintained after the infliction of primary injuries may become of major
importance in such cases (Fig. 3).
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Fig. 2.
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5.3. Sharp Force Injuries

Sharp force injuries, including stabbing and incised wounds, may be
associated with a homicidal, suicidal, or accidental manner of death. Specific
characteristics of these injuries may reflect a suicidal nature. Suicidal knife
wounds are predominantly located in the throat, wrists, and chest (105).
Superficial sharp force injuries present at the wrists (Fig. 4A–C), inner fore-
arms, face, or neck are often multiple and known as “tentative incisions” or
“hesitation marks,” likely reflecting the equivocal nature of the suicide attempt

Fig. 2. Suicidal gun shot to the head. (A) Death scene. Original finding posi-
tion of the body with the gun still in the hand of the victim. The bloodstain
pattern on the left shoulder and chest of the victim´s tee-shirt extend from the
blowback (drawback) of the shooting hand and pistol. (B) Contact wound on
the left temple with muzzle imprint. (C) Muzzle of the automatic pistol used in
this case. (Courtesy of Dr. Michael Tsokos, Hamburg, Germany.)
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Fig. 3. Complex (combined) suicide of a 59-year-old male with two self-
inflicted stab wounds on the midline abdomen and the precordial left chest
(arrows). Both stab wounds were nonfatal, resulting in maintained capacity to
execute a subsequent act. The victim hanged himself resulting in an asphyxial
death by free suspension. A single-edged knife was found at the scene. (Cour-
tesy of Dr. Michael Tsokos, Hamburg, Germany.)

Fig. 4.
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Fig. 4. Suicide by sharp force. (A) Death scene. Original body position of a
67-year-old woman who committed suicide by incising both wrists with a razor
blade. Note the dark colored (bloody) water in the bathtub and drip blood pat-
tern on the interior and exterior of the bathtub. (B) The fatal incisions on the
victim’s left inner wrist. (C) The razor blade found on a stool in the bathroom.
(Courtesy of Dr. Michael Tsokos, Hamburg, Germany.)
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prior to the lethal cut. Wrist cutting is rarely fatal, and scars may be discerned
at autopsy of victims who used a different and more effective suicidal method.
Although “tentative incisions” of the wrist or throat are more commonly asso-
ciated with suicide, a thorough scene investigation is warranted to exclude
other manners of death. In some cases, it may be very difficult to discern
suicidal vs homicidal sharp force injuries, even when there are multiple wounds
identified on the body (Fig. 5). The textbook description of a suicidal cut throat
encompasses a single or several trial incisions followed by superimposed deeper
cuts at the origin that gradually become shallower as they obliquely traverse
the throat (105). In reality, these cuts may be horizontal and do not vary in
depth. On the other hand, homicidal incised wounds of the neck inflicted by a
perpetrator facing the victim are often short and angled (106). These slashes
continue obliquely downward and medially across the neck. Wounds inflicted
from the rear may extend deeply to the vertebral column.

Stab wounds constitute the majority of suicidal injuries to the chest and
may be multiple and each life-threatening. Nonfatal linear incisions may scat-
ter the precordium or extensive areas of the chest. Forensic investigators should
be cognizant of self-inflicted injuries not deemed suicidal, which may be caused
by an individual with a mental disorder as a form of self-mutilation (Fig. 6) or by
one who deliberately harms oneself for motives of gain (105). The wounds in
self-mutilation are often superficial, multiple, and, although found anywhere
on the body, not present in visible locations such as the lips, nose, and ears.

Fig. 5. Suicide by multiple sharp force injuries. Two deep incised wounds of
the anterolateral neck (arrows) and multiple stab wounds to the chest, abdo-
men, and groin with three different knifes still in the body. (Courtesy of Dr.
Michael Tsokos, Hamburg, Germany.)
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5.4. Self-Immolation

Suicide caused by self-immolation, or self-incineration, is uncommon.
However, certain autopsy findings may aid in confirming this manner of death.
In a study of 32 self-immolation deaths, the majority of victims had evidence
of soot in the airways combined with elevated blood carboxyhemoglobin
(COHb) concentrations (107). These findings confirmed that these individuals
had been alive at the initiation of the fire and had succumbed to carbon mon-
oxide poisoning caused by smoke inhalation. Of the victims, 88% used an
accelerant, specifically gasoline in 86% of these cases. Although these cases
are highly suggestive of suicide, the mere autopsy findings discussed in this
report are not definitive.

5.5. Overdoses

The forensic investigation of overdose suicides may yield negative ana-
tomical findings at autopsy and, therefore, centers primarily on the toxico-
logical analysis. The accuracy of these results depends on numerous factors,
including the timing and bodily site of sampling, the containers and preserva-
tives used in the storage of the fluids or tissues, and the type of toxicological
testing performed (105). The diffusion effect resulting from the destruction of
living cell components after death can profoundly affect the concentrations of
physiological and foreign substances by drug redistribution. Postmortem col-

Fig. 6. Self-mutilation by sharp force in a 28-year-old schizophrenic male on
the left inner forearm. These superficial self-inflicted incised wounds are arranged
in a chessboard-like pattern. This man ultimately died as a result of jumping
from a 16-meter height. (Courtesy of Dr. Michael Tsokos, Hamburg, Germany.)
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lection of peripheral vein blood, if available, is superior to cardiac blood for
most toxicological analyses (105).

5.6. Other Suicidal Deaths

Certain categories of suicidal death rely more heavily on the historical
and scene investigation than the postmortem examination. Jumps from heights
and impact motor vehicle collisions are prime examples. Suicide by self-
inflicted blunt force injury is rare (108). In these circumstances, investigatory
confirmation of suicidal ideation in addition to a detailed scene reconstruc-
tion, complete autopsy, and toxicological evaluation may constitute the sole
means of classifying a suicidal death.

The forensic pathologist plays an important role in the investigation of a
suicide by performing the postmortem examination and confirming the self-
inflicted nature of the death. A detailed scene analysis, an extensive analysis
of the victim’s background to uncover suicidal intent, and a complete autopsy
with toxicology are warranted in these cases. Although specific injuries such
as multiple gunshot wounds to the head or stabbing and incisional injuries
may represent either a homicidal or suicidal act, the forensic pathologist should
be cognizant of several distinctive findings during an autopsy that are associ-
ated with a suicidal death. A comprehensive analysis of suicidal trends in com-
bination with a detailed review of significant postmortem evidence may shed
light on the underlying motives behind a suicide and provide data for the for-
mulation of strategies aimed at prevention.

POSTSCRIPT

In the 20th century, international trends of suicide are similar to those
experienced in the United States, with particular regard to the dramatic rise in
youth suicide and prevalence of self-inflicted death by firearm in numerous
countries worldwide over the twentieth century. International collaboration
with mechanisms for coordination and sharing each country’s unique struggle
with suicide may offer a meaningful opportunity to combat it.
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SUMMARY

Murder–suicides form a distinct subset of homicides in which the perpe-
trator kills him or herself after dispatching his or her victims. More accurately
called homicide–suicide, the most common scenario involves an estranged
white male in his 40s killing his spouse and possibly children before commit-
ting suicide. Rates are relatively uniform among communities and are much
less than simple homicide, or suicide, cases. A variety of categories have been
identified that include spousal cases where (a) the action is precipitated by
jealousy or concern over age or ill health, (b) familial cases where a parent
usually kills all of the children and then themselves, and (c) a final mixed
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group consisting of disgruntled employees, cult members, and members of
religious or political groups who target a large number of victims.

Key Words: Murder–suicide; homicide–suicide; dyadic death.

1. INTRODUCTION

Murder–suicide refers to a situation where the perpetrator of a homicide
has taken his or her own life after the death of the victim(s) has occurred. It is
well recognized, historically being described in the Ming dynasty in China
and in Greek tragedies and has been known by a variety of names, including
homicide–suicide and dyadic death (1,2).

Although suicide may often immediately follow homicide, various authors
have allowed up to 3 months between the events (3). Most suicides, however,
occur within a day or much less of the homicides (4-7). It has been suggested
that murder–suicides have distinctive epidemiological characteristics and over-
lap areas such as domestic homicide, mass murder, and suicide (8). Generally,
distinctive cultural conditions in which there may be multiple homicides fol-
lowed by the suicide of the perpetrator, such as amok among Malays, are usu-
ally excluded from murder–suicide data, as are cases where a suicide attempt
has failed, or where the victims were accidentally killed (8).

2. INCIDENCE

Murder–suicides are uncommon events and although suicides are a lead-
ing cause of death in many Western countries, murder-suicide rates are low,
usually being much less than homicide rates (6). Although rates of 0.2 to 0.3
per 100,000 persons per year have been cited (5), determining exact numbers
is often difficult because there is no standard classification and because cases
tend to be recorded in official statistics as separate suicides and homicides.
The percentage of homicides that are murder–suicides tends to be lower in
countries and regions in which there is a high homicide rate and higher in
regions in which homicides are rare (9). For example, the percentage of homi-
cides followed by suicide of the perpetrator in some series is 42% in Denmark,
in which homicide rates are low, compared with 4% in the United States, in
which homicide rates are much higher (6). It was estimated in 1992 that there
were about 1000 to 1500 such deaths per year in the United States, with rela-
tive stability in the numbers of such deaths in Western countries, although
variations in definitions and reporting practices makes accurate assessment
difficult (8).
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Looking at specific data (10): the homicide rate in Atlanta from 1988 to
1991 was 38.8 per 100,000 of the population, compared with a much lower
homicide rate of 1.11 per 100,000 in England and Wales from 1980 to 1990.
The respective murder–suicide rates were 0.46 and 0.07, accounting for 1.4%
of homicides in Atlanta and 7.2% in England and Wales. Murder suicides
have accounted for between 1.4% of the total number of homicides in Atlanta
and 67.8% in Israel. Homicide and murder–suicide rates have ranged from
2.35 and 0.13 for Bermuda, to 1.5 and 0.27 for Canada, and 0.72 and 0.06 for
Iceland. The rates of murder–suicide and homicide for a variety of countries
are summarized in Table 1 (10).

3. INVESTIGATION

The investigation of murder–suicides is often difficult if family mem-
bers are involved because the perpetrator is dead and those who are in the best
situation to provide pertinent information to the investigators may also have
been killed. Psychological autopsies with review of the medical records of
the perpetrator and interviews with work colleagues and relatives may pro-
vide some insight into the events leading up to the fatal attack; however, this
information is often not available on coroner’s files (11).

Table 1
International Rates of Murder–Suicide per 100,000 of the Population

Homicide-
Country Years suicide rate % of total homicides

New Zealand 1976–1989 0.05 3.4
Scotland 1986–1990 0.05 3
Iceland 1900–1979 0.06 8.5
England and Wales 1980–1990 0.07 7.2
Hong Kong 1961–1971 0.07 5
Sweden 1970–1981 0.09 15.6
Bermuda 1920–1979 0.13 5.5
Australia 1989–1991 0.16 8
Finland 1955–1970 0.18 8
Denmark 1946–1970 0.2 30
Canada 1961–1966 0.21 15.6

 Data taken from ref 10.
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4. CHARACTERISTICS

Although it has been suggested that the characteristic features of the per-
petrators, victims, and the methods used tend to vary among communities and
between countries, recent studies have shown similarities in rates among dif-
ferent ethnic, racial, and cultural groups (6,10,12). For example, it was pro-
posed that although the most common form of murder–suicide in the United
States involved a married or estranged white male who shoots his female part-
ner/spouse, maternal–child murder–suicides were more common in England
(8,11,13). This disparity has not been shown in more recent data, with the
percentage of female perpetrators in many series ranging from only 3 to 8%
and with shooting being the most common form of homicide in murder–suicides
not only in the United States, but also in parts of England (7,10). The percent-
age of female perpetrators does increase when murder–suicides involve child
family members (6,14). Perpetrators of murder–suicide also tend to be older
than those who commit homicide alone and are usually about 40 to 49 years of
age. There is usually a close personal relationship between the perpetrator and
the victim; the killing of strangers is rare (10,15,16). Characteristics of mur-
der–suicide cases may, however, alter over time in the same community, with
Hannah et al. (17) demonstrating a change from city-based, multiple killings
by white perpetrators, to rural dyadic killings by black perpetrators in Central
Virginia during a 10-year period.

Although homicides tend to occur more commonly within lower socio-
economic groups, murder–suicides have been found to be more a middle class
phenomenon in several studies. Many deaths occur in the bedroom of family
homes (2,7,10).

Methods used may certainly vary depending on availability, with the high
rate of murder–suicides involving firearms in the United States being attrib-
uted to the ready access to handguns in that country (6). This may vary over
time, with earlier studies from England showing a high rate of homicide using
coal gas poisoning (13), compared with later studies from the United King-
dom where domestic gas was no longer used once carbon monoxide had been
eliminated (18). Some studies have shown that murder–suicides may involve
more violent methods than homicides alone, suggesting greater levels of frus-
tration and aggression (16).

5. CLASSIFICATION

A variety of classification systems have been proposed for murder–
suicides. Marzuk et al. (8) proposed a classification system based on the type
of victim–perpetrator relationship and possible motives or precipitating events,
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Table 2
Classification of Murder–Suicide

Spousal or consortial

Perpetrator
a) Spouse
b) Consort

Type of homicide

i) Spouse-killing (uxoricidal)
ii) Murder of lover (consortial)

Familial

Perpetrator
a) Mother
b) Father
c) Child (<16 years)
d) Other adult family member (>16 years)

Type of homicide

i) Neonaticide (<24 hours)
ii) Infanticide (1 day to 1 year)
iii) Pedicide (1–16 years)
iv) Adult family member (>16 years)

Extrafamilial
Class:

a) Amorous jealousy
b) “Mercy killing”
c) “Altruistic or extended suicides”
d) Family, financial, or social stressors
e) Retaliation
f) Other
g) Unspecified

Data taken from ref. 8.

dividing cases into those involving a spouse or partner, those involving other
family members, and those that occurred outside families (Table 2).

5.1. Spousal

Spousal murder–suicides typically involve a male spouse or lover who
suffers “morbid jealousy” or jealous rage precipitated by frustration (5). The
reported age range is 18 to 60 years and there often is a history of suspicions,
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or knowledge, of spousal infidelity. Although some relationships are typified
by abuse and actual infidelity, in others the suspicions may be delusional and
involve psychotic breakdown. The “Othello syndrome” refers to a situation
where delusions of infidelity lead to irritability, depression, and aggression.
More than 90% of murder–suicides involving couples are perpetrated by males,
who may also murder their spouse’s lover. This has been termed triadic death
(8). Recent separation from a spouse has been noted in one Canadian study to
increase the risk of murder–suicide, with 35.3% of estranged males who mur-
dered their wives subsequently committing suicide, compared with only 21.6%
of nonestranged spouses who committed suicide after spousal homicide (8).

The other characteristic scenario of spousal murder–suicide involves an
elderly couple who may have been married for many decades who are both
suffering from significant illnesses, financial problems, and/or social isola-
tion. Often the husband will either shoot or suffocate his wife and then com-
mit suicide. This type of activity overlaps with so-called “mercy killings” and
suicide pacts and also has been described in partners of acquired immunodefi-
ciency syndrome victims who perform a “mercy killing” and then commit
suicide (8). Differentiating a suicide pact where a partner has been coerced to
commit suicide, from murder–suicide may be difficult, and so-called “suicide
pacts” between a parent and child may well be disguised murder–suicides (6).

5.2. Familial

Familial murder–suicides often involve a parent who murders their chil-
dren and then commits suicide. Suicide following infanticide is very uncom-
mon in most countries, with only 10.5% of fathers and 2.3% of mothers who
murder their infants committing suicide in some series. A higher incidence
has been reported in Japan, where about 500 cases are documented annually
(2,6,8,14).

As noted, there are often higher numbers of females involved in murder–
suicides with children, and it has been hypothesized that the action of killing
the children is an extension of suicide and that the perpetrator is acting altru-
istically to “save” her children from the dangers of the world. Certainly, the
methods used by mothers tend to be less violent than those used by fathers,
consisting of poisoning, suffocation, and carbon monoxide exposure, compared
to shooting, strangling and stabbing, methods favored by males (13,14).
Females may sedate their children prior to causing death and are also less
likely to kill their spouse or other children who are not members of the family.
This contrasts with males who often kill their own children, visiting children,
their spouse, and family pets. The degree of violence exhibited by these indi-
viduals has led to the term “family annihilators” (19).
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Another form of familial murder–suicide may occur if a dependent adult
child suffering significant physical or mental impairment is murdered by a
parent who no longer feels capable of providing the necessary care because of
age, infirmity, or financial problems.  This has “altruistic” features in com-
mon with elderly spousal murder–suicides.

5.3. Extrafamilial

Murder–suicides involving individuals outside the family often take the
form of a disgruntled employee or ex-employee seeking vengeance for real or
perceived insults, harm, or ill-handling. These have been called “adversarial”
murder–suicides (6). Failure to achieve job promotion or attain monetary pay-
ment for services may be motivating factors that can reach the level of perse-
cutory delusions. Cases also occur among peers when relationships have been
characterized by antagonistic or competitive qualities, and several highly pub-
licized cases of high school shootings have occurred in the United States
involving disgruntled students who returned to school properties with fire-
arms and sometimes with lists of potential victims.

In the “pseudo-commando” type of murder–suicide, a number of fire-
arms may be used, including semiautomatic weapons, and a number of
bystanders or so-called “secondary targets” may be killed. Perpetrators some-
times have stockpiled a small arsenal and intend to die in a “blaze of glory”
(6). These events often occur in public places where there is an opportunity to
kill many victims. There is usually no escape plan for the perpetrator, who
often forces the police to kill him. Pseudo-commando murder suicides have
been divided into “indiscriminate” and “pseudo-community” subtypes. In the
indiscriminate type, the perpetrator kills as many people as possible, their only
common characteristic being proximity to the killer. In the pseudo-community
subgroup a perpetrator targets a specific group. This was clearly demonstrated
by Marc Lepine, who killed 14 female engineering students at Montreal’s
L’Ecole Polytechnique in December 1989. He had separated out the female
from the male students and had said that he was fighting “feminism” (6,11).

Murder–suicides occasionally occur in the setting of cults and may achieve
considerable media coverage when a large number of deaths occur. Whether
these types of deaths should be classified as murder–suicides, homicides, or
suicides is often unclear, particularly given that most, if not all, witnesses are
dead. The leaders of such cults have been described as charismatic and para-
noid, and often may have persuaded their followers that death is a desirable
outcome.

A final group consists of those involved in terrorist actions such as the
Bali bombing that have been designated “kamikaze” murder–suicides (5), where
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the perpetrator dies as a result of the device or action that he or she has used to
kill a large number of others. Suicide bombings in the Middle East would also
fall into this special subcategory.

The logistics involved in cases where there may be hundreds of victims
located in less-than-ideal circumstances may be highly complex, with issues
such as preservation of the scene, preservation of bodies, preservation of evi-
dence, and protection and provision of adequate working conditions for inves-
tigators being of paramount importance.

This classification system has been criticized on the grounds that it is
difficult sometimes to determine what terms such as “consortial” mean. In
addition, there is no provision for the inclusion of information such as race,
gender, weapon type, and living arrangements. Hanzlick and Koponen (4) have
therefore proposed an alternative typological system that enables the record-
ing of much more circumstantial information on the demography and epide-
miological features of individual cases, listed in the following sections.

5.3.1. Relationship of the Victim to the Perpetrator
Relationships are defined as spouse by marriage, common-law spouse,

unmarried partner in relationship, extramarital consort (lover), real or perceived
rival lover, parent, offspring, sibling, grandparent, grandchild, niece/nephew,
aunt/uncle, cousin, family member other than those listed, acquaintance,
stranger, same gender as perpetrator, opposite gender of perpetrator, same
race as perpetrator, different race than perpetrator, lives in same household,
lives in different household, no living witness(es), living witness(es), shot,
stabbed/cut, beaten, other (asphyxia, drugged, etc.).

5.3.2. Cofactors
Cofactors are impending divorce, previously divorced, real or perceived

loss of nonmarital partner in a relationship (boyfriend, lover, etc.), jealousy or
retaliation for partner’s real or perceived involvement with another person,
retaliation against a real or perceived rival lover, mercy killing, altruism (to
save from “evils of the world”), financial stressors, family stress or dysfunc-
tion, perpetrator intoxicated with alcohol, perpetrator intoxicated with drug(s)
other than alcohol, perpetrator had known history of psychiatric illness,
unspecified, and other or unknown factors.

5.3.3. Special Classifications
Special classifications are characterized as family annihilator, dyadic,

triadic, followed a mass murder or serial murders committed by the perpetra-
tor.
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6. MOTIVATION

As can be seen from the previous discussion, motivations for murder–
suicide are quite complex and probably differ markedly from case to case.
Determining the incidence of underlying psychological disturbance among
perpetrators also is complicated by differences in psychiatric diagnostic
approaches and mental illness classifications (20). There are, however, some
generalizations that can be made.

