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Abstract

:

Injury claims associated with minimal damage rear impact traffic crashes are often defended using a “biomechanical approach,” in which the occupant forces of the crash are compared to the forces of activities of daily living (ADLs), resulting in the conclusion that the risk of injury from the crash is the same as for ADLs. The purpose of the present investigation is to evaluate the scientific validity of the central operating premise of the biomechanical approach to injury causation; that occupant acceleration is a scientifically valid proxy for injury risk. Data were abstracted, pooled, and compared from three categories of published literature: (1) volunteer rear impact crash testing studies, (2) ADL studies, and (3) observational studies of real-world rear impacts. We compared the occupant accelerations of minimal or no damage (i.e., 3 to 11 kph speed change or “delta V”) rear impact crash tests to the accelerations described in 6 of the most commonly reported ADLs in the reviewed studies. As a final step, the injury risk observed in real world crashes was compared to the results of the pooled crash test and ADL analyses, controlling for delta V. The results of the analyses indicated that average peak linear and angular acceleration forces observed at the head during rear impact crash tests were typically at least several times greater than average forces observed during ADLs. In contrast, the injury risk of real-world minimal damage rear impact crashes was estimated to be at least 2000 times greater than for any ADL. The results of our analysis indicate that the principle underlying the biomechanical injury causation approach, that occupant acceleration is a proxy for injury risk, is scientifically invalid. The biomechanical approach to injury causation in minimal damage crashes invariably results in the vast underestimation of the actual risk of such crashes, and should be discontinued as it is a scientifically invalid practice.
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1. Introduction


Traffic injury claims after minimal damage crashes make up a substantial portion of civil litigation. A major point of contention in such litigation is injury causation, with claimants most commonly relying on the opinion of a treating clinician to establish the crash as the cause of persisting injury [1]. Insurer defendants often rely on an engineering or “biomechanical approach” as a basis for denying the causal nexus between the crash and the claimed injuries [2,3]. The approach most commonly utilizes a sequential multi-step process [4]: first, the collision is reconstructed for severity, quantified by the speed change or “delta V” (ΔV) of the crash. Next, the reconstructed delta V is compared to experimental volunteer crash test studies, and the occupant accelerations from the studies (g forces, or “g’s”) are assigned to the investigated crash. Finally, the occupant forces attributed to the crash via the first two steps are compared to the forces described in studies of activities of daily living (ADLs), which allows for the conclusion that the risk of injury from the investigated crash was the same as the risk of injury from ADLs. This conclusion is presented to a judge or jury fact-finder to support the implication that the injury risk of the crash was essentially zero, based on the common experience that ADLs are benign events that virtually never cause injury. The biomechanical approach to causation allows the defendant to argue that a claimant’s clinically based determination of causation is not only incorrect, but also lacking in scientific rigor, as the clinician did not conduct a similar g force analysis demonstrating that the crash was indeed the cause of the diagnosed injuries.



By design, the defendant’s biomechanical causation approach will always result in the same conclusion; that a minimal damage crash was no more likely to cause a medically observed injury than forces encountered when walking or running, sitting down in a chair, head nodding, or by sneezing, etc. [5,6]. The conclusion is at odds with the results of large epidemiologic studies that indicate an injury rate of more than 20% in minimal and no damage crashes [7], and that such crashes result in several hundred thousand injuries diagnosed in U.S. emergency departments annually [8].



Further, the basic rationale underlying the first step of the biomechanical causation approach (reconstruction of the crash severity), which is that delta V is a reliable predictor of injury risk, has been called into question by the results of a recent longitudinal study of crash-related injuries, which reported that reconstructed crash severity is unrelated to the risk of developing chronic symptoms [9]. The findings are particularly relevant to crash injury litigation, given that it is the causation of chronic symptoms after a crash that are most likely to be disputed by an insurer, who in turn is more likely to employ a biomechanical expert to provide evidence to support the dispute [10].



The pivotal theory underlying the biomechanical causation approach, that the risk of injury in a minimal damage crash is the same as ADLs, cannot validly co-exist with the observational evidence that injuries from such crashes are relatively common, and that the most persisting injuries are unrelated to the severity of the crash. Thus, either the theory is false, or the observations reported across large populations are in error. If the theory is indeed false then it should be abandoned by medicolegal and engineering experts providing causation opinions in a legal setting, or, in the alternative, it should be uniformly labeled as unreliable and lacking in a valid scientific basis via the gatekeeper function of the courts, and thus inadmissible as evidence.



A fundamental operating premise of the biomechanical causation approach is that acceleration is a valid proxy for injury risk, and thus the evidence that the occupant acceleration of a crash is the same as the acceleration of an ADL translates to evidence that the risk of the injury from the two different events also the same.



