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Abstract  

 

Objectives 

This thesis is based on 4 papers that were all written with the same intent, which was to 

describe and demonstrate how epidemiologic concepts and data can serve as a basis for improved 

validity of probabilistic conclusions in forensic medicine (FM). Conclusions based on probability 

are common in FM, and the validity of probabilistic conclusions is dependant on their 

foundation, which is often no more than personal experience. Forensic epidemiology (FE) 

describes the use and application of epidemiologic methods and data to questions encountered in 

the practice of FM, as a means of providing an evidence-based foundation, and thus increased 

validity, for certain types of opinions. The 4 papers comprising this thesis describe 4 unique 

applications of FE that have the common goal of assessing probabilities associated with evidence 

gathered during the course of the investigation of traumatic injury and death.  

 

Materials and Methods 

Paper I used a case study of a fatal traffic crash in which the seat position of the surviving 

occupant was uncertain as an example for describing a probabilistic approach to the investigation 

of occupant position in a fatal crash. The methods involved the matching of the occupants’ 

injuries to the vehicular and crash evidence in order to assess the probability that the surviving 

occupant was either the driver or passenger of the vehicle at the time of the crash.  

In the second and third papers, epidemiologic data pertaining to traffic crash-related injuries 

from the National Automotive Sampling System-Crashworthiness Data System (NASS-CDS) 

was used to assess the utility and strength of evidence, such as vehicle deformation and occupant 

injury of a particular severity and pattern, as a means of assessing the probability of an uncertain 

issue of interest. The issue of interest in Paper II was the seat position of the occupant at the time 

of a rollover crash (similar to Paper I), and the association that was investigated was the 

relationship between the degree of downward roof deformation and likelihood of a serious head 

and neck injury in the occupant. The analysis was directed at the circumstance in which a vehicle 

has sustained roof deformation on one side but not the other, and only one of the occupants has 

sustained a serious head or neck injury. In Paper III the issue of interest was whether an occupant 

was using a seat belt prior to being ejected from a passenger vehicle, when there was evidence 

that the seat belt could have unlatched during a crash, and thus it was uncertain whether the 

occupant was restrained and then ejected after the seat belt unlatched, or unrestrained. Of 

particular interest was the relative frequency of injury to the upper extremity closest to the side 

window (the outboard upper extremity [OUE]), as several prior authors have postulated that 

during ejection when the seat belt has become unlatched the retracting seat belt would invariably 

cinch around the OUE and cause serious injury.  

In Paper IV the focus of the analysis was the predictability of the distribution of skull and 

cervical spine fractures associated with fatal falls as a function of the fall circumstances. Swedish 

autopsy data were used as the source material for this study. 
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Results  

In Paper I the indifferent pre-crash probability that the survivor was the driver (0.5) was 

modified by the evidence to arrive at a post-test odds of 19 to 1 that he was driving.  

In Paper II NASS-CDS data for 960 (unweighted) occupants of rollover crashes were 

included in the analysis. The association between downward roof deformation and head and neck 

injury severity (as represented by a composite numerical value [HNISS] ranging from 1 to 75) 

was as follows: for each unit increase of the HNISS there were increased odds of 4% that the 

occupant was exposed to >8 cm of roof crush versus <8 cm; 6% for >15 cm compared to <8 cm, 

and 11% for >30 cm of roof crush compared to <8 cm. 

In Paper III NASS-CDS data for 232,931 (weighted) ejected occupants were included in the 

analysis, with 497 coded as seat belt failures, and 232,434 coded as unbelted. Of the 7 injury 

types included in the analysis, only OUE and serious head injury were found to have a 

significant adjusted association with seat belt failure, (OR=3.87, [95% CI 1.2, 13.0] and 3.1, 

[95% CI 1.0, 9.7], respectively). The results were used to construct a table of post-test 

probabilities that combined the derived sensitivity and (1 - specificity) rates with a range of pre-

crash seat belt use rates so that the results could be used in an investigation of a suspected case of 

belt latch failure.  

In Paper IV, the circumstances of 1,008 fatal falls were grouped in 3 categories of increasing 

fall height; falls occurring at ground level, falls from a height of <3 meters or down stairs, and 

falls from ≥3 meters. Logistic regression modeling revealed significantly increased odds of skull 

base and lower cervical fracture in the middle (<3 m) and upper (≥3 m) fall height groups, 

relative to ground level falls, as follows: (lower cervical <3 m falls, OR = 2.55 [1.32, 4.92]; 

lower cervical ≥3 m falls, OR = 2.23 [0.98, 5.08]; skull base <3 m falls, OR = 1.82 [1.32, 2.50]; 

skull base ≥3 m falls, OR = 2.30 [1.55, 3.40]). Additionally, C0-C1 dislocations were strongly 

related to fall height, with an OR of 8.3 for the injury in a ≥3 m fall versus ground level.  

 

Conclusions  

In this thesis 4 applications of FE methodology were described. In all of the applications 

epidemiologic data resulting from prior FM investigations were analyzed in order to draw 

probabilistic conclusions that could be reliably applied to the circumstances of a specific 

investigation. It is hoped that this thesis will serve to demonstrate the utility of FE in enhancing 

evidence-based practice in FM. 
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Definitions, Abbreviations, and Acronyms 

 

Accuracy - the degree of closeness of quantitative measurements made with a measuring system 

to the quantity's true value. 

AIS - Abbreviated Injury Scale 

Association - The statistical relationship between events or variables. If the events occur more or 

less frequently together than one would expect by random chance then they are considered to be 

associated. Associations are not necessarily causal, however. 

ATD - Anthropomorphic Test Device; a crash test dummy 

Bayes’ Theorem (alternatively Bayes’ Law) - A method of revising or “conditioning” the 

probability of the occurrence of an event given the occurrence or non-occurrence of an 

associated event or events.  

Bias - In epidemiology bias refers to a form of error that may threaten the validity of a study by 

producing results that are systematically different than the true results. Two main categories of 

bias in epidemiologic studies are selection bias, which occurs when study subjects are selected as 

a result of another unmeasured variable that is associated with both the exposure and outcome of 

interest; and information bias, which is systematic error in the assessment of a variable. 

Biomechanics - The field of study pertaining to how force affects tissue. 

BMI - Body Mass Index, calculated by (weight in kg/(height in meters)
2
) 

Case-control study - A retrospective study design that starts with the identification of persons 

with a particular disease or injury and compares them with a control group of persons without the 

same disease or injury for exposures of interest. The results are presented in the form of odds 

ratios. 

Causation - The relationship between an antecedent event, condition, characteristic, or agent 

that produces a disease or injury outcome. General causation is concerned with the cause of 

disease and injury in populations, and the proportion of the ill or injured population attributable 

to the exposure. Specific causation is concerned with the cause of disease and injury in 

individuals, and the probability that the condition would be present absent the exposure to the 

hazard. Specific causation is quantified by the assessment of the relative risk of cause, in which 

the hazard rate associated with the exposure of interest is compared with the base rate of the 

condition occurring at the same point in time absent the exposure.  

CNS - Central Nervous System, the brain and the spinal cord 

Cohort study - A study that starts with the identification of persons who have been exposed to a 

suspected cause of injury or disease, and compares them to an unexposed group of persons for 
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rate of occurrence of the disease or injury. The results are presented in the form of risk ratios. 

Complement - For the probability of an event or outcome or measurement A, the complement is 

[not A]. Calculated by [1 - A]. 

Confounding - Confounding refers to a situation in which an association between an exposure 

and outcome is all or partly the result of a factor that affects the outcome but is unaffected by the 

exposure. 

Dependent variable - The outcome or measured variable of interest, and related to the value of 

the independent or predictor variable. In a cohort study the dependent variable is the disease or 

injury outcome, and in a case-control study it is the exposure of interest. 

Epidemiology - The scientific study of the distribution, determinants, and deterrents of injury 

and disease in populations of people. 

FE - Forensic Epidemiology. FE is defined as the intersection of epidemiology and law. FE 

differs from general epidemiology in that it is focused on the use of epidemiologic methods and 

data for the investigation of specific causation, resulting in probabilistic conclusions regarding 

individuals that are suitable for a legal or forensic setting, whereas conclusions based in general 

epidemiology are only applicable to populations. 

FM - Forensic Medicine. The application of medicine to legal metters. 

Forensic - Related to, appropriate for, or used in a court of law or other judicial setting. 

GEE - Generalized Estimating Equation 

Heuristic - Experience-based techniques for problem solving via shortcuts. A heuristic is often 

referred to as a “rule of thumb” or an “educated guess” or simply “common sense.”  

HNISS - Head-Neck Injury Severity Score. The sum of the squares of the three highest AIS 

severities, only from the head or cervical spine regions. 

Independent variable - The predictor variable under study, which is related to the occurrence or 

value of the dependent variable. In a cohort study the independent variable is the exposure, and 

in a case-control study it is the presence of the disease or injury of interest. 

ISS - Injury Severity Score. A composite injury score that is comprised of the sum of the squares 

of the three highest AIS severity scores from three different body regions. 

Kinematics - the study of occupant movement for a particular crash scenario. Based on the 

disciplines of both crash reconstruction (in order to establish the vehicle kinetics) and 

biomechanics. 

LR - Likelihood Ratio – the ratio between the true positive rate [sensitivity] and false positive 

rate [1 – specificity]  
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MAIS - Maximum Abbreviated Injury Scale. MAIS is used in the NASS-CDS to describe the 

highest severity injury score of an occupant.  

NHTSA - National Highway Traffic Safety Administration 

NASS-CDS - National Automotive Sampling System – Crashworthiness Data System 

NISS - New Injury Severity Score. A composite injury score that is comprised of the sum of the 

squares of the three highest AIS severity scores from three different body regions, regardless of 

the body region.  

Odds Ratio (OR) - Odds ratios express the proportion of an occurrence of a disease or injury in 

one group versus the proportion of the occurrence of the same disease or injury in another group. 

OUE - Outboard upper extremity. The upper extremity of a motor vehicle occupant that is on the 

side of the seat belt anchor and door. 

Plausible - in causation, an explanation that is both possible and reasonable, given the known 

facts. 

PPV - Positive Predictive Value – The probability the condition is present given a positive test. 

Post-test Probability - A Bayesian method of combining a pre-event prevalence of a condition 

with a PPV in order to arrive at the post-event probability of the condition or outcome.  

Random Error - Errors in measurement that lead to inconsistency, and which are randomly 

scattered about the true value. All measurements are prone to some degree of random error, the 

degree of which is indirectly related to the sample size. 

Relative Risk (RR) - risk ratios that quantify disease frequency differences between groups with 

different exposure levels. 

Risk - A probability that an event will occur (e.g., that an individual will be ill or die within a 

specified period of time, or will be injured due a certain exposure). 

SD - standard deviation  

SE - standard error 

Sensitivity - The probability of a positive test given the presence of the condition of interest. 

Also known as the true positive rate. 

Specificity - The probability of a negative test given the absence of the condition of interest. The 

complement of specificity [1 – specifity] is also known as the false positive rate of the test. 
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Sammanfattning på svenska 

Denna avhandling utgör en sammanfattning av fyra delarbeten med syftet att beskriva och 

visa hur epidemiologiska begrepp och data kan användas för att öka validiteten av 

sannolikhetsbedömningar i rättsmedicinsk verksamhet. Sannolikhetsbedömningar är vanliga 

inom rättsmedicin, och giltigheten av dessa sannolikhetsbedömningar beror på vad de grundar 

sig på – ibland endast personlig erfarenhet. 

 Forensisk epidemiologi är ett vetenskapsområde som beskriver användningen och 

tillämpningen av epidemiologiska metoder och data i rättsmedicinska frågor som grund för 

evidensbaserade slutsatser, och därigenom ökad validitet, avseende vissa bedömningar. De fyra 

delarbetena beskriver fyra unika tillämpningar av forensisk epidemiologi med det gemensamma 

målet att bedöma sannolikheter baserade på underlag som insamlats vid undersökning av 

skadefall och dödsfall. 

Material och metoder 

 Delarbete I utgick från en singelolycka med bil där en bilist omkommit och en annan 

överlevt, och där det var oklart om det var den omkomne eller den överlevande personen som 

varit förare av bilen, som ett exempel för en sannolikhetsbedömning av vem som suttit var i 

bilen. Metodiken innefattade jämförelser mellan skadorna hos var och en av de två personerna, 

fordonsskadorna och olyckskaraktäristika, för att därigenom bedöma sannolikheten för att den 

överlevande personen var den som hade kört, respektive inte kört, fordonet vid olyckstillfället.  

 I delarbete II och III användes data i en amerikansk databas över trafikskador (National 

Automotive Sampling System-Crashworthiness Data System; NASS-CDS) för att bedöma 

användbarheten och styrkan av fynd såsom deformation av fordonet och personskador av 

bestämd svårighetsgrad och med särskilt skademönster, som ett sätt att värdera sannolikheten av 

ett visst förhållande. I delarbete II fokuserades på frågan om bilistens position i bilen när bilen 

voltat (i likhet med delarbete I), och det som undersöktes här var sambandet mellan graden av 

intryckning av fordonets tak och sannolikheten för en allvarlig skada i huvud och hals. Analysen 

inriktades mot situationen då ett fordon hade fått en intryckning av taket på endast den ena sidan 

och endast en av personerna i bilen hade fått en allvarlig skall- eller nackskada. I delarbete III 

undersöktes om en bilist använt säkerhetsbältet innan hon kastats ut ur bilen, när det förelåg 

misstanke om att säkerhetsbältet kunde ha låsts upp vid kraschen, och det alltså var oklart om 

bilisten hade använt bälte och slungats ut sedan bältet hade låsts upp, eller om bälte aldrig 

använts. Av särskilt intresse var den relativa frekvensen av skador på den övre extremiteten 

närmast sidorutan, eftersom det i litteraturen tidigare framförts att när någon slungats ut ur bilen 

sedan säkerhetsbältet låsts upp så skulle säkerhetsbältet vid sin återgång alltid låsa sig runt denna 

extremitet och därigenom förorsaka betydande skada. 

