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A B S T R A C T

Road traffic injuries account for 1.3 million deaths per year world-wide. Mitigating both fatalities and

injuries requires a detailed understanding of the tolerance of the human body to external load. To identify

research priorities, it is necessary to periodically compare trends in injury tolerance research to the

characteristics of injuries occurring in the field. This study sought to perform a systematic review on the

last twenty years of experimental injury tolerance research, and to evaluate those results relative to

available epidemiologic data. Four hundred and eight experimental injury tolerance studies from

1990–2009 were identified from a reference index of over 68,000 papers. Examined variables included

the body regions, ages, and genders studied; and the experimental models used. Most (20%) of

the publications studied injury to the spine. There has also been a substantial volume of

biomechanical research focused on upper and lower extremity injury, thoracic injury, and injury to

the elderly – although these injury types still occur with regularity in the field. In contrast, information

on pediatric injury and physiological injury (especially in the central nervous system) remains lacking.

Given their frequency of injury in the field, future efforts should also include improving our

understanding of tolerances and protection of vulnerable road users (e.g., motorcyclists, pedestrians).

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Automobile collisions are the most common source of severe

unintentional injury worldwide (Chandran et al., 2010). Every year,

more than 1.3 million people die and 50 million people are severely

injured in road traffic crashes (Peden et al., 2004). It is projected

that by 2020, fatal and nonfatal road traffic injuries will increase by

approximately 65 percent (Kopits and Cropper, 2003), and will be

the sixth leading cause of death (Murray and Lopez, 1997) and the

third leading cause of disability adjusted life years (DALYs) lost

(Peden et al., 2004) world-wide. This projected increase in burden

relates to an expansion of motorized transport, combined with

shifts in road-user demographics to populations more susceptible

to injury (e.g., pedestrians, the elderly). In response to this growing

pandemic, the United Nations has declared 2011–2020 as the

Decade for Action, with a goal of halving the number of world road

traffic fatalities.

A critical component of the injury prevention effort is the

understanding of injury tolerances. The human body can bear a

certain amount of mechanical input – force, acceleration,

compression, etc., – before a tissue failure or dysfunction occurs.

This transition to a load that results in mechanical or functional

tissue failure is known as the injury tolerance. In the automotive

field, injury tolerance information informs engineers and

Abbreviations: DALYs, disability adjusted life years; GBD, global burden of

disease; WAD, Whiplash Associated Disorder; PTW, powered two-wheeler.
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designers on what body structures can be safely loaded, allows

them to predict injury risk, dictates the design of vehicle safety

features, and serves as the basis for regulations and assessment

procedures for vehicle safety. Target scenarios and risk factors for

intervention are often identified through epidemiology. When

engineering solutions are indicated – for example, through

improved vehicle restraints – injury biomechanics researchers

work with policy makers, automobile manufacturers, and other

stakeholders to identify strategies for intervention. Knowledge on

injury tolerances provides insight into the causes of injuries in the

field and provides performance targets for the evaluation of

possible interventions prior to field implementation. Once

implemented, the cycle renews with continuing epidemiology to

observe the effectiveness of the interventions in reducing deaths or

injuries, to identify opportunities for the further refinement of

those intervention strategies, and to identify new research

priorities. Injury tolerance information also allows the identifica-

tion of differential intervention strategies based on specific road

user characteristics, especially for at-risk populations (for example,

the elderly (Kent et al., 2005a)).

It is pertinent to periodically review trends in injury tolerance

research compared to injury frequencies, injury types, affected

populations, and causation scenarios observed in the field. The last

such review was performed by Viano et al. (1989) as a part of a

treatise on the fundamentals of injury biomechanics. Several

deficiencies in injury tolerance information were noted, including

knowledge on functional injury to the central nervous system,

structural spinal injury, functional injury to the heart and great

vessels, lung injury, injury to the hollow abdominal organs, injury

to the joints and long-bones of the extremities (other than the

femur), and injury to the face and sensory organs. The only body

structures for which “somewhat understood and verified” or “well

known” injury tolerance information were available were the skull,

the ribcage, the solid organs of the abdomen, and the femur.

Children and adult females were identified as populations for

which little information was available. There was also little

mention of differential injury tolerances based on advanced age,

body-type, or existing pathologies.

The goal of this study is to perform a systematic review of injury

tolerance investigations in the 20 years following the review of

Viano et al. (1989), and to compare trends therein to the road traffic

injuries occurring in the field. To define the scope, this study

focused on papers describing new injury tolerance information

applicable to the motor-vehicle collision environment, derived

from experimental studies with biological (not artificial or

computational) models. A descriptive analysis was performed to

study trends in the body regions, injury types, ages and genders

studied, and the types of models used. Those results were then

compared to the previous state of knowledge and to motor-vehicle

injury trends observed in the epdidemiologic literature.

2. Method

2.1. Literature database

Papers were selected from a custom index of reference

information (housed and maintained by the University of Virginia

Center for Applied Biomechanics) for approximately 68,000

scholarly papers, reports, books, book chapters, and theses

relating to injury biomechanics, biomedical engineering,

automobile engineering, and automobile safety (referred to here

as the Index). The Index spans from the year 1840 to the present,

and is populated by monthly updates of 140 journals and

conference proceedings for keywords related to injury biome-

chanics and automobile safety (e.g., ‘traffic’, ‘biomechanics’,

‘safety’, etc.). Index entries are stored in a searchable Access

(Professional Edition 2003, Microsoft) database.