This is a unique approach to estimating risk, and one that does not exist outside of the defense of injury litigation. Injury risk is defined as the probability that an injury will occur given a harmful exposure. Risk may be expressed as a per-exposure metric, or it may be adjusted to reflect a rate in a specified segment of the general population. As an example, the risk of an indoor fall in an elderly population has been reported as 328 per 1000 person-years, and the risk of a fracture from such a fall is 23 per 1000 person-years, based on a study of 980 Finnish subjects followed over 7 years [11]. Thus, the per-person risk of a fall in the study was 1 in 3, and the per-fall risk of a fracture was 1 in 14 (i.e., 23 per 328 falls). The risk of fall-related fracture was estimated using two critical pieces of information from the study population; the medical evidence of the injury, and the historically described circumstances in which the injury occurred. Additionally, the study population required sufficient numbers from which to infer statistically reliable estimates. The authors of the fall-related fracture study followed generally accepted epidemiologic methods for injury prevention, which begins with surveillance for occurrences of the injury [12].



In contrast with universally employed systematic approaches to the evaluation of injury risk, the biomechanical causation approach does not require, much less consider surveillance of injuries observed in populations of crash-exposed individuals. Indeed, the use of accelerations measured during ADLs as a proxy for injury risk not only allows for, but requires the circumvention of conventional epidemiologic methods for population-based risk assessment. Despite this bypassing of generally accepted scientific methods, published studies of ADL accelerations, with the express intent of providing an estimate of injury risk from traumatic events such as traffic crashes, have continued to accumulate over the past two decades. At the time of the preparation of this manuscript, there have been >30 publications describing the head accelerations of everyday activities, and more than a dozen of these have compared the results to the accelerations observed during experimental crash tests as a basis for assessing the risk of injury from real world crashes [13].



In the present study, the validity of the biomechanical approach to assessing minimal damage traffic crash injury causation is evaluated. The evaluation includes the following steps: (1) the literature describing volunteer crash tests conducted in the minimal to no damage range will be reviewed and summarized, allowing for a pooled analysis of occupant acceleration and other recorded metrics; (2) the literature describing ADL accelerations as a means of assessing crash-related injury risk will be reviewed and summarized, allowing for a pooled analysis of occupant acceleration; (3) epidemiologic studies of real world crashes occurring in the delta V range of volunteer crash tests will be reviewed and described; (4) all sources of data will be compared to assess the scientific validity of the use of acceleration as a proxy for injury risk.




2. Materials and Methods


2.1. Volunteer Crash Test Literature Review


The literature was searched for studies from the volunteer crash test literature that described rear impact crash tests of human volunteers. Studies included for analysis had the following characteristics: (1) they reported the delta V of the test (which was ≥3.2 km/h to exclude studies of “perturbations” rather than impacts); (2) included adults ≥18 years of age; and (3) provided information on individual crash tests, as opposed to aggregate reporting. Initially, studies were accessed from the personal libraries of the authors with prior publications regarding crash testing reviews and research publications on the topic (LN, AC, and MF) [14,15]. Next, PubMed and Google Scholar were searched for additional papers that described either rear impact crash testing of live human volunteers or reviews of such studies, and then the reference lists from the papers were examined for studies that were not discovered in the initial search. Proceedings of international car crash conferences were also searched for papers that were overlooked by the first 3 strategies, including the International Research Council on Biomechanics of Injury (IRCOBI), Society of Automotive Engineers (SAE), Association for the Advancement of Automotive Medicine (AAAM), and Enhanced Safety of Vehicles (ESV).



Studies were included for comprehensive review if they described either full scale crash testing (i.e., vehicle to vehicle) or sled testing that utilized a car seat, or bumper car impacts. The studies were initially identified as fulfilling the inclusion criteria by 3 authors (LN, AC, MF), then the data from the individual crash tests were abstracted and tabulated by two authors (LN, PN).



Data abstracted for each individually reported crash test included the following volunteer variables: age, gender, height, ethics approval/formal volunteer consent, state of preparedness for crash (braced/not braced). The presence of post-crash symptoms was coded as yes/no, with “yes” referring to any degree or duration of symptoms developed after the test. The highest single recorded or calculated peak head acceleration was determined for each test, regardless of vector (i.e., backwards or forwards, single or multiple [resultant]), or accelerometer arrangement (i.e., uniaxial vs. triaxial, located in a bite-block, head strap, or helmet) as well as for rearward and forward directions, reported in gravitational force equivalent (g force), with 1 g being equal to the force of the earth’s gravity (9.8 m/s2). Acceleration at T1 and L5 was also reported using g’s. The highest recorded angular head acceleration was determined for each test, and reported in rad/s2. Neck Injury Criterion (NIC), an index of injury risk based on the differential acceleration between the top and bottom of the cervical spine, was also recorded [16].