 I delarbete IV fokuserade analysen på förutsägbarheten av skallfrakturer och halskotfrakturer 

vid dödliga fall som en funktion av omständigheterna vid fallet. Data från rättsmedicinska 

obduktioner i Sverige analyserades för att finna sådana samband.  

Resultat 

 I delarbete I förändrades sannolikheten före händelsen (”pre-crash”) att den överlevande var 

fordonsföraren (0,5) till ett ”post-test” odds på 19 till 1 att han varit förare. 
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 I delarbete II analyserades data från NASS-CDS för 960 bilister i trafikhändelser där bilen 

voltat. Sambandet mellan graden av intryckning av biltaket och nackskadans allvarlighet 

(speglad genom ett sammansatt numeriskt värde, HNISS, i intervallet 1-75) blev att för varje 

ökning med en enhet av HNISS-värdet ökade oddset med 4% att personen hade exponerats för 

>8 cm takintryckning jämfört med <8 cm; 6% för >15 cm jämfört med <8 cm, och 11% för >30 

cm takintryckning jämfört med <8 cm. 

 I delarbete III analyserades data från NASS-CDS för 232.931 individer som slungats ut ur 

bilen, varav 497 hade kodats som säkerhetsbältesfel och 232.434 som obältade. Av de sju 

skadetyper som analyserades uppvisade endast skador på den övre extremiteten närmast 

sidorutan och allvarlig skallskada ett signifikant samband med säkerhetsbältesfel (OR=3.87, 

[95% CI 1.2, 13.0] respektive 3.1, [95% CI 1.0, 9.7]). Med hjälp av dessa resultat 

sammanställdes en tabell med”post-test”-sannolikheter som kombinerade den framräknade 

sensitiviteten och (1-specificiteten) med ett antal olika ”pre-crash”-nivåer av 

säkerhetsbältesanvändning, så att underlaget kunde användas vid undersökning av fall med 

misstänkt säkerhetsbältesfel.  

 I delarbete IV grupperades omständigheterna i 1.008 dödsfall efter fall i tre kategorier; fall i 

samma plan, fall från en nivå <3 meter eller utför trappa, och fall från en nivå >3 meter. 

Statistiska analyser visade signifikant ökade odds för skallbasfraktur och låg halskotpelarfraktur i 

grupperna med högre fallhöjd (<3m och >3 m) jämfört med fall i samma plan (fraktur i nedre 

halsryggen vid fall <3 m, OR = 2.55 [1.32, 4.92]; fraktur i nedre halsryggen vid fall ≥3 m, OR = 

2.23 [0.98, 5.08]; skallbasfraktur vid fall <3 m, OR = 1.82 [1.32, 2.50]; skallbasfraktur vid fall 

≥3 m, OR = 2.30 [1.55, 3.40]). Dessutom var dislokationer i atlantooccipitalleden starkt 

relaterade till fallhöjd, med OR = 8,3 för denna skadetyp vid fall >3 meter jämfört med fall i 

samma plan.  

Slutsatser 

 I denna avhandling beskrivs fyra tillämpningar av forensisk epidemiologi. I samtliga 

tillämpningar analyserades epidemiologiska data från rättsmedicinska undersökningar för att 

göra sannolikhetsvärderingar som på ett tillförlitligt sätt kunde appliceras på omständigheterna i 

specifika fall. Det är enn förhoppning att denna avhandling kan visa på användbarheten av 

forensisk epidemiologi för evidensbaserade bedömningar i rättsmedicinsk praxis.
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Introduction 

 

Introduction to Forensic Epidemiology  

Opinions in Forensic Medicine (FM) that incorporate concepts of probability, risk, incidence, 

or prevalence should ideally have a foundation in valid epidemiologic concepts and data. 

Epidemiology is defined as the scientific study of the distribution, determinants, and deterrents 

of injury and disease in populations of people. Conclusions based on probability are common in 

FM; e.g. an abrasion observed at autopsy that is deemed to have resulted from contact with a seat 

belt in a crash-related death is also generally considered to be equal to evidence that the decedent 

was using a seat belt, even if no actual evidence of seat belt use, such as a buckled latch in the 

occupant’s seat position, is present. There is no direct evidence that the injury did result from 

contact with a seat belt; the conclusion is based on what is considered the most likely or probable 

explanation for the shape, distribution, and location of the abrasion given the circumstances of a 

crash. When considered as a test for seat belt use, such conclusions are often missing the 

quantitative elements necessary to evaluate their reliability, e.g. how often is such a conclusion 

correct or incorrect? Could the same injury pattern exist in an unrestrained occupant, and if so, 

how often? The purpose of forensic epidemiology, as described in this thesis, is to provide 

answers to such questions. 

Forensic epidemiology (FE) is broadly defined as the intersection of law and epidemiology, 

and more narrowly defined as the use of epidemiologic methods and data as a means of 

investigating specific (individual) causation. The term was introduced by Loue in 1999 and later 

adopted by the U.S. Centers for Disease Control and Prevention (CDC) in 2003 as a narrowly 

focused Public Health Law Program module designed to aid with the investigation of acts of 

bioterrorism.
1,2

 The subject matter covered by forensic epidemiology has since been expanded to 

cover the multitude of areas in which epidemiologic terms, concepts, and data may be applied in 

a legal or forensic venue, and to tasks ordinarily addressed in the practice of forensic medicine.
3,4 

FE, as it is used in this thesis, describes the use and application of epidemiologic methods and 

data to questions encountered in the practice of FM, as a means of providing an evidence-based 

foundation for certain types of opinions. 

The aim of this thesis is to introduce the concept and tenets of forensic epidemiology, with a 

focus on the practical application of FE to the investigation of traffic crash-related injuries and 

deaths, as well as serious injury to the head and neck. FE is presented in this thesis as a branch of 

forensic medical practice, rather than as a branch of epidemiology, and thus is directed toward 

practitioners of FM rather than epidemiology. For this reason, the purpose of the following 

introduction section of this thesis, in addition to providing background information for the papers 

comprising the thesis, is to introduce readers to basic concepts of FE.  

It is my hope that this thesis serves to strengthen the bridge between FE and FM by 

demonstrating how the two fields share common goals and applications, as well as explicating 
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methods by which such goals are reached. Ultimately, the purpose of FE is to serve as a 

foundation for evidence-based practice in FM. 

 

Measures of Test Accuracy (Papers I and III) 

In all of the papers in this thesis the presence or absence of physical evidence, including 

injury distribution and severity, is viewed as a test to be used in the investigation of the 

circumstances of a death or injury. The utility of the test is highly dependent on the accuracy of 

the test, which is determined by various measures of how often a test result is correct.  

For any test or criterion there are at least four possible results: 1) a true positive (TP), in 

which the test correctly identifies tested subjects with the condition of interest; 2) a true negative 

(TN), in which the test correctly identifies test subjects who do not have the condition of interest; 

3) a false positive (FP), in which the test is positive even though condition is not present, and; 4) 

a false negative (FN) in which the test is negative even though the condition is present. In Figure 

i-1 is a contingency table illustrating the relationships between test results and condition 

presence, as well as the following test accuracy parameters:  

 

Sensitivity (the rate at which the test is positive when the condition is present) TP/(TP+FN) 

Specificity (the rate at which the test is negative when the condition is absent) TN/(TN+FP) 

Positive Predictive Value (the rate at which the condition is present when the test is 

positive) TP/(TP+FP) 

Negative Predictive Value (the rate at which the condition is absent when the test is 

negative) TN/(TN+FN) 

 

 

 

Condition  

Yes No  

Test 

Positive 

True 

Positive 

(TP) 

False 

Positive 

(FP) 

All Positive 

Tests 

(TP+FP) 

Positive 

Predictive Value 

TP/(TP+FP) 

Negative  

False 

Positive 

(FN) 

True 

Negative 

(TN) 

All 

Negative 

Tests  

(FN+TN) 

Negative 

Predictive Value  

TN/(FN+TN) 

 

All with 

condition 

(TP+FN) 

All without 

condition 

(FP+TN) 

 

Sensitivity 

TP/(TP+FN) 

 

Specificity 

TN/(FP+TN) 

 

 

 
Figure i-1. A contingency table, also called a “cross tabulation,” of possible test outcomes, 

and the associated equations for evaluating test accuracy.  
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Bayesian Reasoning (Papers I and III) 

Probability is used to characterize the degree of belief in the truth of an assertion. The basis 

for such a belief can be a physical system that produces outcomes at a rate that is uniform over 

time, such as a gaming device like a roulette wheel or a die. With such a system the observer 

does not influence the outcome; a fair 6 sided die that is rolled enough times will land on any one 

of its sides 1/6
th

 of the time. An assertion of a probability based in a physical system is easily 

tested with sufficient randomized experimentation. Conversely, the basis for a high degree of 

belief in an asserted claim may be a personally held perspective that cannot be tested. This does 

not mean that the assertion is any less true than one that can be tested. As an example, one might 

truthfully assert that “if I eat a banana there is a high probability that it will make me nauseous” 

based upon experience unknown to anyone but one’s self. It is difficult to test such assertions, 

which are evaluated through collateral evidence of plausibility and analogy (see the next section 

on Principles of Causation for further explanation). 

In FM, assertions of belief are often characterized as probabilities; i.e. what is most likely, for 

a given set of facts. For circumstances in which a variety of conditions exist that may modify or 

“condition” the probability of a particular outcome or scenario, a method of quantifying the 

relationship between the modifying conditions and the probability of the outcome is the use of 

Bayesian reasoning, named for Bayes’ Theorem or Law upon which the approach is based. Most 

simply stated, Bayes’ Law allows for a more precise quantification of the uncertainty in a given 

probability. As applied in a forensic setting, Bayes’ Law tells us what we want to know given 

what we do know.
5
 Bayes’ Law is named for the essay by Reverend Thomas Bayes (1702-1761) 

on the statistical analysis of probability, presented as a series of 10 propositions.
6
 Over the past 

250 years, subsequent authors have further defined and refined Bayes’ propositions. Although 

Bayes’ Law is known in forensic sciences primarily for its application to DNA evidence, a 

number of authors have described the use of Bayesian reasoning for other applications in FM, 

including identification and age estimation.
7,8,9 

Bayesian reasoning may be appropriate for 

assessing the importance or weight of certain types of evidence resulting from an FM 

investigation.
10

  

 

 Conditional Probabilities and Bayes’ Law 

 The purpose of any forensic test is to “condition” the probability of a particular outcome or 

result. For example, if the issue of interest is the probability of a particular injury “A” following 

a traffic crash, depicted symbolically as P(A), then a conditioned probability would be the 

probability of injury given the presence of another factor; a positive test “B” for example. This 

conditional probability is depicted symbolically as P(A|B); the probability of injury A given the 

positive test result B. An error that may occur when evaluating a conditional probability is that 

the assumption is made that the terms are reversible; that P(A|B) = P(B|A). This error is called a 
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Conditional Probability Fallacy.
11

 As applied to a diagnostic test, the Conditional Probability 

Fallacy occurs when it is erroneously concluded that the probability that a test will be positive 

when a condition is present is the same as the probability that a positive test means the condition 

is present (symbolically represented as P(test positive|condition) = P(condition|test positive)). As 

an absurd example, one could devise a test for guilt that was based on body temperature of a 

suspect; if the body temperature was above +10° Celsius the test would be positive for guilt. The 

test would be positive 100% of the time that the individual was guilty and alive (i.e. high true 

positive rate), but quite obviously he/she would not be guilty 100% of the time the test was 

positive (i.e. high false positive rate). This type of fallacy involves the erroneous conclusion that 

the true positive rate is the complement of the false positive rate.
12

 

The way to avoid a Conditional Probability Fallacy is through the application of Bayes’ Law, the 

principles of which are critical to the evaluation of the potential error rate of a forensic test. Most 

simply stated, Bayes’ Law allows for a more precise quantification of the uncertainty in a given 

probability.
13,14,15

 Bayes’ Law, as applied to a particular test, can be stated symbolically as: 

 

 

 

 

In which

   

B  (literally, “not B”) is the complement of the pre-test probability or prevalence of 

the investigated condition of interest. The term ( | )P A B  refers to the sensitivity or true positive 

rate of condition of interest (the probability of a positive test given the presence of condition B) 

and ( | )P A B is the complement of the specificity (1-specificity) of the test, or the false positive 

rate. This last term can be narratively described as the probability of a positive test when B is not 

present. 

 

 Post-test probability and positive predictive value 

The post-test probability, a concept described and utilized in Papers I and III, is a Bayesian 

equation that allows for the calculation of the probability that a condition is present when the test 

is positive, conditioned by the pre-test prevalence of the condition of interest. This equation is 

given as follows: 

 

The equation consists of a positive predictive value for a given pre-event or pre-test 

prevalence. In a circumstance in which the pre-test prevalence is considered “indifferent” (as is 

the case in Paper I, where the pre-test assumption of occupant position [driver vs. passenger] is 

0.5) the prevalence and (1 - prevalence) values cancel out, and the calculation is a simplified to a 

positive predictive value. In contrast, in Paper III, the post-test probabilities are given for a range 

of pre-test prevalence values, ranging from 0.1 to 0.9.  

P(B | A) =
P(A | B)P(B)

P(A | B)P(B)+ P(A | B)P(B)
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Principles of Causation (Papers I-IV) 

Although not explicitly mentioned in the papers in this thesis, the underlying questions in all 

of the publications concern the quantification of causal relationships, either prospectively with 

analysis of population-based data, or retrospectively using evidence gathered in the course of a 

FM investigation.  