Psychological illness appears to play a major role in a number of the
categories, although the literature does not contain abundant information on
the psychological profiles of perpetrators prior to the fatal events. Psychologi-
cal problems may take the form of paranoia, morbid jealousy, and psychosis
in cases of spousal murder–suicides, or in familial cases where there has been
recent estrangement. Alternatively, depression may play a significant role in cases
where a parent murders his or her children; the incidence of depression has
been reported as much higher generally in perpetrators of murder–suicide than
of homicide alone. For this reason, it has been suggested that murder–suicide
may merely be an extension of a suicidal act (6). There may be a history of
previous suicide attempts and consultation with mental health professionals
(11). There also may be delusional or psychotic elements with religious over-
tones, as in a case where a father murdered his children and then cut his hand
off with an axe before fatally shooting himself (Wherefore, if thy hand or thy
foot offend thee, cut them off, and cast them from thee, Matthew XVIII, 8).
Perpetrators have been described as being impulsive with poor control of
aggressive impulses and antisocial personalities; those who kill a large num-
ber of victims are more likely to have exhibited paranoid ideation. Loss of
self-esteem, frustration, and low personal achievement have all been docu-
mented (5,11).

Stressful life events also may be contributory factors, with cases occur-
ring when there have been financial or work-related problems, including loss
of employment. Marital discord with feelings of rejection may play a role in
spousal and familial murder–suicides, as may significant physical ill health.
Histories of domestic violence by the perpetrator toward the victim may be
elicited (21,22). Cases of elderly spousal murder–suicides may be consensual
if there has been an agreement that this course of action is preferable to living
with debilitating illness or unfavourable living conditions.

Alcohol and drug use may also be exacerbating factors in these cases,
although drugs or alcohol are not always detected. Indeed some studies have
shown lower levels of alcohol in victims and perpetrators compared to those
involved in homicide alone (6,14). Substance abuse has been reported in 17%
of perpetrators (11), with intoxication by psychoactive drugs being found in
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10%, alcohol intoxication in 21% and both drugs and alcohol detected in 13%,
in another series (5).

Revenge may be a significant motive in cases of estranged spouses and
also particularly in cases of disgruntled employees. Recently separated spouses
may feel that if they cannot have their children or their spouse, then no one
else will. Employees or individuals who have a particular issue with authori-
ties may return to a work place or school and target a number of specific
individuals. In these cases, it is not uncommon for bystanders to be injured or
killed. Rather than killing themselves the perpetrators may place themselves
in situations where it is inevitable that death will occur from police gunfire.
This further extends the number of victims who may be psychologically trau-
matized by such an event.

Studies have attempted to determine whether murder–suicides represent
either homicide with a suicidal element or suicide with a homicidal element.
Cases are, however, often carefully planned ahead of time and so it is unlikely
that the decision to commit suicide is only entertained once the significance of
the act of killing has been considered. Analysis of cases also reveals that the
demographic features of murder–suicide differ significantly from suicide. It is
most likely, therefore, that murder–suicides form a separate entity to both sui-
cide and homicide, although there are aspects that obviously overlap.

7. CONCLUSION

Murder–suicides are uncommon events that require careful investiga-
tion. Confusion of double or more homicides with murder–suicide is possible
and therefore characteristic features of murder–suicide should be carefully
looked for both in the history and at the death scene. Many perpetrators have
histories of depression and contact with mental health services, and so cases
may represent an extension of suicide. Cases that involve a large number of
victims may lead to considerable logistical problems.
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SUMMARY

Iatrogenesis, the induction of illnesses by the activities of physicians and,
by extension, all other health care clinicians, may best be regarded as injury
attributable to the adverse effects of or mishaps associated with medical treat-
ment, including various diagnostic and invasive procedures to which a patient
has been subjected at any time that may result in serious morbidity or death. It
spans the whole gamut of predominantly perioperative and nonperioperative
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Although it would not be feasible to conduct preoperative screening for
generally uncommon or rare forms of hereditary thrombophilias such as defi-
ciencies of antithrombin, proteins C and S, factor V Leiden, G20210A pro-
thrombin mutation, and so on (99,125–127), it appears that more could be
done to prevent these deaths, for example, application of appropriate
thromboprophylaxis (which, of course, is not without its hazards), to forestall
the rather unpleasant medicolegal consequences, both criminal and civil, that
may follow in their aftermath (118).

2.5. Other Embolic Phenomena

Other forms of thromboembolism, including those of an iatrogenic etiol-
ogy, are well documented in the forensic medical literature. Fat embolism
(Fig. 9) tends to be associated with fractures, extensive soft tissue injury, sep-
ticemia, diabetes mellitus, acute pancreatitis, and burns. Fat embolism may
also complicate surgical operations on fatty tissues (e.g., mastectomy), ste-
roid injections (128), spinal and orthopedic surgery (e.g., vertebroplasty for
osteoporotic vertebral collapse [129], total joint replacement operations [130]),
and tumescent liposuction, which often is performed as an outpatient proce-
dure and carries an estimated mortality rate of 1 in 5000 procedures (131–

Fig. 9. Pulmonary fat embolism after total hip replacement surgery. This his-
tological finding may sometimes be an artifact of vigorous resuscitation (hema-
toxylin and eosin stain, original magnification ×100).
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Moreover, it has been reported that largely, preventable medical errors result
in between 44,000 and 98,000 annual deaths in the United States alone (5–8).

1.2. Role of the Forensic Pathologist

From the perspective of forensic pathology, iatrogenesis may be thought
of as injury attributable, in part or in whole, to the adverse effects of or mis-
haps arising from medical treatment, including various diagnostic and inva-
sive procedures to which a patient has been subjected at any time and which
may result in serious morbidity or death. Accordingly, its reach may extend
well beyond the proper confines of the medical profession as it were to embrace
the iatrogenic potential of the ministrations of the expanding ranks of other
health care professions allied to medicine. Fatal iatrogenesis has to be consid-
ered to be well within the ambit of forensic pathology (9,10) and that, accord-
ingly, the detailed investigation of actual or suspected iatrogenic deaths
constitutes a substantial forensic contribution to injury prevention, medical
audit, continuing improvement in health care, as well as the elucidation and
resolution of the attendant clinicopathological and medicolegal issues that
almost inevitably arise in their wake (11–13). This would be entirely in keep-
ing with the contributions that forensic pathology has made (and continues to
make) to public safety in general.

In the face of the mounting complexity of clinical practice afforded by
increasing subspecialization and advances in medical technology (which ren-
ders it possible to treat greater numbers of older and gravely ill patients), it
may be said that the medicolegal concerns now extend beyond the traditional
confines of retained surgical instruments (9) or anecdotal reports of the wrong
patients or the wrong parts of patients being subjected to unnecessary surgery
(e.g., amputation of the wrong limb). Indeed, it might even be argued that
cases of res ipsa loquitur are probably rare these days, apart from the still
extant danger of prescribing or administering to a patient a drug to which he is
known to be allergic.

1.3. Classification

Iatrogenic injury may be classified in a number of ways, depending on
the premise and perspective adopted for its evaluation. For instance, iatrogenesis
could be regarded—under the relevant circumstances—as being clinically
anticipated or unanticipated, the direct or indirect cause of morbidity and death,
an acceptable therapeutic risk or a cause for clinical, ethical, and medicolegal
concern, or a systemic or individual error with the corresponding implications
for medical audit, perhaps with particular emphasis on the robustness of
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established clinical pathways, guidelines, and protocols that require periodic
reviews.

However, for practical purposes that are in keeping with forensic prac-
tice, the following model of iatrogenesis, which is used throughout this chap-
ter, is proposed:

• Predominantly procedural in nature (e.g., surgical or anesthetic complications
including those attributable to invasive diagnostic and palliative procedures and
minimal access surgery),

• Predominantly nonprocedural in nature (e.g., adverse drug reactions [ADRs]),
• Miscellaneous iatrogenic complications (e.g., adverse events related to diagnos-

tic imaging, radiotherapy, or hemodialysis),
• Combined/complex iatrogenesis.

The following is a review of the wide spectrum of iatrogenic injuries
documented by the Centre for Forensic Medicine, Health Sciences Authority,
Singapore, as well as those instances described in the medical literature that
one may well encounter in the course of conducting perioperative autopsies.
Obviously, as therapeutic complications are legion, this does not, by any means,
constitute an exhaustive treatise on the subject.

2. COMPLICATIONS PREDOMINANTLY RELATED TO SURGERY

AND INVASIVE PROCEDURES

Rapid and spectacular improvements in pre- and postoperative clinical
investigations, particularly in the field of diagnostic imaging, have purport-
edly facilitated increasingly accurate diagnoses. Yet, although the apparent
incidence of major discrepancies in perioperative deaths may have decreased
progressively (from between approx 20 and 30% to possibly less than 15%
during the past three decades or so [14,15]), one may frequently be surprised
(pleasantly or unpleasantly, depending on one’s perspective) by at least some
of the autopsy findings in a perioperative death. Unfortunately, the decline in
autopsy rates, which appears to be a global phenomenon and one which is
repeatedly bemoaned (16), has certainly not leant itself to maximizing the
teaching potential of perioperative autopsies.

The collective experience of the Centre for Forensic Medicine, Health
Sciences Authority, which undertakes all coronial casework in Singapore (a
city-state with a population of  approx 4 million) has been that medicolegal
perioperative autopsies, albeit conducted selectively under the auspices of the
state coroner, do shed considerable light on the nature and causes of such
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deaths. Published data (12,13) have indicated a statistically significant increase
in the necropsy incidence of coronial perioperative autopsies during the better
part of the last decade, with a doubling of the iatrogenic death rate during the
second triennium as compared to the first (Table 1). In the third triennial study,
it was observed that the proportions of such deaths among patients subjected
to multiple interventions or initial elective procedures were more than twice
as high as amongst those undergoing single procedures and those initially clas-
sified as emergencies (35.6 vs 16.6% and 33.3 vs 13.2%, respectively; p <
0.01. [11]).

These studies have since evolved into an ongoing departmental review
of all coronial cases of perioperative and iatrogenic mortality, with the view
to supporting medical audit that the public (as well as private) hospitals and
medical institutions in Singapore are required to undertake. It is estimated that
since the year 2000 between 140 and 200 posttherapeutic (mostly perioperative)
deaths have been reported to the coroner annually and that the corresponding
coronial necropsy rates have been between 5 and 7% (of a total of approx
2000 autopsies per year) during that time. A detailed analysis of the nature of
these iatrogenic injuries and their medicolegal implications is currently being
undertaken.

2.1. Hemorrhage

Primary hemorrhage, presenting intraoperatively or postoperatively, may
occur as a consequence of slipped hemostatic ligatures or direct intraoperative
trauma to blood vessels or vascular organs. The following are examples of
this adverse event:

• Hemopericardium may complicate coronary artery bypass graft surgery as the
result of bleeding from vascular anastomoses or punctures, a condition that

Table 1
Coronial Perioperative Deaths (1989–1997) Examined by the Centre

for Forensic Medicine, Health Sciences Authority, Singapore

Period Perioperative autopsies % of Coroner´s autopsies Iatrogenic rate
(n) (%)

1989–1991 132 2.0 15.2
1992–1994 170 2.6 28.8
1995–1997 270 4.4 24.4
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necessitates urgent or immediate surgical reexploration. Notably, such a compli-
cation, which occurred at a frequency of 1 to 2% a decade or two ago (17,18), is
now considered rare in reputable cardiothoracic units, particularly with the cur-
rent emphasis on pre- and postoperative pharmacological intervention to mini-
mize blood loss in cardiac surgery (19). Nevertheless, mediastinal hemorrhage
still occurs, particularly in patients who have bleeding tendencies or are sub-
jected to protracted periods of cardiopulmonary bypass. In this respect, it appears
that off-pump coronary surgery might significantly reduce the need for blood
transfusion (20). Percutaneous transluminal coronary angioplasty (PTCA), which
is commonly performed to relieve severe coronary stenosis and to treat acute
coronary events, also may cause intrapericardial hemorrhage by way of signifi-
cant coronary artery dissection and perforation.

In fact, an iatrogenic hemopericardium may, occasionally, result from rela-
tively simple procedures, for example, as a consequence of a puncture of the
anterior descending branch of the left coronary artery during fine needle aspira-
tion of a breast lesion (the author having had the privilege of witnessing the au-
topsy on precisely such a case).

• Hemothorax may result from chest-tube insertion or following the removal of a
fenestrated chest tube inserted during pneumonectomy.

• Hemoperitoneum may be the result of (a) partial gastrectomy, (b) colonic resec-
tion, (c) iliofemoral arterial dissection caused by intraaortic balloon pump inser-
tion (Fig. 1) (usually applied in acute myocardial failure, decompensation during
cardiac surgery, or cardiogenic shock [21–25]), (d) percutaneous liver and renal
biopsies, (e) radiologically guided drainage of a liver abscess, (f) percutaneous
transhepatic cholangiography and biliary drainage, (g) laparoscopic surgery, and
(h) laser vaporization of intraperitoneal lesions such as endometriotic cysts. It
might be worth noting that a percutaneous liver biopsy, which is a rather com-
mon invasive diagnostic procedure, is said to have a mortality rate of between
0.01 and 0.1% (26,27). It has been suggested that there is no definite evidence
that ultrasonographically guided biopsies are necessarily safer than those per-
formed without ultrasonography (28), although this is somewhat counterintuitive.
Trocar-induced injuries associated with laparoscopic procedures are well known.
On the matter of laparoscopic and other procedures (usually described as being
minimally invasive in nature), it has been pointed out that these interventions are
just as invasive as open surgery in their capacity to reach various organs and
tissues and may not be minimally stressful to patients being treated by these
means. A relevant example is a case report on an instance of massive retroperito-
neal hemorrhage with a fatal outcome that arose as an unusual complication of
percutaneous endoscopic gastrostomy (PEG), wherein it was deemed that the
initial attempt at needle puncture of the stomach, under endoscopic guidance,
had resulted in the iatrogenic perforation and laceration of the splenic and supe-
rior mesenteric veins (29). Thus, the alternative appellation—minimal access sur-
gery—appears to be more appropriate (13,30,31).
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• Hemorrhage may result from vascular injury (e.g., carotid artery “blow-out”)
attending radical neck dissection (often accompanied by partial mandibulectomy
and/or glossectomy) for advanced oral/lingual, esophageal, pharyngeal, and
laryngeal malignancies.

Primary hemorrhage also may occur as a consequence of perioperative
coagulopathy, such as disseminated intravascular coagulation (DIC; Figs. 2
and 3 [32]) induced, for example, by (a) corrective surgery for complex con-
genital heart disease, (b) repair of an abdominal aortic aneurysm (which car-
ries a mortality risk of 50% upon rupture and for which prior screening has
been demonstrated to reduce overall deaths by as much as 42% [33,34] and
postoperative mortality after an elective operation from 9 to 3% [35,36]), (c)
massive abdominal surgery (such as a Whipple’s operation for pancreatic car-
cinoma or extensive bowel resection for intestinal ischemia), and (d) necrotiz-
ing enterocolitis in premature neonates. The author also has observed that
extensive operations on skeletal structures (e.g., reconstructive surgery for

Fig. 1. Extensive iliofemoral dissection resulting in severe retroperitoneal
hemorrhage after the insertion of an intraaortic balloon pump. (Reprinted, with
permission, from ref. 21.)



Lau358

Fig. 2. DIC: platelet-fibrin thromboemboli within the pulmonary microvas-
culature (MSB, Martius, Scarlet, Blue; original magnification ×100).

Fig. 3. DIC: Fibrin thromboemboli occluding the renal glomeruli (hematoxy-
lin and eosin stain, original magnification ×100).
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major congenital craniofacial anomalies) carry the risk of DIC that may, occa-
sionally, manifest as fatal postoperative hemorrhage.

Not infrequently, surgical patients may also be predisposed to
perioperative hemorrhage by various forms of comorbidity (12,13). These in-
clude the following:

• Preoperative sepsis, malignancy, obstetric complications, impaired liver func-
tion, and bleeding diatheses;

• Preoperative anticoagulation (e.g., warfarin, heparin or enoxaparin [a low-
molecular weight heparin] for thromboprophylaxis, anti-platelet agents such as
aspirin, ticlopidine, and clopidogrel after a myocardial infarction (MI) or cere-
brovascular accident, calcium antagonists that inhibit platelet aggregation [37,38]
for anti-anginal and anti-hypertensive therapy); this author has encountered a
case of severe acute intracerebral hemorrhage that could be attributed to the use
of a standard dose of 5000 units of heparin during PTCA;

• Chronic or end-stage renal failure (often complicating diabetic nephropathy) or
chronic glomerulonephritis.

Occasionally, self-removal of indwelling wide-bore intravascular cath-
eters or the self-insertion of wide-bore butterfly needles by patients on regular
hemodialysis also may induce fatal hemorrhage (39).

2.2. Nosocomial Infections

Hospital and iatrogenically acquired infections not uncommonly super-
vene in surgical patients. Severely ill patients who require intensive care or
who are diabetic and/or immunocompromisation seem to be particularly vul-
nerable to nosocomial infections (Figs. 4 and 5). It has been said that nosoco-
mial infections in the United Kingdom alone affect almost 10% of patients
and cause 5000 deaths annually (40,41). According to one estimate, methicil-
lin-resistant Staphylococcus aureus (MRSA), a surrogate marker for hospital
acquired infections, may be responsible for between 47 and 68% of all cases
of S. aureus bacteremia and surgical wound infection, respectively (40,42). It
appears that staff dressing wounds with MRSA may have an 80% risk of car-
rying the organism on their hands for up to 3 hours, whereas possibly 40% of
patient–nurse interactions in intensive care may result in the transmission of
Klebsiella species and Clostridium difficile, even after minimal contact (40,43).
Both MRSA and Pseudomonas aeruginosa often are implicated in postopera-
tive respiratory infections. Indeed, multidrug resistant and newly emergent
strains of pathogenic bacteria (e.g., vancomycin-resistant Enterococci species,
Burkholderia cepacia, Stenotrophomonas maltophilia, extended spectrum
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Fig. 4. Septic emboli within the pulmonary microvasculature in a case of
severe postoperative MRSA septicemia (Gram stain, original magnification ×100).

Fig. 5. Invasive pulmonary aspergillosis in an immunocompromised patient
(GMS, original magnification ×100).
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β-lactamase-producing coliforms such as Escherichia coli and Klebsiella spe-
cies) and fungi (e.g., Candida, Cryptococcus) are commonplace in intensive
care units, and organisms such as Acinetobacter baumanii, once considered to
be merely opportunistic pathogens, may now be difficult to battle. Somewhat
ironically, there has even been a report of an outbreak of sepsis from disinfec-
tant contaminated with Klebsiella oxytoca in a neonatal and pediatric inten-
sive care unit in Germany that resulted in the death of 28 infants (44). Naturally,
the ever-present hazard of sepsis associated with indwelling central venous
catheters should be considered (45,46). Whether this is the source of the lethal
infection will highly depend on the clinical circumstances prevailing in any
given case.

The following postsurgical infections are by no means uncommon (12,13):

• Postoperative bronchopneumonia, urinary tract infection, and septicemia from
prolonged immobilization;

• Acute peritonitis from an anastomotic leakage after partial gastrectomy, entero-
enterostomy, or colorectal resection;

• Endoscopically induced perforations resulting in peritoneal soiling from rectosig-
moid perforation during colonoscopy at an estimated risk of 0.1% (47–49); per-
foration of the duodenum or a preexisting gastrojejunostomy from endoscopic
retrograde cholangiopancreatography (ERCP); endoscopic sphincterotomy used
in the treatment of biliary calculi may carry an overall mortality rate of 0.5 to 1%,
which increases to 4% in elderly or high-risk patients (40–52);

• Peritonitis and resultant septicemia resulting from biliary leaks induced by
laparoscopic cholecystectomy (53–57), which carries a risk of biliary tract injury
that has variously been estimated to be between 0.2 and 1%, the upper limit being
twice the incidence associated with conventional cholecystectomy (58–60); a
relatively recent study demonstrated that patients who suffered bile-duct injury
during cholecystectomy have three times the risk of death in the ensuing 9 years
compared to patients who do not incur the injury; the hazard of death, adjusted
for age and comorbidity during that time, was 11% greater if the repairing sur-
geon was the same as the one who caused the biliary injury (61,62);

• Spinal sepsis (leptomeningitis, epidural abscess) after laminectomy and decom-
pression;

• Vertebral osteomyelitis after surgical stabilization of cervical dislocation (as
observed by the author);

• Suppurative meningitis after neurosurgery, for example, transphenoidal resec-
tion of a pituitary adenoma and open resection of a meningioma;

• Chronic leakage around a PEG tube, resulting in localized cellulitis of the skin
around the stoma and, occasionally, to lethal peritonitis and necrotizing fasciitis
as a consequence of the intraabdominal migration of the intragastric bumper (29).
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In recent years there have been concerns about the danger of life-threat-
ening pelvic retroperitoneal sepsis caused by Bacteroides fragilis and a
Clostridium species that follows stapled hemorrhoidectomy and is possibly
caused by the entry of these gas-producing organisms from the rectal lumen
into the pararectal space, induced by the firing of the stapler (63,64), not to
mention the persistence of severe pain and fecal urgency in some patients
(65). There have also been reports of highly drug-resistant strains of tubercu-
losis being transmitted by contaminated bronchoscopes to a cancer patient
and causing two outbreaks of the infection (66,67).