Abstracted information pertaining to the crash testing protocol included the type of impact apparatus (vehicle/sled/bumper car), the impact related speed change of the test vehicle (the delta V), which is defined as the maximum difference between pre and post impact speed in km/h, and the duration of the crash impulse in milliseconds (msecs).




2.2. Activities of Daily Living Literature


Studies that described linear and angular head acceleration recorded for various activities of daily living were identified from a previously published review paper by Miller et al. [13]. These authors identified the six most commonly described activities in the literature (i.e., ADLs described in more than a single paper), which consisted of walking, sitting, head nod, running, chair “plopping,” jumping down from a stair, and leaping. We abstracted the average and ranges of peak linear and angular head accelerations from the papers (95% confidence intervals could not be estimated from the grouped data), which were then put into a graphical format for comparison with the volunteer crash test data.




2.3. Observational Study of Injuries from Real-World Rear Impact Crashes


The final step of the literature review was a search for studies that provided individual subject information regarding injury from real world rear impact collisions that were reconstructed for speed change. Due to the high potential for large error rates in low-speed crash reconstruction methods [17], only papers that relied on downloaded airbag sensor (event data recorder [EDR]) information for estimating crash severity were included for review. Abstracted occupant information included presence, severity, and duration of injury. Abstracted information regarding the crash was derived from the downloaded EDR data, and included the average and peak vehicle acceleration in g’s, the duration of the crash pulse in msecs, and the delta V in km/h.



Abstracted data were put into an Excel file, and then transferred to either SPSS v26 (IBM SPSS Statistics for Windows, Version 26.0. IBM Corp., Armonk, NY, USA, or JMP 13 (JMP®, Version 13.0. SAS Institute Inc., Cary, NC, USA) for description, analysis, and graphing of crash test data and activities of daily living. Logistic regression modeling was used to examine the association in the crash testing data between delta V and peak body region acceleration or post-test symptoms, adjusting for test subject age and sex.





3. Results


3.1. Volunteer Crash Test Literature Review


Our initial literature search resulted in the identification of 60 rear impact volunteer crash test studies, 26 of which were excluded as they reported only group crash data (See Figure 1). Of the remaining 34 studies, one was excluded as the authors reported barrier equivalent velocity (BEV) rather than delta V [18]. Among the 33 remaining studies there were data from 408 individual crash tests that could be abstracted for description and analysis [16,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50]. The number of unique test subjects could not be determined from the studies, as multiple studies were performed by the same authors who also included themselves as test subjects, and most papers described two or more crash tests per subject (making the likely number of unique subjects in the included studies between 100 and 200). Approximately 5 out of 6 tests (83.3%) were performed on male subjects, and the average age, height, and weight of a test subject was 36.1 years, 174.9 cm, and 79.3 kg, respectively. There was no mention of ethical oversight and/or informed consent in approximately 1/3rd of the tests, a factor that also was significantly associated with higher average test delta V, which was 6.4 km/h across all tests. Other factors associated with higher test delta V were preparation for the impact, and the presence of symptoms after the test, which were reported after 37.5% of the crash tests (see Table 1).



We found a positive curvilinear association between delta V and peak head, T1, and L5 linear acceleration, as well as delta V and angular head acceleration, whereas the relationship between NIC and delta V was linear (Figure 2a–e). Peak head acceleration ranged broadly; as an example, at 8 km/h, average peak linear head acceleration was 7.4 g, but the lower and upper bound of the 95% predictive interval ranged from approximately 1 to 14 g, and the highest observed value was 17 g (Figure 2a). Angular head acceleration was likewise highly variable; at 8 km/h average angular acceleration was 605 rad/s2, but the lower and upper bound of the 95% predictive interval ranged from <100 to >1100 rad/s2, and the highest observed value was 1257 rad/s2 (Figure 2d). Risk of post-test symptoms was positively associated with delta V (Figure 3), and, in a multivariate logistic regression model, younger females were significantly more likely to report post-test symptoms than older male subjects at the same delta V. As an example, at the average delta V of the tests (6.4 km/h) there was a 71% probability of symptoms in a 20 year old female test subject versus a 34% risk in a 40 year old male test subject.



Average and median impact duration were 124 and 114 msec for 69 impacts, respectively. When regressed against delta V, there was a significant negative linear relationship for impact duration, and over 7 km/h the majority of impacts were less than 100 msecs (Figure 4).