In Paper I one of the study questions was “which of the available occupant positions (driver 

vs. passenger) was the more likely cause of the survivor’s lower extremity fractures, and which 

was the more likely cause of the decedent’s lack of lower extremity fractures? In Paper II the 

question was “given a specified level of occupant head/neck injury following a rollover crash, 

which occupant position, relative to the amount of roof crush at each position, is the most likely 

cause?” In Paper III the question concerned the causal influence of a seatbelt failure on the injury 

pattern of an ejected occupant in a traffic crash, and in Paper IV the investigation centered 

around the causal relationship between head and neck injury distribution and the circumstances 

of a fatal fall.  

A working definition of causation represents a specific event as an antecedent event, 

condition, or characteristic that was necessary for the occurrence of the disease, injury, etc. at the 

moment it occurred, given that other conditions are fixed.
16

 In other words, the cause of a disease 

or injury event is an event, condition, or characteristic that preceded the disease event and 

without which the disease or injury would not have occurred at all or would not have occurred 

until some later time. The scientific basis for general and specific determinations of cause and 

effect were introduced through the inductive canons of John Stuart Mill and the rules proposed 

by the philosopher David Hume.
 17,18

  

In the current era, a practical approach to causation was laid out in a systematic fashion by 

Sir Austin Bradford-Hill in 1965.
19

 Hill outlined nine “viewpoints” or criteria by which 

population-based determinations of causation could be made when there is substantial 

epidemiologic evidence linking a disease or injury with an exposure, e.g. smoking and lung 

cancer.
20

 Hill’s criteria have served as the seminal basis from which virtually all subsequent 

systematic approaches to general (population) and specific (individual) causation have been 

derived, including those for a variety of injuries including traumatic brain injury, carpal tunnel 

syndrome, needle stick injuries and spinal disk injuries, inter alia.
 21,22,23,24

  

Hill’s original nine criteria, and how they pertain general and/or specific causation 

assessments in FM and FE, are as follows: 

 

 1. Strength of Association  

Hill considered strength of association to be the most important determinant of causation. 

Most simply stated, a strong association is more likely to indicate a causal relationship than is a 

modest or weak association. Strength of association can be measured in general causation by the 
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percentage decrease of an illness or injury in society or in a specific population if the illness or 

injury cause were to be eliminated. This is also known as the etiologic fraction that the particular 

cause contributes to the total societal burden of the illness or injury. 

In specific causation, strength of association is determined by a comparison between the 

injury or disease risk of the exposure and the risk of alternative or competing explanations for the 

injury or disease given the temporal relationship between exposure and outcome.  

The strength of association is typically measured by relative risk, which, in specific 

causation, is approximated by the risk of the condition resulting from the reconstructed 

hazard/exposure versus the risk of the condition arising at the same time as the hazard/exposure 

in the individual from some cause other than the cause under investigation.  

 

 2. Consistency   

In general causation, the repetitive observation of a causal relationship in different 

circumstances strengthens the causal inference. For example, a causal relationship between 

cigarette smoking and lung cancer is observable for all brands and varieties of cigarettes. 

Consistency is present in specific causation if other individuals have been observed with the 

same outcome following substantially similar exposures, for example in observational 

(epidemiologic) study. Conclusions of consistency in FM are often based in the individual 

experience of the forensic pathologist and thus may be susceptible to bias and random error. 

 

 3. Specificity   

Specificity refers to the degree to which a factor is associated with a particular outcome or 

population. In his original paper, Hill famously referred to scrotal cancer in chimney sweeps as 

an example of specificity, as the condition rarely occurred outside that particular population. 

Specificity is relied upon often in FM as a means of matching an injury to a weapon; e.g. firearm 

injuries and sharp force injuries, and used to identify or rule out the type of weapon used to 

inflict the injuries. Specificity as a quality is somewhat unidirectional, as it has value in assessing 

causal relationships when it’s present, but a lack of evidence of specificity does not correlate 

equally with a lack of causation.  

 

 4. Temporality  

Temporality is the sine qua non of injury causation, in that the exposure must precede the 

injury. Hill only referred to temporality as the basis for making certain that the “horse comes 

before the cart” in general causation. In specific causation, however, an additional parameter of 

temporality is considered, and that is the latency between the exposure and the first evidence of 

the injury.
25

 Evidence of injury presence must not follow the exposure by a time period that is 

considered too great or too brief to link the two. In FM, temporality is applicable to multiple 

tasks, including assessing time of death, evaluation of duration of survival following injury, and 

assessing sequence of injury mechanisms, inter alia. 
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 5. Biological Gradient   

In general causation, this refers to the observation that the injury or disease outcome 

increases monotonically with increasing dose of exposure. This criterion is particularly 

applicable to toxin exposures and at middle levels of traumatic exposure, but at the extremes of 

exposure it is not particularly helpful for assessing causation. For example, from a general 

causation perspective, a fall from 5 meters will result in fracture more often than a fall from 2 

meters, however there is unlikely to be an appreciable difference in fracture rate between a 200-

meter and a 300-meter fall.  

For specific causation in FM, the criterion of biologic gradient has more limited practical 

applicability. As it can be concluded, as a general principle, that the incidence of injury will 

generally increase as exposure intensity increases (to a point), this knowledge has potential 

application when two competing exposures are compared.  

 

 6. Plausibility   

For both general and specific causation, plausibility refers to the degree to which the 

observed association can be plausibly or reasonably explained by known scientific principles. 

Hill did not put much weight in plausibility, noting that a hypothesized disease cause that is 

thought to be implausible today may be discovered to be plausible at some time in the future as a 

result of new scientific inquiry. A more accurate to way to characterize the practical application 

of the plausibility criterion is that it is met when there is a lack of established implausibility 

(impossibility). For example, a brain tumor discovered the day following a head trauma is 

implausibly related to the trauma. A potential error in the evaluation of specific causation is to 

consider a rare outcome to be the same as an implausible outcome. Rarity is not the same as 

implausibility, since a particularly rare outcome may still result in a large relative risk favoring 

the prime causal suspect if the competing causes pose a substantially smaller risk than the 

investigated cause.  

 

 7. Coherence  

For both general and specific causation, a causal conclusion should not fundamentally 

contradict present substantive knowledge – it should “make sense” given current knowledge. In 

some ways this criterion is much like plausibility. To use the earlier example, a blow to the head 

will not cause a tumor to develop overnight, as this is so far beyond what is known about the 

pathophysiology of tumors that it is not a coherent explanation of cause and effect.  

 

 8. Experiment   

For some exposures there may be evidence from randomized experiments on animals or 

humans, in which an exposure is removed and there is a corresponding change in the frequency 

of the outcome. Experimental evidence for causation is treated identically in both general and 

specific causation; when it is present it is helpful, but the absence of experimental evidence is not 

evidence against a causal relationship. 
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 9. Analogy   

In both general and specific causation, an analogous exposure and outcome may be 

translatable to the circumstances of a previously unexplored causal investigation. Hill noted, as 

an example of analogy, that the birth defects that have been investigated and found to be causally 

associated with thalidomide or rubella exposure make it easier to accept a cause and effect 

relationship between another drug or virus for which there was less evidence. In FM analogy is 

closely related to consistency, as prior experiences form the basis for circumstances or evidence 

that is considered sufficiently similar to a current investigation to be analogous. 

 

 Errors of Causation 

Two errors that can result from a faulty specific causation analysis in FM are the acceptance 

of causation when it is not present (a Type I or Alpha error), and the rejection of causation when 

it is present (Type II or Beta error). A Type I error can result from the mis-estimation of the risk 

of competing causes, resulting in a failure to account for a more probable alternative explanation, 

or from the lack of acknowledgement of well established implausibility between exposure and 

outcome. A Type II error results from the underestimation of the incidence of alternative 

explanations.  

 

 

Databases Used in this Thesis 

 

 NASS-CDS (Papers I-III) 

National Highway Traffic Safety Administration’s (NHTSA) National Automotive Sampling 

System – Crashworthiness Data System (NASS-CDS) is a weighted sample of police-reported 

traffic crashes intended to represent all tow-away traffic crashes involving passenger cars in the 

United States. The NHTSA performs comprehensive investigations of approximately 5,000 

crashes annually and information from these crashes is recorded in the NASS-CDS. The 

investigations occur in 36 geographic “primary sampling units” throughout the U.S. More than 

800 crash and injury variables are recorded for each investigation, which are collected by 

specially trained investigators. All crashes recorded in the NASS-CDS resulted in a police report, 

were located in a primary sampling unit, involved at least one passenger car, van or light truck; 

and at least one of the vehicles was towed from the crash scene due to damage.
26

 The NASS-

CDS serves as a common source of epidemiologic validation for the results of experimental 

analysis of crash injury parameters.
27

 

 

 Swedish Autopsy Database (Paper IV) 
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 The autopsy database of the Swedish National Board of Forensic Medicine consists of 

information regarding medico-legal autopsies performed at all 6 departments of forensic 

medicine in Sweden, at which approximately 5,400 medico-legal autopsies are performed 

annually. The database represents a census of all such autopsies, and dates back to 1992. The 

database contains detailed demographic information on the decedent, information regarding the 

manner and cause of death, as well as injuries that are associated with the cause of death, and 

information regarding the circumstances in which the injury occurred.  

  

 

Injury Scaling (Papers II and III) 

 

 AIS 

The Abbreviated Injury Scale was first introduced in 1972 as a means of assessing the 

survival probability of individual injuries resulting from a traffic crash, but has since become the 

standard for characterizing the nature, location, and severity of virtually all traumatic injury.
28

 

An AIS code is comprised of seven digits divided by a decimal point; the first six digits (pre-dot) 

identify the location and type of injury, and the seventh digit (post-dot) is a severity code ranging 

from 1 (minor), 2 (moderate), 3 (serious), 4 (severe), 5 (critical), to 6 (maximum).
29

The AIS is 

divided into 9 chapters or body regions, as follows: 1 = head; 2 = face; 3 = neck (excluding 

spine); 4 = chest; 5 = abdomen; 6 = spine; 7 = upper extremity; 8 = lower extremity; and, 9 = 

external injuries (i.e. burns). The NASS-CDS uses a slightly altered version of AIS codes that is 

specially adapted to crash-related trauma, called NASS codes.
30

 

Serious and greater injuries to the head and neck, the focus of Papers II-IV, include all 

fractures of the skull base, and comminuted fractures of the skull vault (closed linear fractures 

are graded as “moderate”). The associated CNS injuries, which include contusion, hemorrhage, 

and disruption/ laceration, are typically graded as severe or greater. Serious and greater injuries 

to the cervical spine include neural arch fractures and compression fractures with >20% loss of 

vertebral body height, as well as all spinal cord injuries.  

 

 ISS 

The Injury Severity Score (ISS) is a metric designed to evaluate the threat to survival 

represented by multiple injuries, and is comprised of the sum of the squares of the three highest 

AIS severity scores from 3 different body regions (ISS = A
2
 + B

2
 + C

2 
where A, B, and C are the 

3 highest injury severity scores from 6 body regions, which include 1) the head and neck 

(including the cervical spine); 2) face; 3) chest and thoracic spine; 4) abdominal or pelvic 

contents and lumbar spine; 5) upper or lower extremities; and, 6) external.
31

 The values range 

from 1 to 75, and scores of 15 or greater are considered to be indicative of major trauma or 

polytrauma.
32
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The following is an example of an ISS calculation: 

 

Region  Injury AIS  Top 3 scores 

squared  

Head & Neck  Skull base fracture 

Subdural hemorrhage 

3 

4  

 

16* 

Face  Orbit fracture 2    

Chest  Two rib fractures 2  

Abdomen  Large bowel perforation 3 9 

Extremity  Fractured humerus 2 4 

External  No injury  0     

Injury Severity Score: 29 

  *Note that only the single highest score from each body region is used. External injury  

  refers to a unique injury that is not associated with any of the other body regions 

 

 NISS 

 The New Injury Severity Score (NISS) is a variation of the ISS that consists of the sum of 

squares of the AIS scores of an occupant’s three most severe injuries, regardless of the body 

region in which they occur.
33

 In the above example of the ISS calculation, the NISS calculation 

would have included both injuries in the head and neck, and thus instead of an ISS of 29 would 

have resulted in a NISS of 34 (4
2
 + 3

2
 + 3

2
= 34). The NISS has been shown to be a more accurate 

predictor of survival than the ISS.
23

 

 

 HNISS 

 The analysis described in Paper II included only injuries to the head and cervical spine, and 

therefore a variant of the NISS, which only included this body region, was developed for the 

study, and called the Head-Neck Injury Severity Score (HNISS). The HNISS is the sum of 

squares of the AIS scores of an occupant’s three most severe head and neck injuries. Validation 

of a HNISS cut-point for when an injury is considered “serious” based on the probability of 

death was necessary for the logistic regression modeling described in Paper II. A Receiver 

Operating Characteristic (ROC) curve based on a generalized estimating equation (GEE) model 

of crash-related death as the outcome versus HNISS score as the predictor was used to determine 

the cut-point to divide scores into “low mortality risk” and “high mortality risk” while balancing 
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sensitivity and specificity.
34

 This analysis indicated a cut-point at HNISS = 9 produced 73% 

sensitivity and 72% specificity. 

 

 

Rollover Crashes (Papers II and III) 

A rollover crash involves a vehicle that experiences at least two quarter turns (≥ 180°) about 

its long axis. Although rollover crashes are less common than frontal, side, or rear impact 

collisions, they are associated with a higher rate of injury and fatality than any other crash type. 

As an example, rollovers comprised only 4% of traffic crashes in the U.S. in 2005 but they 

accounted for 34% of all motor vehicle occupant fatalities.
35

 When compared to planar crashes, 

occupant kinematics in a rollover crash are chaotic and difficult to predict. Costly, debilitating 

and sometimes fatal injuries to the head and neck are common in rollover crashes.
36

 For this 

reason, a great deal of effort has gone into studying injury mechanisms in rollovers over the past 

35 years. The issue that has generated the most controversy in the literature is the phenomenon 

of roof crush (vertical and lateral intrusion of the vehicle roof/ceiling into the occupant 

compartment) and how it may or may not relate to the risk of head and neck injury.  