2.2. Paper selection criteria

This study targeted publications that included new experimen-

tal data describing injury tolerances with biological models. The

inclusion criteria were as follows:

- Published between 1990 and 2009 (inclusive).
- Published in English.
- Included data recorded from experiments with biological

models (e.g., human volunteers, cadavers, animals, or cell

cultures).
- Included information on injuries or tissue failures that occurred

during the experiments. This included either mechanical tissue

failure (for example, breaking of an isolated bone segment or

bone sample), or physiological injury (for example, mild

traumatic brain injury in an animal model). Non-injury, living

human, volunteer studies were included when they could be

used for determining a lower-bound for the estimation of a

tolerance for physiological injury. Non-injurious human cadaver

studies were included only if they specifically sought to study

injury tolerances, but happened to not cause injury in their

experiments. Observational studies (studies observing real-life

human exposures and resulting injuries in a non-laboratory

setting) were included only if the observational subjects were

instrumented or recorded to the extent that the mechanical

inputs into the body could be reasonably deduced.
- Related to acute injury of mechanical origin in otherwise healthy

tissue. This was not necessarily limited to papers specifically

targeting the automotive environment because injury tolerance

information from other fields (e.g., sports) can potentially be

applied to the automotive environment. Papers relating to

repetitive stress, injury in pathological tissue, injury in

prosthetic interfaces, penetrating injury (e.g., gunshots and

stabbing), blast injury, burns, and drowning were excluded.
- Included data not previously published. Review papers and

papers describing amalgamations of previously-published data

were excluded.

2.3. Query method

To facilitate categorization of papers by body region, the Index

was queried with each of the body-region-specific search terms

listed in Table 1. Queries were performed as an all-field search,

returning entries based on search-term matches in the title,

keywords, or abstract. Six reviewers were assigned one or two

body regions each for which to perform queries and initial reviews.

Once queried for each search term, the returned entries were

reviewed to identify those possibly meeting the selection criteria.

The resulting candidate papers were then obtained and reviewed

in full to determine inclusion or exclusion in a provisional

database.

2.4. Variables

Information to be extracted during the review process was

operationalized in a dictionary that was used to develop a web-

based extraction form used throughout the study. The reviewers

were trained for consistency. The study leader reviewed all entries

prior to closing the review process to check for repeat entries,

missing values, and for consistency with the paper selection

criteria.
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Variables were defined to categorize the body regions and

anatomical structures studied, the ages studied, the genders

studied, the models used, and the specificity of the studies (i.e.,

were the results generally applicable or did they target a specific

type of road user; Table 2).

The experimental models used were classified as either ‘living

human’ (non-injurious volunteer tests or observational studies),

‘human cadaver’, ‘animal’, or ‘human other’ (in vitro tests either

with living human cells or with post-delivery, extra-fetal, natal

tissue such as the amnion or fetal membrane).

Ages were binned into three groups – age < 22; age 23–65; and

age > 65. Age 22 was chosen for the transition from the youngest to

the middle age group because that represents the approximate age

of full skeletal maturity (Franklyn et al., 2007). In most cases, the

ages covered by the publications were determined based on the

ages of the test subjects used in the experiments. Multiple age

groups were noted if a study used subjects spanning multiple age

groups. For example, a study that performed experiments on

cadaver tissue with an age range of 30–70 years would be counted

in both the 23–65 year age group and the >65 age group. For animal

studies, the age was categorized as ‘general’ (generally applicable)

unless the study intended to target a specific age group. For

example, a porcine study that specifically intended to investigate

pediatric abdominal injury tolerance (Kent et al., 2008) was

categorized in the 0–22 age group.

Genders were categorized as male-focused, female-focused, or

applicable to either. For studies involving humans or cadaver tissue

the gender was categorized based on the characteristics of the

subjects. Studies with only male subjects were categorized as

‘male-focused’; studies with only female subjects were termed

‘female-focused’. Studies that included both male and female

subjects were categorized as ‘general’. Animal studies were also

categorized as ‘general’.

The specificity of the studies was categorized either as ‘general’,

‘car occupant’, or ‘pedestrian’. ‘General’ was used if the study

provided information on general injury tolerances, not necessarily

restricted to a particular injury causation scenario.

The selected papers were also categorized by the body region

and anatomical structure studied. Those classifications were

chosen based on an expansion of the taxonomy used in the injury

Table 1

Search terms used for all-field queries (title, abstract, keywords) of the reference index, organized by body region.

Body region Search terms

Head Head; skull; brain; face

Spine and neck Spine; neck; annulus; vertebra; disc; spinal cord

Thorax Thorax; chest; rib; sternum; heart; lung; aorta; diaphragm

Abdomen Abdomen; abdominal; liver; kidney; stomach; bowel; spleen; mesentery; intestine; bladder

Pelvis Pelvis; pelvic; acetabulum

Upper extremities Arm; upper extremity; hand; wrist; finger; clavicle; shoulder; scapula; humerus; radius; ulna; elbow

Lower extremities Lower extremity; thigh; femur; knee; patella; tibia; fibula; leg; foot; ankle; hip

Other Skin

Table 2

Percent and 95% confidence intervals (C.I.) for experimental injury tolerance investigations, 1990–2009 (n = 408 studies).

Variable Percentage 95% C.I.

Peer reviewed 94.1 91.8, 96.4

Model Living humana 6.9 4.4, 9.3

Human cadaver 74.5 70.3, 78.7

Animal 17.6 13.8, 21.1

Other humanb 1.0 0.0, 1.9

Gender Male 12.7 9.5, 16.0

Female 5.6 3.4, 7.9

Both or generalc 65.7 61.1, 70.3

Missing 15.9 12.4, 19.5

Age (years)d 0–22 9.8 6.9, 12.7

23–65 59.8 55.0, 64.6

>65 59.6 54.8, 64.3

Generale 15.7 12.2, 19.2

Missing 10.3 7.3, 13.2

Specificity General 65.0 60.3, 69.6

Car driver or occupant 31.6 27.1, 36.1

Pedestrian 3.4 1.7, 5.2

Body region Head 15.7 12.2, 19.2

Spine 20.1 16.2, 24.0

Thorax 15.4 11.9, 18.9

Abdomen 5.9 3.6, 8.2

Pelvis 7.1 4.6, 9.6

Upper extremities 19.1 15.3, 22.9

Lower extremities 13.5 10.2, 16.8

Sensory organs 2.9 1.3, 4.6

Neck (non-spinal) 0.2 �0.2, 0.7

a Non-injurious volunteer studies or human observational studies.
b Human cell cultures or post-delivery, extra-fetal, natal tissue.
c Includes living human and cadaver studies that used both male and female subjects, and animal studies.
d Some studies spanned multiple age categories.
e Animal studies not targeting a specific age range.
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biomechanics review of Viano et al. (1989). The overall body

regions were the head, spine, thorax, abdomen, pelvis, upper

extremity, lower extremity, sensory organs (skin and eyes), and

neck (other than spine). Those body regions were then subdivided

into anatomical structures, groups of anatomical structures, or

functions (e.g., brain function; Table 3). Each paper was assigned to

a single category. For the limited papers that spanned multiple

categories, each was assigned based on the body structure

for which the greatest amount of injury tolerance information

was provided (for example, the body structure with the greatest

sample size).