3.2. Activities of Daily Living Literature


There were 7 and 4 studies describing linear and angular head accelerations, respectively, for the 6 ADLs selected for the pooled analysis [5,6,51,52,53,54,55,56]. Note: the studies were the same as those identified in the 2020 review paper by Miller et al. from which the 6 ADLs were selected [13]. A literature search revealed no additional relevant studies since the publication of this review. The mean peak linear head acceleration measurements (from 72 total subjects across 7 studies) progressively increased from walking and sitting (<1 g) to jumping from a stair and leaping (~4 g). Peak angular acceleration (from 58 subjects across 4 studies) was lowest, on average, for sitting in a chair (13.3 rad/s2) and highest for head nodding (81.7 rad/s2) (Table 2 and Figure 5a). While the “chair plop” activity averaged only 74.7 rad/s2, the activity was associated with the single highest outlier value of 649 rad/s2 (Table 3 and Figure 5b).




3.3. Observational Study of Injuries from Real-World Rear Impact Crashes


Our literature search revealed 2 non-duplicative epidemiologic studies which described a total of 114 occupants and crashes that fit the inclusion criteria, allowing for the comparison of EDR-derived crash metrics to individual medical observations of injury presence, severity, and duration [57,58]. The injuries described in the studies were confined to the neck, and for the current analysis were variously dichotomized into (1) any neck injury (Grade I-III) versus no injury (Grade 0); (2) cervical injury with radicular/disk injury symptoms (i.e., Grade III) versus all other injury severities (Grade 0-II) [59], and (3) injury lasting more than 6 months, versus all other injury durations. Binomial regression was used to model risk curves of injury severity and duration over delta V (Figure 6a–c). Delta V was positively associated with injury presence, severity, and duration, as was mean and peak acceleration, however, sex was not a significant predictor of any of the injury outcomes examined.



The crash pulse (impact) duration and average and peak vehicle acceleration obtained from the EDR downloads were fit to the delta V. Average and median crash pulse duration was 75 and 68 msecs, respectively, and there was a positive linear association between impact duration and delta V, as well as with average and peak vehicle acceleration (Figure 7a,b). NB, although data from the 2 studies included crashes up to 32 km/h, the charts were truncated to 15 km/h to more closely match the data from the volunteer crash test literature.




3.4. Comparison of ADL Accelerations and Injury Risk to Rear Impact Accelerations and Injury Risk


Based on the results of our crash test data analysis, the highest mean linear peak head acceleration observed during an 11 km/h rear impact (12 g) is approximately 3 times the magnitude of the ADL with the highest average acceleration (i.e., leaping at 4 g), and the mean angular acceleration for an 11 km/rear impact (1150 rad/s2) is approximately 13 times greater than the average angular acceleration for any of the ADLs.



No literature was found that described the injury risk from ADLs, likely because ordinary ADLs do not cause injury in healthy people, and thus the topic has previously carried no research interest. An approximate upper boundary of risk can be estimated from common experience, however. It is reasonable to estimate the general population injury risk (requiring medical evaluation) from the ordinary ADLs described in the biomechanical literature and summarized above, such as walking or sitting down, at substantially less than 1 per year. This estimate is based on the common personal experience of the authors, and the generally true assumption that people do not routinely engage in ordinary activities that carry an appreciable risk of injury. Using the less than 1 per year occurrence assumption, we can perform an informal calculation of the injury risk for 2 of the activities that are described in the literature and used for comparison to crash testing; walking and sitting. The average person takes around 3000 steps per day, and sits down and gets up approximately 10–20 times per day. Thus, the annual risk of injury from these 2 activities would range from <1 per 1,095,000 steps to as much as <1 per 3650 acts of sitting (the denominator is calculated by multiplying the daily frequency of steps or sitting by 365 days in the year).



If we use the real world 11 km/h delta V rear impact injury risk from the present study (54%) and compare it to the highest estimated ADL-related risk (<1 in 3650 [0.027%] for sitting), then even using the most conservative estimates, the crash presents a risk of injury that is at least 2000 times greater than the “high risk” ADL of sitting. This ratio likely underestimates the actual injury risk disparity between rear impacts and ADLs by a factor of at least 10 times.





4. Discussion


Our analysis demonstrates that the theoretical basis for the biomechanical injury causation approach is scientifically invalid. As described in Section 3.4 above, the theory that serves as the operating principle for the methodology, that acceleration is a proxy for injury risk in low speed or minimal damage crashes, is demonstrably false. Even at the lowest levels of impact severity in a rear impact crash, the results of both crash testing and epidemiologic data from real-world crashes indicate a substantial (i.e., >20%) risk of at least some degree of injury. In contrast, everyday activities are benign events with virtually no injury risk whatsoever. If the magnitude of the accelerations resulting from crashes and ADLs can be said to be even roughly comparable, this fact only serves as further confirmatory evidence that occupant acceleration is not a proxy for injury risk.