Other unusual, but lethal nosocomial infections include the infection of
the central nervous system by Clostridium perfringens and its subsequent,
extensive intraabdominal and soft tissue dissemination attributed to intragluteal
injections of diclofenac for back pain in an elderly diabetic patient (68). Acute
hepatic failure was observed in a group of 38 patients caused by the contami-
nation of the water used for hemodialysis with the blue–green alga Microcystis
aeruginosa, which produces a highly toxic cyclic heptapeptide known as
microcystin-LR (69). Fatal sepsis was reported following urea instillation abor-
tion complicated by Clostridium perfringens and Escherichia coli infections
(70). There also has been a report of an outbreak of life-threatening sepsis
caused by Streptococcus pyogenes with resultant multiorgan failure and sys-
temic inflammatory response in three patients (of whom one died) following
liposuction (71).

Lately, concerns also have been expressed about the possibility of an
iatrogenic variant of Creutzfeldt-Jakob disease being transmitted by contami-
nated surgical instruments (based on evidence that prion diseases can be spread
via stainless steel appliances), although the actual risk involved is largely
undetermined (72–74).

2.3. Perioperative Trauma

Direct visceral trauma may complicate various invasive therapeutic and/
or diagnostic interventions and result in lethal perioperative hemorrhage and
sepsis or may be lethal in and of itself. Some of these complications have been
described previously such as the consequences of biliary tract injury from
laparoscopic cholecystectomy and endoscopically induced intestinal perfora-
tion. In respect of the latter, it has been observed that colonoscopic perfora-
tion could result in sudden and unexpected death, presumably from reflex
cardiac inhibition (13). An interesting experiment demonstrated that a pos-
sible sequence of such perforations might begin with the muscularis propria,
followed by the serosa and, finally, the mucosa (76). In any event serosal tears
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without mucosal damage have been known to be a complication of colonoscopy
(77,78).

Iatrogenic tracheobronchial ruptures may, occasionally, be caused by bron-
choscopy such as that performed with a stiff bronchoscope or during intubation.
Although rare, such injuries carry a mortality rate as high as 42% (79).

Acute hemorrhagic pancreatitis with its attendant sequel of DIC, shock,
adult respiratory distress syndrome, systemic organ failure, sepsis, pancreatic
abscess, and pseudocyst formation (amongst other complications) is not
invariably the result of alcoholism, biliary disease, infection (e.g., Mumps,
Coxsackievirus), hyperlipoproteinemia, or an ADR (e.g., thiazide diuretics,
azathioprine). Iatrogenic causes such as perioperative injury and endoscopic
procedures involving dye injection (e.g., ERCP) are well-documented etio-
logical factors, too (80,81).

Apart from the rare occurrence of fatal retroperitoneal hemorrhage and
infection (39,82–84), PEG also may be associated with gastric necrosis and hemor-
rhage, arising from excess tension between the intragastric bumper and the
skin attachments of the tube, gastric wall dissection, acute gastric dilatation,
tension pneumoperitoneum, or bowel obstruction (82,85). There also have been
rare reports of iatrogenic ruptures of the stomach associated with balloon tam-
ponade (such as with a Sengstaken-Blackmore or Linton-Nachlas tube) for
esophageal varices in the setting of hepatic cirrhosis (86).

The iatrogenic causes of aortoesophageal fistula (Fig. 6), which usually
result in massive gastrointestinal (GI) hemorrhage and present as hematemesis
(typically after an initial episode of relatively mild “sentinel” hemorrhage)
include thoracic irradiation, the use of a rigid esophagoscope (now rare), pro-
longed nasogastric tube placement, and anastomotic dehiscence following the
prosthetic graft repair of a thoracic aortic aneurysm (9,87–91). Another inter-
esting, although rare, iatrogenic vascular complication is the splenic artery
pseudoaneurysm whose principal etiological factors are pancreatitis, trauma,
and intraabdominal iatrogenesis (92). The author has encountered rare instances
of atrial rupture during cardiac surgery, atrial or ventricular perforation attrib-
utable to cardiac catheterization as well as a hemothorax (or a pneumothorax)
due to the subclavian vein being punctured during central venous access (for
which imaging guidance has been urged [93–95]). An unusual variant of ia-
trogenic vascular injury attributable to central line insertion is the report of a
case of fatal hydrothorax associated with subclavian vein cauterization for
hemodialysis (96).

Occasionally, the tips of chest drainage tubes might be embedded within
the subpleural aspect of a lung, wedged deeply within a pulmonary fissure, or
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apparently lacerating the posterior parietal pleura. Rare complications of tubes
and drains include a reported case of sudden death in a patient with Arnold-
Chiari malformation where the ventriculoperitoneal shunt (inserted to relieve
hydrocephalus) had perforated the transverse colon resulting in ascending en-
terococcal meningitis (97) and another case with intracranial insertion of a
nasogastric tube through the comminuted cribriform plate of the ethmoid in a
victim of homicidal blunt force head trauma (98).

Cervical, uterovaginal, or vaginal ruptures may sometimes attend for-
ceps-assisted delivery, even in the absence of a history of previous cesarean
section (99), which is said to increase the risk of maternal morbidity and mor-
tality considerably (100–102). Although a trial of vaginal birth after a previ-
ous cesarean section has been recommended (103), it also has been
demonstrated that the risk of uterine rupture among women undergoing vagi-
nal delivery after spontaneous labour was at least three times higher than in
those who underwent a second cesarean delivery without spontaneous labor
(104,105). It should be noted that instrumental (vacuum- and forceps-assisted)
delivery may, occasionally, result in fatal perinatal subgaleal hemorrhage (106),
while vacuum extraction itself may, even more rarely, cause neonatal intrac-
ranial (mainly subdural) hemorrhage (107), resulting from tentorial laceration
and rupture of the dural venous sinuses which in newborn infants tend to be

Fig. 6. An aorto-esophageal fistula caused by an ingested duck bone. Endo-
scopic removal of the foreign body resulted in torrential gastrointestinal hem-
orrhage.
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relatively large in relation to the brain and skull (108–112). Although an early
series reported a perinatal mortality rate of 15 per 1000 attributable to vacuum
extraction (107), it appears that the type of device employed may influence
the occurrence of life-threatening iatrogenesis (113).

Regarding the subject of iatrogenic trauma, it is worth noting that a wide
range of resuscitative injuries may be observed at autopsy. Most of these are
artifactual in nature and include bruising of the subcutaneous tissues and pec-
toral muscles, fractures of the sternum and rib cage, hemothorax, mediastinal
bruising, cardiac rupture, pulmonary laceration, damage to the upper and lower
airways, conjunctival petechial hemorrhages, retinal hemorrhages, rupture of
the esophagus, stomach and intestines (including the mesentery, liver [Fig. 7],
and spleen [114]), electric defibrillator pad markings, subarachnoid hemor-
rhage, and so on (115). It would seem that the list is virtually endless and that
almost any form of blunt force type injury could complicate vigorous and
protracted cardiopulmonary resuscitation. Indeed, the author had witnessed a
case of thoracic vertebral fracture dislocation in an elderly patient who had
been subjected to precisely such ministrations. Occasionally, however, some
of these injuries may have inadvertently been inflicted during the antemortem
period and could, potentially, have contributed to morbidity or mortality
(116,117).

Fig. 7. Rupture of the liver as a sequel of cardiopulmonary resuscitation.
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2.4. Pulmonary Thromboembolism

In principle, pulmonary thromboembolism (Fig. 8), the often fatal sequel
of deep vein thrombosis, essentially is a predictable and preventable
perioperative complication. However, deep vein thrombosis may develop
insidiously, and the resultant massive pulmonary thromboembolism may
supervene with apparent and unexpected suddenness. Indeed, two consecu-
tive necropsy series (118,119) suggested that fatal pulmonary thromboembo-
lism is underdiagnosed in clinical practice. Both studies, which covered a time
span of a decade, demonstrated that surgery was the most common risk factor
detected (41.4% and 42.3%, respectively) after complete or relative immobility,
followed by trauma, obesity, sepsis, malignancy, and pregnancy. They also
consistently demonstrated a peak incidence of fatalities within the first week
of immobilization or trauma rather than in the second or third weeks (118,120),
an observation that is supported by the results of another study (121). Pulmo-
nary thromboembolism was clinically unsuspected in nearly three-fourths of
the deaths that occurred under medical care (77.1 and 74.6%, respectively).
This, unfortunately, seems to be in accord with similar findings elsewhere,
with between some 55 and 79% of such deaths being undiagnosed (122–124).

Fig. 8. Gross pathology of postoperative massive pulmonary thromboembo-
lism that was clinically unsuspected.
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Although it would not be feasible to conduct preoperative screening for
generally uncommon or rare forms of hereditary thrombophilias such as defi-
ciencies of antithrombin, proteins C and S, factor V Leiden, G20210A pro-
thrombin mutation, and so on (99,125–127), it appears that more could be
done to prevent these deaths, for example, application of appropriate
thromboprophylaxis (which, of course, is not without its hazards), to forestall
the rather unpleasant medicolegal consequences, both criminal and civil, that
may follow in their aftermath (118).

2.5. Other Embolic Phenomena

Other forms of thromboembolism, including those of an iatrogenic etiol-
ogy, are well documented in the forensic medical literature. Fat embolism
(Fig. 9) tends to be associated with fractures, extensive soft tissue injury, sep-
ticemia, diabetes mellitus, acute pancreatitis, and burns. Fat embolism may
also complicate surgical operations on fatty tissues (e.g., mastectomy), ste-
roid injections (128), spinal and orthopedic surgery (e.g., vertebroplasty for
osteoporotic vertebral collapse [129], total joint replacement operations [130]),
and tumescent liposuction, which often is performed as an outpatient proce-
dure and carries an estimated mortality rate of 1 in 5000 procedures (131–

Fig. 9. Pulmonary fat embolism after total hip replacement surgery. This his-
tological finding may sometimes be an artifact of vigorous resuscitation (hema-
toxylin and eosin stain, original magnification ×100).
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133). Although fat embolism may be pulmonary or systemic in distribution,
bone marrow embolism (Fig. 10) tends to be restricted to the pulmonary cir-
culation (128). Not infrequently, both fat and bone marrow embolism may
represent artifacts of resuscitation (115,134).

Air embolism may present as a complication during operations on the
head or neck (e.g., neurosurgical procedures and thyroid surgery [135]) and
procedures involving central venous access such as the infusion of total
parenteral nutrition or hemodialysis through the subclavian or internal jugular
veins (39).

Amniotic fluid embolism (Figs. 11 and 12), which are estimated to occur
at a frequency in 1:8000 to 1:80,000 of pregnancies, usually is regarded as an
unpredictable and unpreventable direct cause of maternal mortality but may
be associated with various obstetric procedures (e.g., cesarean delivery, first-
and second trimester abortions, hysterectomy, saline/prostaglandin-induced
abortions, or amniocentesis). In this respect, the etiological role of oxytocic
agents, if any, is uncertain (99,136).

Rare instances of possibly iatrogenic pulmonary cartilage embolism (Fig.
13) have been reported (e.g., humeral fracture followed open reduction and inter-
nal fixation [137] or as a consequence or artifact of cardiopulmonary resuscita-
tion [138,139]). These instances should be distinguished from the potentially lethal
condition of fibrocartilaginous embolism resulting in spinal cord infarction or
acute myelopathy, a condition whose etiology is unclear (138).

Fig. 10. Pulmonary bone marrow embolism with evidence of early organiza-
tion (hematoxylin and eosin stain, original magnification ×100).
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Fig. 11. Amniotic fluid embolism. Fetal squames in a pulmonary vessel (Phlox-
ine-tartrazine stain, original magnification ×200). (Reprinted, with permission,
from ref. 136.).

Fig. 12. Fetal squames admixed with fibrin in amniotic fluid embolism
accompanied by severe coagulopathy (hematoxylin and eosin stain, original
magnification ×100).
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Cholesterol embolism (with resultant acute renal failure and, possibly,
multiorgan involvement accompanied by marked eosinophilia) may be
observed in patients with generalized atherosclerosis, hypertension, diabetes,
and aortic aneurysm. Predisposing factors include angiography, anticoagula-
tion, thrombolysis, and any form of vascular surgery (e.g., coronary artery
bypass grafting [CABG] or repair of an abdominal aortic aneurysm). The
necropsy incidence is estimated to be 0.3 to 0.4% (140,141).

Examples of iatrogenic foreign body embolism include the following:

• Suture embolism to the left anterior descending coronary artery or following
mitral valve replacement surgery (142);

• Occlusion of the left coronary artery by a fragment of a femoral artery during
PTCA (143);

• Systemic “meat and vegetable” embolization to the heart, kidneys, and brain aris-
ing from an esophageal-atrial fistula caused by a nasogastric tube (144); and

• Intracardiac embolism of a distal fragment of an indwelling central venous cath-
eter to the right ventricle and pulmonary trunk, presumably resulting in fatal car-
diac arrhythmia (145).

2.6. Perioperative Cardiac and Cerebrovascular Events

Acute or recurrent MI may occur intraoperatively or postoperatively (13),
possibly in the absence of any history or clinical suspicion of ischemic heart

Fig. 13. Pulmonary cartilage embolism (hematoxylin and eosin stain, origi-
nal magnification ×100).
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disease. Usually, coronary risk factors such as systemic hypertension, diabe-
tes mellitus, obesity, cigarette smoking, and hyperlipidemia are present in
addition to the corresponding macroscopical and microscopical pathological
features. Determining whether such an event was “natural” in origin or pre-
cipitated by the stress (both surgical and anesthetic) of the operation (9) is by
no means an easy matter. It has been estimated that the risk of perioperative
MI in healthy patients undergoing noncardiac surgery is less than 1%; the risk
in patients with coronary risk factors or heart disease may be as high as 17%
(146).

Occasionally, perioperative myocarditis may supervene, usually present-
ing as an unanticipated viral infection or an ADR (see Subheading 3.1.). How-
ever, there have been rare instances of fatal giant cell myocarditis, believed to
be an expression of a florid foreign body reaction to foreign material (such as
cornstarch), that are introduced during mitral valve replacement surgery or
CABG (147–149).

Whether deaths after events such as stent embolism and restenosis after
PTCA (with resultant worsening of the underlying myocardial ischemia or
extension of the original MI) should be considered to be iatrogenic in nature,
is, at least from a purely forensic perspective, a matter of debate. The author also
has encountered several cases of sudden, unexpected postoperative deaths
associated with myocardial tunneling of the anterior descending coronary artery
and small coronary artery disease (Fig. 14) in the absence of any antecedent
history of cardiovascular disease.

There appears to be evidence that patients with a history of stroke are at
a 14-fold overall increased risk for a recurrence (with women having a rela-
tive risk more than twice that of men [150]). Women have higher morbidity
and mortality rates after cardiac surgery than men (151). It also has been said
that patients who undergo coronary artery bypass graft shortly after experi-
encing unstable angina or non-Q-wave myocardial infarcts have a higher risk
(perhaps twice) of stroke than those who forgo surgery or delay it (152,153).
In this respect it is interesting to note that morphological features such as
reactive microgliosis, nuclear pyknosis, focal microscopic hemorrhage, glo-
bal cerebral hypoxia, and necrosis have earlier been documented in patients
who died after CABG and valve replacement surgery (154).

2.7. Miscellaneous Postsurgical Complications

There appears to be a risk of malignancy supervening after various forms
of surgery. For instance, there have been conflicting reports of remote partial
gastrectomy for benign peptic ulcer disease being a risk factor for pancreatic



Lau372

carcinoma. In one such study the overall increased risk of pancreatic carci-
noma after gastrectomy was reported to be 1.8 on average (5–59 years postop-
eratively), increasing gradually to 3.6 after 35 years or longer after surgery
(155).

Malignant lymphoma may develop in the soft tissues at the sites of pre-
vious orthopedic operations, such as the internal fixation of a fracture or joint
replacement surgery some 4 to 12 years later (156). Of particular interest are
the somewhat startling reports of the transmission of brain tumors through
transplantation (157). Noteworthy seems the report of a case of transmission
of glioblastoma multiforme via liver transplantation (158), the cadaveric liver
having been harvested from a brain dead patient who had a frontal lobe glioma
removed previously and underwent resection of a locally recurrent tumor shortly
before her death. Indeed, a novel postsurgical complication of liver transplan-
tation is massive hemoptysis in a patient with hereditary hemorrhagic telang-
iectasia who had irregularly thickened pulmonary arteries displaying concentric
myointimal hyperplasia (159).

2.8. Anesthetic Complications

Compared with iatrogenic injuries that are directly or indirectly attribut-
able to surgical and other invasive procedures per se, significant anesthetic

Fig. 14. Incidental small coronary artery disease with marked medial atro-
phy and a combination of florid myointimal and perivascular fibrosis. Note
disruption of the internal elastic lamina (Verhoeff-van Gieson stain, original
magnification ×200).
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mishaps seem to occur less frequently, but usually with devastating conse-
quences. Thus, it has been estimated that, although anesthesia might contrib-
ute to death in 1:1,700 operations, it is probable that only 1:10,000 patients
die exclusively from an anesthetic complication (9). This appears to be in
accord with this author’s observation that there were only six deaths attribut-
able to adverse anesthetic events of a total of 572 coronial perioperative au-
topsies performed between 1989 and 1997 at the Centre for Forensic Medicine
in Singapore, with the necropsy incidence varying between 0.6 and 2.3%,
whereas that for surgical iatrogenesis varied from 15.2 to 28.8% during this
time (12,13).

It is common practice to assess the risk of operative mortality in surgical
patients by applying the relatively straightforward classification of the Ameri-
can Society of Anesthesiologists classification (10,160), which stratifies
patients into five levels of clinically appraised risk (Table 2). In this system, a
patient who is assigned a score of 4 is very seriously ill (and hence at high
operative risk), whereas a score of 5 quite literally means that death is immi-
nent, whether an operation is conducted or not. In this respect, this author has
observed that surgeons and anesthetists/intensive care clinicians not infre-
quently diverge rather sharply in their assessment of the operative risks of
patients who are likely to be in the severe end of the spectrum, with the latter
appearing to favor a more grave prognosis in general. This divergence is per-
haps a reflection of the subjectivity that is inherent in such an ordinal method
of clinical assessment.

Indeed, this author often marvels at the fact that major surgery—some-
times a series of extensive operations requiring general anesthesia—actually

Table 2
The American Society of Anesthesiologists’ (ASA) Classification of Surgical

Mortality Risk

Class Description

ASA 1 A normal healthy patient
ASA 2 A patient with mild systemic disease
ASA 3 A patient with severe systemic disease that limits activity, but is

   not incapacitating
ASA 4 A patient with incapacitating systemic disease that is a constant

   threat to life
ASA 5 A moribund patient who is not expected to survive for more than

   24 hours with or without an operation
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is conducted on some severely and chronically ill, elderly patients, each with
a myriad of comorbidity involving almost every major organ system. In such
instances it seems that the main value of the autopsy is to provide a morpho-
logical proof that any one of these conditions would have been sufficient in
the ordinary course of nature to cause death, but that the perioperative compli-
cations that (inevitably?) supervened arguably constituted a novus actus
interveniens, thereby abruptly or gradually converting what would otherwise
have been death from natural causes to an iatrogenic one.

The development and implementation of a more comprehensive and
sophisticated system of risk stratification, known as the Physiological and
Operative Severity Score for the Enumeration of Operative Mortality and Mor-
bidity (i.e., POSSUM [10,161]) might afford a more precise and objective
assessment of surgical risk. This method involves the statistical analysis of 12
physiological and 6 operative factors (Table 3), each of which is given
weightings of 1, 2, 4, or 8 in accordance with their variable substratification
into two to four levels. The total physiological and operative scores (88 and
44, respectively) are then analyzed by logistic regression to produce compos-
ite risk estimates of morbidity and mortality. It appears that, despite it being
somewhat cumbersome in nature, it has been widely accepted by the Scottish
Audit of Surgical Mortality (10).

