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Abstract

The greater number of degrees of freedom in the articulating structures within the lower spine
and pelvis can make their response much harder to model than gross structures such as the head
and chest. This places higher demands on the quality of data required by a model and tends to
increase the level of detail necessary to produce consistent results. Calculations of the
differential motions that occur within the lumbosacral-pelvic complex have been performed to
describe the occupant kinematics associated with certain types of trauma. This has provided
additional insights that explain the mechanism of injury in cases when there is only limited
understanding available from existing diagnostic approaches, which rely on clinical examination
and a range of radiological techniques. Other benefits of this approach include the ability to
conduct blind studies to generate independent results with the analytical model, the opportunity
to obtain dynamic tolerances related to human subjects, and the development of a predictive
resource for use in clinical and triage settings.
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1. Introduction

Much of the initial research into automotive trauma involved full-scale tests with different types
of human surrogate, ranging from anthropomorphic test devices (ATDs) to anesthetized primates
to human cadavers. These surrogates could only act as an approximation to a real living person
and they were subject to a number of constraints, including physical limitations, ethical
considerations, viral concerns, and cost. The use of human subjects was confined to
low-severity insults on volunteers drawn primarily from the military and research communities.
The advent of programmable computers after the end of the 1950s introduced the possibility of
being able to replicate physical systems with mathematical models that could be processed by
various computing techniques. Among the first such analytical treatments were a number of
contributions sponsored by the United States Department of Transportation through its
contractor, Calspan Corporation, based in Buffalo, NY.!'? (Superscripted numbers in brackets
denote references at the end of the paper.) This preliminary effort in the 1960s led to a
computer model that was originally known as the Crash Victim Simulation (CVS) program, but
later changes to this were referred to as the Articulated Total Body (ATB) program. The history
of the CVS/ATB model can be considered to lie in three general categories, each of which
loosely coincides with a different decade:

(1) 1970s In a continuation of the work in the 1960s, further progress was made at Calspan
with the design of three-dimensional models®*'® for execution on a mainframe
computer. Fortran IV was the programming language employed in this research.

(2) 1980s Technical difficulties prevented the work on mainframe computers from moving
out of the research domain, but a big advance took place when the work was
transferred onto a minicomputer at the University of Oxford!"'"! where it became
an everyday tool. Some new features were added to the model by using the
updated language, Fortran 77. Concurrent studies*2! were still being performed
during this period at Calspan and Wright-Patterson Air Force Base, Dayton, OH.

(3) 1990s After some successful trials on 286 microcomputers, the model was implemented
for regular use on 386 microcomputers.?-28] Similar research related to this was
undertaken both in Arlington, VA, and in Dayton, OH.?2

Practical use of the CVS/ATB model has been seen in the naval®*! environment in addition to
the automotive and aeronautical environments already referred to above. The first applications
of the model concentrated on head and chest injuries because these formed the basis of early
legislative activity, P> but there has been more recent attention to other body regions,“>*" such
as the legs, neck, and spine. Results from the model are usually compared with government
standards, other tolerances, or clinical scores®>*™ to determine the effectiveness and reliability
of the analytical techniques inherent in the model. The reader is referred to previous work for
more details regarding this. %)



2. Methodology
CASE REPORT

A 39-year-old law enforcement officer was driving his midsize patrol car at approximately 32
kilometers per hour (kph) [20 miles per hour (mph)] when it was struck by a pickup truck that
appeared suddenly from a parking lot on his right. (These vehicles are labeled “#1” and “#2”,
respectively, in Figure 2.1.) The nominal direction of impact was 60°, as measured clockwise
from the forward direction of the struck vehicle. The law enforcement officer was 168
centimeters [5 feet 6 inches] in height, 75 kilograms [170 pounds] in weight, and he was
correctly wearing a three-point seat belt. As a result of the impact, he experienced pain in the
vicinity of the lumbar spine and the pelvis, but there was no complaint of injury to the head,
neck or chest or to the upper or lower extremities.

All initial clinical .examinations suggested no fractures or dislocations, and neither
roentgenograms or other radiographs revealed any abnormalities. Several clinicians confirmed
this in their assessments that the trauma was limited to a muscle strain. This was contradicted
by the unusual persistence of pain, and upon yet further examination it finally emerged that there
was an instability in the right side of the sacroiliac joint. The delay in detecting both the nature
and the extent of this trauma prevented the correct treatment and management strategy from
being instituted in a timely manner, thus compromising the recovery of the patient.
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Figure 2.1  Positions of struck vehicle #1 and striking vehicle #2 at impact



MEASUREMENTS

The damage profiles of both vehicles were assessed to determine reasonable estimates for the
primary change in speed Av for the struck vehicle, and consistent values of about 24 kph [15
mph] were derived with a principal direction of force that was close to 45°. Additional
information was obtained from a visit to the scene of the accident with the law enforcement
officer, who was also present on a separate occasion when an inspection was conducted of the
interior of the struck vehicle. His presence for the latter was particularly helpful because he
demonstrated his driving posture and the associated location of the seat, and this allowed very
reliable measurements of the passenger compartment geometry to be made for use in calculations
with the CVS/ATB model. Data collected for this first set of circumstances are referenced in
this study by the label N12CC301.