The two competing theories consist of the “diving theory” injury mechanism, in which injury 

to the head and neck is thought to result from the occupant moving towards the vehicle roof 

during a rollover, while the roof, which is in contact with the ground, temporarily remains 

stationary relative to the inverted occupant.
37

 In the diving theory the risk of head and neck 

injury is unrelated to the degree of roof crush. In the competing explanation to the diving theory, 

called the “intrusion hypothesis,” it is maintained that during roof-to-ground contact in a rollover 

that produces roof crush, the vehicle roof is momentarily stationary against the ground, while the 

rest of the vehicle continues to move downward, thus reducing occupant headroom and 

ultimately compression at the head and neck.
38

 The intrusion hypothesis is centered on the 

concept that the degree of roof crush is strongly associated with the risk of head and neck injury. 

The studies that serve as the basis for the diving theory of injury in rollover collisions are 

primarily those using crash test dummy kinematic and body part load analysis, the best known of 

which are two studies referred to as “Malibu I” and “Malibu II.”
39,40

 The studies involved 16 

rollover crash tests with 1983 Chevrolet Malibus that were launched into a lateral roll from a 

rolling dolly. Half of the vehicles were reinforced with a rigid roll cage and half were not. Roof 

crush was substantial among production vehicles and absent in those that were modified. Peak 

neck loads observed in the dummies were nearly identical between both vehicle types. The 

investigators concluded that roof crush has no effect on head and neck injury, and further 

deduced that it is the momentum of the occupant torso, which continues to move towards the 

roof after the head is stationary, that loads the neck and head and causes injury. Other authors 

have reached similar conclusions using similar methods involving dummy testing.
41

 

 Subsequent re-analysis of the Malibu crash test studies noted that not only was there 

evidence that roof crush was indeed associated with the peak dummy neck loads, but also that 

the experimental tests were so dissimilar to real world rollover crashes that it was improper to 
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draw general conclusions from them.
42

 One of the assumptions inherent in diving theory is that it 

is only vertical roof intrusion that is associated with head and neck injury, however later research 

demonstrated that lateral (sideways) roof intrusion also occurs in rollovers and that this dynamic 

significantly increases the odds of head and neck injury.
43

 Experimental rollover crash tests 

utilizing ATDs have resulted in the observation of the same temporal dissociation between neck 

load and roof crush described in the Malibu studies, however the observed dummy loads and 

displacement were thought to be insufficient to cause the degree of spinal deformation 

biomechanically necessary to result in serious spinal injury.
44

 

 Epidemiologic study of real world rollover crashes, roof crush, and injury frequency has 

generally provided support for the intrusion hypothesis versus the diving theory. Using data 

abstracted from the NASS-CDS, prior authors have demonstrated a direct relationship between 

decreased headroom and increased risk of injury to the head and neck.
33,45

 Applying logistic 

regression modeling of the degree of roof crush versus specific types of injury has revealed that, 

relative to occupants experiencing less than 15 cm of roof crush, there is a 52% and 153% 

increase in the odds of traumatic brain injury and spine injury, respectively, for occupants with 

15-30 cm of roof crush.
46

 In the same analysis, it was revealed that the odds of death among 

occupants with more than 30 cm of roof crush were 7.2 times the odds among those with 3 cm or 

less of roof crush.  

 An important variable to control for in epidemiologic study of injury risk in rollover crashes 

is occupant position relative to the rotation direction of the rollover. When a vehicle rolls 

towards its left (driver’s) side, the driver is termed the “leading” or “near-side” occupant, 

whereas the passenger (front-right seat occupant) is termed the “following” or “far-side” 

occupant. See Figure i-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure i-1. Occupant position relative to roll direction. 
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It is well established, again largely using data from the NASS-CDS, that in a driver’s side 

leading roll the passenger or far-side occupant has a significantly higher risk of injury and 

fatality, and vice-versa.
47,48,49

 The phenomenon is likely due to the greater acceleration and 

rotational torque experienced by the far-side occupant, which also results in greater roof crush on 

the following side.
50

 (Figure i-2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another important variable to control for is the number of times the vehicle rolls, as prior 

investigators have indicated that the number of vehicle inversions or rolls is an important 

predictor of injury risk, regardless of seat belt use.
51

 The finding makes intuitive sense; the more 

times a vehicle rolls, the more opportunity there is for occupants to make contact with vehicle 

components (roof, windshield, A pillar, B pillar, etc.), objects outside the vehicle, or to be 

ejected from the vehicle if they are not properly restrained. Additionally, vehicles that experience 

a greater number of rotations are likely traveling at a higher rate of speed, and thus there is an 

inherent increased potential for injury, irrespective of other roll characteristics. 

 

 

Physics of Falls (Paper IV)  

As a general rule, injury risk in falls increases as with the height of the fall, as the energy of 

the fall is dictated by impact speed, and impact speed is a function of fall height. The relationship 

between impact speed and fall height is represented by the formula 

 

 

Figure i-2. Driver’s side view of a vehicle that underwent a passenger side-leading  

roll, resulting in primarily driver’s side vertical roof crush. 

v = 2hg
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where v = the velocity of the body at impact in meters per second (m/s), h = the fall height in 

meters, and g = the acceleration of gravity of 9.8 m/s
2
. When an object makes contact with the 

surface, the degree of padding dictates how far the object travels until it comes to a complete 

stop, and thus also dictates the acceleration forces (positive or negative) of the impact. Impact 

acceleration (ignoring any rebound effect) is determined by 

 

 

 

where d = the thickness of the padding in meters. As an example, a bowling ball that is 

dropped from a 3-meter height will attain a speed of 7.7 m/s at impact. If the ball strikes a 

surface with minimal (i.e. <5 mm) yield or padding, such as linoleum, the acceleration on the 

body generated by the impact would be 5.9 x 10
3
 m/sec

2
, or 605 times the force of gravity (g). In 

comparison, if the same ball is dropped on a more yielding surface like soft soil, with 5 cm of 

“padding,” the acceleration will be 1/10
th

 that of the impact with the linoleum, or 60.5 g. Note 

that the acceleration is independent of the weight of the falling body.
 

The energy of a falling body at impact incorporates weight of the body and impact velocity, 

and is given by  

 

 

 

 

where KE = the kinetic energy of the falling body in joules, m = the weight or mass of the 

body in kg, and v is the velocity of the body just prior to impact. Thus, the 5 kg bowling ball 

would have approximately 148 Joules of energy prior to the impact, and a 10 kg ball would have 

approximately 296 Joules of energy. Based on the same principle, a 50 kg person will generate 

one half the impact energy of 100 kg person in a fall of the same height, if all other variables are 

kept constant.
52

 

 

 

 

a =
v2

2d

KE =
1

2
mv2
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Objectives 
 

Paper I 

A potential difficulty for fact finders in traffic fatality cases arises from the lack of reliability 

and precision associated with injury pattern evidence. Occupant injury patterns are often used in 

a traffic fatality investigation to help determine where an occupant was seated during a collision, 

as some injuries are more commonly associated with a driver’s position than a passenger’s 

position, and vice versa.
53

 The difficulty occurs when there are differing interpretations of the 

significance of the injuries. As an example, one expert may claim that a chest abrasion seen in a 

decedent was caused by contact with a steering wheel and therefore the survivor must have been 

in the passenger seat at the time of the crash. In contrast, another expert may interpret the 

abrasion as having no such meaning. A non-expert fact finder is then left with two differing 

interpretations and no means of quantitatively comparing the accuracy of one to the other. 

Prior authors have described how the use of injury patterns derived from post-mortem and 

medical record evidence of decedents and survivors can be systematically paired with crash 

reconstruction, occupant kinematics, and epidemiologic data, in order to draw inferences 

regarding the seating position, restraint use, ejection route, and other parameters of occupant 

status in a fatal crash investigation.
54

 This methodology, referred to as injury pattern analysis, 

can help illuminate pertinent details of a traffic fatality case, such as occupant position. While 

prior publications on injury pattern analysis have focused on what type of evidence may be used 

for such an analysis or more precise methods of identifying injury patterns, what has been 

lacking previously is a method of quantifying the probabilities associated with the evidence. The 

description of the methods presented herein demonstrate an effort to quantify and condition 

probabilities associated with evidence gleaned from a fatal crash investigation, findings from the 

medico-legal autopsy of the decedent, and medical records of the surviving occupant using a 

Bayesian approach. 

 

Paper II 

An occasionally encountered quandary in the medico-legal evaluation of traffic crash 

fatalities is the determination of which occupant was operating the vehicle at the time of the 

collision. Most commonly, the question arises in the event of a rollover crash-related fatality in 

which one or more occupants are ejected, and when there is no definitive evidence regarding 

which occupant was the driver.
45

. In cases in which the determination of occupant position is a 

critical issue, the appropriate analysis of population-based data can be used to estimate the 

probability that a specific occupant was the driver in a rollover fatality case.  

Rollover crashes are associated with a higher rate of serious injury and fatality than other 

crash types such as frontal, side, and rear impact collisions.
55,56,

 Serious and fatal injuries to the 

head and neck are more common in rollover crashes than in planar collisions.
57

 While injuries to 

completely or partially ejected occupants are highly variable depending on the degree of post-

ejection interaction with the environment, head and neck injuries that occur inside the vehicle in 
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the absence of, or prior to, ejection have been found to be related to certain crash 

characteristics.
58

 

In the present investigation, we set out to evaluate the relationship between roof crush and 

serious head and neck injury using data abstracted from the NASS-CDS database. 

 

Paper III 

The primary function of seat belts is to reduce the risk of complete occupant ejection, a 

function at which they are highly effective.
59,60,61

 It is well established that in some types of 

crashes seat belt use is associated with unique injury types, combinations, or patterns, including 

abrasions in the distribution of a shoulder or lap belt.
62,63,64,65,66

 Injuries characteristic of seat belt 

use can serve as a helpful indicator of occupant position in the event of the ejection of an 

occupant.
67,68

 

Occasionally, occupants will be ejected during a crash despite the use of a seat belt. There are 

two plausible mechanisms to explain such an occurrence: either the seat belt stayed buckled and 

the webbing was intact and the occupant was ejected regardless, or the seat belt buckle or 

webbing failed in some way, allowing for occupant ejection that would not have otherwise 

occurred. In some cases belt failure is due to a design or other fault in the latching 

mechanism.
69,70

 In such an instance there could be the seemingly contradictory finding of a 

webbing-related injury pattern in an ejected occupant and no vehicular evidence of seat belt use 

or failure, such as a latched buckle or torn webbing.  

Several prior investigators have suggested that in the event of a seat belt latch failure and 

subsequent ejection, significant injuries to an occupant’s outboard upper extremity (OUE), such 

as soft tissue degloving and amputation, will invariably occur as the webbing retracts and 

cinches onto the extremity as the occupant is ejected.
71,72,73

 The corrollary of this theory is that if 

an occupant has been ejected and the seat belt latch is found to be faulty, the absence of a 

significant OUE injury is a reliable indication that the seat belt was not used. Neither the theory 

nor its corrollary have, however, been validated with epidemiologic analysis. 

In the present investigation, we set out to evaluate whether there is an anatomic injury pattern 

that allows for accurate discrimination between ejected occupants when a 3-point seat belt has 

been used and failed, versus when no seat belt has been used, using data abstracted from the 

NASS-CDS database. 

 

Paper IV 

Death due to blunt trauma often involves injury to the head and neck.
74,75

 A fatal impact to the 

head can result in a skull or cervical spine fracture, or both, depending on a number of factors, 

and death is typically due to concurrent injury to the central nervous system.
76,77

 

A number of prior investigations have indicated that head and neck fracture injury location in 

a fatal fall is likely dependent on a number of factors, including the degree to which the inertial 

forces from the victim’s body contribute to the injury forces at the neck and skull.
78,79

 It has been 

noted that when the body is inverted during a fall, e.g. with a fall down stairs or from a low 
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height above ground level, at the point of impact the head is momentarily stopped while the 

inertia of the body moving toward the impact point continues to load the neck and skull base, 

thus increasing injury risk to these areas.
80

 Depending on the degree of padding of the impacted 

surface there may be little or no evidence of injury where the head made contact. With such 

injury mechanisms, the site and nature of the injury location is dependent on the degree that the 

victim is inverted at the point of impact, as well as the contact point and angle of the head 

relative to the spine, i.e. the degree of flexion or extension.
81

 

The available literature on fatal falls and head and neck injury is largely split into smaller 

studies that provide detailed information on fracture location and type, but often less information 

on the injury mechanism,
82,83,84

 and larger studies that describe fall height but which tend to give 

less specific information on the fracture location and type.
85,86,87

 Few of the studies have 

described or noted the degree of inversion of the victim at the point of impact.  

Described in the present study is an examination of head and neck injury patterns and fall 

circumstances, based on data abstracted from an autopsy database. 
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Materials and Methods 
 
Paper I 

 A Bayesian analysis of undisputed evidence in a vehicular traffic crash-related death was 

used to estimate the probability that the surviving occupant was the driver. Population-based data 

and assumptions were used as a basis for true positive (sensitivity) and false positive [1-

specificity] rates to arrive at a likelihood ratio (LR) for each piece of evidence deemed to be 

predictive of occupant position, with pre-test assumption of equal probability that the surviving 

occupant was in either the driver or passenger seat (0.5). A minimum accuracy odds of 10:1 was 

postulated as the threshold for a reliable conclusion of occupant position, in which there is a less 

than 10% probability of an erroneous inference, equivalent to a 91% true positive probability.  

 The investigated collision consisted of a high speed frontal impact with a tree and subsequent 

passenger-side leading ¼ turn rollover crash in which the surviving occupant was ejected and the 

decedent was trapped in the vehicle and subsequently died in an ensuing vehicular fire. There 

was no definitive evidence regarding which of the occupants was driving. 

 The following evidence was used to construct a post-test probability calculation that the 

surviving occupant was the driver: 

1. The ejected survivor was found to have high-energy (comminuted and/or open) fractures of 

the right femur, tibia, fibula, and foot.  