Potentially lethal or devastating anesthetic complications include the fol-
lowing (9,13):

• Oxygen deficiency resulting in hypoxic–ischemic encephalopathy and brain death
(Fig. 15), for example, caused by failed intubation (inexperienced operator or

Table 3
The Physiological, and Operative Severity Score for the Enumeration

of Mortality and Morbidity (POSSUM)

Physiological factors

Age; Glasgow Coma Scale; respiratory function; cardiac status; electrocardiogram;
blood pressure; pulse rate; hemoglobin level; white cell count; plasma urea, sodium,
and potassium concentrations

Operative factors

Elective or emergency surgery; complexity of operation; multiple procedures;
severity of hemorrhage; intraperitoneal contamination; extent of spread of
malignancy
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technical difficulties induced by anatomical variations, respectively),
dislodgement of the endotracheal tube, faulty connections (minimized by the use
of modern anesthetic apparatus with inlets and outlets of different designs and
sizes), and prolonged reversal;

• Airway obstruction, for example, with blood, mucus, or foreign bodies (includ-
ing pieces of gauze);

• Aspiration, for example, regurgitation of gastric contents, or aspiration of con-
trast medium (9);

• Prolonged or excessive neuromuscular blockade; thiopentone, which is used in
induction, may cause cardiorespiratory failure while trichloroethylene and atro-
pine (used in premedication) may result in sudden circulatory failure (9);

• Malignant hyperthermia, a rare autosomal dominant condition (with an estimated
incidence of 1:5,000 to 1:70,000) that predisposes the patient to sudden uncou-
pling of oxidative phosphorylation with a resultant massive overheating, is
induced by exposure to certain muscle relaxants (e.g., suxamethonium) and hal-
othane (9,162); it has been proposed that, in addition to the contracture test, which
requires an open muscle biopsy sample, susceptibility to malignant hyperthermia
could be predicted by the measurement of local carbon dioxide pressure in the

Fig. 15. Gross appearance of the brain in a patient who became brain dead
as the result of oxygen deprivation in the course of an anesthetic mishap.
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rectus femoris muscle after intramuscular injection of caffeine; this experiment
demonstrated that susceptible individuals presented with a considerably higher
intramuscular pCO2 than controls (163);

• Halothane hypersensitivity (with an estimated incidence of 1:6,000 to 1:600,000)
may be associated with halothane-induced hepatitis or even massive hepatocellu-
lar necrosis, usually after repeated exposure to the agent (9,164,166); there is
evidence that halothane hypersensitivity is mediated by the immune sensitization
of susceptible individuals (carrying CYP2E1) to trifluoacetylated liver protein
neoantigens formation resulting from oxidative halothane metabolism; this par-
ticular pathogenetic pathway renders halothane-induced hepatitis amenable to
prophylaxis with disulfiram which is converted to an active inhibitor of CYP2E1
in vivo (165); isoflurane, another haloalkane which is minimally and non-
reductively metabolized (<1% compared with 30% in the case of halothane) and
does not undergo reductive alternative to halothane, has also been reported to
cause fatal massive hepatocellular necrosis after a second exposure to this sup-
posedly nonhepatotoxic alternative to halothane in a woman with a history of
alcohol abuse and mild obesity who had also taken amitriptyline and
acetaminophen (paracetamol [166]); instances of enflurane-induced hepatotox-
icity have also been reported (167);

• Propofol, a sedative-hypnotic agent used for the induction of anesthesia and for
sedating mechanically ventilated patients in intensive care units, has been associ-
ated with fatal cardiac failure both in children (168) and in adult patients with
head injuries (169); in fact, the constellation of myocardial failure, metabolic
acidosis, and rhabdomyolysis in children receiving propofol infusions for more
than 48 hours has been termed the propofol infusion syndrome (168); in addition,
propofol is known to induce hypertriglyceridemia (apparently when used at a
rate exceeding 100 µg kg–1min–1 for prolonged periods; ref. 170) resulting in at
least one case of nonfatal necrotizing pancreatitis (171);

• Instances of iatrogenic cervical dislocation have been reported in children undergo-
ing lymph node biopsy under general anesthesia; rotation of the head and neck during
the procedure is believed to have caused atlantoaxial rotary dislocation, requiring
neurosurgical intervention (open reduction [172]); from a forensic perspective, it is
not difficult at all to appreciate that this is a potentially life-threatening complication;

• There have also been instances of toxic substances that were introduced during
spinal or epidural anesthesia for elective cesarean delivery; in one case an
unknown substance was introduced epidurally (173) whereas in another potas-
sium chloride, instead of bupivacaine, was administered accidentally (174); the
former rendered the patient incontinent, while the latter, quite predictably,
resulted in sudden death from potassium chloride toxicity; evidently, disastrous
consequences may ensue after the application of neuraxial blockade despite evi-
dence that it may reduce postoperative morbidity and mortality caused by deep
vein thrombosis, pulmonary thromboembolism, pneumonia, respiratory depres-
sion, MI, and even renal failure (175);
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• Attention also has been drawn to the importance of maintaining perioperative
normothermia (which could very well reduce the risk of hemorrhage, wound
infection, and acute cardiac events), this being particularly emphasized for
patients with cardiac risk factors (176,177); it is conceivable that there might be
occasions when such factors have to be taken into account when conducting a
perioperative autopsy.

Interestingly, even common foods, such as potatoes, tomatoes, and aub-
ergines, may contain naturally occurring solanaceous glycoalkaloids (which
are naturally occurring insecticides that remain in the body for several days
after ingestion). Even in small quantities, solanaceous glycoalkaloids may
inhibit butyryl cholinesterase and acetylcholinesterase, thus resulting in the
persistence of anesthetic agents and muscle relaxants in the body and a pro-
longed recovery time, which may last as long as 5 to 10 hours (178). The
potentially lethal consequence of this largely unanticipated complication is
self-evident.

2.9. Hypoxia

The very mention of hypoxia in a health care setting tends immediately
to evoke images of an anesthetic mishap, such as oxygen deprivation with
consequent cardiorespiratory arrest, irreversible brain damage, and death (Fig.
16) caused by pulmonary aspiration (179,180), faulty connection of the anes-
thetic circuit, disconnection from the apparatus, or failed esophageal intuba-
tion (181,182). These, by and large, are medicolegally indefensible adverse
events arising from preventable human errors. It has also been observed that
anesthesia with mechanical ventilation may be attended by impairment of gas-
eous exchange, leading to decreased blood oxygenation. Indeed, atelectasis is
said to occur in 85 to 95% of patients, often immediately after induction of
general anesthesia, affecting some 20 to 25% of basal lung tissues (183).

However, iatrogenically induced hypoxia may not always be related to
anesthesia per se. Profound hypovolemic, septicemic, cardiogenic, or neuro-
genic shock as well as ventricular tachyarrhythmia may lead to protracted
cardiorespiratory arrest and resultant hypoxic–ischemic encephalopathy.
Although these predisposing factors could be the result of underlying disease
conditions or trauma, they also may be the consequence of the various forms
of surgical iatrogenesis described previously.

Indeed, oxygen desaturation (<90%) is known to occur during upper GI
endoscopy (e.g., esophagogastroscopy, ERCP) performed under sedation. The
incidence has variously been estimated to be between 55 and 91%, this being
associated with a mortality risk as high as 1 in 2000 procedures, prompting
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calls for close monitoring of patients and the use of supplemental oxygen dur-
ing these procedures (184–187).

Occasionally, even common and usually mild therapeutic complications
may have lethal consequences when the latter present with exceptional sever-
ity. Hence, there has been a report of an extensive postextraction hematoma
(involving the floor of the mouth, larynx, and cervical muscles) presenting 8
hours after the extraction of an impacted mandibular right third molar that
caused death from mechanical asphyxia (188). This may be regarded as an
adjunct to the better known Ludwig’s angina, which is a life-threatening, dif-
fuse infection (caused by a variety of Gram-negative organisms as well as
Streptococcus viridans, Staphylococcus aureus, and Staphylococcus epi-
dermidis) of the submandibular and sublingual spaces that may spread inferiorly
causing mediastinitis, empyema, pericarditis, and pericardial tamponade. Apart
from the obvious danger of sepsis, Ludwig’s angina can also cause critical
airway obstruction requiring tracheostomy. Although dental abscesses, intra-

Fig. 16. A case of brain death: In situ formalin fixation of the brain before
evisceration may help to solidify it and facilitate its easy removal. This tech-
nique should only be used as a last resort (e.g., if the brain is likely to disinte-
grate upon evisceration) because it may cause anatomical distortion of a brain
that has liquefied as a result of autolysis and putrefacation.
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venous drug abuse, and pharyngotonsillitis are the more common etiological
factors, Ludwig’s angina may occasionally present as a postextraction com-
plication (189–193). The author has personally encountered a case of death in
custody (involving a prisoner) attributed to postextraction Ludwig’s angina.

3. PREDOMINANTLY NONPROCEDURAL COMPLICATIONS

3.1. Fatal Adverse Drug Reactions and Medical Errors

For practical purposes, it may be assumed that the therapeutic use of any
and all pharmacologically active substances carries a variable risk of an ad-
verse drug reaction (ADR), which may be defined as any undesirable effect of
a drug exceeding its anticipated therapeutic properties. This has to be distin-
guished from more generic adverse drug events (ADEs) that comprise any
untoward clinical occurrence after exposure to a specific drug that is not nec-
essarily caused by its use (194,195).

It has been said that ADRs account for 5% of all hospital admissions,
occur in 10 to 20% of hospital inpatients, and are responsible for the deaths of
some 0.1 and 0.01% of medical and surgical inpatients, respectively (194).
This seems to be in accordance with the observation that cases of fatal ADR
constituted 0.3 to 0.5% of coronial autopsies during a 5-year period (1999–
2003) at the Centre for Forensic Medicine in Singapore.

It is suggested that, for the purposes of the forensic evaluation of sus-
pected cases of fatal ADR, the traditional classification of these reactions as
being pharmacological (type A) or idiosyncratic (type B) in nature will mostly
suffice (although more sophisticated and cumbersome methods have been pro-
posed). The first are dose-dependent and represent reversible manifestations
of the augmented pharmacological properties of a drug whereas the latter are
described as being bizarre and largely unpredictable (194,196). Type A reac-
tions, which account for the vast majority (80%) of ADR, may be regarded as
those that arise from the intrinsic toxicity of a therapeutic drug, in terms of its
primary and secondary pharmacological effects (194,197) or from drug inter-
actions where it appears that increasing age, comorbidity (e.g., renal failure),
and polypharmacy may result in a considerable risk of ADR (as much as 50%
if five drugs are used in combination [194,198]). The less common type B
reaction, which tends to carry more serious consequences and accounts for a
large number of ADR-related deaths, is associated with various complex
immunologic (e.g., anaphylaxis), metabolic (e.g., CYP2D6 deficiency), cell
receptor (e.g., malignant hyperthermia), and multifactorial pathogenic mecha-
nisms (e.g., halothane-induced hepatitis [194,199]).
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It is this author’s experience that, from a thanatological perspective, the
majority of fatal ADRs that come to forensic attention are usually idiosyn-
cratic reactions resulting in anaphylaxis (200), massive hepatocellular necro-
sis (201), and severe skin or mucocutaneous drug reactions (e.g.,
Stevens-Johnson Syndrome, toxic epidermal necrolysis [202]) together with
their attendant complications of sepsis, coagulopathy, and eventual multiorgan
failure. These seem to be followed by comparatively lower frequencies of
fatal cardiovascular (203), nephrotoxic (204), and neurotoxic (205) iatrogenesis.

The following review of ADRs, giving an outline of the main points, is
confined to those instances that carry fatal or potentially life-threatening conse-
quences. Given the immensity of this subject, which literally spans all organ sys-
tems, it is only possible to provide an overview of various conventional forms of
potentially lethal ADRs and medication errors (including some unpublished cases
observed or encountered by the author) supplemented by examples of reactions
associated with the use of “novel” or relatively new drugs as well as agents
employed in complementary therapy or as health supplements.

3.1.1. Hypersensitivity
Hypersensitivity reactions include the following:

• Anaphylaxis, for example, caused by penicillin allergy (200);
• Myocarditis (caused by, e.g., penicillin, sulphonamides, tetracycline, streptomy-

cin, sulphonylureas, or methyldopa [203]); and
• Stevens-Johnson syndrome/toxic epidermal necrolysis (Fig. 17) from penicillin,

sulphonamides, hydantoins, barbiturates, salicylates, or antimalarials (202).

3.1.2. Idiosyncratic Reactions
Idiosyncratic reactions include the following:

• Neuroleptic malignant syndrome caused by butyrophenones (haloperidol,
droperidol), lithium, or phenothiazines (206), and

• Malignant hyperthermia (see Subheading 2.8.).

3.1.3. Drug Toxicity
Examples of drug toxicity are (a) overdose from, e.g., paracetamol, sali-

cylates, codeine (antitussives) caused by double or multiple prescriptions,
ambiguous or inadequate instructions, and overzealous drug administration;
and (b) intrinsic toxicity caused by massive hepatic necrosis (Figs. 18 and 19)
from antituberculous therapy, e.g., rifampicin or isoniazid (201), drug-induced
(toxic or allergic) myocarditis (Figs. 20 and 21) induced by phenothiazines,
barbiturates, theophylline, amphetamines, lithium, sulphonamides, tetracycline,
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Fig. 17. Fatal toxic epidermal necrolysis involving approximately 80 to 90%
of the body surface of this individual (photo taken after autopsy).

Fig. 18. Drug-induced massive hepatocellular necrosis with marked peripor-
tal cholestasis (Masson Trichrome stain, original magnification ×200). (Reprinted,
with permission, from ref. 387.)
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Fig. 19. Collapse of the reticulin framework in drug-induced massive hepa-
tocellular necrosis (Gordon & Sweets stain, original magnification ×100).
(Reprinted, with permission, from ref. 387.)

Fig. 20. Drug-induced myocarditis possibly induced by chlorpromazine
(hematoxylin and eosin stain, original magnification ×40).
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streptomycin, penicillins, or phenylbutazone (203), toxic cardiomyopathy from
adriamycin, daunomycin, mitomycin, cyclosporin, arsenicals, chloroquine, or
amphetamines (203), tubulointerstitial nephritis (Fig. 22) induced by
sulphonamides, aminoglycosides (gentamycin), penicillins (methicillin, ampi-
cillin), rifampicin, nonsteroidal antiinflammatory drugs (e.g., phenylbutazone),
thiazide diuretics, or heavy metals (e.g., lead, mercury, arsenic, etc. [204]),
and dapsone (diaminodiphenylsulphone) syndrome manifesting with jaundice,
hepatitis, acute renal failure, peripheral motor neuropathy, toxic epidermal
necrolysis, erythema nodosum, methemoglobinemia, and hemolytic anemia
(207).

3.1.4. Synergistic Drug Reactions
Synergistic drug reactions follow the combination of two or more drugs

in therapeutic, nontoxic concentrations resulting in life-threatening or lethal
potentiating effects in patients being treated for major depression, psychosis,
or other psychiatric conditions (208). This may, perhaps, be considered to be
the interface between adverse pharmacological reactions and toxicology.
Examples include, ethanol and benzodiazepines (diazepam, nitrazepam,
temazepam); ethanol and antidepressants (imipramine, amitriptyline,

Fig. 21. Drug-induced myocarditis with focal coagulative necrosis of the
myocardial fibers (Masson Trichrome stain, original magnification ×100).
(Reprinted, with permission, from ref. 268.)
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dothiepin); and combinations of antidepressants, benzodiazepines, phenothi-
azines, and butyrophenones.

3.1.5. Wrong Mode of Administration
Examples of wrong modes of administration are intravenous potassium

chloride (undiluted) in a single bolus resulting in cardiac arrest, intravenous
adrenaline (undiluted), and intravenous theophylline (undiluted or adminis-
tered too rapidly).

3.1.6. Wrong Route of Administration
An example of using the wrong route of administration is intrathecal or

intraventricular vincristine neurotoxicity (Figs. 23 and 24; concurrent admin-
istration of intrathecal methotrexate and intravenous vincristine [205]).

3.1.7. Wrong Drug
In some circumstances, the wrong drug is used, for example, (a) errone-

ous prescription for oral propanolol, instead of prednisolone (20 mg tablets)
issued to an asthmatic patient, thus resulting in acute bronchospasm and sud-
den death (209); (b) intramuscular digoxin instead of naloxone for a newborn
after delivery (where the mother was given pethidine during labor); and (c)

Fig. 22. Drug-induced tubulointerstitial nephritis caused by sulphsalazine
(hematoxylin and eosin stain, original magnification ×100). Reprinted, with per-
mission, from ref. 268.)
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Fig. 23. Vincristine neurotoxicity: encephalitis after intraventricular admin-
istration of vincristine (hematoxylin and eosin stain, original magnification ×100).

Fig. 24. Vincristine neurotoxicity: myelitis with extensive damage to the
anterior horn cells (hematoxylin and eosin stain, original magnification ×100).
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intravenous promethazine instead of phenobarbitone for control of convul-
sions in a premature neonate.

3.1.8. Treatment of Malignancies
Complications during treatment of malignancies include (a) immuno-

suppression predisposing to recurrent nosocomial infections, (b) general com-
plications of long-term steroid therapy, and (c) secondary acute myeloid
leukemia following autologous bone marrow transplantation for Hodgkin’s
disease, non-Hodgkin’s malignant lymphoma, acute leukemia, and breast can-
cer (210).

3.2. Adverse Reactions Associated With Specific Therapeutic
Agents

In recent years, there have been numerous calls for a heightened aware-
ness of ADRs (particularly in relation to newly approved drugs) and strategies
to reduce medication errors (211–216). It may be argued that forensic pathol-
ogy and toxicology, by elucidating or confirming the precise nature of sus-
pected fatal ADRs, may substantially contribute toward medical audit and,
thereby, the achievement of these objectives. A survey of some adverse reac-
tions of potential medicolegal significance is provided here. It is clear that these
ADRs span the full gamut of pharmacological toxicity and idiosyncrasy related
to the use of contemporary therapeutic drugs.

3.2.1. Antimicrobial Agents
Antibiotic-associated diarrhea occurs in 5 to 30% of patients in the early

phase of antibiotic therapy or may occur up to 2 months after the end of therapy.
Antibiotic-associated diarrhea is caused by Clostridium difficile, Clostridium
perfringens, Staphylococcus aureus, Klebsiella oxytoca, and Salmonella and
Candida species. Antibiotic-associated diarrhea may result in fulminant
pseudomembranous colitis with resultant toxic megacolon, perforation, and
shock (217–219).

Macrolide-induced intracranial hypertension can be induced by the use
of tetracycline, doxycycline (e.g., antimalarial prophylaxis), and minocycline
(220,221). Possible interference with the energy-dependent absorption mecha-
nism at the arachnoid granulations exists (222).

Clarithromycin has been reported as the cause of pulmonary infiltration
and eosinophilia in a patient with bronchial asthma, allergic rhinitis, and
sinusitis; symptoms vanished after antibiotic withdrawal (223).

The use of ofloxacin for the treatment of lobar pneumonia has been asso-
ciated with reversible diabetes insipidus (which may also occur with diverse
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other agents, such as lithium, demeclocycline, vitamin D, or methoxyflurane
[224]). Both ofloxacin and ciprofloxacin have been implicated in drug-induced
hepatitis (225). Moxifloxacin may cause prolongation of the QT interval with
consequent tachycardia (226).

The use of thiacetazone (as an inexpensive companion drug in anti-
tuberculous therapy used for the treatment of relapses and initially isoniazid-
resistant strains) has been complicated by toxic epidermal necrolysis (227).
Topical ketoprofen as antifungal medication has been implicated in acute renal
failure despite its marginal cutaneous absorption of only 5 to 8% (228).

3.2.2. Antiviral Agents and Vaccines
Anti-retroviral drugs such as zidovudine and nevirapine, which are used

in the treatment of HIV–1 infection, have been complicated by Stevens-Johnson
syndrome and toxic epidermal necrolysis (229,230). Nevirapine has also been
reported as cause of severe drug-induced hepatitis (231) and liver damage
severe enough to warrant liver transplantation (232).

Zanamivir may cause bronchospasm and serious respiratory deteriora-
tion when it is used for the treatment of influenza (233). The use of the 17DD
and 17D–204 vaccines (yellow fever vaccines) has been associated with hepa-
titis, renal failure, hemorrhagic diatheses, multisystem failure, and death (234–
237).

3.2.3. Cardiovascular Drugs
There may be an increased risk of GI hemorrhage among elderly hyper-

tensive patients being treated with calcium antagonists such as nifedipine,
verapamil, and diltiazem compared with those receiving β-blockers or angio-
tensin-converting enzyme (ACE) inhibitors. Risk of GI hemorrhage seems to
be particularly increased when there is concurrent use of aspirin, nonsteroidal
antiinflammatory drugs (NSAIDs), or warfarin or when there is a history of
peptic ulcer disease, reflux esophagitis, or GI malignancy (238,239). Mibefradil
has been reported to interfere with the cytochrome P450 system in the liver,
with potentially lethal drug interactions between it and other calcium antago-
nists, β-blockers, and digoxin, culminating in cardiogenic shock (240).

The use of ACE inhibitors may be associated with potentially life-threat-
ening acute angioedema, probably mediated by sharp rises in plasma bradyki-
nin concentrations, in 0.1 to 0.5% of patients (240,241). Omapatrilat, another
vasopeptidase inhibitor that interrupts ACE as well as neutral endopeptidase
with a resultant increase in the concentration of natriuretic peptides, also car-
ries a similar risk of 0.7% (241); cholestatic hepatotoxicity has also been
reported (243). Adverse effects of angiotensin II receptor antagonists include
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cholestasis (irbesartan), pancreatitis, angioedema, acute nephritic syndrome
(candesartan), and Henoch-Schonlein purpura (losartan [244–247]).

Ticlopidine, an inhibitor of adenosine diphosphate-induced platelet
aggregation that is commonly used in the primary or secondary prevention of
acute coronary or cerebrovascular events, has been associated with neutrope-
nia, thrombotic thrombocytopenic purpura, bone marrow aplasia (248), as well
as acute polyarthritis that could be a manifestation of drug-induced hypersen-
sitivity (leukocytoclastic) vasculitis (249). Clopidogrel, which is hydrolyzed
to its carboxylic derivative (i.e., ticlopidine), shares similar adverse effects.

The use of amiodarone, an antiarrhythmic and antianginal agent with
vasodilatory properties that is used in the treatment of severe cardiomyopathy
and coronary artery disease complicated by supraventricular and ventricular
tachyarrhythmias, may cause hepatic and thyroid impairment. In approx 5 to
10% of patients, amiodarone also may induce pulmonary toxicity (“amiodarone
lung”) through a direct cytotoxic effect on the alveolar-capillary membrane in
the lung thus resulting in obstructive-restrictive impairment of lung function
that may, occasionally, have a fatal outcome (250).

There has been a report of laryngeal edema (possibly caused by laryn-
geal irritation) after the repeated use of isosorbide dinitrate spray in combina-
tion with sublingual nifedipine in a patient who had collapsed and presumably
died from intracerebral hemorrhage (251).