2.5. Analysis

Despite efforts to capture every reference meeting the

selection criteria included in the Index, it is likely that some

publications were missed either due to an absence of the search

terms or due to reviewer error. It is also likely that appropriate

papers exist outside of the Index, both within and outside of the

automotive injury research field. Thus, the final review database

was assumed to be a sample, rather than a census, of the papers

available in the field. The results of the descriptive analysis are

presented as percentages of the papers in the injury tolerance

review database. Confidence intervals (95%, assuming a simple

random sample) were also calculated for the description of the

general database characteristics (Table 2).

2.6. Epidemiologic data

Field injury distributions were drawn from the 1st global

burden of disease (GBD) study of the World Health Organization

(Murray and Lopez, 1996). The GBD data included a relative

distribution of road traffic accident deaths, hospitalizations, and

emergency ward visits across 33 injury categories, and across

5 different age groups. Those data covered three countries which

met minimum data reporting requirements: Mauritius, Sweden,

Table 3

Percent distribution of body regions, sub-structures, models, and genders studied in experimental injury tolerance investigations, 1990–2009 (n = 408 studies).

Body regions and sub-structuresa Model Gender Total

Living humanb Human cadaver Animal Other humanc Male Female Both or generald Missing

Head 1.0 6.1 8.1 0.5 1.2 0.0 11.0 3.4 15.7

Skull 0.0 5.1 0.7 0.0 0.2 0.0 2.2 3.4 5.9

Face 0.0 1.0 0.0 0.0 0.0 0.0 1.0 0.0 1.0

Brain structure 0.2 0.0 0.5 0.0 0.2 0.0 0.5 0.0 0.7

Brain function 0.7 0.0 6.9 0.5 0.7 0.0 7.4 0.0 8.1

Spine 4.7 11.8 3.7 0.0 2.9 1.0 13.7 2.5 20.1

Vertebrae 0.0 2.5 0.7 0.0 0.2 0.2 2.0 0.7 3.2

Ligaments* 0.0 1.2 0.5 0.0 0.7 0.0 1.0 0.0 1.7

Vertebrae and ligament structure* 4.7 8.1 1.0 0.0 2.0 0.7 9.3 1.7 13.7

Spinal cord structure 0.0 0.0 1.0 0.0 0.0 0.0 1.0 0.0 1.0

Spinal cord function 0.0 0.0 0.5 0.0 0.0 0.0 0.5 0.0 0.5

Thorax 0.5 13.2 1.7 0.0 3.4 0.5 10.5 1.0 15.4

Ribcage 0.5 10.8 1.0 0.0 3.2 0.5 7.8 0.7 12.3

Heart and great vessel structure 0.0 2.2 0.0 0.0 0.2 0.0 1.7 0.2 2.2

Heart and great vessel function 0.0 0.0 0.2 0.0 0.0 0.0 0.2 0.0 0.2

Lungs 0.0 0.2 0.5 0.0 0.0 0.0 0.7 0.0 0.7

Abdomen 0.0 2.5 2.9 0.5 0.2 0.5 4.4 0.7 5.9

Solid organs 0.0 1.2 1.5 0.0 0.0 0.0 2.2 0.5 2.7

Hollow organs 0.0 0.5 0.2 0.0 0.0 0.0 0.5 0.2 0.7

Solid and hollow organs* 0.0 0.7 1.2 0.0 0.2 0.0 1.7 0.0 2.0

Natal tissue* 0.0 0.0 0.0 0.5 0.0 0.5 0.0 0.0 0.5

Pelvis* 0.0 6.9 0.2 0.0 1.7 0.5 4.2 0.7 7.1

Upper extremities* 0.5 18.4 0.2 0.0 1.2 2.9 11.5 3.4 19.1

Clavicle* 0.0 0.5 0.0 0.0 0.0 0.0 0.5 0.0 0.5

Humerus* 0.0 1.5 0.2 0.0 0.0 0.7 1.0 0.0 1.7

Other long bones* 0.2 7.1 0.0 0.0 0.5 1.0 4.9 1.0 7.4

Hand and fingers* 0.0 1.2 0.0 0.0 0.2 0.0 0.5 0.5 1.2

Joints* 0.2 8.1 0.0 0.0 0.5 1.2 4.7 2.0 8.3

Lower extremities* 0.0 13.5 0.0 0.0 1.5 0.2 9.3 2.5 13.5

Femur 0.0 3.7 0.0 0.0 0.7 0.2 2.0 0.7 3.7

Other long bones 0.0 1.7 0.0 0.0 0.2 0.0 1.2 0.2 1.7

Joints 0.0 8.1 0.0 0.0 0.5 0.0 6.1 1.5 8.1

Sensory organs 0.2 2.0 0.7 0.0 0.5 0.0 0.7 1.7 2.9

Skin 0.2 0.5 0.2 0.0 0.5 0.0 0.2 0.2 1.0

Eye* 0.0 1.5 0.5 0.0 0.0 0.0 0.5 1.5 2.0

Neck (non-spinal)* 0.0 0.2 0.0 0.0 0.0 0.0 0.2 0.0 0.2

Total 6.9 74.5 17.6 1.0 12.7 5.6 65.7 15.9 100.0

a Body regions shown in bold. Body region and sub-structure classifications were based on a modification of the categories of Viano et al. (Viano et al.,1989). Values marked

with asterisk are new additions to that taxonomy.
b Non-injurious volunteer studies or human observational studies.
c Human cell cultures or post-delivery, extra-fetal, natal tissue.
d Includes living human and cadaver studies that used both male and female subjects, and animal studies.
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and Chile. For comparison purposes, the injury and age categories

of the GBD data were aggregated to correspond (as closely as

possible) with the body regions and age groups of the injury

tolerance review (Table 5). In addition to the GBD injury

distribution description, specific field data studies are included

in the discussion section where appropriate.