2. There was extensive crush to the front end of the vehicle on the driver’s side, and the driver’s 

side toe pan was obliterated (Figure I-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure I-1. View of the vehicle undercarriage, with the vehicle at final rest on its 

passenger side. The arrow indicates the extensive crush to the left front of the vehicle 

from the impact with the tree on the left. 
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3. The decedent was found to have no lower extremity fractures. 

4. There was little crush to the front end of the vehicle on the passenger side, and the 

passenger’s side toe pan was preserved. 

5. The only apparent post-impact opening allowing for the ejection of an occupant was on the 

driver’s side, between the driver’s side door and the A-pillar (Figure I-2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. The deployment of the airbags would have made a passenger ejection through the windshield 

unlikely during the initial frontal collision with the tree, as the passenger side airbag would 

have blocked the forward movement of the occupant at this position. The subsequent ¼ 

rollover of the vehicle to the right would have had the effect of trapping, rather than ejecting 

an occupant in the passenger’s seat. 

  

This evidence was used to develop true positive and false positive rates for four diagnostic 

tests pertaining to 1) whether the ejected surviving occupant was in the driver’s seat, or 2) 

whether the decedent was in the front passenger seat. The true and false positive rates were used 

Figure I-2. The induced crush resulting in outward bowing of 

the driver’s-side door (upper short arrow) and driver’s side 

windshield pillar (lower short arrow) formed a large opening 

and potential ejection route for the driver between the 

windshield and the door. The space indicated by the double 

arrow is ~70 centimeters.  
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arrive at an estimate of the post-test probability that the survivor was the driver using the 

following Bayesian equation for post-test probability: 

 

 

 

 

Note that because the pre-test probability that the survivor was in the driver’s seat [P(driver)] 

was the same as if he was in the passenger seat [P(passenger)], or 0.5 for both, these values 

cancel each other out, leaving the equation for positive predictive value: 

 

 

 

   

 We suggest that the minimal threshold for admissibility of evidence strongly suggestive of 

guilt in a criminal matter is a post-test probability of 91%, which is equivalent to odds of 10 to 1. 

Thus, the resulting posterior probability that the survivor was the driver is converted to odds as 

follows: 

 

 

 

 

 This value can then be compared to the proposed 10:1 odds threshold for admissibility. 

 

Paper II 

Data from the NASS-CDS were accessed for the years 1997 through 2007. The inclusion 

criteria were vehicle occupants 13 years of age or older who were seated in the front-left and the 

front-right seats, in autos (sedans and coupes), minivans, pickups and SUVs, that experienced a 

½ or greater roll. Crashes that involved a major vehicle fire, vehicle immersion or arrested 

rollover (collision during roll) were excluded, as were convertible vehicles. Injuries included for 

analysis were those AIS coded injuries to the head, cervical or thoracic spine, and soft tissues 

structures anterior to the spine that were determined by NASS-CDS crash investigators to have 

directly or indirectly resulted from overhead vehicle component intrusion at their seating 

position, including the roof, roof rail and windshield header, etc. (collectively termed “roof” 

from here forward). The HNISS was used as a composite injury score for the head and neck.  

The dependent (outcome) variable was the magnitude of vertical roof crush at the occupant’s 

position, measured in centimeters, and categorically ranked as follows: ≥3 to <8 cm, ≥8 to <15 

cm, ≥15 to <30 cm, ≥30 to <46 cm, ≥46 to <61 cm and ≥61 cm.  

A Generalized Estimating Equation (GEE) was used to model the odds of roof crush per 

occupant in order to account for the fact that two occupants may share the same vehicle. The 

GEE is a form of regression modelling that allows for the evaluation of correlations between 

P(driver tests)=
(truepositives)

(truepositives)+(falsepositives)

Post-test odds =
(post-test probability)

(1 - post-test probability)

P(driver tests)=
P(driver)´ (truepositives)( )

P(driver)´ (truepositives)( )+ P(passenger( ) ´ (falsepositives)( )
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variables while adjusting for confounding covariables that may be the same among different 

subjects.
88

 Because the dataset employed in this analysis included both solo occupants and pairs 

of individuals who occupied the same vehicle, the paired occupants could not be treated as 

independent in the analysis, and thus GEE, with an exchangeable correlation structure, allowed 

for the correlated nature of the paired occupants. 

The first step in the analysis was to assess a univariable model in which each independent 

(predictor) covariate was modelled against the outcome of roof crush. Potential covariates that 

were included in the analysis were vehicle type, the number of quarter rolls, a vehicle occupant’s 

position relative to the roll arc, seat belt use, and ejection status. The outcome of roof crush was 

divided into four ranked categories and then the lowest category of roof crush was compared 

with each successive category of roof crush (≥8cm to ≥8cm, ≥15cm, and ≥30 cm). 

Covariates that attained a level of significance of p<0.20 in the univariable model were 

retained for the final multivariable model. Once the multivariable model was constructed, the 

covariables with p<0.05 were retained while the remainder were dropped via stepwise 

elimination.  

 

Paper III 

 Data were accessed from the NASS-CDS for the years 1996-2010 (15 years, inclusive) for 

front seat occupants aged 13 to 90 years, seated in the outboard position (driver or right front 

passenger), for whom a 3-point manual seat belt was available, who were coded as completely or 

partially ejected, and for whom belt status was known and was coded as either “Belt, Failure” or 

“No Belt.” Only those occupants who had been assigned an injury code were included in the 

analysis. Crashes that involved a major fire and vehicles with a convertible or otherwise 

removable roof were excluded.  

 The dependent variables of interest were seat belt failure and seat belt non-use. The predictor 

variable, injury, was defined by NASS codes, which are subdivided into 9 body regions (head, 

face, neck, chest, abdomen, spine, upper extremity, lower extremity, and non-specific external), 

and 7 classes of severity (minor, moderate, serious, severe, critical, maximum, and unknown, 

coded 1 through 7, respectively). Injuries coded as external region and unknown severity were 

excluded from the analysis due to lack of specificity. Of primary interest were the OUE injuries, 

however serious and greater injuries in all of the remaining 8 regions were included in the 

analysis. OUE injuries were defined as the subgroup of upper extremity injuries of moderate or 

greater severity to either the left upper extremity of a driver or the right upper extremity of a 

passenger. Confounding variables of interest included sex, age, body mass index, ejection status 

(complete or incomplete), and whether the collision involved a rollover.  

 Summary statistics were calculated for the two categories of seat belt status (belt failure and 

nonuse). Crude associations were tested using chi-square tests for categorical variables, and t-

tests for continuous variables. Logistic regression models were used to further investigate the 

confounder-adjusted associations between seat belt status and injuries. Lastly, a matrix was 
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constructed of post-test probabilities for seat belt status based on injury presence or absence and 

the pre-crash probability of seat belt use.
89

 

 

Paper IV 

 The Swedish database of medico-legal autopsies performed during 1992 through 2010 (19 

years) was queried for all cases in which a fatal CNS injury was deemed by the examining 

forensic pathologist to be associated with a fracture of the skull or cervical spine. File 

information that was accessed included the date of death, age and sex of the decedent, manner of 

death (natural, accidental, homicidal, or suicidal) and the diagnosis of the skull or cervical spine 

injuries determined to be associated with the cause of death. Cases with more than one skull or 

spine fracture listed as being associated with the cause of death, with an undetermined or missing 

manner of death, or in which the decedent was less than 15 years of age, were excluded from the 

analysis. The cases were then categorized by the circumstances of the injury, which included 

falls, traffic crashes, being struck by an object, and crushing. The falls were further categorized 

by height fallen and whether they occurred on stairs. The location and type of injury was then 

cross-tabulated with the manner of death and the circumstances of the fall. Various categories of 

fall type or height that were found to be homogenous were collapsed.  

 Injuries that were unique to a particular fall category were then identified using a Chi-square 

or Fisher’s exact test, depending on the size and distribution of the sample analyzed. Finally, 

odds ratios were calculated for the various fracture types and locations relative to the injury 

mechanism using logistic regression modeling, while adjusting for age, sex, year of injury, and 

body mass index.  
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Results 
 

Paper I 

When viewed as tests of the pre-crash position of the survivor, the true and false positive 

rates for the following 4 pieces of evidence from the fatal crash investigation were as follows: 

 

 Test #1 – the presence of a high energy lower extremity fracture in the survivor 

 This was considered a test for the probability the survivor was in the driver’s seat, based on 

the high degree of crush to the toe pan at this position and corresponding high risk of lower 

extremity fracture. This probability was estimated to range from 0.85 to 0.95 based on previously 

published data. The false positive rate for Test #1 is the probability that the survivor would have 

the same fracture if he had been occupying the passenger seat, given the lack of crush at this 

position. This probability was estimated to range from 0.56 to 0.63 based on an analysis of 

NASS-CDS data. 

 

 Test #2 – the lack of any lower extremity fracture in the decedent 

 Test #2 is the mirror image of Test #1, but because of the mutually exclusive nature of the 

“who was driving” scenario the evidence can, in essence, be counted twice. The true positive rate 

of Test #2 is equal to the probability that the decedent would not sustain any lower extremity 

fracture given the passenger seat position. This value is the complement of the false positive rate 

(i.e. the specificity) for Test #1, or a range of 0.37 to 0.44. The false positive rate of Test #2 is 

the probability the decedent of no fracture if the decedent was in the driver’s seat. This value is 

the complement of the true positive rate of Test #1, or 0.05 to 0.15.  

 

 Test #3 – the survivor was ejected 

 The estimated true positive rate of Test #3 is 0.5 to 0.75 based on the post-crash investigation 

findings that indicated the driver’s side as the only physically plausible ejection route. The false 

positive rate for Test #3 is the probability that the ejectee could have been ejected from the 

passenger seat of the vehicle, and estimated at 0.05 to 0.15. This probability is estimated with a 

very low value because the reconstruction of the collision events produced no physically 

plausible route through which the passenger could have been ejected.  

 

 Test #4 – the decedent was not ejected 

 As was the case with Test #2 relative to Test #1, Test #4 is the mirror image of Test #3. 

Thus, the true positive rate of the Test #4 is the complement of the false positive rate (0.85-0.95), 

which represents an estimate the probability of no ejection given passenger seat position. The 

false positive rate is the complement of true positive rate (0.25-0.75), which is the probability of 

no ejection if the survivor had been in the driver’s seat. 
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 From the discussion of the tests above the true positive rates of the tests were estimated be in 

the following ranges:  

Test #1 = 0.85 to 0.95 

Test #2 = 0.37 to 0.44 

Test #3 = 0.5 to 0.75 

Test #4 = 0.85 to 0.95 

 

 The false positive rates were estimated as follows: 

Test #1 = 0.05 to 0.15 

Test #2 = 0.56 to 0.63 

Test #3 = 0.25 to 0.5 

Test #4 = 0.05 to 0.15 

 

 For the post-test probability calculation only the lowest true positive and highest false 

positive values were used to in order to minimize the probability of a Type I error (error favoring 

the survivor as driver). The post-test probability the survivor was the driver is as follows:  

 

 

 

  

 Thus, the odds that the survivor was the driver are: 

 

 

 

 

 These post-test odds indicate that, using the data most favorable to the survivor, he is at least 

19 times more likely to have been the driver versus the passenger at the time of the fatal crash. If 

the same analysis is repeated using the data least favorable to the survivor the odds that he was 

the driver are 854 to 1. 

 

Paper II 

A total of 960 qualifying occupants were involved in rollover collisions, with 733 (76.4%) in 

the driver’s position and 227 (23.6%) in the front passenger position. There were 414 (43.1%) 

occupants on the leading side of the roll and 546 (56.9%) on the following side. Seat belts were 

used by 602 (62.7%) occupants, leaving 358 (37.3%) occupants who were unbelted. Death was 

coded for 142 occupants. Minimal variation in the mean roof crush among the various vehicle 

types was observed: passenger cars had the lowest value of 22.1 cm while minivans were the 

highest, at 26.6 cm. The mean roof crush was approximately the same for vehicles that 

experienced 1-4 quarter rolls and those that rolled 5-8 times (23.3 and 23.2 cm, respectively), but 

vehicles that experienced ≥9 quarter rolls had a higher mean roof crush (26.4 cm). Occupants on 

P(driver tests) =
(0.85´ 0.37´ 0.5´ 0.85)

(0.85´ 0.37´ 0.5´ 0.85)+ (0.15´ 0.63´ 0.5´ 0.15)
= 0.949645

Odds(driver tests) =
0.949645

(1- 0.949645)
=19
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the outside of the roll arc (following) had a higher mean roof crush at their position than those on 

the inside (leading) of the roll arc, 24.3 cm vs. 22.4 cm, respectively (Table II-1). 

 

 

 

Roof crush (cm) 

≥3, <8 ≥8 ≥15 ≥30 

Mean roof 

crush (cm) 

Vehicle type Total      

Auto 456 88 368 267 106 22.1 

Minivan 18 4 14 12 6 25.3 

Pickup 215 18 197 154 75 26.6 

SUV 271 28 243 188 65 23.3 

Quarter rolls 

1-4 595 102 473 346 137 23.3 

5-8 295 29 266 200 68 23.2 

≥9 70 7 63 55 27 26.4 

Roll arc side 

Leading 414 74 340 247 104 22.4 

Following 546 64 482 374 148 24.3 

 

Table II-1. Distribution of roof crush strata by covariables (unweighted counts) 

 

Generally, mean HNISS scores increased as roof crush increased. Seat belt use, leading 

versus following position, and ejection status were not significantly correlated with roof crush 

(Table II-2). 
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 Mean HNISS 

≥3, <8cm ≥8 cm ≥15 cm ≥30cm 

Vehicle type   

Auto 9.01 13.67 15.40 20.35 

Minivan 4.75 11.00 12.33 9.83 

Pickup 4.78 12.46 12.52 13.25 

SUV 4.93 13.07 13.78 12.25 

 

Quarter rolls 

1-4 8.27 13.24 14.60 18.84 

5-8 5.07 12.95 13.58 11.60 

≥9 6.43 13.37 13.13 9.59 

 

Roll arc side 

Leading 5.77 11.56 12.35 16.42 

Following 9.52 14.29 15.33 15.53 

 

Table II-2. Mean HNISS by roof crush strata and covariables 

 

Three multivariable models were constructed for differing degrees of roof crush. The odds 

of ≥8 cm of roof crush as opposed to <8 cm increased by 4% (95% CI: 1-7%, p=0.011) with each 

additional one-unit increase in HNISS. The odds of ≥15 cm of roof crush as opposed to <8 cm 

increased by 6% (95% CI: 2-10%, p=0.006) with each additional one-unit increase in HNISS. 