3.2.4. Antiinflammatory and Related Drugs

3.2.4.1. Cyclooxygenase 2 Inhibitors
Although selective inhibitors of cyclooxygenase 2 (i.e., COX-2 inhibi-

tors) such as rofecoxib and celecoxib appear to be significantly less ulcero-
genic than conventional NSAIDs such as naproxen and ibuprofen, they may
be associated with a higher risk of acute cardiovascular and cerebrovascular
events, such as ischemic stroke, unstable angina, and MI (252–256). Celecoxib
has been associated with cholestatic hepatitis (257), not unlike some conven-
tional NSAIDs, such as diclofenac sodium and nimesulide, which have a pre-
dilection to serious hepatotoxicity (257–259). The use of both celecoxib and
rofecoxib has also been complicated by acute temporary visual impairment
(260). High-dose meloxicam has been reported to cause ischemic colitis (261).

3.2.4.2. Salicylates and Related Drugs
Aspirin (acetylsalicylate) is an ulcerogenic drug that may lead to poten-

tially fatal GI hemorrhage, even when it is used in low doses for its anti-
thrombotic properties in the primary and secondary prevention of acute
coronary and cerebrovascular events as well as the prophylaxis of systemic
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embolism in patients with atrial fibrillation (262). Reye’s syndrome, compris-
ing an acute viral prodrome followed by acute encephalopathy, selective hepatic
derangement (raised liver transaminases and hyperammonemia), and meta-
bolic decompensation (acidosis, hypoglycemia, electrolyte imbalances) attrib-
uted to mitochondrial failure, still occasionally occurs when acetylsalicylate
is administered to children (263). It seems that the ability of salicylates to
enhance the expression of inducible nitric oxide synthase generated by
interferon-γ, may exacerbate potentially infectious diseases including
falciparum malaria as well as viral infections, which trigger the development
of Reye’s syndrome (264).

Mesalazine, a slow-release formulation of 5-aminosalicylic acid (5-ASA)
used in the treatment of inflammatory bowel disease, has been reported to
cause acute and chronic hepatitis (265) as well as interstitial nephritis of late
onset, after 1 to 5 years of continuous treatment (266).

Balsalazide (5-ASA linked by a diazo bond to 4-aminobenzoyl-β-alanine,
a biologically inert carrier molecule) is used in the treatment of ulcerative
colitis. It has been associated with a hypersensitivity reaction, comprising a
constellation of pericarditis, pericardial effusion, vasculitis, cholestasis, and a
lupus-like syndrome (267).

Sulphasalazine (principally comprising 5-ASA and sulphapyridine) pos-
sesses a combination of antibacterial, antiinflammatory, and immunosuppres-
sive properties that are variously harnessed in the treatment of inflammatory
bowel disease and active rheumatoid arthritis. It has been associated with
hypersensitivity myocarditis and tubulointerstitial nephritis (possibly in
response to the sulphonamide component) as well as with an immuno-allergic
reaction known as the 3-week sulphasalazine syndrome, consisting of fever,
dermatitis, lymphadenopathy, and hepatitis, a pathological condition that may
culminate in massive hepatocellular necrosis (268).

3.2.5. Alosetron
Alosetron, a type 3 serotonin (i.e., 5-HT

3
) receptor antagonist that is used

in the treatment of irritable bowel disease, has been reported to cause severe
constipation and ischemic colitis with potential fatal outcome (269).

3.2.6. Psychotropic Drugs
The neuroleptic malignant syndrome (NMS) is a clinical tetrad of fever

(<38.5oC), lead pipe rigidity, altered sensorium (confusion, agitation, leth-
argy, stupor, coma), and autonomic dysfunction (tachycardia, tachypnea, dia-
phoresis, labile blood pressure, respiratory stridor, urinary incontinence) usually
accompanied by leukocytosis. Intense muscle contraction often leads to muscle
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damage, as indicated by elevated serum creatine kinase concentration (up to
100,000 IU/L) and possible rhabdomyolysis with resultant myoglobinuria and
acute renal failure. NMS occurs in 0.5 to 1% of patients receiving a wide
range of neuroleptic drugs (phenothiazines, butyrophenones, thioxanthenes,
and dopamine antagonists) and other psychotropic agents (such as tricyclic
antidepressants, selective serotonin reuptake inhibitors, monoamine oxidase
inhibitors, anticonvulsants, and lithium). NMS also may be associated with
the use of recreational drugs such as 3,4-methylene-2,5-dioxymethamphetamine
(i.e., MDMA or ecstasy) and lysergic acid diethylamide (LSD). The onset is
usually within the first week of treatment and the syndrome may last 5 to 10
days after withdrawal from the triggering agent. Currently, the mortality rate
is about 10%. A wide spectrum of skeletal muscle changes have been noted,
including conspicuous edema, variable involvement of the muscle fascicles,
replacement of the sarcoplasm with tiny to large vacuoles, necrosis, contrac-
tion bands separating segments of edematous myofibrils, lack of regeneration,
severe endomysial edema, and scanty mononuclear infiltrates. Extensive clini-
copathological correlation is required for the postmortem diagnosis or confir-
mation of this idiosyncratic response to antipsychotic drugs and to exclude
other conditions such as heat stroke, sepsis, viral encephalitis, cerebrovascu-
lar accidents, autoimmune disease, and endocrinopathies responsible for the
aforementioned histopathological changes (206,270).

3.2.6.1. Cardiotoxicity
Antipsychotic drugs such as those used in the treatment of schizophrenia

(e.g., thioridazine [also prescribed for learning disabilities], clozapine halo-
peridol, droperidol, risperidone) are known to prolong the QT interval, thereby
predisposing to torsade de pointes and sudden death (271,272). Clozapine may
cause lethal drug-induced myocarditis and cardiomyopathy within 3 weeks to
3 years after commencement of therapy (273,274). Clozapine has also been
implicated in the pseudopheochromocytoma syndrome (hypertension, tachy-
cardia, diaphoresis, and raised urinary catecholamine concentrations in the
absence of an adrenal lesion), a pathological condition resolving upon with-
drawal of the drug (275).

3.2.6.2. Hepatotoxicity
Hypnotic drugs of the imidazopyridine group (e.g., zolpidem, alpidem)

have been associated with drug-induced acute hepatitis mimicking biliary lithi-
asis (276). Treatment of bipolar affective disorders with lithium may be com-
plicated by diabetes insipidus with consequential life-threatening water
depletion and hypernatremia attributed to lithium’s ability to interfere with
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the action of adenylate cyclase and the generation of cAMP in the cell mem-
branes of distal tubular cells (277). Some of the newer antipsychotic agents
may interfere with glucose metabolism and hyperlipidemia, for example,
olanzapine may be associated with a sixfold increase in the risk of developing
diabetes mellitus in users as compared to nonusers of antipsychotics (278).
There exists evidence that the use of certain selective serotonin reuptake in-
hibitors, such as sertraline, citalopram, escitalopram, and paroxetine, as well
as selective norepinephrine reuptake inhibitors such as venlafaxine, in the treat-
ment of major depressive disorders in children and adolescents may increase
the risk of suicidal thoughts and self-harm (279,280). Tramadol hydrochloride,
a weak opioid, was reported to cause auditory hallucinations in a patient with
lung cancer who was receiving palliative care (281).

3.2.7. Neurological Drugs

3.2.7.1. Anticonvulsants
Lamotrigine has been reported to induce agranulocytosis (282) and ful-

minant hepatic failure (283). Levetiracetam has been associated with marked
weight loss of 2.3 to 7 kg per month (284).

3.2.7.2. Migraine Drugs
Sumatriptan (a 5HT

1b
 and 5HT

1c
 receptor agonist) has been associated

with atrial fibrillation and chest pain, probably because of myocardial ischemia
resulting from coronary vasospasm (285). Chronic ergotamine use may be
complicated by life-threatening small bowel ischemia induced by mesenteric
arterial vasospasm. Ergotamine has similar effects on the carotid, coronary,
renal and retinal arteries (286) with ischemic and hemorrhagic strokes having
been reported (287).

3.2.7.3. Baclofen
Baclofen, a muscle relaxant used to relieve chronic severe spasticity from

multiple sclerosis or spinal trauma has been associated with convulsions
(including status epilepticus) after withdrawal, both in adults and in a neonate
exposed to the drug in utero (288).

3.2.8. Antiasthmatic Drugs

3.2.8.1. Inhaled Corticosteroids
When used in high doses, beclomethasone, budesonide, and fluticasone

propionate may result in adrenal suppression and secondary hypoglycemia
(289). Fluticasone propionate may also predispose to intracranial hyperten-
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sion, as may other steroids when given systemically or topically or after their
withdrawal (290).

3.2.8.2. Leukotriene Receptor Antagonists
These drugs counteract leukotriene-induced inflammation, bronchospasm,

and airway edema. Zafirlukast therapy has been associated with Churg-Strauss
syndrome (allergic angiitis and granulomatosis), of which cardiac involve-
ment is a potentially fatal complication (coronary arteritis, myocarditis, and
even dilated cardiomyopathy), but this may be confounded by concurrent ste-
roid withdrawal (291).

3.2.9. Antineoplastic Agents

3.2.9.1. Vincristine
Vincristine is a highly neurotoxic vinca alkaloid that causes microtubu-

lar damage and neuronal destruction. The agent is used intravenously in the
treatment of acute lymphoblastic leukemia, lymphoma, and a range of other
malignancies. Vincristine does not penetrate the blood–brain barrier well, but
there have been a number of reports of accidental intrathecal or intraventricu-
lar vincristine administration with resultant fatal myeloencephalopathy
(292,293). In some instances, the attending physicians were convicted of man-
slaughter for having caused this avoidable iatrogenic injury (294).

3.2.9.2. Methotrexate
Methotrexate is an inhibitor of dihydrofolate reductase (and consequently

of thymidine and purine synthesis) commonly used in the treatment of acute
lymphoblastic leukemia. Neurotoxic complications associated with intrathe-
cal administration include hemiparesis, aphasia, convulsions, arachnoiditis,
and leukoencephalopathy (chronic neurotoxicity owing to demyelination
[292,295,296]). Deaths also have occurred as a consequence of bone marrow
suppression (when used in low doses) and from prescription and dosing errors
with oral methotrexate used in the treatment of severe rheumatoid arthritis
and psoriasis (297,298).

3.2.9.3. Treatment of Breast Cancer
Taxane-based chemotherapy, involving the use of docetaxel for meta-

static breast cancer, has been associated with ischemic colitis, leading to fatal
bowel infarction and neutropenia (299). Life-threatening constrictive pericardi-
tis was reported as a complication during high-dose adjuvant chemotherapy
(involving fluorouracil, epirubicin, cyclophosphamide, carboplatin, and
thiotepa) during a period of 8 weeks (300). There also was a report of tamoxifen-
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induced severe fatty liver (attributed to its ability to interfere with lipid
metabolism) that occurred a year after commencement of oral therapy (301).
Trastuzumab, a monoclonal antibody against the HER–2 receptor, may pre-
cipitate cardiac failure in patients with underlying heart disease, hyperten-
sion, and hypercholesterolemia (302).

3.2.9.4. Pentostatin
Pentostatin, an inhibitor of adenosine deaminase derived from Strepto-

myces antibioticus that is used in the treatment of hairy cell leukemia and
other low-grade lymphoid tumors, has been associated with fatal erythroderma
(303).

3.2.9.5. Temozolomide
Fatal dosing errors of temozolomide, a substance used in the treatment

of refractory anaplastic astrocytoma have resulted in leukopenia, thrombocy-
topenia, and pancytopenia (304).

3.2.9.6. Intravesical Bacille Calmette-Guerin Instillation
Intravesical Bacille Calmette-Guerin instillation, used in the treatment

of in situ and recurrent low grade bladder cancers, may cause systemic granu-
lomatous disease (305).

3.2.9.7. Antiemetics
Certain 5-HT

3
 receptor antagonists (e.g., tropisetron, ondansetron) used

during chemotherapy may lead to hypersensitivity reactions, resulting in ana-
phylactic shock and acute asthma attacks (306).

3.2.10. Immunotherapy
Intravenous immunoglobulin (Ig) therapy may increase the risk of throm-

botic events, resulting in congestive cardiac failure and MI. The underlying
pathophysiological mechanism is possibly the increase of serum viscosity (par-
ticularly in patients with hypercholesterolemia) and/or induction of cryoglo-
bulinemia and hypergammaglobulinemia (307). Intravenous IgG infusion has
been associated with transverse sinus thrombosis in a patient with a history of
recurrent bacterial chest infection from IgG1 deficiency (308). High-dose Ig
in the setting of idiopathic thrombocytopenic purpura may cause complica-
tions, including aseptic meningitis (309).

3.2.11. Antidiabetic Therapy
Troglitazone, a thiazolidinedione that increases insulin sensitivity, has

been associated with fatal hepatotoxicity (310). Gabapentin (an anticonvul-
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sant used in the treatment of diabetic peripheral neuropathy) may induce
cholestasis (311). Precipitation of lispro insulin results in sharp and erratic
blood glucose fluctuations (312).

3.2.12. Hormone Therapy

3.2.12.1. Hormone Replacement Therapy
It has been shown that hormone replacement therapy, although effective

in mitigating menopausal symptoms and protective against osteoporotic frac-
tures, carries increased risks of carcinomas of breast, endometrium, and ova-
ries as well as venous thromboembolism, heart disease, and stroke in 20 to
50% of patients (313–320). However, it is most difficult to apply these epide-
miologically derived conclusions (robust as they may be) to the forensic evalu-
ation of such deaths, which tend to be regarded as being due to natural causes
and are certified accordingly.

3.2.12.2. Contraceptives
It appears that third-generation contraceptives (e.g., gestodene,

desogestrel, drospirenone plus ethinylestradiol) are associated with thromboem-
bolic risks as high or higher (1.4 to 4 times) than that of the second-generation
pills (321,322). Again, invoking this as the antecedent cause of massive pul-
monary thromboembolism would be difficult to prove in the usual forensic
pathological setting.

3.2.12.3. Growth Hormone
Growth hormone, which is commonly used in the treatment of growth

hormone deficiency or insufficiency and in individuals with poor growth
because of renal failure (and often is misused to promote athletic power), may
predispose the user to diabetes mellitus, fluid retention, and hypertension (323).

3.2.13. Noncardiac Drugs With Life-Threatening and Fatal
Adverse Cardiovascular Effects

The nonsedating antihistamines terfenadine and astemizole have been
associated with QT prolongation, torsades de pointes, and sudden death
(324,325). Antimicrobial drugs, such as macrolides, quinolones, antimalarials,
and imidazole antifungal agents, may cause QT prolongation and torsades de
pointes (326–329). Sildenafil has been reported to cause ventricular
tachyarrhythmia, MI, sudden death, hypertension as well as tonic–clonic con-
vulsions and cerebrovascular hemorrhage (330,331). Cisapride, which is used
in the treatment of gastroesophageal reflux, may cause QT prolongation, ven-
tricular fibrillation, complete heart block, and sudden death (332,333).
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Latanoprost, a prostaglandin F
2α analog used in the treatment of open angle

glaucoma, may exacerbate angina pectoris in the presence of ischemic heart
disease (334). Bromocriptine, a synthetic brominated ergopeptide derivative
with dopaminergic agonist properties that may be used to suppress pituitary
prolactin secretion and, hence, lactation in postpartum women, may occasion-
ally cause acute coronary thrombosis (335).

3.2.14. Antiobesity Drugs
Fenfluramine and dexfenfluramine, used as appetite suppressants, are

associated with cardiac valvulopathy (namely mitral and aortic regurgitation,
although right-sided valves have been reported to be also involved) with his-
topathological features similar to carcinoid-induced valvular disease (336–
338). The use of fenfluramine and phentermine in combination also has been
known to cause complications, particularly valvular disease and pulmonary
hypertension (fibroproliferative lesions in the pulmonary arteries and arteri-
oles [339–341]). Orlistat is a tetrahydrolipostatin lipase inhibitor that exerts a
topical action within the stomach and small bowel with minimal systemic
absorption. There have been reports of reversible orlistat-induced hyperten-
sion and hepatitis as well as a case of massive hepatocellular necrosis associ-
ated with its use (342–344).

3.3. Some Examples of Drug-Induced Electrolyte Imbalance

3.3.1. Hyponatremia
Anticonvulsants (e.g., lamotrigine, carbamazepine), which act on volt-

age-sensitive sodium channels and decrease calcium conductance, may induce
inappropriate secretion of antidiuretic hormone, with consequent hyponatre-
mia (345). Severe hyponatremia (serum sodium <120 mmol/L), a pathologi-
cal condition associated with serious neurological complications and mortality,
may supervene in elderly patients taking diuretics or antidepressants, particu-
larly if they are suffering from preexisting cardiac diseases, hepatic failure, or
pulmonary infection (346,347). Iatrogenic postoperative hyponatremia may
result from the injudicious use of isotonic dextrose, thus resulting in cerebral
edema and death. Rapid correction of severe hyponatremia may induce cere-
bral myelinolysis (347).

3.3.2. Hyperkalemia
Spironolactone, used in the treatment of severe congestive cardiac fail-

ure, is known to cause renal dysfunction and even severe hyperkalemia (serum
potassium <6.0 mmo/L [348]).
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3.3.3. Hypocalcemia
Biphosphonates (e.g., alendronate, risedronate, clodronate, pamidronate,

zoledronic acid) are used in the treatment of metabolic bone disease and as
prophylaxis against metastatic bone cancer. Intravenous administration of
zoledronic acid and disodium pamidronate has been reported to cause severe
hypocalcemia (serum calcium 1.11–1.66 mmol/L) in patients undergoing che-
motherapy (349).

3.3.4. Hyperphosphatemia
The use of phosphorus-containing laxatives and enemas, for example, in

the setting of bowel preparation for colonoscopy, may be complicated by severe
hyperphosphatemia (serum phosphate <6 mmol/L), hypocalcemia, hypo-
magnesemia, hypokalemia, metabolic acidosis and QT prolongation, particu-
larly in patients with chronic renal and hepatic failure (350,351).

3.3.5. Water Intoxication
Water intoxication may result in severe hyponatremia, convulsions, coma

as well as cerebral and pulmonary edema. This pathological condition has
been associated with the compulsive consumption of water by psychiatric
patients and may be iatrogenically induced by gastric lavage (e.g., treatment
of poisoning), enema, fluid infusion, and certain drugs (e.g., intravenous
cyclophosphamide, oxytocin [352,353]). Overconsumption of fluids by ath-
letes has also resulted in fatal hyponatremic encephalopathy (354).

3.4. Some Fatal or Potentially Lethal Drug Interactions

Some possible, occasionally fatal, drug interactions are listed below:

• The combination of warfarin and any of the following:
– NSAIDs: increased risk of GI hemorrhage from anticoagulation and mucosal

damage (355).
– Paracetamol: anti-coagulant instability with unexpectedly high international

normalized ratio (INR) values greater than 6 compared to target range of 2.0
to 3.0 (356).

– Levonorgestrel: enhancement of the anticoagulant effect of warfarin by dis-
placing the latter from the binding site of human α1-acid glycoprotein, the
main plasma drug transport protein (357).

– Interferon-α (used in the treatment of chronic hepatitis C): it inhibits hepatic
microsomal enzymes (CYP–450) that metabolize drugs, thereby potentiating
warfarin activity (358).
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- Topical miconazole cream: miconazole also inhibits hepatic CYP–450
enzymes; even minimal systemic absorption after topical application may
result in a significant increase in the INR value (359).

With respect to thromboprophylaxis, it has been found that the minimum risk
of death was attained at INR values of 2.2 to 2.3 and that an increase of 1 unit
of INR greater than 2.5 doubles the risks of death from cerebral bleeding (360).

• The combination of cyclosporin (used for transplant conditioning) and
- High-dose cyclophosphamide (which inhibits CYP–450 enzymes), predniso-

lone, vincristine, and methotrexate: neurotoxicity, manifesting as convulsions,
auditory and visual hallucinations, hypertension, Parkinsonian tremor, and
rigidity, were reported in a 9-year-old boy undergoing chemotherapy for
monoclonal posttransplantation lymphoproliferative disease after cardiac
transplantation for congenital heart disease (361).

- Fluoxetine (a potent inhibitor of CYP2D6): increase of blood cyclosporin lev-
els (362).

- Ticlopidine: reduction of cyclosporin concentration–dose ratio (363).
- Statins: rhabdomyolysis is a potential complication; a combination of high-

dose cerivastatin and gemfibrozil has been implicated in a number of fatali-
ties amongst elderly patients (364).

• Combinations of spironolactone and ACE inhibitors and angiotensin II receptor
blockers (e.g., enalapril, captopril, ramipril, closartan, candesartan), respectively:
severe hyperkalemia may occur in elderly patients with diabetes mellitus and
renal impairment (365).

• Combinations of cisapride and macrolides (e.g., erythromycin, clarithromycin)
and quinolones (e.g., fluconazole) may cause induction of torsade de pointe, car-
diac arrest, and sudden death (355).

• The combination of hydroxyurea and didanosine used in the treatment of HIV
infection has been associated with acute pancreatitis (366).

• Combinations of adrenaline and
- Pseudoephedrine and diphenhydramine: there has been a report of ventricular

tachycardia and myocardial ischemia after the use of adrenaline for the treat-
ment of non-life-threatening angioedema in a patient taking pseudoephedrine
and diphenhydramine for sinusitis (367).