3. Results

Including repeats and search overlaps, the search terms listed in

Table 2 resulted in a total of approximately 88,000 returned Index

entries. Of those, 77,000 entries were within the time period of

interest. From the initial review, approximately 1000 of those

entries were selected for possible inclusion in the database. After

the elimination of repeat entries and final review, 408 papers were

identified that met the selection criteria (this bibliography is

available from the authors by request). Of those, 94% were peer-

reviewed articles from journals or conference proceedings, or were

books, book chapters, or theses. The remainder were non-peer-

reviewed conference papers or reports.

Table 2 summarizes select information from the papers in the

final review database; Tables 3 and 4 present their distribution

regarding body region, model used, gender, age, and road-user

specificity. For the sake of simplicity, Tables 3 and 4 do not present

the 95% confidence intervals (these are available from the authors

by request). The body region with the most papers was the spine

(20% of the papers, 95% C.I.: 16.2, 24.0), followed by the upper

extremities (19%: 15.3, 22.9), the thorax (15%: 11.9, 18.9), the head

(16%: 12.2, 19.2), and the lower extremities (14%: 10.2, 16.8). Of all

the papers, 75% used cadavers or cadaver tissue as experimental

models. Eighteen percent animal models; 7% living human models;

and 1% other human tissue were used. Cadaver models were used

to study skeletal injury (osseous and ligamentous) in almost every

body region, in addition to injury to the abdominal viscera (both

solid and hollow organs), and structural injury to the sensory

organs of the skin and the eye. Animal models were predominantly

Table 4

Percent distribution of ages studied, and the specificity of studies (by body region and sub-structure) in experimental injury tolerance investigations, 1990–2009

(n = 408 studies).

Body regions and sub-structuresa Ageb Specificity Total

0–22 23–65 >65 Generalc Missing General Car driver or occupant Pedestrian

Head 3.2 4.4 3.4 7.1 1.7 15.0 0.7 0.0 15.7

Skull 1.5 2.5 2.7 0.2 1.7 5.9 0.0 0.0 5.9

Face 0.0 1.0 0.7 0.0 0.0 0.2 0.7 0.0 1.0

Brain structure 0.0 0.2 0.0 0.5 0.0 0.7 0.0 0.0 0.7

Brain function 1.7 0.7 0.0 6.4 0.0 8.1 0.0 0.0 8.1

Spine 3.2 13.7 9.8 3.2 2.0 11.5 8.6 0.0 20.1

Vertebrae 0.0 1.7 1.5 0.7 0.2 3.2 0.0 0.0 3.2

Ligaments 0.2 1.2 0.7 0.5 0.0 1.5 0.2 0.0 1.7

Vertebrae and ligament structure 2.9 10.8 7.6 1.0 1.2 5.6 8.1 0.0 13.7

Spinal cord structure 0.0 0.0 0.0 1.0 0.0 0.7 0.2 0.0 1.0

Spinal cord function 0.0 0.0 0.0 0.0 0.5 0.5 0.0 0.0 0.5

Thorax 1.2 11.0 11.0 1.5 0.0 8.8 6.4 0.2 15.4

Ribcage 0.7 8.8 9.1 1.0 0.0 5.9 6.1 0.2 12.3

Heart and great vessel structure 0.2 2.2 2.0 0.0 0.0 2.0 0.2 0.0 2.2

Heart and great vessel function 0.0 0.0 0.0 0.2 0.0 0.2 0.0 0.0 0.2

Lungs 0.2 0.0 0.0 0.2 0.0 0.7 0.0 0.0 0.7

Abdomen 0.2 1.7 2.0 2.7 1.0 3.7 2.2 0.0 5.9

Solid organs 0.0 0.7 0.7 1.5 0.5 2.5 0.2 0.0 2.7

Hollow organs 0.0 0.5 0.5 0.2 0.0 0.5 0.2 0.0 0.7

Solid and hollow organs 0.2 0.5 0.7 1.0 0.0 0.2 1.7 0.0 2.0

Natal tissue 0.0 0.0 0.0 0.0 0.5 0.5 0.0 0.0 0.5

Pelvis 0.5 5.4 6.4 0.2 0.2 4.7 2.0 0.5 7.1

Upper extremities 1.0 12.3 15.4 0.2 2.2 13.0 6.1 0.0 19.1

Clavicle 0.0 0.5 0.5 0.0 0.0 0.5 0.0 0.0 0.5

Humerus 0.0 1.0 1.2 0.2 0.2 1.5 0.2 0.0 1.7

Other long bones 0.5 3.9 5.6 0.0 1.0 3.2 4.2 0.0 7.4

Hand and fingers 0.0 0.5 0.5 0.0 0.7 1.0 0.2 0.0 1.2

Joints 0.5 6.4 7.6 0.0 0.2 6.9 1.5 0.0 8.3

Lower extremities 0.2 10.5 10.8 0.0 1.7 6.1 4.7 2.7 13.5

Femur 0.0 2.7 3.2 0.0 0.5 2.7 0.5 0.5 3.7

Other long bones 0.0 1.2 1.2 0.0 0.2 0.7 0.7 0.2 1.7

Joints 0.2 6.6 6.4 0.0 1.0 2.7 3.4 2.0 8.1

Sensory organs 0.2 0.5 0.5 0.7 1.5 2.2 0.7 0.0 2.9

Skin 0.2 0.2 0.2 0.2 0.2 0.7 0.2 0.0 1.0

Eye 0.0 0.2 0.2 0.5 1.2 1.5 0.5 0.0 2.0

Neck (non-spinal) 0.0 0.2 0.2 0.0 0.0 0.0 0.2 0.0 0.2

Total 9.8 59.8 59.6 15.7 10.3 65.0 31.6 3.4 100.0

a Body regions shown in bold.
b Some studies spanned multiple age categories.
c Animal studies not targeting a specific age range.
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used to study soft tissue or physiological injuries such as brain

injury (42% of the animal studies), abdominal injury (17%), spinal

cord injury (8%), and heart or lung injury (1.5%). Living human

models were used predominantly in non-injurious studies of

spinal mechanics (68% of living human studies), or observational

studies of concussion in athletes (10%). Most of the studies (66% of

all papers) were applicable to either gender, either through the use

of both male and female human subjects or through the use of

animal models. Thirteen percent used male subjects only, and 6%

used female subjects only (gender information was missing from

the remainder). Sixty percent of the studies used subjects in the

age range 23–65, and 60% used subjects over the age of 65. Ten

percent used subjects representing the 0–22 year age range.