There is no other example in the biomedical literature in which the established injury risk of any traumatic event is overlooked in favor of a comparison between the acceleration of the event and a non-injurious activity. Although there may be multiple shared attributes of traffic crashes and some ADLs, just as there are multiple shared attributes of stepping down from a stair and falling down a stair (i.e., the travel distances are the same, gravity is 9.81 m/s2 in both scenarios), alluding to the absence of injury while ordinarily walking down stairs sheds no light on the frequency of injury from falling down stairs. The comparison is inapt and should not be made.



Low speed or minimal damage rear impact crashes can be generally categorized as collisions with a delta V of <13 km/h (8 mph), as significant vehicle damage is unusual below this speed change in bumper to bumper impacts [20]. The risk of injury from such crashes has been described in the literature as ranging variously from a low of 12% (for <8 km/h [5 mph] delta V) to 47% for an 11 km/h (7 mph) delta V [60,61].



The real-world (epidemiologic) crash injury data analyzed for the current analysis, which provides the most reliable index of medically observed injury risk matched to delta V in the general population (as opposed to symptom risk in the population of crash test volunteers), indicated a 54% risk of any cervical spine injury, a 3.6% risk of a cervical disk injury/radiculopathy, and a 6% risk of an injury persisting for more than 6 months in an 11 km/h rear impact delta V crash [57,58]. While the observational studies used for the analysis are not comprehensive, as they only describe symptoms and diagnoses relating to the cervical spine, they do provide the most reliable indication of the general population injury response to low speed rear impact crashes at a specified delta V among the reviewed data.



These findings are consistent with the findings, by multiple authors, that no and minimal damage rear impact crashes are associated with a substantial risk of injury [9,62,63]. As an example, Chapline and colleagues reported no vehicle damage in 38% and 19% of collisions in which women and men were injured, respectively [64]. Bartsch et al. reported an average reconstructed delta V of 6.5 km/h (4 mph) among 113 study subjects who were injured in rear impact collisions, a speed at which no structural vehicle damage is typically observed in crash test studies [65]. Farmer et al. reported a 21% rate of injury in rear impact crashes with less than USD 500 in damage in a study involving injury claims made in 27 states in the US [7].



As we note in the present investigation, even crash testing among prepared, healthy, and largely young male volunteers is not an injury risk-free event; the risk of symptoms (persisting from hours to days) was previously reported as ranging from 28% to 63% for 5 to 12 km/h (3 to 7.5 mph) delta V tests, respectively [66]. Our updated analysis demonstrated similar symptom rates: 30% (95% CI 25%; 36%) and 68% (95% CI 55%; 89%) for 5 and 12 km/h.



The fact that a common-sense estimate demonstrates that the injury risk of a minimal to no damage rear impact crash is at least three orders of magnitude greater than the injury risk of any ADL has not stood as a barrier to the publication of a number of studies the purport to infer the injury risk of real-world traffic crashes from study of ADL accelerations. All of these studies are connected to the litigation defense community, either by author affiliation, financial support, or both.



The first such paper was published 1994, by Allen et al. [5]. The authors attached accelerometers to a bicycle helmet, and used the device to measure the head accelerations of 8 volunteers as they engaged in benign activities such as looking to the left, coughing, hopping off a step, and plopping into a chair. The authors used horizontal (x) and vertical (z) accelerations to calculate a resultant vector of acceleration. In comparing their results to motor vehicle crashes (MVC), the authors stated “Regarding day to day events, the present study analyzed the accelerations experienced at the head in volunteers examining the level of force that could be comparable to the under 8 km/h [5 mph], low velocity, no-damage rear-end motor vehicle incident,” and concluded that “the accelerations of the ADLs appeared to be greater than those seen in the same parts of the body during some no-damage motor vehicle rear-end impacts” (emphasis added). The study was financed by the Insurance Corporation of British Columbia (ICBC), for whom the first author provided expert testimony in court cases involving injury claims following low speed crashes [67].



In 2006, a study by Vijayakumar and colleagues compared the accelerations of volunteers exposed to low velocity (2.4 to 3.7 mph delta V) bumper car amusement park ride impacts to the accelerations measured on volunteers participating in various “vigorous” activities of daily living including hopping, skipping rope, falling into a chair, and running with an abrupt stop [68]. The peak resultant linear head accelerations reported for the 9 volunteers ranged from 2.8 to 9.9 g. The study was authored by employees of, and financed by a company that provides biomechanical causation analysis for insurer defendants in traffic crash injury litigation, Exponent, Inc.