- Cocaine: reuptake of noradrenaline at sympathetic nerve terminals induced
by cocaine (causing local vasoconstriction) is intensified by adrenaline; how-
ever, unusually rapid and sometimes delayed systemic absorption could still
occur, resulting in catecholamine-induced ventricular fibrillation and myo-
cardial ischemia (368).

• Anaphylaxis from crossreactivity: An apparent crossreaction between oral
mesalazine and budesonide, taken 2 years apart, was reported in a patient with
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Crohn’s disease (369). Interestingly, steroids (despite their antiallergic proper-
ties) may occasionally induce anaphylaxis, with sensitivity to aspirin having been
postulated as a risk factor (370,371).

4. COMPLICATIONS ASSOCIATED WITH COMPLIMENTARY THERAPY

AND HEALTH SUPPLEMENTS

There is emerging evidence that various forms of complimentary or
alternative therapy as well as what are widely regarded as health supplements
may not be free from adverse effects and could interact with conventional
therapeutic drugs, thus having potentially serious consequences. Accordingly,
the somewhat simplistic notion that because medicinal herbs and herbal prod-
ucts are obtained or derived from natural sources they are thereby absolutely
safe for consumption should be discarded. That herbal medicines may alter
human physiology is evidenced by abnormal test results (e.g., raised liver en-
zymes, increased INR value) that may be associated with their use. Some of
these herbs such as chan su and comfrey are intrinsically toxic and may cause
death (372).

Given the increasing popularity of such products, it is entirely conceiv-
able that serious iatrogenesis associated with their use could well have an
impact on the practice of forensic pathology. Some of the better-known com-
plications are as follow:

• St. John’s wort (Hypericum perforatum) is used in the treatment of depression,
neuralgia, and burns. Its extracts comprise a mixture of bioflavonoids, xanthones,
napthodiantrons, and other components. It induces CYP3A4, which breaks down
a variety of drugs and toxins, including more than half of the antineoplastic agents
currently in use. It has been reported to diminish the chemotherapeutic effects of
irinotecan (used against colonic carcinoma) and possibly etoposide, teniposide,
anthracycline, paclitaxel, docetaxel, and tamoxifen. Its metabolic interaction with
cyclosporin also has been implicated in acute heart transplant rejection, appar-
ently because of the latter’s decreased oral bioavailability (373,374). Likewise,
low concentrations of theophylline, digoxin, and indinavir could also be induced
by St. John’s wort.

• A number of herbal medications and supplements are known to increase the
perioperative risks of hemorrhage (garlic, gingko, ginseng, ginger, feverfew), hy-
poglycemia (ginseng), MI and stroke (ephedra, also known as ma-huang),
allergic reactions and immune suppression (echinacea), and prolonged anesthe-
sia (kava, valerian; ref. 375,376).

• Kava (Piper methysticum), which contains pharmacologically active lactones and
is used as an effective herbal anxiolytic, has been suspected of being hepatotoxic
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and associated with fatal outcome in some cases (377–379). Other hepatotoxic
herbs include echinacea, comfrey, mistletoe, chaparral, and germander (372).

• Ginkgo biloba extract, which is often used as a supplement to improve mental
alertness, is a potent inhibitor of platelet-activating factor, and its long-term use
has been associated with spontaneous subarachnoid hemorrhage (380,381).

• Drug–herb interactions have been reported, too. These include combinations of
coumarin anticoagulants (namely warfarin) with St. John’s wort, dong quai, gin-
seng, garlic, gingko, and kava because of their additive anticoagulant properties
(382). Ephedra may interact with antidepressants and antihypertensives, result-
ing in raised blood pressure and tachycardia (383).

• Contamination of herbal medication by heavy metals (e.g., mercury, arsenic,
lead), steroids, and even conventional therapeutic agents are by no means
uncommon (372,384). There has been a series of reports on weight-reducing
herbal extracts adulterated with nitrosofenfluramine with resultant hepatotoxic-
ity which, in some instances, progressed to massive hepatocellular necrosis, cul-
minating in either liver transplantation or death (385–387). It should be noted
that nitrosamines, as a whole, are variably hepatotoxic (and carcinogenic) because
of the binding of their active metabolites to cytosol molecules by way of alkyla-
tion (201). Accordingly, the hepatic catabolism of nitrosofenfluramine may gen-
erate ethylcarbonium ions with the capacity to mediate DNA damage, leading to
hepatocellular necrosis (387).

It should be added that unorthodox methods of alternative therapy may,
occasionally, have fatal consequences (388). For instance, a patient who had
declined surgery, radiotherapy, and chemotherapy for maxillary sinus carci-
noma died from severe GI hemorrhage because of fulminant hepatorenal fail-
ure and profound coagulopathy, attributed to hydralazine-induced
hepatotoxicity (389).

5. FORENSIC PATHOLOGICAL INVESTIGATION OF SUSPECTED CASES

OF FATAL ADRS

Given the vast array of pharmacologically active agents and their seem-
ingly unlimited potential for causing life-threatening toxic and idiosyncratic
reactions (both directly and synergistically), the forensic pathological investi-
gation of fatal adverse reactions to conventional and complementary/alterna-
tive therapeutic agents is by no means easy.

Consequently, the forensic process often involves a tedious, clinicopatho-
logical exclusionary process of eliminating various natural and nontoxic causes
of multiorgan injury. However comprehensive this may be, it can never be
truly exhaustive and must take into account the confounding effect of
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polypharmacy (e.g., concurrent use of multiple drugs, of which several could
be responsible for the adverse reaction[s] observed) that tends to attend fatal
cases of ADRs. Moreover, the comorbidity that underlies the use of these thera-
peutic agents often constitutes substantial contributory, if not concomitant,
causes of death. Where anaphylaxis is concerned, the postmortem findings
may be nonspecific (e.g., laryngeal, pharyngeal, and pulmonary edema; mu-
cous plugging; hyperinflated lungs) and even ancillary investigations, such as
serum mast cell tryptase and IgE concentrations must be interpreted with great
caution and strictly in context, as they may be significantly elevated in the
presence of cardiovascular disease, trauma, and a prolonged postmortem in-
terval (390,391).

Certainly, a number of tools have been devised to facilitate the assess-
ment of ADRs and their diverse implications (392–396). These include the
expansion of the original classification of adverse reactions into types A (phar-
macological; dose-dependent and predictable reactions) and B (idiosyncratic;
dose-independent and unpredictable) to embrace types C (chronic, dose- and
time-dependent reactions), D (delayed reactions), E (withdrawal reactions),
and F (treatment failure). Indeed, a sophisticated model of probabilistic analy-
sis, derived from a three-dimensional classification system based on the
parameters of dose-relatedness, timing, and patient susceptibility (conferred
by genetic, pathological, and other biological factors) and displayed as a series
of three-dimensional graphs or equivalent normograms, has been proposed
(392).

However, these elegant methods of analysis tend to have a marked clini-
cal orientation and it may be rather difficult to apply these methods of assess-
ment to routine forensic casework where there is really no substitute for the
exercise of sound professional judgment and the judicious application of the
principles of evidence-based medicine to establish a clinicopathological cor-
relation which forms the very basis of a considered opinion on the culpability
of any putative agent.

6. MISCELLANEOUS IATROGENIC COMPLICATIONS

Some iatrogenic complications are not readily resolved into either of the
two main categories described previously, or may straddle them. Examples of
these are given below.

6.1. Radiation Overdose

There has been some concern that neonates, infants, and children under-
going computed tomography (CT) scans may have been exposed to doses of
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radiation that are fivefold greater than necessary and, consequently, might be
at an increased risk of cancer mortality in the ensuing decades (397–399). The
forensic evaluation of such a possibility would obviously be fraught with great
difficulty, given the various other predisposing factors that would almost
inevitably confound the issue.

6.2. Magnetic Resonance Imaging

A series of fatal and potentially lethal incidents involving ferromagnetic
objects being magnetically drawn as projectiles into the magnetic resonance
imaging suites have been reported. The objects include nitrous oxide and oxy-
gen tanks, a defibrillator, a wheelchair, a respirator, ankle weights, a toolbox,
a vacuum cleaner, and even mop buckets (400,401). Intracranial aneurysm
clips may be torqued or dislodged, resulting in fatal intracerebral hemorrhage
(402), whereas other deaths have been attributed to the inadvertent scanning
of patients with cardiac pacemakers (403).

6.3. Adjuvant Radiotherapy for Breast Cancer
and Cardiotoxicity

It has been shown that the risk of fatal MI may be threefold higher among
patients irradiated for left-sided tumors compared with controls (404). Scinti-
graphic studies have demonstrated regional hypoperfusion in these patients,
possibly arising from radiation-induced damage to the microcirculation (405).
Irradiation of the internal mammary lymph nodes may present an additional
risk factor for cardiac mortality (406).

6.4. Brachytherapy

Intraluminal endobronchial irradiation, used as palliation for advanced
or recurrent bronchogenic carcinoma, may be complicated by acute hemor-
rhage, radiation bronchitis, and stenosis (407–411).

6.5. Complications Associated With Contrast Media

There has been an instance of fatal barium poisoning after a barium swal-
low (with serum and cerebrospinal fluid levels as high as 370 µg/mL and 440
µg/mL, respectively), possibly because of progressive absorption of barium
sulphate contrast medium occasioned by intestinal obstruction after a CT scan
of the digestive tract (412). Fatal anaphylaxis also has occurred during fluo-
rescein angiography in an elderly patient without any history of allergy (413).
The more common contrast-induced nephropathy, presenting as acute renal
failure, may occasionally culminate in end-stage renal failure and death. Risk
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factors include diabetic nephropathy, myeloma, and intravascular volume
depletion. Its overall incidence is said to be as high as 14.5%, but may increase
to 30 to 50% in the presence of preexisting renal impairment (414–416).

The former use of thorotrast (containing thorium–232, a highly radioac-
tive substance with a half-life of nearly 14 billion years that is barely excreted
from the body) has been associated with late onset fibrosis at the site of injec-
tion as well as with malignancy (e.g., hepatic angiosarcoma and
cholangiosarcoma after a latency of 12 to 45 years; osteosarcoma, chondrosa-
rcoma, and other soft tissue sarcoma local at the site of previous puncture). It
may also induce granuloma formation, there being an instance of a thorotrast
granuloma mimicking retropharyngeal tuberculosis in an elderly patient who
underwent carotid angiography more than four decades previously (417,418).

6.6. Some Complications Related to Renal Dialysis

Apart from the complications of hemorrhage (39), infection (69), and air
embolism (39) hemodialysis may, occasionally, be complicated by fatal
microcystin toxicity (419) and aluminium poisoning (420) arising from the
use of contaminated sources of water in the dialysate. Deaths associated with
a particular type of membrane dialyzer also have been reported (421). It appears
that the use of icodextrin (a polymer of glucose) as the osmotic agent in peri-
toneal dialysis may cause spurious hyperglycemia in diabetic patients with
potentially fatal consequences (owing to the ability of maltase [a metabolite
of systemically absorbed icodextrin] to interfere with certain types of glucose
assays [422]).

6.7. Intravenous Colloids

There has been some concern about the safety of using colloids for fluid
management in critically ill patients with life-threatening hypovolemic shock,
burns, and hypoproteinemia. There appears to be evidence that the use of human
albumin in these situations may actually lead to excess mortality (6 additional
deaths for every 100 patients treated). The reasons postulated for this include
the following (423–425):

• Cardiac decompensation arising from rapid volume replacement and volume
retention caused by an increase in colloid-osmotic pressure, thus resulting in pul-
monary edema;

• Leakage of albumin and water through the capillary membrane in patients with
increased capillary permeability worsening pulmonary edema and thereby com-
promising tissue oxygenation with eventual multiorgan failure;
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• Increased blood loss in postsurgical or trauma patients owing to the antihemostatic
and platelet-lowering properties of albumin; and

• Impairment of sodium and water excretion thus aggravating renal failure.

However, it appears that albumin might have a better safety profile than
certain artificial colloids such as hydroxyethyl starch, dextran, and gelatin, in
terms of their potential to cause anaphylactoid reactions and coagulopathy
(426).

6.8. Hematological Interventions

Some lethal and/or unusual complications resulting from the transfusion
of blood and blood products include the following:

• Acute noncardiogenic pulmonary edema from acute lung injury after blood or
platelet transfusion, said to occur at a frequency of approx 1:5000 transfusions
(427);

• An increased risk of death from hepatocellular carcinoma and chronic liver dis-
ease among hemophiliac men and boys given hepatitis C-contaminated blood
products (428);

• A possibly increased (doubled) risk of non-Hodgkin’s lymphoma associated with
blood transfusions (429);

• Spontaneous rupture of the spleen during peripheral blood stem cell (PBSC)
transplantation in a patient with acute myeloid leukemia (430); and

• PBSC mobilization with recombinant human granulocyte colony-stimulating fac-
tor (rhG-CSF) in a healthy donor convalescing after Epstein-Barr infection (431).

6.9. Nutritional Interventions

The complications of parenteral nutrition are well known and are not
discussed here except to mention the fact that long-term parenteral nutrition
in children may be associated with manganese neurotoxicity (Parkinsonism
caused by accumulation of magnesium in the basal ganglia) and hepatotoxic-
ity (cholestatic liver disease) (432).

An interesting, but potentially fatal condition known as the refeeding
syndrome may supervene when patients recommence eating after a period of
prolonged hunger (this was first observed in malnourished prisoners of war
following World War II). Its features comprise rhabdomyolysis, respiratory
failure, cardiac failure, hypotension, cardiac arrhythmias, convulsions, coma,
and sudden death, all pathological conditions thought to be precipitated by
hypophosphatemia. It is believed that in a malnourished state, the secretion of
insulin is decreased as a result of reduced carbohydrate intake (accompanied
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by catabolism of the body’s fat and protein stores for energy production)
resulting in an intracellular loss of electrolytes, particularly phosphate.
Resumption of feeding (both enteral as well as parenteral) induces a sudden
shift back to carbohydrate metabolism, leading to increased secretion of insu-
lin, which stimulates cellular uptake of phosphate with consequent hypophos-
phatemia. Presently, the refeeding syndrome may arise in the setting of cancer,
alcoholism, anorexia nervosa, as well as in patients with neurological dysph-
agia being fed through nasogastric or PEG tubes (433–436).

6.10. Postsurgical Metabolic Complications

Apart from the ever-present danger of perioperative fluid and electrolyte
imbalance alluded to previously metabolic complications may supervene as a
direct consequence of surgery itself. For instance, urinary diversion with an
ileal conduit (which exposes the small bowel to urine) may cause hypopotas-
semia and hyperchloremia as well as drug toxicity from reabsorption (e.g.,
phenytoin, methotrexate, lithium [437]). Likewise, a jejunoileal bypass (such
as for morbid obesity) may result in (secondary) enteric hyperoxaluria with
resultant nephrolithiasis and oxalate tubulointerstitial nephritis (438).

7. COMPLEX/COMBINED IATROGENESIS

In the author’s experience, cases of complex and combined forms of fatal
iatrogenesis, encompassing the perioperative and nonperioperative complica-
tions discussed above, are by no means uncommon. The postmortem exami-
nation and forensic evaluation of such cases is often extremely difficult,
time-consuming, and must be undertaken with great care. A series of vignettes
is appended to the end of this chapter to illustrate the varying levels of com-
plexity with which these cases inevitably present. It has been suggested that
the retrospective medicolegal (coronial) adjudication of these cases is by no
means an easy matter and that, at least in some jurisdictions, anything short of
blatant or criminal negligence might not attract judicial censure, although the
errant physician may still be subjected to statutory professional disciplinary
proceedings. In addition, some of these cases illustrate the principle that,
although human agency is the immediate cause of iatrogenesis, systemic fail-
ure may well account for almost 80% of harmful errors by providing condi-
tions under which these errors tend to thrive (3,13).
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8. THE POSTMORTEM EXAMINATION

A proper forensic evaluation of any death that is possibly iatrogenic in
nature rests upon the establishment of a comprehensive clinicopathological
correlation and an awareness of the corresponding medicolegal implications.
As such, the autopsy, which constitutes the mainstay of such an exercise, is an
essential component of the process but is inadequate in itself unless the autopsy
findings are interpreted in the appropriate clinical context. For this purpose,
the attendance of the principal clinicians, particularly at perioperative autop-
sies, is to be encouraged and might even be thought of as being crucial to a
satisfactory conduct of the autopsy, given the fact that the altered anatomy,
resulting from various (often multiple) surgical and other therapeutic or even
invasive diagnostic procedures, could present enormous difficulties to the
pathologist conducting the autopsy.

Pre- and postautopsy consultations with clinical colleagues (unconnected
to the case at hand) practicing in the relevant specialties or subspecialities
may be necessary to enable the pathologist to obtain a reasonable grasp of the
critical management issues, namely the indications and complications of vari-
ous diagnostic, therapeutic, and palliative procedures as well as supportive
measures and their associated risks of morbidity and mortality.

Certainly, a pathologist should refrain from the formal expression or pro-
vision of opinions on clinical management issues, just for the simple reason
that he or she (usually) is not a clinician and because clinical practice has
evolved into a highly sophisticated and subspecialized state so that it is no
longer possible for any medical practitioner to be truly knowledgeable about
and both adequately skilled and sufficiently experienced in all fields of medi-
cine. Nevertheless, being a medical practitioner tasked with the responsibility
of ascertaining the cause of a perioperative death and determining whether it
was likely to have been iatrogenic in nature, the attending pathologist must
have a sound understanding of these issues.

Moreover, it may be argued that although it is not given to a forensic
pathologist to opine on matters pertaining to clinical propriety, it is entirely
valid for him or her to raise questions (which may have to be answered by
other relevant specialists) should the postmortem investigation, conducted at
the behest of the proper legal authorities, reveal causes for concern. Indeed, it
is in this area that forensic pathology may be seen to contribute substantially
to medical audit and injury prevention.
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8.1. Prelude to the Autopsy

From a thanatological perspective, the primary purpose of the forensic
perioperative autopsy is to determine whether death was caused by (a) the
underlying disease or abnormality for which the procedures were performed,
(b) comorbidity or traumatic injury other than that for which the procedures
were conducted, (c) an operative mishap, (d) an anesthetic mishap, or (e)
patient-specific factors not directly related to disease or perioperative compli-
cations (e.g., a fatal head injury caused by falling from a bed postoperatively
or a patient who deliberately pulled out intravenous lines [9,13]).

Therefore, it is of the utmost importance that all relevant clinical records
are made available to the attending pathologist before the autopsy proper. This
will enable the pathologist to review the deceased patient’s medical history in
its entirety and identify the key issues of clinicopathological significance and
medicolegal concern that will serve to guide the very conduct of the postmor-
tem examination. In this respect, it is imperative that the pathologist does not
perform the autopsy “blind” or solely based upon incomplete information (Fig.
25), as this would inevitably lead to preventable technical difficulties encoun-

Fig. 25. Perforated thoracic aneurysm developing at the site of previous sur-
gical correction of aortic coarctation nearly two decades ago; death was caused
by pulmonary hemorrhage. Prior knowledge of the medical history was crucial
to the evaluation of this (possibly iatrogenic) fatality. (Reprinted, with permis-
sion, from ref. 440.)
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tered in the course of the autopsy as well as irretrievably deleterious conse-
quences for the unwary pathologist.

If complex issues are identified such as unusual drug interactions, sig-
nificant fluid and electrolyte derangement (a bewildering subject even in the
best of times, and certainly not a popular one with most forensic pathologists),
multiple surgical interventions resulting in extensive or gross anatomical
alterations (as in some instances of colorectal, upper GI, and hepatobiliary
surgery), a rare infection (caused by an erstwhile unheard of pathogen), or an
anesthetic mishap, then a preautopsy consultation is clearly warranted.

8.2. The Autopsy Proper

An autopsy on an iatrogenic death begins with an external examination.
The location, characteristics, and dimensions of various marks of both recent
and previous therapeutic procedures (e.g., fresh surgical incisions or scars,
injection and puncture marks) as well as the proper placement of tubes, drains,
vascular catheters, and other medical devices have to be documented. Thus, it
is imperative to note whether an endotracheal tube has been placed within the
tracheal lumen, as opposed to esophageal intubation, or had slipped out of a
tracheostomy. It also is important to establish whether a central venous line
has been inserted correctly through an internal jugular or subclavian vein and
terminates at the confluence of the superior vena cava and right atrium or
whether a chest tube had punctured the lung. All these features should be
carefully documented and reflected on the ensuing autopsy report. Accord-
ingly, there should be a standing arrangement with the relevant healthcare and
medicolegal authorities that all medical devices present at the time of death
should not be removed before the autopsy, but retained in situ.

When a fatal ADR is suspected, attention should be paid to the presence
of cutaneous or mucocutaneous eruptions (e.g., Stevens-Johnson syndrome/
toxic epidermal necrolysis) and the extent of body surface involvement has to
be determined accordingly.

During evisceration, it is advisable to avoid incising through or across
existing surgical incisions, so that they can be examined in their original state.
However, it is acknowledged that it would be difficult to bypass midline ster-
notomy and laparotomy incisions, as alternative postmortem incisions would
be rather cumbersome. In any event, as long as every reasonable effort is made
to conserve the external and internal features of prior therapeutic intervention,
it is really quite permissible to vary the standard evisceration and dissection
techniques to facilitate a thorough postmortem examination. For instance, it
may be necessary to inspect the GI tract and dissect parts of it in situ to iden-
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tify the sites of anastomotic dehiscence before evisceration, so as to avoid
causing artifactual dehiscence of these delicate structures, rendered all the
more fragile by variable postmortem autolysis. The same principle might apply
to deaths after corrective surgery for complex congenital heart disease.