Most of the studies (65%) were generally applicable, providing

tolerance information that was not specific to a particular injury

causation scenario. Thirty-two percent specifically targeted

loading scenarios experienced by automobile occupants in

collisions. Only 3% specifically targeted the loading scenario of a

pedestrian being struck by a vehicle.

Table 5 presents the distribution of injured body regions among

road traffic accident deaths, hospitalizations, and emergency ward

visits identified by the 1st global burden of disease study (Murray

and Lopez, 1996). Those results have been aggregated to allow

comparison with the body region categories and age groups used in

the current study. The head was the most injured region in the

youngest (age 0–14) and middle (15–59) age groups. The head

accounted for 48% of injuries among the youngest age group, with

this proportion decreasing with increasing age. Compared to the

youngest and middle age groups, the oldest age group exhibited a

greater relative frequency of spinal, thoracic, pelvic, and lower

extremity injuries, with the lower extremity (30%) surpassing the

head (28%) as the most frequently injured body region.

4. Discussion

In this study, we have summarized 20 years of injury tolerance

research as applied to the prediction and prevention of automotive

injuries. The volume of original research represents a substantial

increase from the (approximately) 145 injury biomechanics

publications reviewed by Viano et al. (1989). While some of the

knowledge deficiencies noted by Viano et al. (1989) have been

addressed in the intervening years, several areas of injury

tolerance remain understudied. Demographic and road use

changes in the last 20 years have also prompted new priorities

and challenges not envisaged by the previous review. In the

sections below we discuss some of the areas in which success has

been gained in injury tolerance research in addition to areas where

more work is needed, and how this research relates to the injury

prevention priorities observed in the epidemiologic data.

4.1. Head injury

The head remains the most frequently injured body region

resulting in death or hospitalization in motor-vehicle collisions in

the field (Table 5). Unfortunately, significant challenges remain in

understanding the sources and tolerances of physiological head

injury. As noted by Viano et al. (1989), the tolerance of gross

skull fracture has been relatively well established. Conversely,

Viano et al. (1989) highlighted physiological head injury as an

area for which little or no knowledge was available. As a result,

substantial research in the last 20 years has focused on brain

injury, including 52% of the head injury papers reviewed here.

Most of those (33% of the head studies) investigated brain injury

following controlled impact in animal models, identified either

through functional or histological changes. Fourteen percent of

the head papers studied the response of neural cell cultures

(mostly from animal sources) to mechanical loading such as

stretching (Bottlang et al., 2007; Cater et al., 2006; Elkin and

Morrison, 2007; Geddes and Cargill, 2001; Geddes-Klein et al.,

2006; LaPlaca et al., 2005; Morrison et al., 2000, 2003; Smith

et al., 1999). A further 3% of the head papers studied concussive

injury in American football players resulting from impacts in real

game play (Duma et al., 2005; Zhang et al., 2004). These research

trends are encouraging given the previous lack of information on

functional brain injury (Viano et al., 1989), and given the enduring

presence of functional brain injury in the field (Tagliaferri et al.,

2009). The next challenge lies in interpreting the knowledge

gained from animal, cell-culture, and observational sports studies

to develop injury prediction and prevention techniques in

humans in injury causation environments in the field. Computa-

tional modeling techniques may provide the bridge in this effort

(Zhang et al., 2004; Ueno et al., 1995; Huang et al., 2000;

Cavanaugh et al., 1993; Bain et al., 2003; Zhang et al., 2001a,b,

2002; Takhounts et al., 2003, 2008), with the available studies

providing input and validation information for tissue-level injury

prediction with those models.

4.2. Spinal injury

The spine was the most commonly studied body region in the

papers reviewed. The majority of those (59% of the spine studies)

investigated the mechanics of the cervical spine. This focus is likely

due to a combination of the grave sequelae often associated with

severe cervical spine injury, and the high frequency of lower-

severity cervical spine injury (e.g., “Whiplash Associated Disorder”,

WAD (Siegmund et al., 2009)) reported in some countries. In

contrast to the GBD data (Table 5) (Murray and Lopez, 1996), WAD-

type neck sprains are the most common automobile-related

injuries treated in hospital emergency rooms in the U.S. (Quinlan

et al., 2004). Because WAD symptoms are often not associated with

acute fracture or dislocation, it has been uniquely difficult to

determine both the anatomical source of the pain, and the physical

mechanisms of the injury in collisions. The WAD-type studies

reviewed here focused on either characterizing the kinematics (the

motion of the anatomical structures) of the spine during a low-

speed rear impact, or focused on determining potential anatomical

sources of pain associated with WAD. As with brain injury, the next

challenge lies with combining available knowledge on spine

kinematics with the knowledge on the anatomical and physiologi-

cal sources of injury to facilitate the prediction and prevention of

injury in the field.

Table 5

Percent distributions of road traffic accident deaths, hospitalizations, and

emergency ward visits by age. (adapted from Table 4.3 of the 1st global burden

of disease study of the World Health Organization (Murray and Lopez, 1996)a.

Age

0–14 15–59 60+

Head 48.0 36.1 27.6

Spine 0.9 6.6 6.1

Thorax 0.2 2.7 8.1

Pelvis 0.7 2.3 3.9

Upper extremities 15.0 11.1 10.6

Lower extremities 15.3 18.8 29.9

Sensory organs 0.1 0.2 0.1

Otherb 20.0 22.3 14.0

Total 100.0 100.0 100.0

a The age and injury category groups were aggregated into categories most

closely analogous to those used in the current study (Tables 2 and 4).
b Injury type definitions that could not be aggregated into one of the body region

definitions used in the current study. This includes, but is not limited to, non-spinal

neck injuries, pelvis injuries, and abdominal injuries.
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Spinal cord injuries, although relatively rare, are of concern due

to the severe long-term neurological deficits that can occur.