The odds of ≥30 cm of roof crush as opposed to <8 cm increased by 11% (95% CI: 3-21%, 

p=0.008) with each additional one-unit-increase in HNISS (Table II-3). 

 

 

Comparative roof 

crush category 

(cm) 

OR for each 

additional 

HNISS point 95% CI P Multiplier (%) 

≥ 8 vs. < 8 1.04 1.01 - 1.07 0.011 4 

≥ 15 vs. < 8 1.06 1.02-1.07 0.006 6 

≥ 30 vs. < 8 1.11 1.03 - 1.21 0.008 11 

 

Table II-3. Multivariable model for odds of roof crush by each point of HNISS 
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Paper III 

 There were a weighted total of 232,931 ejected occupants included in the analysis. Of these, 

497 (0.21%) were coded as seat belt failures, and 232,434 (99.79%) were coded as not using 

their seat belt. There was no significant difference among the belt status groups with respect to 

age, sex, BMI, rollover status, mean maximum AIS (MAIS), and the frequency of OUE, head, 

chest, abdominal, lower extremity, or upper extremity injury (there were no face or neck injuries 

among those with belt failure). The only statistically significant difference was in the percentage 

of spinal injuries, with injuries observed in 1.2% of those with belt failure and 6.6% of those 

without a belt (p = 0.05) (Table III-1). 

 

 

  Belt failure No belt P-value 

N 497 232,434   

Age 29.9 31.7 0.71 

Female 65.8 23.9 0.1 

BMI 24.4 25.4 0.45 

Rollover 17.5 55.8 0.14 

MAIS 3.4 2.5 0.06 

OUE 42.1 15.2 0.12 

Head 48.7 21.9 0.1 

Chest 36.2 26.8 0.45 

Abdomen 10.9 6.3 0.52 

Spine 1.2 6.6 0.05 

Lower extremity 18.1 11.1 0.42 

Upper extremity 10.1 5.3 0.63 
 

Table III-1. Summary statistics for the belt failure and unrestrained group. Means and t-test p-

values are presented for the continuous variables (age, BMI [body mass index], MAIS 

[maximum AIS]), and percentages and Chi square p-values are given for the remaining 

categorical variables. OUE = outboard upper extremity.  

 

Logistic models using injury status as the predictor and belt status as the outcome were used 

to identify significant adjusted associations. Models were adjusted for age, sex, BMI, and 

rollover and ejection status. Continuous variables (age and BMI) were categorized as quartiles. 

Of the 7 injury types examined, only OUE and head injury were found to have a significant 

adjusted association (OR=3.87, [95% CI 1.2, 13.0] and 3.1, [95% CI 1.0, 9.7]) (Table III-2). 
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Body region OR CI 

OUE 3.9* [1.2, 13.0] 

Head 3.1* [1.0, 9.7] 

Chest 2.0 [0.6, 6.2] 

Abdomen 2.0 [0.4, 9.9 ] 

Spine 5.0 [0.6, 40.2] 

Upper extremity 1.5 [0.4, 6.4] 

Lower extremity 2.3 [0.3, 20.3] 

 

Table III-2. Logistic model odds ratios (OR) and 95% confidence intervals (CI) for belt failure 

for the 7 injury types/ body regions. Adjusted for age, sex, and body mass index. OUE = 

outboard upper extremity. * = statistically significant. 

 

Finally, post-test probabilities of belt use were calculated for both the presence and absence 

of OUE and head injuries, based on sensitivity and specificity values derived from the weighted 

frequencies observed in the data set. For each test, multiple pre-crash belt use probabilities were 

included, ranging from 0.1 to 0.9 (Table III-3). 

 

  OUE Head 

Sensitivity 0.42 0.49 

Specificity 0.85 0.78 

Pre-crash 

probability 

of belt use 

Injury 

present 

Injury not 

present 

Injury 

present 

Injury not 

present 

0.9 0.96 0.86 0.95 0.86 

0.8 0.92 0.73 0.90 0.72 

0.7 0.87 0.61 0.84 0.61 

0.6 0.81 0.51 0.77 0.50 

0.5 0.73 0.41 0.69 0.40 

0.4 0.65 0.31 0.60 0.30 

0.3 0.54 0.23 0.49 0.22 

0.2 0.41 0.15 0.36 0.14 

0.1 0.23 0.07 0.20 0.07 

 

Table III-3. Post-test probability of belt use given the presence or absence of an outboard upper 

extremity (OUE) or head injury and an assumed pre-crash probability of belt use.  

 

 

Paper IV 

 There were a total of 102,130 medico-legal autopsies performed in Sweden from 1992 

through 2010. Of these, there were 5,744 (5.6%) autopsies in which a cervical spine fracture or 

skull fracture was listed as being associated with the cause of death, with 5,282 cases fitting the 

inclusion criteria. 
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 Among all the included cases, the average age was 49.1 years (S.E. 21.7), and 72.9% of the 

victims were male. The manner of death among the majority of the autopsies was most often 

classified as accidental (83.4%), followed by suicidal (8.3%) and homicidal (2.6%). The most 

common fracture diagnosis was skull base fracture (41.6%), followed by skull vault fracture 

(37.5%), and upper cervical (C1 and C2) fracture (14.7%). The least common fracture diagnosis 

was in the lower cervical spine (C3 to C7) (6.2%). The upper cervical injuries were 

subcategorized as C0-C1 dislocations (48.8%), C2 fractures to the dens (22.1%) or neural arch 

(16.4%), and C1 fractures (12.8%). The fracture type with the highest average age and 

proportion of females was dens fractures (62.7 years and 42.1%, respectively). The injury type 

associated with the lowest age was C0-C1 dislocations (44.7 years). The largest proportion of 

males was observed among the skull vault fractures (75.3%)  (Table IV-1). 

 The subgroup of decedents who died as a result of a fall was 1,628 (30.8% of the total), and 

the average age in this group was 59.0 years (S.E. 19.3), with 74.3% of the victims male. Falls 

accounted for 61.4% of the suicides, 4.5% of the homicides (there were only 6 such cases), and 

28.0% of the accidental deaths in our series. 

 

  N 

% Female 

(S.E.) Age (S.E.) 

Total Sample 5282 27.1 (0.6) 49.1 (21.7) 

Manner 

Accident 4407 27.0 (0.7) 49.7 (22.1) 

Homicide 137 35.8 (4.1) 50.1 (17.8) 

Suicide 439 35.1 (2.3) 44.8 (19.7) 

Cause 

Crash 3270 28.8 (0.8) 44.1 (21.5) 

Crush 56 7.1 (3.4) 43.0 (18.0) 

Fall 1628 25.7 (1.1) 59.0 (19.3) 

Strike 202 24.8 (3.0) 51.6 (17.5) 

Injury location/ type 

Upper cervical 775 36.5 (1.7) 51.2 (21.7) 

C0-C1 dislocation 378 37.3 (2.5) 44.7 (19.4) 

C1 fracture 99 31.3 (4.7) 49.9 (22.5) 

C2 – dens fracture 171 42.1 (3.8) 62.7 (21.1) 

C2 - neural arch fracture 127 30.1 (4.1) 56.0 (21.0) 

Lower cervical fracture 329 28.6 (2.5) 55.9 (21.2) 

Skull base fracture 2195 25.6 (1.0) 45.7 (21.6) 

Skull vault fracture 1983 24.7 (1.0) 50.8 (21.3) 

 

Table IV-1. Summary statistics of autopsy database study population by manner and 

circumstances of death, and location of injury (S.E. = standard error of the estimate). The rows 

that are grey-shaded are the subcategories of upper cervical injuries. 
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There was sufficiently detailed information to categorize the fall height or circumstances in 

1,002 of the cases, consisting of 820 (81.8%) skull fractures (450 skull vault and 370 skull base), 

and 182 (18.2%) cervical spine fractures (109 upper and 73 lower cervical). The majority 

(62.4%) of the upper cervical fractures were to C2 (43 dens and 25 neural arch fractures), 

followed by 23 (21.1%) fractures of C1, and 18 (16.5%) cases of C0-C1 dislocation.  

 Following examination of the data, falls were grouped in 3 categories by fall height and 

likelihood of inversion of the decedent at the time of impact as follows; ground level falls (low 

energy and low probability of inversion); staircase falls and fall distance of above ground but <3 

meters (low to moderate energy and high probability of inversion); and, falls of ≥3 m (high 

energy, moderate to high probability of inversion). The two latter categories resulted from the 

initial examination of various subcategories (i.e. stairway falls and <3 m falls, falls of various 

heights above 3 m) that were subsequently collapsed into their current form following statistical 

analysis for homogeneity. The frequency of injury type in each of the fall categories was grouped 

by proportion of all injury types, first by skull vault and base and upper and lower cervical spine, 

and then by the subcategories of upper cervical injuries, and then by the proportion of each 

injury type accounted for by the fall type. As an example, lower cervical fractures accounted for 

only 10.3% of all of the fractures occurring in the <3 m category, but the <3 m category 

accounted for 64.4% of all lower cervical fractures.  

 The category of falls accounting for the most cases was <3 m (45.5%), followed by ground 

level (31.5%) and then ≥3 m (23.0%). The skull vault was the most common fracture location in 

fatal ground level falls at 59.8%, versus 38.4% and 37.4% in the <3 m and ≥3 m groups, 

respectively, whereas skull base fractures showed a direct relationship to fall height, comprising 

27.5%, 38.8%, and 46.1% of the injuries occurring at ground level, <3 m, and ≥3 m falls, 

respectively (p <0.0001).  

There were no similar patterns observed among the lower cervical fracture group or upper 

cervical fracture group as a whole. The highest frequency of each injury type was seen in the <3 

m group for skull base, lower cervical, and upper cervical categories (47.8%, 52.3%, and 64.4%, 

respectively). In contrast, ground level falls accounted for the largest proportion (42.0%) of skull 

vault fractures (p <0.0001).  

 Among the upper cervical fracture subgroup, there were substantially more C0-C1 

dislocations seen in ≥3 m falls (the injury accounted for 50.0% of the total at this level vs. 7.0% 

and 7.1% in <3 m and ground level, respectively).  

As was the case with skull base and lower cervical fracture groups, the <3 m category 

accounted for the largest proportion of injuries in each of the upper cervical fracture subgroups, 

excepting C0-C1 dislocations, of which 66.7% occurred in the ≥3 m group (p = 0.0004).  

 The results of the subgroup analyses were used to construct statistical models of injury type 

based on injury mechanism. Among the decedents injured by falls, logistic regression modeling 

revealed increased odds of lower cervical and skull base fracture in the middle and upper fall 

severity groups, relative to ground level falls (lower cervical <3 m falls, OR = 2.55 [1.32, 4.92]; 
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lower cervical ≥3 m falls, OR = 2.23 [0.98, 5.08]; skull base <3 m falls, OR = 1.82 [1.32, 2.50]; 

skull base ≥3 m falls, OR = 2.30 [1.55, 3.40]) (Table IV-2). 

 

  Upper cervical Lower cervical Skull base Vault  

Ground 

level 1 1 1 1 

Staircase, 

<3 meters 1.25 [0.77, 2.03] 2.55 [1.32, 4.92] 1.82 [1.32, 2.50] 0.43 [0.32, 0.58] 

≥3 meters 1.65 [0.90, 3.04] 2.23 [0.98, 5.08] 2.30 [1.55, 3.40] 0.31 [0.21, 0.46] 

 

Table IV-2. Adjusted odds ratios for skull vault, skull base, and cervical spine fracture risk by 

fall category (ground level, above ground level but <3 meters or on a staircase, ≥3 meters) [with 

95% Confidence Intervals]. 
 

 

C0-C1 dislocation injuries also demonstrated a strong relationship with fall height, with an OR 

of 8.3 for the injury in a ≥3 m fall versus ground level. (Table IV-3) In comparison with ground 

level falls, skull vault fractures were less probable in the other 2 categories, with an OR of 0.43 

[0.32, 0.58] for falls of <3 m, and an OR of 0.31 [0.21, 0.46] for falls of ≥3 m.  

 

  
C0-C1 

dislocation C1 C2 - dens C2 - arch 

Ground 

level 1 1 1 1 

Staircase, 

<3 meters 1.34 [0.24, 7.44] 1.21 [0.47, 3.10] 0.92 [0.45, 1.88] 1.84 [0.71, 4.74] 

 ≥3 meters 8.3 [1.72, 39.80] 0.61 [0.15, 2.53] 1.36 [0.53, 3.47] 0.34 [0.04, 2.96] 

 

Table IV-3. Adjusted odds ratios for upper cervical spine fracture/ injury risk (C0-C1 [atlanto-

occipital] dislocation, C1 fracture, C2 dens fracture, C2 neural arch fracture) by fall category 

(ground level, above ground level but <3 meters or on a staircase, ≥3 meters) [with 95% 

Confidence Intervals]. 
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General Discussion 
 

There are several common themes or goals that were explored in the papers of this thesis:  

 

1. An injury type or pattern was linked to the specific circumstances of an injury event 

 

 This process begins with the medical observation and/or classification of the injury, which is 

then explained by a plausible injury mechanism using principles of applied physics, including 

biomechanics, crash reconstruction, kinematics, and kinetics.  