As a rule, it is important to note the presence of all collections of effu-
sions, hemorrhage, exudates, and abscesses and to measure their quantities
before the organs are eviscerated. After evisceration, the rest of the autopsy
could proceed in much the usual manner, although particular vigilance will
have to be exercised when examining and dissecting the surgical sites. Atten-
tion should also be paid to the presence of concurrent pathology of major
organs (especially the cardiovascular, respiratory, and central nervous sys-
tems) other than those subjected to therapeutic intervention, as comorbidity is
often a significant contributory or even causative factor in perioperative deaths.

8.3. Ancillary Investigations

It is recommended that autopsies conducted in cases of perioperative
and iatrogenic deaths are complemented by comprehensive postmortem histo-
pathology. This may be essential to the ascertainment of the cause of death
(e.g., drug or toxin-induced massive hepatocellular necrosis, myocarditis, or
tubulointerstitial nephritis), but may also provide much enlightening informa-
tion that enables a thorough clinicopathological correlation to be made.

Postmortem toxicology (predominantly performed on specimens of blood,
urine, bile, gastric contents, liver, kidney, and, occasionally, hair and nails)
may help to confirm or exclude suspected drug toxicity, interaction, or over-
dose resulting from medication errors. However, as the patient may be expected
to have died after an interval of some days or even weeks after admission to
hospital, the analysis of autopsy blood samples will often yield negative or
inconclusive results. In such an instance, it might be necessary to obtain
(through the proper medicolegal or law enforcement authorities, as the case
may be) postadmission samples of blood for retrospective analysis.

Selective recourse to postmortem biochemistry may provide supporting
or corroborating evidence of an ADR (e.g., serum tryptase and IgE concentra-
tions in a case of drug-induced anaphylaxis), although these results must always
be interpreted with due caution and strictly in the appropriate context. Simi-
larly, vitreous urea and electrolyte levels must be interpreted with equal care
and correlated with the antemortem clinical blood biochemistry wherever pos-
sible. Although the presence of a high vitreous glucose level may indicate
antemortem hyperglycemia, the opposite finding may simply be a reflection
of the postmortem interval (439).
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Postmortem microbiological cultures may reveal the presence of a par-
ticularly fulminant pathogen but would have to be obtained with the prescribed
aseptic techniques. However, it is the author’s experience that, even if strict
asepsis was obtained (as much as this is possible in a normal postmortem
room), it would not prevent the inevitable postmortem growth of commensal
microbes in the bowel and elsewhere, nor their subsequent spread throughout
the body during the postmortem interval. This often results in polymicrobial
flora being obtained (usually a combination of various enteric bacteria and
some fungal species) that are extremely difficult to interpret. Viral cultures
may be required to confirm or exclude a viral infection in cases of suspected
drug-induced cardiotoxicity or in those rare cases of fatal perioperative myo-
carditis. Serology for viruses known to cause hepatitis may assist in the evalu-
ation of suspected drug-induced hepatotoxicity. In any event, the assistance of
clinical microbiologists and virologists in interpreting these results should be
assured.

In keeping with developments in pharmacogenomics, the elucidation of
patient susceptibility to certain ADRs, such as those resulting in cardiotoxicity
(e.g., QT prolongation and tachyarrhythmias) and hepatotoxicity, the latter
often attributable to genetically determined metabolic factors (e.g., various
CYP–450 enzyme polymorphisms), may be in order.

Occasionally, it may be necessary to conduct postmortem angiography,
for example, after coronary artery bypass grafts, to assess the integrity and
patency of these vessels (Fig. 26) as well as their proximal and distal anasto-
moses if there is reason to suspect anastomotic leakage as a cause of fatal
postoperative hemorrhage. Other examples include the identification of iatro-
genic vascular trauma after percutaneous transluminal angioplasty or sites of
iatrogenic perforation associated with the insertion of central lines. However,
this would require the ready availability or access to fluoroscopic radiology
facilities.

There also may be situations where recourse to external expertise is nec-
essary such as the examination of medical devices (e.g., anesthetic machines,
laparoscopes, surgical lasers) by biomechanical engineers for possible defects
suspected to have caused or contributed to death.

8.4. The Autopsy Report

Ideally, the report should set forth, in full, the findings of the postmor-
tem examination per se as well as provide a concise and, as far as possible,
neutrally worded interpretation of the autopsy findings in a way that is objec-
tive and nonpartisan. Admittedly, the process can be extremely taxing and the
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pathologist must avoid entrenching himself in a position based on a rigid and
narrow interpretation of the facts or without due recourse to relevant clinical
consultation.

9. CONCLUSION

Iatrogenesis is a vast and fascinating subject that touches on practically
all spheres of medical practice. The forensic postmortem evaluation of fatal
iatrogenesis is an extremely challenging, sometimes overwhelming, process
with an enormous potential for almost limitless clinicopathological and medi-
colegal exploration, undertaken in the public interest. The forensic postmor-
tem evaluation of fatal iatrogenesis can also serve as a conduit for forensic

Fig. 26. Postmortem angiogram showing the patency and integrity of the
saphenous venous grafts in a case of death following coronary artery bypass
grafting.
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pathology to become firmly entrenched in medical practice, as the rapid medi-
cal advances currently taking place will, in all probability, be attended by ever
novel and unpredictable forms of iatrogenesis. It is truly amazing how adverse
events arising from the well intended ministrations of clinicians could con-
tribute substantially to the intellectual life and the professional development
of forensic pathologists, for which the latter should truly be grateful.

APPENDIX: VIGNETTES OF COMPLEX PERIOPERATIVE DEATHS

Case 1

A 36-year-old female with Down syndrome underwent elective total hys-
terectomy (with left salpingo-oophorectomy) for the management of poor
menstrual hygiene. The operation was uneventful. Postoperatively, she was
heavily sedated with intravenous midazolam and continuous morphine infu-
sion. On the first postoperative day, she collapsed on the ward and was diag-
nosed with hypoxic encephalopathy. Subsequently, she acquired various
nosocomial respiratory infections (including MRSA) and died 3.5 months later.

Autopsy confirmed that the cause of death was a combination of bron-
chopneumonia and hypoxic encephalopathy. At the coroner’s inquest, the con-
sultant anesthetist in charge was named as the potential defendant, and two
independent clinical experts were engaged. The following lapses of care were
identified:

1. Failure to appreciate the clinical significance of a low sedation score, at least on
the part of the nursing staff assigned to monitor the patient during the immediate
postoperative period;

2. Failure of communication among the medical and nursing staff involved in the
clinical management of the patient;

3. Failure to recognize the likelihood of a patient with Down syndrome being par-
ticularly prone to morphine and sedative drugs leading to respiratory depression
from a combination of oversedation and upper airway obstruction (due to the
presence of a large tongue); and

4. Failure to manage such a patient with a commensurate degree of care (despite the
use of sedation and pain scores and other hourly parameters) and to titrate
the dose of morphine infusion accordingly, as evidenced by (a) the fact that the patient
received continuous morphine infusion, consistently at a rate of 1.5 mg per hour
during a period of some 8 hours postoperatively and (b) the lack of SaO2 moni-
toring for more than 5 hours during this time).

The coroner concluded that, although the patient was likely to have suffered
desaturation postoperatively, it was not possible to particularize the time at
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which the deceased sustained irreversible hypoxic brain damage. Accordingly,
an open verdict was returned.

Case 2

A 40-year-old female underwent cystectomy for a right ovarian
endometriotic cyst. The operation was performed satisfactorily, but on the
second postoperative day she complained of abdominal pain that she attrib-
uted to “severe winds.” The following day, abdominal distension was noted,
and a fleet enema was administered without relief. The patient subsequently
became distressed and hypotensive. She collapsed and died later that day,
despite prolonged and aggressive resuscitation.

Autopsy showed evidence of acute suppurative peritonitis (comprising
1L of turbid peritoneal fluid). There was no evidence of any significant
intraabdominal hemorrhage or visceral perforation.

The independent clinical expert (a senior obstetrician and gynecologist)
postulated that the patient might have succumbed to toxic shock syndrome
caused by group A streptococci infection, a condition often not associated
with a definite portal of entry. He stated that the operation was indicated and
that there was no negligence on the part of the attending gynecologist. An
open verdict was recorded.

Case 3

A 57-year-old female was admitted for the management of acute epiglottis
with laryngeal stridor. She had a medical history of systemic hypertension,
diabetes mellitus, bronchial asthma, a recent cerebrovascular accident, and
epilepsy (on treatment with phenytoin). The patient was severely obese (body
mass index at autopsy was 38.3). Emergency tracheostomy was performed
under general anesthesia with some difficulty. During the procedure, it was ob-
served that the patient had a short neck and that the trachea was small; also, the
epiglottis and pharynx were severely edematous. She was then transferred to
the surgical intensive care unit (SICU) for postoperative ventilation. Some 4
hours after the operation, the patient developed surgical emphysema,
compounded by respiratory distress and cyanosis when the attending ear, nose,
and throat (ENT) surgical registrar decided to place the patient on spontaneous
respiration with a tracheostomy mask, during which the ventilator was discon-
nected. A subsequent attempt at passing a soft-tip-suction catheter through the
tracheostomy tube failed. The surgeon then proceeded to remove the existing
tube and attempted to insert a new one in its place, but without success. During
this time, the patient suffered cardiac arrest and died 5 hours after the operation.
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A senior consultant ENT surgeon, who was engaged on behalf of the
state coroner as an independent clinical expert, opined that the most likely
cause of the postoperative surgical emphysema was slippage of the tracheo-
stomy tube, but did not consider the failed attempt at changing the tracheo-
stomy tube in the SICU to be in any way negligent. A verdict of misadventure
was recorded.

Case 4

A 67-year-old Malay man with a medical history of systemic hyperten-
sion underwent craniectomy and evacuation of a spontaneous hematoma in
the left basal ganglia (mainly the left putamen) with intraventricular exten-
sion. On the seventh postoperative day, tracheostomy for prolonged intuba-
tion and bronchopneumonia was performed by a team of two neurosurgical
registrars. However, the next morning the patient developed respiratory dis-
tress, and slippage of the tracheostomy tube was suspected. The existing tube
was removed and attempts at reinsertion failed. Autopsy showed that death
was primarily the result of acute surgical emphysema with bilateral pneumotho-
races.

One of the neurosurgical registrars who performed the tracheostomy stated
in a written report that postoperative chest radiograms indicated proper tube
placement and the absence of pneumothorax and subcutaneous emphysema.
However, a senior ENT surgeon, acting as an independent expert for the ensu-
ing coroner’s inquiry, pointed out that these radiological observations were
not documented in the case records. He also took issue with the fact that be-
tween the tracheostomy and the time when the patient was found to be breath-
less (an interval of some 13 hours), there was very poor clinical documentation
of the patient’s progress. As such, it would not be possible to determine the
time point at which the tracheostomy tube was out of position. He further
gave the opinion that the “vertical slit” for the creation of the tracheostomy, as
was used by the neurosurgical registrars, was prone to closure and would pose
considerable difficulty to attempts at reinsertion, whereas a “window” or a
circular opening in the anterior tracheal wall would facilitate reinsertion, should
slippage of the tube occur. A verdict of misadventure was returned.

Case 5

A 54-year-old Chinese male was diagnosed with advanced adenocarci-
noma of the gallbladder accompanied by biliary obstruction. He underwent
cholecystectomy and extensive liver resection (right hepatic lobe and segment
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tify the sites of anastomotic dehiscence before evisceration, so as to avoid
causing artifactual dehiscence of these delicate structures, rendered all the
more fragile by variable postmortem autolysis. The same principle might apply
to deaths after corrective surgery for complex congenital heart disease.

As a rule, it is important to note the presence of all collections of effu-
sions, hemorrhage, exudates, and abscesses and to measure their quantities
before the organs are eviscerated. After evisceration, the rest of the autopsy
could proceed in much the usual manner, although particular vigilance will
have to be exercised when examining and dissecting the surgical sites. Atten-
tion should also be paid to the presence of concurrent pathology of major
organs (especially the cardiovascular, respiratory, and central nervous sys-
tems) other than those subjected to therapeutic intervention, as comorbidity is
often a significant contributory or even causative factor in perioperative deaths.

8.3. Ancillary Investigations

It is recommended that autopsies conducted in cases of perioperative
and iatrogenic deaths are complemented by comprehensive postmortem histo-
pathology. This may be essential to the ascertainment of the cause of death
(e.g., drug or toxin-induced massive hepatocellular necrosis, myocarditis, or
tubulointerstitial nephritis), but may also provide much enlightening informa-
tion that enables a thorough clinicopathological correlation to be made.

Postmortem toxicology (predominantly performed on specimens of blood,
urine, bile, gastric contents, liver, kidney, and, occasionally, hair and nails)
may help to confirm or exclude suspected drug toxicity, interaction, or over-
dose resulting from medication errors. However, as the patient may be expected
to have died after an interval of some days or even weeks after admission to
hospital, the analysis of autopsy blood samples will often yield negative or
inconclusive results. In such an instance, it might be necessary to obtain
(through the proper medicolegal or law enforcement authorities, as the case
may be) postadmission samples of blood for retrospective analysis.

Selective recourse to postmortem biochemistry may provide supporting
or corroborating evidence of an ADR (e.g., serum tryptase and IgE concentra-
tions in a case of drug-induced anaphylaxis), although these results must always
be interpreted with due caution and strictly in the appropriate context. Simi-
larly, vitreous urea and electrolyte levels must be interpreted with equal care
and correlated with the antemortem clinical blood biochemistry wherever pos-
sible. Although the presence of a high vitreous glucose level may indicate
antemortem hyperglycemia, the opposite finding may simply be a reflection
of the postmortem interval (439).
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periventricular and brainstem necroses, together with midbrain and pontine
petechial hemorrhages. There also was a central intracerebellar hematoma
occupying the vermis. Diffuse hypoxemic neuronal degeneration and necrosis
were present. There was no evidence of stent failure or of perforation or rup-
ture of the left anterior descending artery. Death was attributed to acute cere-
bral and intracerebellar hemorrhage, consistent with perioperative heparin
administration. A verdict of misadventure was returned.

Case 7

A 61-year-old female developed DIC. Despite heroic efforts at hemosta-
sis and resuscitation supplemented by massive transfusions of blood, fresh-
frozen plasma, colloids, and crystalloid solutions, she died during subtotal
hysterectomy for a suspected uterine malignancy.

Autopsy showed the presence of a large necrotic and hemorrhagic tumor
occupying much of the uterus (which was received as a separate surgical speci-
men) and measuring 14 cm in diameter. On cross sections, the tumor had a
whorled appearance. There also were severe subpleural, whitish, metastatic
tumor nodules found in both lungs. A diagnosis of uterine leiomyosarcoma
was made on postmortem histological examination and immunohistochemis-
try. Extensive tumor embolization within the pulmonary arterial microvascu-
lature was detected histologically, too. It is possible that the latter could have
occurred, at least to some extent, during surgical manipulation at the uterus
and the uterine blood vessels and might, in part, have engendered DIC with
fatal consequences.

Subsequent inquiries revealed that the patient had consulted a number of
other gynecologists prior to surgery, apparently without the knowledge of the
gynecologist who performed the ill-fated operation. It appears that investiga-
tions conducted in the course of the previous consultations had documented
ultrasonographic and radiological evidence of a highly vascular uterine tumor
and possible pulmonary metastases, respectively. A verdict of misadventure
was recorded.

Case 8

A 53-year-old Chinese male was diagnosed and investigated for obstruc-
tive jaundice. Two attempts at ERCP failed, whereas a second attempt at per-
cutaneous transhepatic cholangiography (PTC) and drainage was successful.
However, several hours later the patient developed pain and tenderness over
the operated site and deteriorated rapidly. He subsequently collapsed and could
not be resuscitated.
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Autopsy showed 600 mL of liquid blood and 900 g of clotted blood in
the peritoneal cavity with preference of the right subphrenic space. The PTC
catheter had been inserted through the right eighth intercostal space, laterally,
and then through the right diaphragmatic dome. It then proceeded through the
anterolateral surface of the right hepatic lobe and continued downwards to
terminate within the right hepatic duct, there being no evidence of pulmonary
or hepatic laceration or parenchymal hemorrhage. Apart from hemobilia, the
intra- and extrahepatic biliary tract was free of any mechanical obstruction by
tumor or biliary calculi; there was also no evidence of ampullary stenosis. In
addition, there was evidence of severe coronary atheroma and hypertensive
heart disease.

Postmortem histology showed features consistent with intrahepatic
cholestasis (for which a drug-induced etiology could not be excluded). There
was also accompanying mild hepatitis and focal cholangitis, consistent with
mild iatrogenic injury engendered by ERCP and PTC as well as occasional
megamitochondria within some hepatocytes. Subsequent police inquiries
revealed that the patient had neither ingested any herbal preparation nor did
he have a history of alcoholism.

Two independent clinical experts were engaged for the coroner’s inquiry.
The radiological opinion was that the second PTC was indicated as the patient
was becoming increasingly jaundiced. In view of the slightly prolonged PTT
of 47.3 s (normal range: 29.0–40.5 s) in the face of a normal blood platelet
count, infusion of one or two units of fresh-frozen plasma prior to and during
the procedure might have been in order. However, this expert declined to com-
ment directly on the issue of negligence. The surgical opinion was largely
similar and emphasized the difficulty in distinguishing between intra- and
extrahepatic causes of jaundice. A verdict of misadventure was recorded.

Case 9

A 56-year-old male, recently diagnosed with inferior MI, underwent car-
diac cauterization, which demonstrated triple vessel disease with total occlusion
of the right coronary and left circumflex arteries. He apparently tolerated coro-
nary angiography well but became hypotensive immediately after the left ven-
triculogram was completed, this being associated with a rash and wheezing.

An anaphylactic reaction to the radiocontrast medium was immediately
diagnosed and the patient was resuscitated accordingly. However, as he was
deemed to have suffered irreversible cardiogenic shock he was placed on per-
cutaneous cardiopulmonary support and emergency coronary bypass surgery
was performed as a salvage procedure. Unfortunately, perioperative DIC
supervened and he died toward the end of 5 hours of operation. There was
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apparently no past history of any drug allergy. The coroner’s verdict was that
of misadventure.

Case 10

A 71-year-old Chinese female underwent anterior resection for moder-
ately differentiated carcinoma of the rectum. She developed a postoperative
intestinal obstruction, which necessitated adhesiolysis and small bowel resec-
tion on postoperative day 16. Subsequently, she became septicemic from a
combination of MRSA urinary tract infection, MRSA contamination of an
indwelling central venous catheter inserted for total parenteral nutrition, bron-
chopneumonia (with sputum cultures yielding Pseudomonas and Klebsiella
species), and surgical wound infection. She died 3 months later.

Autopsy and postmortem histological examination demonstrated infec-
tive endocarditis with perforation of the posterior cusp of the mitral valve
accompanied by acute suppurative pancarditis and focal myocardial necrosis.
There also was evidence of bronchopneumonia, features consistent with adult
respiratory distress syndrome, focal renal cortical infarcts, and acute splenitis.
The left cerebral parietal cortex was infarcted with evidence of acute vasculi-
tis, septic embolization, and focal abscess formation. Postmortem cultures of
the vegetations arising from the mitral valve yielded MRSA, Klebsiella spe-
cies and Escherichia coli.

In this instance, infective endocarditis could have arisen as a consequence
of septicemia caused by MRSA contamination of the central venous catheter
or a combination of this and MRSA bronchopneumonia. The coroner’s ver-
dict was that of misadventure.
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SUMMARY

Imaging techniques are powerful tools in forensic sciences. Medical
examiners, forensic pathologists, and anthropologists are required to interpret
findings from imaging studies to further medicolegal investigations. Often,
the forensic investigator calls on the radiologist, whose expertise might prove
invaluable in forensic consultations. Radiological studies are instrumental in
medicolegal investigations involving the location of foreign bodies within the
body (i.e., bullets, gas emboli), documentation of fractures, and other
mechanical injuries. Virtual autopsy (virtopsy), which involves a full-body
computed tomography and magnetic resonance imaging examination to obtain
two-dimensional and three-dimensional documentation has been proposed as
an alternative to conventional autopsy in cases when the next of kin oppose
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the necroscopy and as a complementary tool for better visualization of post-
mortem findings. Antemortem and postmortem radiographic comparison is a
common procedure in the identification of unknown human remains in most
forensic facilities throughout the world. Computerized record keeping, avail-
able in most hospitals, expedites the retrieval of individual x-ray films, mak-
ing radiographic comparison one of the most common techniques used by
forensic pathologists and anthropologists to establish positive identification
of unknown remains. The use of radiographs in routine and mass disaster iden-
tification has long been in effect, and its application in necroidentification is
efficient, swift, and relatively easy. Age estimation of the living as well as of
cadavers relies heavily on data regarding growth and developmental stages of
the individual as obtained from dental and skeletal radiographs. Medical prac-
titioners should be aware of the importance of storing radiographs for pro-
longed periods of time and of efficient record keeping methods because of
various legal problems that might arise requiring the films for later interpreta-
tion or for their presentation in court.