Funk and colleagues from Biodynamic Research Corporation, another company that provides biomechanical causation analysis, published similar studies in 2007 and 2011, in which they compared rear impact collisions to what they claimed were “biomechanically similar” and “benign” daily activities [6,69]. The activities included head shaking, “plopping” down in a rigid seat, sustaining a vertical drop while seated (termed a “chair tip”), striking the forehead with the hand at 2.2 to 4.5 m/s, and an 8.5 and 11.5 m/s soccer ball impact to the head, i.a. The authors claimed that, “Several test scenarios in this study induced neck loading that was similar to a low speed (<10 km/h delta-V) [6.2 mph] automotive rear impact in both magnitude and direction.”



In a 2010 conference paper financed by Exponent Inc., Bussone and Duma described head angular acceleration of 18 volunteers engaging in a variety of daily activities, including plopping into a chair, head bobbing, looking quickly to the left, walking at a speed of 1.3 m/s, running at a speed of 2.7 m/s, performing maximum vertical leaps, and jumping off of a 20 cm high step, among others. The stated purpose of the study was to establish the “upper level of known non-injurious loading” at which a concussion would not occur, concluding that a “healthy adult” can be reasonably expected to sustain up to 931 rad/s2 of angular acceleration without risk of injury [56].



Most recently (2018), Cormier and colleagues (all employees of Biodynamic Research Corporation), described a review of crash testing literature and an analysis of national crash injury data pertaining to rear impact crashes, noting that the latter indicated a 12% and 22% rate of cervical spine injury at <8 km/h and 8–16 km/h, respectively [60]. Despite this finding, the authors discussed the similarity between the forces of ADLs and the crashes, and concluded that an 18 km/h rear impact crash test is a safe event. These results were later described as “meaningless” in a subsequent study, as the cited national crash injury database analysis consisted of a sample of an average of 1.3 crashes occurring at <8 km/h per year in the United States, which represented fewer than 1 in 100,000 of the annual injuries from similar crashes [8]. Even if the 12% to 22% injury rate were accurate, however, an event that results in a visit to a hospital emergency department in as many as 1 in 5 occurrences cannot be logically compared to any non-injurious activity of daily living.



It is worthwhile noting that while no significant (i.e., spinal disk or fracture) injuries were reported in the reviewed volunteer crash test studies, the rate of symptoms after testing is remarkably high. It is well established that experimental crash tests, as well as the volunteers who agree to be subjected to them, are sufficiently dissimilar to the circumstances and occupants of real-world crashes such that the injury risk of the latter cannot be inferred from the former [70,71]. While it is reasonable that crash testing of volunteers can be conducted in a manner that minimizes injury risk, and that at relatively low crash severities (i.e., <8 km/h delta V) the risk of significant injury to a prepared and healthy volunteer is quite low, it is also notable that the risk of chronic (i.e., >6 months) and significant (i.e., spinal disk/radiculopathy) injury at the same delta V in a real world crash is 3.3% (1 in 30) and 2.4% (1 in 42), respectively, based on the results of the current investigation. It is reasonable to postulate that it is only matter of time before a volunteer is significantly injured in a rear impact crash test, and this very real possibility should be a factor in any Institutional Review Board assessment of a proposed crash test study involving live human volunteers.