Unfortunately, both Viano et al. (1989) and the current review

found information on spinal cord injury tolerance lacking. As with

other physiological central nervous system injuries, this lack of

information is likely due to a lack of a convenient model for study.

Future efforts should include expanding this knowledge base, as

well as developing methods to translate the knowledge gained

with animal models to the prediction of injury in humans.

Only 8% of the spine papers studied the structure of the lumbar

or thoracic spines. While this may be consistent with the relative

frequency of injuries among automobile occupants (Hassan et al.,

1996; Yoganandan et al., 1989), thoracic and lumbar spine injuries

represent relatively common injuries among other road users (e.g.,

motorcyclists (Robertson et al., 2002)). As efforts to protect

different types of road users progress, it will become necessary to

refine our knowledge of the tolerance and consequences of injury

to these regions.

4.3. Upper extremities

Consistent with their high frequency in the field, the upper

extremities were one of the most studied body regions in the

papers reviewed. This represents an addition to the previous state

of knowledge, as the upper extremities were not even included as a

distinct body region of interest in the previous review (Viano et al.,

1989). This research focus appears to have resulted from two

concerns: study of upper extremity interactions with deploying

airbags; and increased study of injury tolerances in side-impact

collisions. Twenty-nine percent of the upper-extremity studies

investigated the bending tolerance of the forearm, largely drawing

from efforts to avoid injury to the forearm from close-proximity

deployment of airbags. Thirty percent of the upper extremity

papers focused on the shoulder joint, intending to simulate

shoulder loading during a side-impact automobile collision. While

injury to the shoulder may not necessarily be life-threatening,

recent studies have indicated that structural failure of the shoulder

in side impacts can lead to increased injury risk to the thorax (Subit

et al., 2010). The shoulder has traditionally served as a target for

occupant loading in a side collision (considered stronger than the

other body structures), but efforts to increase the loading borne by

the shoulder must be balanced with its failure tolerance. Future

efforts should include refining our understanding of shoulder and

clavicle tolerances under various loading scenarios, especially as a

function of increased fragility with age.

4.4. Lower extremities

Also consistent with their frequency in the field, a substantial

number (14%) of the reviewed papers studied the injury tolerance

of the lower extremities. As information on knee, ankle, and hip

injuries were previously lacking (Viano et al., 1989), most of the

lower extremity papers (61%) concerned joint injuries. Around half

of those (28% of the lower extremity papers) studied injury to the

ankle or the foot/ankle complex (Funk et al., 2002; Yoganandan

et al., 1997; Parenteau et al., 1998; Rudd et al., 2004; McKay and Bir,

2009), and around half (30%) studied injury to the knee (Bose et al.,

2008; Jones et al., 1995; Atkinson and Haut, 1995, 2001;

Balasubramanian et al., 2004). Most of the foot/ankle papers

studied loading conditions similar to what would occur in the hind

foot and ankle of a person in a frontal car crash, either under axial

compression of the ankle or under forced dorsiflexion. While such

injuries are not necessarily life-threatening, they are considered an

important source of long-term disability following collisions

(MacKenzie et al., 2002).

Due to the use of cadaver models, few studies considered the

effects of active musculature on lower extremity injury tolerances

(Soni et al., 2010). While it may be difficult to investigate

experimentally, it may be possible to explore the effects of active

musculature using computer models (Chang et al., 2008).

4.5. Abdominal injury

The study of abdominal injury tolerance has been hampered by

limitations of the cadaver model for studying soft tissue injury.

While cadaveric tissue can be readily used to study fracture

tolerance in bone, post-mortem autolysis quickly degrades the

abdominal viscera. Lack of circulation also limits the study of

visceral contusions and small lacerations that are identified by

bleeding. Most of the abdomen studies (63%) used animal models

to bypass these limitations. While providing valuable information,

those studies were also limited by anatomical differences between

humans and the animal models used. Future efforts should include

translational research to apply the results of animal studies and in

vitro experiments to the prediction of injury in the field.

A limited number of studies investigated the failure tolerance

of post-delivery, extra-fetal natal tissue (the chorioamnion

(Pressman et al., 2002) and the fetal membrane (Oyen et al.,

2004)). Motor vehicle collisions are the leading cause of traumatic

fetal death (Weiss et al., 2001; Weiss, 2001). Despite this, there

remains little information on the mechanisms or tolerances to

injury among pregnant women. Again, this is largely due to a lack

of an appropriate model for the study of maternal and natal

injury. The existing studies are a first-step in this effort, but more

knowledge is needed regarding the specific biomechanics related

to fetal injury or death (for example, from placental abruption).

The largest challenge will come in combining observations from

individual tissues to gain insight into the protection of the

pregnant abdomen as a whole. As with functional brain injury,

computer modeling may ultimately serve as the bridge in this

effort.

4.6. Pelvis injury

Seven percent of the papers reviewed studied the injury

tolerance of the pelvis. Most of those studied lateral impacts of the

pelvis (Beason et al., 2003; Dakin et al., 2001; Etheridge et al., 2005;

Leport et al., 2007), applicable either to vehicle occupants in side-

impact automobile collisions, or pedestrians struck by a vehicle

from the side. A limited number of papers studied frontal impacts

to the pelvis (Salzar et al., 2006; Uriot et al., 2006), or the fracture

tolerance of the acetabulum resulting from an impact to the knee

(Rupp et al., 2002, 2003; Yoganandan et al., 2001). Absent from

those papers is a study of the tolerance of the pelvis to loading by a

lap belt (in a normal geometry) in a frontal impact automobile

collision. The pelvis has long been regarded by automobile

restraint designers as a relatively strong structure that can serve

as a target for applying restraining force to the body. The use of lap-

belt pretensioners (devices that increase the tension in the lap-belt

at the initiation of a collision) (Walz, 2004) may increase the

amount of restraining force applied to the pelvis. Without

understanding the tolerance of the pelvis to lap-belt loading,

new injury patterns could emerge as new restraint designs are

implemented in the field.