 In Paper I, this process was deductive and explanatory, and based on a set of established facts 

gathered from a real world traffic fatality, including the lower extremity injuries observed in the 

survivor, and the lack of lower extremity injuries in the decedent, the reconstructed kinetics 

(vehicle movements and forces) and the occupant kinematics of of the collision. This information 

was combined with the vehicle damage to identify the only plausible occupant ejection route, 

which was on the driver’s side.  

 In contrast with Paper I, Papers II-IV were based on an inductive process that started with a 

hypothetical question that was founded in experience, common sense, and prior investigations. 

The question in Paper II was whether serious injuries to the head and neck, primarily skull and 

spinal fractures, are associated with the degree of vehicular roof crush in a rollover crash. In 

order to assess the question first a plausible biomechanical injury mechanism had to be 

established. This injury mechanism is axial compression of the head and neck that is associated 

with rollover crashes during the inversion phase of the roll. The two competing explanations for 

the injury mechanism that were examined in Paper II were roof crush and occupant diving (see 

the discussion of rollover crashes in the introduction of this thesis). The risk associated with 

occupant diving was controlled for in the regression analysis by adjusting the analysis for the 

number of times the vehicle rolled, as the number of rolls is directly correlated with the 

rotational inertia of the vehicle, and the rotational inertia is directly correlated with the rate at 

which the occupant “dives” toward the roof during the inversion phase of the rollover. The 

analysis thus allowed for an examination of the effect of injury severity on roof crush alone, 

while holding all other important variables constant. 

 In contrast with Paper II, where we began with a crash-related injury and worked backwards 

to find an explanatory mechanism for the injury, in Paper III we started with a theoretical injury 

mechanism, and worked forwards to see if it was associated with specific injuries, and if so, to 

what degree. Prior reports have characterized OUE injuries as certain or near certain when there 

is an ejection following a seat belt release. The injury mechanism makes sense; when an ejection 

occurs at the same time as a seat belt latch failure the OUE may very well become entangled 

with the retracting shoulder belt. These reports are limited in scope, however, and only include 

the description of 4 cases of real world seat belt failure-related ejections in which there was 

evidence of OUE interaction with a shoulder belt, along with substantial injury to the extremity, 

including amputation in one case.
71,72

 Other investigations have focused on the injury mechanism 
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via experiments with anthropomorphic test devices (crash test dummies) and computer modeling, 

demonstrating shoulder belt-associated OUE loading during dummy ejection.
71,72,73 

While the 

conclusions regarding a plausible mechanism for the injury were sensible based on the small 

number of observations and experiments described in these publications, the conclusions reached 

by these authors regarding the strength of the association (i.e. that the injury is “certain” when 

there is belt failure) was unsupportable. The degree of the association between an exposure and 

an injury (risk) cannot be quantified absent the evaluation of population-based data, regardless of 

the results of experimental study, and thus the rationale for the study protocol of Paper III. 

 In evaluating the circumstances in which skull and cervical spine fractures associated with 

fatal fall-related injuries occurred in Paper IV we were advancing the work of prior authors who 

have both observed and experimentally demonstrated head and neck injury patterns that are 

specific to certain types of falls. Biomechanical experiments conducted on cadaveric specimens 

have demonstrated that loads to the top of the head, similar to those that occur in a fall in which 

the victim is maximally inverted, produced both skull base and cervical spine fractures distal to 

the contact point at the top of the head.
90

 

 One of the more prominent findings of our investigation was the observation that the 

proportion of skull base fractures was directly related to fall height, whereas the proportion of 

skull vault fractures was indirectly related to fall height, with the largest proportion, relative to 

other injury types, occurring at ground level. It makes sense that the risk of any fracture to the 

skull or cervical spine would increase as the height of the fall increases, as the energy of the fall 

is dictated by impact speed, and impact speed is a function of fall height. Based on this principle, 

one would expect that all skull fractures would increase proportionally as the impact energy 

associated with the fall increased. The observation in our data of a proportional decrease in skull 

vault fractures at greater fall heights is thus explained by factors aside from the impact energy of 

the fall. One such factor is the orientation of the body at the time of the impact. Prior authors 

have noted that the degree that the body is inverted at the time of head impact is a predictor of 

higher risk of injury that is remote to the head contact point, i.e. skull base and neck versus skull 

vault. In comparison with ground level falls, falls down stairs and from heights above ground 

level are more likely to result in the victim being in an inverted position at the time of maximum 

loading of the head, with the orientation of the impact-related load generally in alignment with 

the long axis of the spine.
91

 

 Our observations were consistent with those described in prior investigations of the 

intersection of skull fracture location and the circumstances of a fall resulting in death. Thierauf 

and colleagues described 291 cases of fatal falls, including falls down stairs, falls at ground level, 

and falls from height, and compared the location of the observed injuries.
87

 The authors noted 

that skull base fractures occurred in 47% of all cases, and were most commonly seen in falls 

from a height, followed by falls down stairs. The smallest proportion of skull base fractures 

occurred with falls at ground level. Preuss et al. noted that the most common location of fracture 

was the skull base in 75 cases of skull fracture observed in fatal falls occurring on stairs.
72
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 Lower cervical fractures were substantially more likely in falls from height and on stairs in 

our study population as well. As was the case with skull base fractures, this observation is best 

explained by the greater likelihood of inversion of the decedent at the time of impact. In their 

review of cervical spine fracture mechanisms, Cusick and Yoganandan noted that injuries to the 

cervical spine are often associated with head impact, as the head comes into contact with a 

yielding surface and the neck then impedes the motion of the torso, as with a fall in which the 

body is inverted.
88

 The authors noted that the three main biomechanical parameters that affect 

what type of cervical spine injury will result from a given trauma are the rate of force 

application, the magnitude of the applied force, and the force vector. They further noted that a 

flexion vector typically results in compression of the anterior part of the cervical spine and 

distraction of the posterior section of the cervical spine, and an extension vector causes 

compression of the posterior cervical spine and distraction of the anterior cervical spine. 

Nightingale and colleagues described the observation of a buckling phenomenon in the cervical 

spine when undergoing axial compression, generally involving extension collapse of the middle 

cervical vertebrae (C3-6) and flexion at the C7-T1 levels.
92

 The degree to which the impacted 

surface is padded is also a factor in lower cervical fracture risk, as increased padding is 

associated with both decreased risk of skull vault fracture at the impact point and prolonged 

impact duration, resulting in a higher risk that the cervical spine will buckle during the load.
93

 

 A unique finding in our data was the high degree of association between C0-C1 dislocation 

and a fall from height; the injury was approximately 8 times more likely in a fall from ≥3 m than 

at ground level. This finding appears to be inconsistent with the prevailing theory that C0-C1 

dislocations result from pure tension forces,
71

 an injury mechanism that is highly improbable in a 

fall from heights of ≥3 m. Indeed, aside from the forces exerted during a hanging with a long 

drop, pure tension forces at the cervicocranial junction would seem to be an extremely unusual 

occurrence. A reasonable explanation for our findings of greater risk of C0-C1 dislocation in 

falls from ≥3 m is that the injury results from a combination of both high impact energy and an 

injury force vector that is more perpendicular to the long axis of the spine, such as might occur 

with an impact to the occipital region with the neck flexed in an inverted victim. In such a 

scenario the injury would result from cervicocranial shear forces, and no degree of pure tension 

would be present. 

 

 

2. The association between the injury event and the specific injury type was quantified using 

epidemiologic data 

 This step is the unique feature of forensic epidemiology; the application of epidemiologic 

methods and data to a medico-legal issue. The data that were used to estimate the true and false 

positive rates used in the post-test probability in Paper I were derived from a previously 

published epidemiologic study of frontal collisions as well as an analysis of crude frequencies 

derived from unweighted data from the NASS-CDS.
94

 In Papers II and III original analysis of 

data from the NASS-CDS were the basis for the conclusions regarding the strength of association 
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between the studied crash-related injury mechanisms and specific injury patterns described in 

both papers. Both weighted (Paper III) and unweighted (Paper II & III) data were used, 

depending on the statistical analysis performed. For Paper IV data from the Swedish database on 

medico-legal autopsies was the basis for the conclusions. Unlike data from the NASS-CDS, the 

Swedish autopsy database represents a census of nearly all fatal falls during the timeframe of 

interest (1992-2010) and thus provided the most accurate measure of injury patterns in a 

population described in this thesis.  

 

 

3. The quantified association was designed to have practical application in a real world 

setting  

 Paper I is unique in the thesis, in that it describes the analysis of evidence gathered from a 

real world fatal crash investigation with a subsequent analysis of epidemiologic data in order to 

quantify the meaning of the evidence probabilistically. The methods by which this analysis was 

accomplished and the results of the analysis have already been presented in this thesis (see 

Methods and Results, Paper I). 

 The model described in Paper II can be applied to the evidence gathered in a real world fatal 

crash investigation involving a rollover crash as follows: 

1. From the post-mortem examination, evaluate the three most severe injuries to the head and 

neck of the decedent, and assign an AIS severity score (1 to 6) to each using NASS codes. 

The NASS coding manual can be accessed online at 

http://www.scribd.com/doc/58010268/2000-NASS-Injury-Coding-Manual-From-Docket 

Calculate the HNISS by taking the square of each score and summing them.  

2. If the medical records or injury status of the surviving occupant are available, calculate the 

HNISS for this occupant as well. If there is no information aside from “not injured,” then 

assign a minimal HNISS value of 1 (the equivalent of a single bruise or abrasion), so as to 

provide a denominator for the odds ratio. 

3. Through the crash investigation, obtain the amount of roof crush at the two front seat 

positions, and determine which category of comparative roof crush in Table II-3 they fall 

into. 

4. Use the multiplier values from Table II-3 to determine the applicable odds of the deceased 

occupant’s position versus the odds of the surviving occupant’s position, for a resulting odds 

ratio indicating the strength of evidence linking the decedent’s injuries to his position in the 

vehicle based on roof crush.  

 

 The following are two hypothetical examples that illustrate how the multivariable model 

described in Paper II could be applied in a rollover crash investigation in which occupant 

position is uncertain: 
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 Example 1 

 In a fatal rollover crash in which the decedent is found at post-mortem examination to have 

sustained a transverse complex skull base (hinge) fracture (AIS 4), with an associated contusion 

and hematoma of the brainstem (AIS 5 and 4, respectively), there would be a resulting HNISS of 

57 (5
2
+4

2
+4

2
).  In comparison, the surviving occupant is found to have sustained a deep scalp 

laceration (AIS 2) and a loss of consciousness of unknown duration (AIS 2), resulting in an 

HNISS of 8 (2
2
+2

2
). From Table 3 the decedent’s HNISS would indicate the odds of roof crush 

at his seated position of ≥8 cm versus <8 cm of 2.28 (57 multiplied by 4%), 3.42 for ≥15 cm 

versus <8 cm (57 multiplied by 6%), and 6.27 for ≥30 cm versus <8 cm (57 multiplied by 11%). 

In comparison, the surviving occupant’s HNISS would be associated with an odds of roof crush 

of ≥8 cm versus <8 cm of 0.32 (8 multiplied by 4%), 0.48 for ≥15 cm versus <8 cm (8 multiplied 

by 6%), and 0.88 for ≥30 cm versus <8 cm (8 multiplied by 11%). The ratio between the two sets 

of odds would be the odds ratio of occupant position based on roof crush, so that the decedent 

was most likely in the position with the greatest roof crush by a ratio of 7.13 to 1, and the 

survivor is equally likely to be in the position with the least roof crush. Note that for all levels of 

roof crush the ratio stays the same (2.28/0.32 = 3.42/0.48 = 6.27/0.88 = 7.13, as the ratio is 

dependent upon the relative injury severity between the two occupants. As a corrollary, an 

evaluation of the complementary scenario (i.e. that that the decedent was in the seat position with 

the least roof crush) results in odds of 1 in 7.13 or 0.14, thus there is a ratio between the odds of 

the alternate scenarios (decedent in seat with most crush versus decedent in seat with least crush) 

of 7.13 to 0.14, or 50.8 to 1. 

 

 Example 2 

 In a fatal rollover in which there is only an ejected decedent and no known surviving 

occupant, but it is suspected that a surviving occupant may have fled the scene, the analysis 

would be as follows: we can use same decedent’s injuries as in the first example, for a calculated 

HNISS of 57. For an investigation in which the injuries of the surviving occupant are unknown 

the probability of roof crush can be evaluated for the decedent alone, and this value would vary 

with the relative difference in roof crush. Thus, if the crash investigation revealed <8 cm of crush 

on the driver’s side and ≥8 cm, ≥15 cm, or ≥30 cm on the passenger side, the odds that the 

decedent was in the passenger seat versus the driver’s seat would be 2.28, 3.42, and 6.27, 

respectively. The same principle of obverse odds would apply to this example as to the prior 

example, which is that there would be a 1 in 2.28 (0.44), 3.42 (0.29), and 6.27 (0.16) odds, 

respectively that the decedent was in the seat position with the least roof crush. The odds of the 

most probable scenario versus the complementary scenario are thus 5.18, 11.79, and 39.19 to 1, 

respectively. It would be reasonable to suspect, in this hypothetical, that it was more probable 

that the decedent was the passenger rather than the driver, and that the suspicion that a surviving 

occupant was the driver is justified. 

 



 49 

 In Paper III the facts of a real world crash were used to demonstrate the utility of the model 

that resulted from the investigation. The post-test probabilities provided in Table III-3 were 

applied to facts gathered from the investigation of a fatal rollover crash in which a seat belt 

failure was suspected as a contributing cause of the ejection. In the case a female occupant of a 

sedan suffered fatal injuries following a rollover crash and subsequent ejection. Because of the 

ejection, the on-scene investigators concluded that the decedent had not been wearing her seat 

belt. At the post-mortem examination, however, the forensic pathologist noted a classic shoulder 

belt abrasion over the left shoulder, and as a result concluded that she had indeed been using her 

seat belt at the time of the rollover crash, which was consistent with her history of customary use 

(see Fig. III-1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure III-1. Location and distribution of suspected shoulder belt  

  mark observed during the post-mortem examination of the decedent  

  (adapted from the autopsy sketch). 