5. Conclusions


Our results indicate that there is enormous disparity between the risk of injury from ADLs and minimal damage crashes, and that the former cannot be used as a proxy for the latter. While the upper bound of the peak head accelerations observed for some ADLs overlap with the lower bound of peak head accelerations observed in some no damage rear impact crash tests, the risk of injury from most minimal damage crashes (at least 20%) is thousands of times greater than for any ADL. These results demonstrate that the biomechanical approach utilized in the legal defense of injury claims, in which the injury risk of a minimal damage rear impact crash is deemed comparable to the injury risk of ADLs, is an invalid method for evaluating injury causation. The approach should be discontinued, or in the alternative, ruled inadmissible by courts as its use results in unreliable expert testimony.
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Figure 1. Identification and selection of articles describing rear-impact adult volunteer crash testing. 
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Figure 2. (a) (upper row left): Peak head acceleration (g) vs. delta V (km/h) for 126 crash tests. (b) (upper row right): Peak thoracic acceleration (g) vs. delta V (km/h) for 97 crash tests. (c) (middle row left): Peak L5 acceleration (g) vs. delta V (km/h) for 39 crash tests. (d) (middle row right): Angular head acceleration (rad/s2) vs. delta V (km/h) for 53 crash test subjects. (e) (lowest row): Neck Injury Criterion (NIC) vs. delta V (km/h) for 53 crash test subjects. T1: 1st thoracic vertebra. L5: 5th lumbar vertebra; NIC: Neck Injury Criterion. The dots in the charts indicate individual tests results, and the shaded area is the 95% predictive interval. 
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Figure 3. Risk of post-test symptoms for 381 crash tests. 
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Figure 4. Impact duration (msec) vs. delta V (km/h) for 69 crash tests. 
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Figure 5. (a): Mean and range of peak linear head acceleration (g) measured for 6 ADLs. ADL: activities of daily living; Avg: average linear head acceleration in g. The vertical line illustrates the range of values for each ADL. (b) Mean and range of peak angular head acceleration (rad/s2) for 6 selected ADLs. ADL: activities of daily living; Avg: average peak angular acceleration in rad/s2. The vertical line illustrates the range of values for each ADL. 
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Figure 6. (a) Binomial fit of risk of any cervical spine injury vs. delta V (km/h) for 113 patients. (b) Binomial fit of risk of cervical disk/radiculopathy diagnosis vs. delta V (km/h) for 113 patients. (c) Binomial fit of risk of cervical spine injury lasting >6 months vs. delta V (km/h) for 114 patients. 
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Figure 7. (a) Impact duration (msec) vs. delta V (km/h) for 94 real world crashes. (b) mean acceleration (g) vs. delta V (km/h) for 114 real world crashes. 
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Table 1. Subject demographics and crash test characteristics, vs. test delta V.
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	Crash Test Variable
	n (%)
	Mean Delta V, (95% CI) [km/h]





	Gender, total
	407
	p = 0.70



	Female
	68 (16.7)
	6.3 (5.7–6.9)



	Male
	339 (83.3)
	6.8 (6.3–7.2)



	Ethics/Consent, total
	380
	p < 0.001



	Yes
	248 (65.3)
	6.2 (5.7–6.6)



	No
	132 (34.7)
	6.6 (6.3–6.9)



	Subject state, total
	298
	p = 0.002



	Prepared
	108 (36.2)
	7.1 (6.7–7.4)



	Unprepared
	190 (63.8)
	6.5 (6.1–6.9)



	Post-test symptoms reported, total
	384
	p < 0.001



	Yes
	144 (37.5)
	7.2 (6.7–7.6)



	No
	240 (62.5)
	6.0 (5.7–6.3)



	Vehicle Type Total
	407
	p < 0.001



	Vehicle
	272 (66.8)
	6.8 (6.5–7.1)



	Sled
	127 (31.2)
	5.5 (5.3–5.8)



	Bumper Car
	8 (2.0)
	7.0 (6.5–7.6)



	Crash Test Subjects
	n
	Mean (SD)



	Age (years)
	331
	36.1 (10.7)



	Height (cm)
	275
	174.9 (9.9)



	Weight (Kg)
	275
	79.3 (17.6)



	Delta V (km/h)
	408
	6.4 (2.3)



	Highest measured acceleration of head (g)
	129
	5.9 (4.5)



	Acceleration at head forward (g)
	80
	4.1 (3.8)



	Acceleration at head rearward (g)
	66
	−2.2 (1.4)



	Acceleration at sternum/T1 (g)
	97
	3.1 (1.2)



	Acceleration at L5 (g)
	39
	2.9 (1.5)



	Head angular acceleration (rad/s2)
	53
	−413.9 (369.2)



	Impact duration (msec)
	69
	125.6 (33.7)



	NIC Max
	51
	5.6 (2.9)







NIC: Neck Injury Criterion; T1: 1st thoracic vertebra.
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Table 2. Activities of daily living (ADL), highest head acceleration (g).
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ADL (g)

	
Allen

1994

	
Bussone

2005

	
Carriot

2014

	
Funk

2011

	
Kavanagh

2004

	
Kuo

2017

	
Ng

2006

	
Pooled

Avg (g)

	
Total Subjects (n)






	
Walk

	
Subjects (n)

	

	
18

	
8

	

	
16

	

	
18

	

	
60




	
Avg (g)

	

	
0.7

	
1.0

	

	
0.5

	

	
0.7

	
0.7

	




	
High (g)

	

	
1.0

	

	

	

	

	
1.0

	
1.0

	




	
Low (g)

	

	

	

	

	

	

	
0.5

	
0.5

	




	
Sit Down

	
Subjects (n)

	

	
18

	

	

	

	

	
18

	

	
36




	
Avg (g)

	

	
0.8

	

	

	

	

	
0.9

	
0.9

	




	
High (g)

	

	
0.8

	

	

	

	

	
1.4

	
1.6

	