4.7. Gender

The majority of the studies were applicable to either gender. Of

the studies that were gender-specific, 69% were specific to males

and 31% (including the studies of natal tissue) were specific to

females. This is consistent with the gender-distribution in the field
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– approximately 68% of fatally injured and 61% of hospitalized

traffic-injury victims in the U.S. are male (Finkelstein et al., 2006).

For most of the male-specific studies, it is unknown if that gender

was targeted specifically or if the disparity resulted from

limitations in the subject pool. In contrast, most (65%) of the

female-specific studies either targeted females as the study group,

or performed tests on female-specific tissue (i.e., natal tissue). This

represents a significant addition to the previous literature – Viano

et al. (1989) noted that knowledge on injury tolerances specific to

females were practically non-existent prior to 1989. While it may

not be necessary to discern male and female-specific injury

tolerances for all body regions, it would be wise to continue

considering gender as a potential confounding factor when

studying age-related skeletal injury tolerances given differences

in the onset and progression of osteoporosis (Melton et al., 1997),

and potential effects of differences in musculature and

anthropometry.

4.8. Age

As our knowledge of injury biomechanics becomes more

refined, increasing attention is paid to injury tolerance as a

function of age. Aging has profound effects on the morphology,

geometry, and mechanics of tissues, from tissue growth and

skeletal ossification in childhood and adolescence through

osteoporosis and bone loss with advanced age. As a result, many

recent efforts have focused on differentiating injury tolerances

based on age to identify specialized injury prevention strategies.

These differentiation efforts have focused on two distinct age

groups – the elderly and children.

Several recent studies have investigated the effects of advanced

age on injury tolerances. Those have largely focused on the chest

and ribcage (Kent et al., 2005a; Kent and Patrie, 2005; Laituri et al.,

2005), driven by the age-related shift toward serious chest injury

in automobile collisions in the field (Table 5) (Kent et al., 2005b). As

shown in Table 4, there appears to be a wealth of information on

the injury tolerance of elderly tissue for almost every body region.

Due to the reliance on cadaver models, 80% of the studies with age

information available (excluding those with generally-applicable

animal models) included experiments with subjects or tissue over

the age of 65. As a result, our general knowledge of skeletal injury

tolerances includes – and may be skewed toward – the elderly.

Despite this tendency toward the study of elderly subjects,

many injury biomechanics studies specifically screen their

subjects for age-related pathologies such as osteoporosis in an

attempt to produce results more representative of the general

population. As a result, many such studies may exclude the effects

of common pathologies that may affect injury risk in advanced age.

In addition, there remains a dearth of information on injury

tolerances of younger populations, especially pediatric subjects. Of

the studies with age information available, only 13% performed

experiments with subjects under the age of twenty three. Only 5%

specifically targeted the pediatric population. As with other

limitations observed in this review, this is largely due to a lack

of appropriate models to study pediatric injury. Pediatric cadaver

studies are limited due to a rarity of donated tissue, and may be

confounded by a general reluctance to pursue this line of research.

Such studies do exist (Ouyang et al., 2006; Benz et al., 1992; Kent

et al., 2009; Coats and Margulies, 2006; Holck, 2005), but are often

limited to a very small sample size – sometimes including only a

single subject (Kent et al., 2009). As a result, novel solutions are

needed for the study of pediatric injury tolerances for all of the

body regions, even the structures that can be readily studied with

cadaver models in adults. Some success has been achieved with

age-specific animal models to study abdominal tolerance to lap

belt loading (Kent et al., 2008), skull fracture (Margulies and

Thibault, 2000), and traumatic brain injury (Raghupathi and

Margulies, 2002). Some success has also been achieved through

observational studies with pediatric subjects – for example,

an observational study of chest loading during clinical

cardio-pulmonary resuscitation of pediatric patients (Arbogast

et al., 2006). Improving our knowledge will require continuing

experimental studies with all available models. This should

be augmented by an improved understanding of the basic

principles of injury biomechanics (i.e., material-level failure

mechanics), how those characteristics change with age, and the

development of improved translational models to predict injury

based on those fundamental principles.

4.9. Road-user specificity

A majority of the studies (64%) resulted in injury tolerance

information that was generally applicable, not specific to a

particular injury-causation scenario. Thirty-two percent studied

injury tolerances in scenarios specific to automobile occupants

involved in collisions. Of those, most (approximately 66% of the

occupant-specific studies) studied injury tolerances in simulated

frontal-impact collisions. Eighteen percent studied side-impact

collisions, and 16% studied rear-impact collisions. None of the

studies investigated injury tolerances specifically in rollover

scenarios, likely due to the difficulty of reproducing rollover

collisions in a controlled laboratory environment. As rollovers

account for up to 25% of passenger vehicle deaths in the U.S.

(Brumbelow et al., 2009), injury tolerances and mechanisms in the

rollover environment represent a topic for future study.

Only 3% of the studies specifically targeted the scenario of a

pedestrian struck by a vehicle. No studies (to the authors’

knowledge) specifically investigated injury tolerances character-

istic to either powered-two-wheeler users (PTW; motorcycles,

mopeds, and scooters), or bicycle riders struck by vehicles.

Together, pedestrians, PTW users, and bicyclists represent a

category known as “vulnerable road users”. Vulnerable road users

represent a significant road safety problem, accounting for

approximately half of road traffic fatalities worldwide

(WHO, 2009). This is likely to worsen, given trends toward

increasing PTW sales in both high-income and low-income

countries (Segui-Gomez and Lopez-Valdes, 2007; Iyer and Badami,

2007). Despite technological challenges, substantial engineering

research has concerned developing countermeasures to protect

vulnerable road users. This has included altering the external of

vehicles to protect pedestrians (Crandall et al., 2002), and

improved roadside barriers to protect PTW users (Peldschus

et al., 2007). Such efforts have been limited, however, by a lack of

knowledge on injury tolerances characteristic to vulnerable road

user collision scenarios (Peldschus et al., 2007; Kerrigan et al.,

2008). Continuing improvement of vulnerable road user safety

will require epidemiologic study to identify where additional

technological interventions are possible, combined with injury

tolerance research to identify design targets for those scenarios.