  

 There were no significant OUE injuries observed in the decedent. Post-collision testing of the 

seat belt latching mechanism indicated that it was prone to a false latching scenario in which the 

latch plate makes a “clicking” sound when it is inserted into the receiver but does not completely 

latch, and thus can be unlatched with a relatively low load. During the investigation, the question 

was raised as to whether the shoulder abrasion was a true seat belt abrasion, or whether it could 

also be explained by some other contact during the rollover or ejection. This alternative 

explanation was raised because of the lack of OUE injury. 

 The results presented in Table III-3 were used to assess the post-test probability that the 

decedent was using her seat belt based on the lack of OUE injury. Given the decedent’s prior 

history of seat belt use and the lack of evidence of seat belt non-use, it can be reasonably 
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assumed that the pre-crash probability that she was using her seat belt is no less than the average 

rate in the general population in the U.S. (approximately 80%),
95

 which is where the crash 

occurred. Using the 0.8 pre-crash probability of seat belt use from the general population, the 

corresponding post-test probability that the decedent was using her seat belt and that it failed is 

0.73. (Table III-3) Conversely, the probability that she was not using her seat belt is 0.27. Thus, 

the lack of OUE is not an accurate indication that the decedent was not using her seat belt at the 

time of the crash, and the initial conclusion by the forensic pathologist that the shoulder abrasion 

resulted from a seat belt is accepted as the most likely explanation. 

 As an example of the flexible utility of this analysis, if the decedent had been found to have a 

significant OUE injury, using the pre-crash probability of belt use of 0.8, the post-test probability 

that she was restrained would be 0.92. These results beg the question of what practical meaning 

can be assigned to such post-test probabilities in a forensic setting. In Paper I, it was suggested 

that a probability of 0.91 (equal to odds of 10:1) should serve as an accuracy threshold for the 

admissibility of probabilistic evidence in a forensic venue. Using this standard, there are two 

circumstances where the presence or absence of OUE or serious head injury would have value as 

stand alone evidence of belt use or non-use: 1) when there is a high pre-crash probability of belt 

use (≥0.8) and OUE or serious head injury is present (indicating that it is highly likely that a seat 

belt was used); and 2) when there is a very low probability of pre-crash belt use (0.1) and there is 

no OUE or serious head injury (indicating that a low likelihood that a seat belt was used). Lower 

levels of probability could also serve as a basis for evaluating the strength of alternative (non-

belt use) explanations for physical evidence indicating seat belt use, such as classic belt 

abrasions, as occurred with the case study example described here. 

 The relationships described in Paper IV have two potential applications in the investigation 

of a fatal fall:  

1. In the evaluation of two competing explanations for how injuries may have resulted from a 

fatal fall (e.g. a slip and fall at ground level versus a fall from a first floor balcony of >3 

meters), the head or neck fractures/ injuries associated with the injuries deemed to be the 

cause of death could point an investigation in a particular direction. In the example given, the 

finding of a lower cervical or skull base fracture would make the fall from the balcony more 

than twice as likely as the fall at ground level. If the observed injury was a C0-C1 dislocation 

a fall from the balcony would be 8 times more likely than from the ground level. 

2. In the post hoc evaluation of the work of prior investigators of a fatal fall there is the 

occasional finding of a conclusion that is based on assertion of probability based on prior 

experience. As an example, an investigator may assert that their only experience with C0-C1 

dislocations were circumstances involving pure traction of the skull on the spine. Such an 

assertion may result in the suspicion that an observed injury couldn’t have resulted from a 

fall from height. The results presented in Paper IV may be used to evaluate the validity of 

such an assertion.  
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Study Limitations 

 General limitations of FE  

 Whenever epidemiologic data are used to draw inferences regarding a specific set of facts it 

is reasonable to question the validity and potential limitations of the application. After all, none 

of the cases from the study population are identical in every way to the investigated case, and the 

strongest conclusions that can be drawn are in degrees of probability, rather than as “certainties.” 

Some of this questioning arises from a failure to consider the inherent uncertainty underlying 

many conclusions routinely provided in FM. Such conclusions are often probabilistic assertions 

based on the experience of the individual forensic pathologist, which may be limited. As an 

example, in Paper IV there were 378 C0-C1 dislocations associated with the cause of death 

among all of the medico-legal autopsies performed during the study period, an average of 

approximately 19 per year, or less than 1 injury per year per Swedish forensic pathologist 

working at the 6 departments of forensic medicine in Sweden. At such a low rate, it is perfectly 

reasonable to assume that the experience of an individual forensic pathologist may include few 

or no observations of a C0-C1 dislocation that resulted from a fall from any height. Since, unlike 

a gunshot wound, there is no feature of a C0-C1 dislocation that directly explains how the injury 

occurred, an indirect approach, relying on relative frequencies derived from studies of large 

populations becomes the next best approach to assessing whether one plausible cause is more 

likely than another, and by how much.  

 In this discussion it is important to differentiate between diagnostic interpretation of evidence 

and conclusions regarding causation. An illustrative example of this difference is seen in the 

evaluation of the cause of lung cancer in a lifetime male smoker. The presence of the lung cancer 

is based on interpretation of the histologic characteristics of the tissue obtained from the lung of 

the smoker. The person either does or does not have lung cancer. There is, however, nothing 

about the diagnosis that indicates that the smoking was the cause of the lung cancer. The 

clinicians and pathologist may assert that “it is highly likely” that the smoking is the cause of the 

man’s lung cancer, but this is a vague and perhaps speculative characterization of the probability 

that the man’s cancer was, in fact, caused by his smoking, as the competing chance that the man 

would have gotten lung cancer had he not smoked is unquantified.  

 It is only by quantifying the risk of lung cancer for a male smoker (17.2%)
96

 and comparing 

this value to the risk for a similar male non-smoker (1.3%)
98

 can we assess the magnitude of 

differing risks that allow for a quantification of the probability of causation reasonably 

applicable to an individual member of a population. In the example, the risk ratio of 17.2% to 

1.3% is 13.2. This means that if we randomly sampled any single individual from among 13.2 

smokers with lung cancer from among the study population that, in 12.2 samples (92.4% of the 

time) the cause would be the smoking, and in 1.0 samples (7.6%) the lung cancer would have 

occurred despite the smoking, as a result of other causes. To the extent that the individual case 

under investigation fits with the study populations, the probability of causation applies to him as 

well.  
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 While a population-based approach to causation can provide a higher degree of accuracy in 

some cases, it is important to also understand the limitations of such an approach. First, an 

understanding of the important predictive characteristics of an individual case must be gleaned 

so that the appropriate data are matched to the case. As an example, based on numerous studies 

demonstrating the efficacy of seat belt use in reducing the risk of death in traffic crashes, it might 

be asserted that a contributing cause of a specific traffic fatality was the failure of the decedent to 

use a seat belt, in that is thought that the risk of death would have been substantially reduced by 

the use of the seat belt. If the collision were a nearside impact, however, this generally true 

assertion would not apply, as seat belts do not offer increased occupant protection in such 

collisions.   

 Second, the sources of bias and confounding in the data, relative to the investigated case, 

must be identified and accounted for. To use the smoking and lung cancer example given earlier, 

the use of population-based data to draw an inference that is relevant to the individual case is 

only valid if the exposure of the population can be matched to that of the individual for the 

important characteristics that predict the disease outcome. If all we know about the individual, 

for example, is that he smoked for more than 20 years, but we don’t know how much, then using 

data from a 40 pack year population (2 packs per day for 20 years) may overestimate the risk 

ratio that is applicable to the individual. Thus, the 92.4% probability of cause described above 

may give the impression of precision that is simply not realistic, unless the appropriate degree of 

caution is used in the application of the methods and the interpretation of the results. Depending 

on the degree of meaningful correlation between the predictive facts of the investigated case and 

the study population, an FE conclusion may be given as a point estimate, or as a less specific 

value that takes into the account the potential error rate of the methods; i.e. >90% probable, etc. 

 

 Additional potential and real limitations of each of the 4 papers are as follows: 

 Paper I 

 The methods and epidemiology data used to evaluate the true and false positive rates of the 

tests used for the post-test probability calculation were less precise than those presented in the 

later papers in this thesis. Data were adapted from a previously published paper, and thus were 

not as specific to the investigated collision as they could have been. The same is true with the 

NASS-CDS analysis, which only evaluated lower extremity fractures at impact related speed 

changes rather than occupant specific vehicle crush levels adjusted for the speed change (there 

was no multivariable analysis). Neither limitation is particularly serious; the referenced paper did 

assess vehicle crush, and impact-related speed change and vehicle crush are highly correlated. 

The estimated probabilities of ejection at the driver and passenger occupant positions were more 

subjective than the injury risk estimates, but at the same time more certain. This contradiction of 

terms arises because the presumption of very low risk of passenger ejection in the crash (0.05 to 

0.15) was based on the physics of the collision and associated occupant movement, which 

indicated that it was highly unlikely that a passenger could be ejected through a windshield when 

the front airbag is deployed. The resulting 0.85 to 0.95 true positive rate for the assertion that the 
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passenger would not be ejected was conservative; absent an extremely small probability (<0.01) 

of a delayed airbag deployment, there was virtually no plausible opportunity for passenger 

ejection. In order to account for these possible sources of error, the post-test probability 

calculation was performed using the true and false positive values that least favored a correlation 

between occupant position and ejection and lower extremity injury risk (a “safety” analysis), 

reducing the chance of a Type I error. 

 A potential source of confusion in Paper I is the use of the term “homicide” in the title to 

describe a death that was unintentional. When referring to the manner of a death the term 

homicide refers to the intentional killing of a human. In the U.S. jurisdiction where the death 

occurred, however, the illegal action that was investigated was a “criminally negligent homicide” 

in which the defendant was considered to have caused the death of the victim by acting 

“recklessly under circumstances manifesting extreme indifference to the value of human life” by 

operating a motor vehicle while under the influence of intoxicants.
97

 Despite the local judicial 

characterization of the death as a homicide, it would be classified as “accidental” from a 

medicolegal perspective. 

  

 Paper II  

 There are a number of limitations of this approach to occupant position identification, and as 

such it is not intended as a stand-alone forensic investigation tool. The model is most applicable 

when there is a substantial disparity between the levels of roof crush at seating positions, and the 

referent side has minimal or no roof crush. This phenomenon is seen with a roof crush pattern 

known as “tenting,” in which there is lateral deformity of the roof along with vertical deformity 

on the side of the vehicle with the roof crush, and the opposite side forms a peak or “tent” over 

the occupant position, effectively increasing head room for one occupant while decreasing it for 

the other (See Figure i-2). Moreover, there are many individual variations in each rollover crash 

such that a reasoned conclusion regarding occupant position requires an evaluation of all of the 

available evidence. The most critical limitation is that the methodology is only applicable to head 

and neck injuries that were most probably sustained by the occupants prior to ejection, an 

evaluation that requires consideration of all available evidence. Notwithstanding these 

limitations, we believe that the methodology and results described herein can be helpful in 

certain circumstances in which driver identification is uncertain following a rollover collision. 

 

 Paper III 

 The NASS-CDS data used for the analysis are subject to potential misclassification due to 

investigator or other error, and it is possible that a case that was coded as a belt failure was 

actually one in which no belt was used, and vice versa. Additionally, in the weighted analysis 

there were many more ejections that occurred without a belt than with a belt that failed. The 

relatively small number of belt failure cases likely resulted in decreased discriminatory power of 

the logistic regression modeling for the various injury categories examined.  
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 Finally, it is important to keep in mind that the utility of the model in a real world crash 

investigation is dependent upon the finding that a seat belt defect was present and thus a 

plausible contributing cause of (i.e. failed to prevent) the ejection, and that there is an absence of 

evidence indicating certain belt use or nonuse. 

 

 Paper IV 

 The most prominent limitation of the data used in Paper IV was the lack of sufficient detail in 

the autopsy database that would allow for a more precise analysis of the biomechanics of the 

injury mechanism associated with the fall circumstances. The precision of our analysis would 

have been enhanced by a more detailed analysis of how the decedent fell and the degree of 

padding of the impacted surface. Of particular interest in a fatal fall investigation is detailed 

information regarding the orientation of the decedent’s body at the time of the impact, something 

that may only be accessible with video evidence. Such a study is reasonably feasible in the near 

future, given the increasing prevalence of video surveillance technology in public, work, and 

recreational settings.  

 An additional limitation in the present analysis is the fact that the only injuries included for 

study were those deemed by the examining forensic pathologist to be associated with the cause 

of death, which in all cases was injury to the CNS. This selection criterion would have biased the 

data in favor of the fractures most likely to be associated with fatal injury to the CNS, and thus 

explain the relative paucity of lower cervical fractures, which are more likely to occur without 

concurrent mortal injury to the brain or spinal cord than skull fractures and upper cervical 

injuries. Despite these limitations, the large numbers of cases afforded by the census nature of 

the autopsy database resulted in a broad coverage of the variability inherent in the population, 

thus allowing for a high level of confidence in the stability of the findings reported herein. 
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Conclusions 
 Multiple examples were presented in this thesis of the analysis and application of 

epidemiologic data and principles to tasks encountered in the practice of FM. The practice of FE, 

as described in this thesis, is designed and intended to work in conjunction with the variety of 

disciplines that are ancillary to the medico-legal investigation of death, including crime scene 

investigation, crash reconstruction, biomechanical analysis of injury mechanism, toxicology, 

inter alia. The ability to quantify the strength of summary conclusions made in FM that are 

based on probabilistic assumptions is a unique function of FE, and one that serves the purpose of 

enhancing the evidence-based practice of FM. 
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