Key Words: Forensic radiology; forensic anthropology; imaging tech-
niques; identification; age estimation; mass disasters; nonaccidental injury;
physical child abuse.

1. INTRODUCTION

The importance of imaging techniques in forensic medicine is widely
recognized. Forensic anthropologists and odontologists routinely rely on the
comparison of antemortem and postmortem radiographic plates to establish
identity. The location of foreign bodies and gas emboli, and the documenta-
tion of fractures and other types of injuries make x-rays an integral element of
most medicolegal procedures. Furthermore, radiographic studies of the body
are crucial in early recognition of hazardous objects because exploding bul-
lets that penetrated the body unactivated, undetonated explosive material, and
retained sharp souvenirs (foreign bodies) can cause severe injuries to the
forensic investigators if undetected before the autopsy. Necroscopic as well
as clinical radiological examination plays a significant role in the diagnosis of
nonaccidental injury in children and adults, in establishing medical negligence,
and estimating biological age in disputed cases. Finally, there is an increasing
demand for noninvasive techniques to replace the conventional autopsy in
cases in which cultural and religious demands ban invasive postmortem pro-
cedures. The aim of this review is to describe the various uses of radiology
within the medicolegal realm.
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2. NECROSCOPIC EXAMINATIONS

Postmortem radiological examination is fairly common in most modern
forensic facilities. The permanent nature of x-ray plates makes them available
for reevaluation and reinterpretation as additional evidence accumulates
regarding the case investigated. The objective and noninflammatory character
of radiographic records makes them a valuable tool for presenting evidence in
court. The stage at which radiology is implemented during autopsy will vary
according to the circumstances surrounding a particular case. Generally,
radiographs will be taken after the external examination and before the dissec-
tion, except in medicolegal investigation of bombings and charred bodies.

In natural death cases as well as in investigations of assumed medical
malpractice, the implementation of various imaging techniques is the most
adequate method for detecting pathological features such as pneumothorax,
pneumoperitoneum, barotrauma injuries, and air embolisms. Moreover, when
traumatic subarachnoid hemorrhage is suspected, vertebral angiography, if
available, is recommended (1). When the body to be examined is badly
decomposed, for instance, in exhumed cadavers, it is highly recommended to
conduct a full body radiographic study that might help visualize otherwise
hidden injuries and pathological findings.

As a rule, in all gunshot wound cases it is strongly recommended that
x-rays are taken. This includes instances where the bullet is known to be in the
body as well as those in which it has allegedly exited (Fig. 1[2]). This rela-
tively easy task can sometimes fail—a bullet can be overlooked even by expe-
rienced radiologists because of “professional blinkers phenomenon” (3). In
localizing bullets, it is important to remember that they might migrate; thus,
the radiographic examination should include the whole body. The path of the
bullet can be observed as a cloud of minute metallic particles detached from
the projectile, the so-called “lead snowstorm” (4), or by using more sophisti-
cated imaging techniques such as computed tomography (CT [5]).

The type of bullet (high or low velocity) might be deduced by the
pathologist through the different injuries detected on radiographs, whereas
the determination of the type of weapon and the distance from the target should
be left to the ballistics experts. Establishing the bullet’s caliber from a radio-
graph should be avoided because angulation and distance from the beam can
distort the image.

Radiography is useful not only to locate a projectile but also in determin-
ing whether metallic fragments are present within the body because even very
small fragments of a bullet’s jacket may suffice for a ballistic identification.
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Fig. 1. Fragmented bullet within the head and neck areas of a gunshot wound
victim. The attending physician at the hospital was puzzled by the presence of
one entrance and one exit wound while the projectile appeared retained on
radiographic examination, which during autopsy was discovered to be a metal-
lic dental jacket on the second left maxillary molar.

The presence of “souvenirs” within the body can be revealed through radio-
graphic examination of the body before autopsy. The precise location of a
foreign body is better visualized in multiple radiographic planes, including
antero-posterior and lateral ones.

In victims of bombings, the examination of radiographic plates before
handling the body is imperative; one of the threats posed by the centrifugally
expanding wave of the blast is the presence of undetonated components of the
device, which can remain embedded within the body cavities of the victims
(Fig. 2), placing the unsuspecting forensic pathologist in danger of detonating
these parts by manipulating them during body handling and examination.
Location and documentation of the shrapnel within the body is a key step in
this type of criminal investigation because the identification of the terrorist
cell involved in the act can be expedited since the kind of shrapnel added by
the perpetrators acts as a signature to specific terrorist groups (Fig. 3A,B [6]).
Occasionally, in victims of nautical sporting accidents, the injuring agent, for
example, a propeller blade fragment, can be evinced on radiography, and thus
retrieved for physical matching with a suspected boat.
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The estimation of age at death of unidentified victims also can be achieved
through radiographic evaluation of epiphyseal closure when, for different rea-
sons, an autopsy is not feasible. The poor visualization on x-ray of certain
articular phases like the pubic symphysis makes radiographic age determina-
tion of the adult nonadvisable.

For certain cultures and religions conventional autopsy is stigmatized or
even forbidden; various imaging techniques, like ultrasound, CT, and mag-
netic resonance imaging (MRI) allow conducting medicolegal investigations,
sparing the feelings of the victim’s next of kin.

During the 1990s, a variety of alternative noninvasive procedures were
proposed as substitute for conventional autopsy. The concept of “virtopsy”
(virtual autopsy) was born of the desire to overcome the obstacles posed by
relatives of the deceased and to provide objective and indestructible docu-
mentation of postmortem evidence. The technique combines whole-body exam-
ination by CT and MRI to obtain two-dimensional and three-dimensional
documentation. The advantages of virtopsy lie in the ability to “freeze” the
findings at the moment of the investigation without causing damage and
allowing the investigator to recapitulate the results later on, either for presen-
tation in court, teaching, consultation through telemedicine, and/or quality con-

Fig. 2. Unexploded detonators embedded within the thoracic cavity of a
victim of a suicidal bombing.
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trol (7,8). Additional advantages of radiologic necropsy include safe and easy
examination of infected cadavers minimizing the hazards to the practitioner.
The importance of a full radiological examination of victims of suspected physi-
cal abuse is discussed later in Section 5.

3. IDENTIFICATION OF HUMAN REMAINS

The identification of human remains is one of the most essential aspects
of forensic pathology. Unidentified human remains constitute approx 10% of
the caseload of most forensic practitioners. This fraction includes skeleton-
ized, decomposed, and burnt victims along with cases of extensive mechani-
cal trauma to the face. During the 1990s, the socioeconomic changes in the
European eastern block and the opening of frontiers in most European and
American countries brought large waves of illegal foreign immigrants, some
of whom became homeless and, when they died, often left unidentified bod-
ies. Currently, there are no comprehensive statistics dealing with the number
of unidentified cadavers and human remains within the European community
and Middle East, but the numbers seem to be increasing.

There may be variations in the state of preservation of human remains
caused by factors such as normal thanatological processes affecting the cadaver,
the mechanism of death, or animal scavenging. The skeleton, or at least some
of its components, usually offers resistance towards environmental, mechani-
cal, and physical processes and hence nearly always can be examined radio-
graphically. Furthermore, because radiography is a common diagnostic tool
for a great variety of dental and medical conditions, it frequently is possible to
obtain antemortem radiographs for positive identification (9).

Personal identification of human remains is achieved when specific fea-
tures detected on the cadaver match data recorded during the life of the indi-
vidual. Radiographic identification can be accomplished when there is a lead
as to the possible identity of the victim; usually, this is the result of comparing
an anthropological profile (gender, age, stature, and ethnic affinity) with police
or military “missing persons” reports. The correct radiographic identification
of the deceased greatly depends on the similarity of the conditions in which
the antemortem and postmortem radiographs were taken, that is, position and
intensity (10).

Fig. 3. (A) Nails used as additional shrapnel by homicidal bombers to increase
the lethality of the explosive device. (B) Metallic spheres in the thoracic cavity
encountered in explosive devices prepared by a different terrorist group.
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Positive radiographic identification is accomplished by meticulous com-
parison of the details present on the film; however, unlike fingerprints there is
no established minimum number of points of comparison that must be concor-
dant to determine identity. The features depicted on radiographs must comply
with two requirements in order to be of forensic identification value; on the
one hand the feature has to be unique to each individual, and on the other hand
it has to remain stable over time despite ongoing life processes and aging.
Usually, one to four unique analogous features and no discrepancies are con-
sidered enough for a positive identification (11).

Radiographic positive identification of unknown human remains is often
attained by comparison of some markers present on the antemortem and post-
mortem plates, for example, signs of previous medical intervention such as
old surgical or orthopedic procedures (Fig. 4) as well as prosthetic devices,
evidence of healed trauma, normal anatomical variation like the variation and
configuration of the frontal and paranasal sinuses (12), osseous and vascular
degenerative changes, congenital malformations, and certain slow growing
neoplasms that might be evident within the remains (13).

Bearing in mind that teeth are composed of the most resilient structures
of human tissues, for example, enamel, and that the materials used in dental
restorations are extremely resistant to destruction by chemical and physical

Fig. 4. Radiography of the right leg of an unidentified victim of a light plane
crash. The presence of surgical scars and the consecutive radiographic study
showing extensive orthopedic surgery were instrumental in the positive identi-
fication of the body.
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Fig. 5. (A) Human mandible encountered in the woods near the area where
a 19-year-old woman had disappeared 2 years before. (B) Orthopantogram of
the missing woman taken when she was 16 years old. Note the unerupted man-
dibular third molars. (C) Periapical radiograph of the left mandibular third molar.
Note the position of the impacted tooth, which rules out the possibility of this
being the mandible of the missing woman because during the time elapsed
between the antemortem radiograph and her being missing, the tooth could
have not rotated to the present position underneath the bulge of the second molar.
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agents, the innumerable combinations of missing teeth, carious lesions, resto-
rations, and prostheses involving the surfaces of deciduous and permanent
dentition, together with the normal morphological variation of crowns and
roots, render dental identification the most useful and powerful tool. Most
often, radiographic identification techniques are implemented in daily case-
work (Fig. 5A–C), as well as in mass disaster situations (14). Panoramic ra-
diographs, which enable the visualization of most structures of the jaws and
related areas on a single film, have been advocated for mass screening, such
as of military personnel (15).

Manipulation of the radiographs is very common in modern roentgenog-
raphy. With digitalization of all kinds of radiographic equipment and image-
processing software becoming more easily available, it is not an unusual
practice to enhance and correct the image, especially for clinical purposes. In
the forensic setting, digital image processing is very useful. Contrast enhance-
ment, brightness correction, and segmentation of images are all acceptable
procedures to facilitate radiographic identification. However, any manipula-
tions that distort radiologically visible structures by changing their angular
relationship are inadmissible; the use of drawing tools which can retouch,
accentuate, or fade out contours should be avoided (16,17).

The potential value of comparison between antemortem and postmortem
radiographs in forensic pathology is nowadays fully appreciated. Similar com-

Fig. 5. (Continued)



Forensic Radiology 453

parisons between antemortem and postmortem CT images can yield success-
ful personal identification (18). This type of comparison is becoming more
feasible as CT equipment is growing to be more available to forensic facilities
worldwide.

4. AGE ESTIMATION OF THE LIVING

Age determination of living individuals is crucial in many legal issues.
In developing countries, where many a birth takes place in rural venues with
deficient record keeping, when the suspicion of fraudulent registration arises—
especially in light of the recent increasing illegal emigration from third-world
countries and the lack of proper official documentation of these individuals—
the forensic practitioner’s expert opinion plays a key role in legal rulings.

In general, every country has an official age limit underneath which an
individual will be considered a minor and will be granted certain leniency, for
example, will be judged in juvenile court in cases of criminal charges, will not
be enrolled into military service, or will be excluded from certain labors on
the one hand, however, the individual who has not reached this official age
limit will be denied certain financial and legal rights, such as the right to legal
binding contracts, marry, the right to have sexual intercourse with an adult,
and so on.

When the chronological age of an individual is questioned, the investi-
gator must resort to the evaluation of the individual’s biological age, that is
the growth and developmental stage the individual has reached. The estima-
tion of the biological age is obtained from combining clinical and radiological
data on dental and osseous development.

The development of the deciduous and permanent dentition spans the
infant and juvenile years. Dental age is estimated from the combined observa-
tion of the degree of mineralization of dental buds, the presence of individual
teeth erupted, and the extent of root formation.

Skeletal age can be evaluated by the sequence of development and fusion
of epiphyses of long bones and development of centers of ossification in small
bones. The point in time of each epiphysis’ fusion varies greatly according to
their anatomy and physiology. The pace of growth and development differs
between the sexes and between various ethnical groups, and the onset of the
diverse age indicators is affected by genetic and environmental factors; thus,
they should be taken into consideration. Atlases of the various stages have
been developed for hands and knees (19). Other radiological developmental
techniques include the careful estimation of bone-by-bone development of the
hand (20).
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The most accurate source of information for age estimation during the
juvenile phase is the sequence of fusion of epiphyses and the unification of the
three bones of the os coxa (21). The standard deviation of the estimate in this
stage is greater than the assessment based on the appearance of the centers of
ossification during childhood and oscillates between 2 and 4 years, depending
on the gender and ancestry of the individual. The correlation between chrono-
logical and dental age is stronger than that of chronological and skeletal age
because dental development is less affected by adverse environmental condi-
tions. For individuals in good health, skeletal age can be more than 1 year
older or younger than chronological age.

The stage of fusion of the basilar synchondrosis (spheno-occipital fis-
sure) has been regarded as a trustworthy indicator of biological age. A number
of authors proffer that the synchondrosis remains open throughout childhood
and adolescence and coalesces as the individual reaches adulthood, whereas
others propose that fusion commences during the adolescent stage, concomi-
tant with the eruption of the second permanent molars (22). The stage of fusion
of the basilar synchondrosis (spheno-occipital fissure) has been regarded as a
trustworthy indicator of biological age. Albeit the assertions regarding the
basilar synchondrosis as a good age indicator for the adolescence period,
forensic investigators should be aware of the great variability in the time of
closure of this trait in male individuals. Various ages of fusion of the spheno-
occipital fissure have been reported by different researchers, from as early as
10 years old to as late as 25 years (23,24). Age estimation of the living adult is
extremely inaccurate; the correlation between degenerative processes of the
various osseous elements, such as those evinced in radiographs of the verte-
bral column is low and can be affected by extraneous factors such as physical
activity, nutrition, and pathological conditions. Furthermore, reliable osseous
markers, such as pubic symphysis or sternal rib articulation, cannot be visual-
ized in conventional radiographs. A CT scan of the clavicle has been sug-
gested as a reliable age indicator for individuals younger than 21 to 25 years
of age (25).

5. NONACCIDENTAL INJURY

Radiological technology plays an important role in diagnosing nonacci-
dental injury (physical abuse) in children. In fact, more than 80% of all iden-
tified child abuse-related injuries in the United States are detected through
medical imaging.

Although radiographs for the detection of fractures are normally not a
requisite during autopsy because the bones themselves can be inspected and
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the fractures—new and healed ones—be well documented (Fig. 6), in cases of
suspected nonaccidental injuries, a complete radiographic study is mandatory.
This radiographic skeletal survey should include the entire axial and
appendicular skeleton and not a single radiograph of the entire child (i.e.,
“babygram”), which is considered diagnostically inadequate (26).

Some techniques such as skeletal scintigraphy are highly sensitive in the
detection of rib, spinal, and diaphyseal fractures and have a low sensitivity for
cranial fractures. This procedure should be considered as a supplemental
examination in suspected cases of nonaccidental injuries (27).

The mechanisms of trauma associated with the various types of fractures
have been discussed in the relevant literature (11,28,29); in this section, the
authors emphasize only the most prominent radiological findings.

The most common fractures associated with inflicted injuries of children
are diaphyseal, spiral-oblique, or transverse fractures (Fig. 7). Metaphyseal–
epiphyseal fractures are less common. All these are considered diagnostic of
nonaccidental injury because the forces necessary to produce such fractures
cannot be generated from simple falls or other accidents. Caffey (1946) coined
the term “bucket-handle” fracture to describe metaphyseal fractures of long
bones, which are typical of abused children (30).

Fig. 6. Humeri of a 3-month-old baby who died of severe head injuries.
Note the callus on the right humerus resulting from a spiral fracture sustained
while he was 4 weeks old.
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Another pathognomonic sign of abuse is the presence of multiple rib
fractures (seen in 5–27% of physically abused children). These fractures are
rarely seen in motor-vehicle accidents or after resuscitation attempts. Mul-
tiple rib fractures may be difficult to diagnose on radiographs in the acute
setting and might be best detected with bone scanning (31).

Accidental cranial fractures in infants usually are simple, linear, and uni-
lateral, affecting the parietal bone, and do not branch or cross sutures. In gen-
eral, falls from beds, sofas, diaper-changing tables, or stairs (commonly referred

Fig. 7. Lateral view of an oblique fracture of the left humerus of a 20-month-
old baby. This type of fracture is mostly consistent with twisting of the limb.
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to as “short falls”) produce relatively minor trauma (32). Abusive fractures
are often complex, wide at presentation, multiple or depressed, and bilateral
(33). There are some descriptions in the literature of fatal “short falls,” but the
majority of experts concur that these are unlikely (34).

Subdural hemorrhages are a common sequel to violent shaking of an infant.
The relatively large, heavy, and poorly supported head predisposes an infant
to violent acceleration and deceleration forces in the “whiplash shaken syn-
drome,” causing disruption and bleeding of the bridging veins into the subdu-
ral space. The contemporary literature on the subject contends that these forces
often are insufficient to cause permanent damage and that the mechanism
includes some type of blunt injury to the head (35). Diagnosis of the syn-
drome is made by CT scan (26,30) and MRI (26,34,36). There is no universal
consensus as to the best imaging procedure for detection of nonaccidental
cranial injuries. Forensic radiologists suggest different techniques for specific
head injuries. CT is recommended for detection of subarachnoid hemorrhages,
whereas MRI is superior in revealing subdural hematomas, concussive inju-
ries, and shear injuries. CT and MRI are equally efficient for demonstrating
epidural hematomata, and for detection of fractures, CT is advocated (32).

Age assessment of cranial injuries is rather imprecise. As a rule, cranial
CT is considered both sensitive and specific in defining acute (recent up to
several days old) extracerebral blood collections because fresh subdural blood
collections are of high density on CT. The density gradually diminishes over
the first week after the injury, and at that time, MRI is superior to CT in
depicting subacute (a few weeks old) and chronic (more than 3 months old)
extracerebral bleedings and deep cerebral injuries. Subacute, early chronic
subdural blood produces a distinct, high signal intensity with T

1
-weighted

images (short echo time [TE] and short relaxation time [TR]). As subdural
blood evolves, it manifests increasing signal intensity with T

2
-weighted images

(long TE and long TR [37,38]). It has been postulated that posttraumatic brain
swelling can be detected on head CT as early as 1 hour and 17 minutes after
the injury (39).

6. CONCLUSIONS

Imaging techniques are a powerful tool in forensic sciences. Medical
examiners and forensic anthropologists are less versed in the finer points of
roentgenology than are radiologists; nevertheless, they are required to inter-
pret findings from imaging studies to further medicolegal investigations. Often,
the forensic investigator calls on the radiologist whose expertise might prove
invaluable in forensic consultations.
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Radiological investigation during autopsy is priceless not only in gun-
shot wound cases, but in all instances when the practitioner might be required
to locate foreign bodies within the cadaver, like in suicidal bombing victims.

The implementation of other imaging techniques, such as MRI and CT,
are strongly advocated for cases of suspected air embolisms and for abuse
victims. In the last decade of the 20th century, investigators have suggested
the use of “virtopsy” (virtual autopsy) as the best tool to be used in conjunc-
tion with conventional postmortem examination to reveal the greatest amount
of details pertinent to the case at hand (7,8).

The importance of complete radiological examination of postmortem as
well as clinical cases of suspected abuse cannot be overestimated. Radiologi-
cal evidence of skeletal trauma commonly is found in abused children aged 18
months and younger; the location, nature, and multifocal aspect of these inju-
ries are considered specific for nonaccidental injuries. Radiological imaging
plays a crucial role in evaluating craniospinal injury, and the implementation
of CT and MRI is advised in all cases of suspected nonaccidental cranial inju-
ries (40,41).

In forensic anthropology and odontology, radiographic examination plays
a key role in positive identification of unknown human remains. This often is
attained by comparison of antemortem and postmortem radiographs. Some of
the markers frequently collated in the plates are signs of medical intervention,
normal anatomical variation, and evidence of healed trauma. There are
numerous accounts of cranial, dental, and postcranial radiographic features
useful for identification. The correct radiographic identification of the deceased
depends greatly on the similarity between the antemortem and postmortem
films. Positioning of the questioned anatomical specimens prior to radiograph
is of paramount importance for comparison since the investigator strives to
duplicate as closely as possible the antemortem object-film angulation.

Biological age estimation of living individuals, an undertaking that is
becoming more common worldwide in most forensic anthropology practices,
is mostly supported by radiographic evaluation of dental and skeletal matura-
tion.

The importance of careful record keeping in medical facilities and pri-
vate practices for as long as feasible cannot be overemphasized. In most coun-
tries, radiographs pertaining to inactive patient’s files are stored at least for 5
years (42). The radiographic information can be stored on a magnetic media
when facing space constrains, thus allowing one to save data for 20 years (43).
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