4.10. Limitations and future work

This study sought to provide a systematic review of experi-

mental studies relating to injury tolerance research published from

1990–2009 compared to the previous state of knowledge and to

injury characteristics observed in the epidemiologic data. Some

limitations arise from the inclusion/exclusion criteria of this study.

First, for practical purposes this study was limited to publications

written in English. Some papers likely exist in other languages

native to countries with an automobile safety research presence

(e.g., Japan, Germany, France). Second, this study was limited to

publications included in a specific in-house reference index,
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treated as a random sample of papers available in the field. There is

no evidence to suggest that there is any selection bias in this index

that would have affected the outcome of this study, although it is

conceivable that some unknown selection bias may exist.

This study was also limited to papers that included new

experimental data on injury tolerances using biological models.

This represents a small portion of the injury biomechanics and

automotive safety research field, which also includes efforts to

predict injury with artificial models (either physical models or

computer simulations), and studies into the sub-failure mechani-

cal properties of biological tissues. As a result, this study is not

necessarily representative of the total research effort in injury

biomechanics and automobile safety, but instead represents the

field’s achievements and limitations in experimental injury

tolerance research. Future work should include an examination

of the injury biomechanics field as a whole to identify research

priorities and opportunities for improvement.

While information is available for some individual countries or

collision scenarios, it is difficult to ascertain global injury distribu-

tions and research priorities in motor vehicle safety. The GBD data

referenced here represent the broadest and most international work

to date, but are limited in the time-period covered, the countries

covered, and the specificity of the information available (in both

gender and road-user type). It is anticipated that current, ongoing

efforts will provide a more precise description of the world-wide

injury distributions in the near future (Bhalla, 2011). Even with

improved injury frequency information, however, determining

research priorities is not necessarily clear. Metrics such as injury

severity, risk of death, long-term disability, DALYs lost, and economic

burden may be also considered.

In addition, injury biomechanics research priorities are usually

focused on areas for which an engineering solution is indicated. A

subset of the injuries occurring in the field (either by population,

road user type, or collision type) may be best addressed through

alternative means such as education, infrastructure, or policy. Even

in such cases, however, limitations in the implementation

feasibility of primary prevention strategies may still lead to

opportunities for reduction in injury risk or severity through

passive protection and crashworthiness engineering. Research

priorities should also be formed in the context of new develop-

ments in safety technology. For example, technological develop-

ments such as brake assist and electronic stability control will

likely change the distribution of collisions and injuries in the field –

reshaping the passive protection goals of future researchers.

Further advances in vehicle autonomy will likely bring on new

challenges (such as automated decision making for injury risk

minimization, or automatic injury risk assessment for the direction

of emergency response) which may require an increasingly precise

understanding of injury tolerances for the prediction of risk for

specific occupant demographics in diverse collision scenarios.

Research trends may also be influenced (intentionally or

otherwise) by geographic factors. Although not specifically

tabulated in this study, the selection criteria of English as the

publication language likely limited the observance of research

performed in countries where English is not the primary language

of technical publication. Future work should include an examina-

tion research performed in developing countries and countries

where English is not the primary language of technical publication,

as well as an examination of the origin and evolution of

research priorities in those countries to identify new high-impact

opportunities for study and intervention.

Finally, the analysis presented here is a general overview of the

efforts of the field in the last twenty years, as reflected in the

publication record. It is beyond the scope of this manuscript to

comment on the quality of the research performed, or on the

accuracy or precision of the knowledge gained in those studies.

Examining the specific knowledge gained – including the specific

injury tolerances and the fields needing improvement – requires

careful, in-depth study of the papers related to one’s topic of

interest. It is the authors’ intention that this study serves as a

spring board for future discussions, and for in-depth study of the

topics (body regions, injury types, afflicted populations, and injury

causation scenarios) for which limited knowledge is available.

5. Conclusions

Unintentional injuries resulting from automobile collisions are a

significant threat to public health world-wide. Reducing these

injuries requires complementary, coordinated efforts in injury

epidemiology and injury tolerance research. Evidence on the burden

of injuries should be contrasted with fundamental biomechanics

knowledge to set priorities for intervention design, policy

implementation, and for the prioritization of future research.

The past 20 years have seen considerable advances in injury

tolerance research. Since 1989, substantial knowledge has been

gained regarding the injury tolerances of the upper extremity, the

joints and long-bones of the lower extremity, the face and eyes, the

thorax, the abdomen, and the structure of the spine. Considerable

research has also investigated differential injury tolerances with

advanced age, and some effort has focused on identifying injury

tolerances specific to females.

There remain, however, considerable gaps in knowledge – most

resulting from experimental difficulties and limitations of the

models available for study. Because of a reliance on cadaver

models, most research has involved studying the injury tolerance

of the skeletal system, including studies of almost every bone in

the body. Unfortunately, cadavers are limited in their ability to

model soft-tissue and physiological injury. Some recent inves-

tigations using animal models, cell cultures, and observational

studies in humans have each provided valuable information on

different aspects of central nervous system and soft-tissue injury.

In addition to continuing to identify novel models for studying

physiological injury, future efforts should include translational

research to apply those findings to the prediction and prevention of

physiological injury in humans – likely with the aid of computer

models.

In contrast to middle-age and elderly adults, information on

injury tolerance among the young adult and pediatric populations

is severely lacking. Like with physiological injury, this is largely due

to a lack of models for study. Future efforts should include

identifying appropriate models (and translational methods) for the

study of pediatric injury biomechanics, and maximizing the

information gained from the limited pediatric tissue donation

resources that are available.

Finally, while most of the reviewed studies resulted in

fundamental injury tolerance information that was generally

applicable, several studies did investigate scenarios specific to an

automobile occupant involved in a collision. Those studies

investigated injury tolerances in frontal, lateral, and rear-impact

collisions. Given their prevalence in the field, future efforts should

include exploring injury mechanisms and tolerances in vehicle

rollover scenarios, and improving our understanding of tolerances

and protection of vulnerable road users.
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