	
Low (g)

	

	

	

	

	

	

	
0.4

	
0.4

	




	
Head Nod

	
Subjects (n)

	

	
18

	

	

	

	

	

	

	
18




	
Avg (g)

	

	
1.3

	

	

	

	

	

	
1.3

	




	
High (g)

	

	
2.8

	

	

	

	

	

	
2.8

	




	
Low (g)

	

	

	

	

	

	

	

	

	




	
Run

	
Subjects (n)

	

	
18

	
8

	

	

	
2

	
18

	

	
46




	
Avg (g)

	

	
1.6

	
4.1

	

	

	
3.6

	
1.7

	
2.2

	




	
High (g)

	

	
2.6

	

	

	

	

	
2.6

	
2.6

	




	
Low (g)

	

	

	

	

	

	

	
1.3

	
1.3

	




	
Chair

Plop

	
Subjects (n)

	
8

	
18

	

	
20

	

	

	
18

	

	
64




	
Avg (g)

	
4.4

	
2.0

	

	
3.7

	

	

	
2.4

	
3.0

	




	
High (g)

	
8.5

	
4.0

	

	
12.0

	

	

	
4.0

	
12.0

	




	
Low (g)

	
1.8

	

	

	
2.5

	

	

	
1.1

	
1.1

	




	
Hop off Stair

	
Subjects (n)

	
8

	
18

	

	
20

	

	

	
18

	

	
64




	
Avg (g)

	
4.6

	
3.1

	

	
3.9

	

	

	
3.3

	
3.6

	




	
High (g)

	
6.7

	
4.2

	

	
6.1

	

	

	
5.0

	
6.7

	




	
Low (g)

	
1.3

	

	

	
1.7

	

	

	
2.0

	
1.3

	




	
Vertical

Leap

	
Subjects (n)

	

	

	
8

	

	

	

	
18

	

	
26




	
Avg (g)

	

	

	
2.9

	

	

	

	
4.7

	
4.2

	




	
High (g)

	

	

	

	

	

	

	
9.5

	
9.5

	




	
Low (g)

	

	

	

	

	

	

	
2.5

	
2.5
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Table 3. Activities of Daily Living, angular head acceleration (rad/s2).
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ADL

	
Bussone

2005

	
Bussone

2010

	
Funk

2011

	
Kuo

2017

	
Pooled

Avg (rad/s2)

	
Total

Subjects (n)






	
Sit Down

	
Subjects (n)

	
18

	

	

	

	

	
18




	
Avg (rad/s2)

	
13.3

	

	

	

	
13.3

	




	
High (rad/s2)

	
52.6

	

	

	

	
52.6

	




	
Low (rad/s2)

	

	

	

	

	

	




	
Walk

	
Subjects (n)

	
18

	
18

	

	

	

	
36




	
Avg (rad/s2)

	
24.9

	
31.9

	

	

	
28.4

	




	
High (rad/s2)

	
48.6

	
58.0

	

	

	
58.0

	




	
Low (rad/s2)

	

	
13.8

	

	

	
13.8

	




	
Run

	
Subjects (n)

	
18

	
18

	

	
2

	

	
38




	
Avg (rad/s2)

	
66.1

	
80.1

	

	
161.0

	
70.7

	




	
High (rad/s2)

	
208.7

	
208.7

	

	

	
208.7

	




	
Low (rad/s2)

	

	
31.6

	

	

	
31.6

	




	
Head Nod

	
Subjects (n)

	
18

	
18

	

	

	

	
36




	
Avg (rad/s2)

	
73.8

	
89.7

	

	

	
81.7

	




	
High (rad/s2)

	
73.9

	
183.1

	

	

	
183.1

	




	
Low (rad/s2)

	

	
33.9

	

	

	
33.9

	




	
Chair

Plop

	
Subjects (n)

	
18

	
18

	
20

	

	

	
56




	
Avg (rad/s2)

	
84.5

	
129.1

	
169.0

	

	
74.7

	




	
High (rad/s2)

	
320.3

	
320.2

	
649.0

	

	
649.0

	




	
Low (rad/s2)

	

	
29.2

	
22.0

	

	
22.0

	




	
Hop off Stair

	
Subjects (n)

	
18

	
18

	
20

	

	

	
56




	
Avg (rad/s2)

	
85.6

	
206.4

	
68.0

	

	
79.3

	




	
High (rad/s2)

	
232.6

	
445.1

	
170.0

	

	
445.1

	




	
Low (rad/s2)

	

	
44.8

	
27.0

	

	
44.8

	








Avg: average angular head acceleration; high: highest angular head acceleration; low: lowest angular head acceleration.
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