The same general approach outlined here was followed for all the other accidents considered
during this research; however, special attention was paid to the above case for two reasons: first,
only slight or moderate injuries might have been expected in what did not appear to be a very
severe impact for a restrained occupant, and second, the debilitating trauma that actually
occurred was not identified during conventional clinical examinations.

Although the main emphasis of this study was on possible trauma to the lower spine, other body
regions were evaluated to provide a more complete picture of the impact event. For example,
it is important to match a predicted non-injury with a known non-injury even in the simplest of
circumstances because the success of this comprehensive analysis in doing so will then reinforce
the confidence in results that suggest a significant probability of injury.

3. Results

Standard injury measures® for the head and chest are called the head injury criterion (HIC) and
the chest severity index (CSI), respectively, and values derived for these by the CVS/ATB model
are reported in Table 3.1(a) for the original case outlined in the previous section. The table also
contains the parameters F(UN) and F(LN), which describe the maximum forces in newtons (N)
[pounds (Ib)] experienced in the anterior-posterior direction at the upper neck (near the C1 and
C2 vertebrae) and at the lower neck (near the C6 and C7 vertebrae).* ! All four values point
to a low probability of injury to any region in the upper body, in agreement with what was
reported by the occupant himself.

The remaining body regions that are of interest here can be represented by various structures
within the lower torso, which encompasses the lower vertebrae and the pelvic complex.
Although these regions do not have well-defined human tolerance data in the same manner as
those in Table 3.1(a), the anterior-posterior (A-P), left-right (L-R), and superior-inferior (S-I)
components of the maximum resultant force are listed in Table 3.1(b) as suitable indicators.



Response calculated by CVS/ATB model for restrained occupant

Table 3.1

subjected to insult with Av = 24 kph (15 mph) at 6 = 45°

(a) upper part of body

body region injury measure value
head HIC 202

upper neck F(UN) 453 N (102 1b)

lower neck F(LN) 475 N (107 Ib)
chest CSI 49 g

(b) components of the maximum resultant Jorces within lower torso [in kN (1b)]

body region A-P L-R S-1 resultant

lumbar spine - 8.97 — 5.44 - 4.52 11.42 (2568)

sacral spine - 10.47 - 6.21 - 4.21 12.88 (2896)
left hip - 6.58 - 3.66 + 3.60 8.35 (1877)
right hip + 8.06 - 5.05 -3.29 10.07 (2264)

The magnitude of the values for the lumbar spine (LS) and the sacral spine (SS) in Table 3.1(b)
can be contrasted with the results for other insults in Table 3.2. (For a typical seated occupant,
it should be noted that F(LS) = 0.30 kN [68 1b] and F(SS) = 0.32 kN [72 1b] when there is

no insult.)



Table 3.2

Comparison of maximum resultant forces in lower spine from various insults

input data severity type of angle F(LS) F(SS)
reference kph (mph) | restraint | (deg) kN (b) kN (b)
N25L40P1 3 0 210 0.40 (90) 0.43 (96)
N26D8301 3 (@ 3 180 0.68 (153) 0.68 (153)
N4DMC301 3 3 180 0.61 (136) 0.65 (145)
N25L43P1 3 3 210 0.49 (111) 0.49 (109)
N6DMC301 5 ) 3 180 1.14 (256) 1.13  (254)
N45L40P1 6 4) 0 210 0.65 (146) 0.69 (155)
N46D8301 6 4 3 180 1.51 (340) 1.72  (387)
N8DMC301 6 4 3 180 1.30  (292) 1.59 (357)
N45L43P1 6 4 3 210 0.59 (132) 0.59 (133)
N07GT201 8 (5 2 210 1.58 (355) 1.44 (323)
NO5STC301 8 (5 3 150 1.29 (290) 1.74 (391)
NOSTC3P1 8 (5 3 210 1.29 (291) 1.74  (391)
N66D8301 10 - (6) 3 180 1.13  (255) 177 (397)
NI1BLT301 16 (10) 3 330 0.73 (165) 0.77 (173)
N12CC301 24 (15) 3 45 11.42 (2568) 12.88 (2896)
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A graphical complement to the data in Table 3.1 appears in Figure 3.1, which is a subset of an
animated sequence on video tape®™® that was produced by a recent addition to the CVS/ATB
model, known as the SISFLMPC program.™* *! The sequence identifies the change in occupant
motion throughout the impact event, and the main features illustrated in it can be summarized
thus: a translation of the body towards the striking vehicle is followed by a rotation of the right
side of the upper torso about the shoulder belt, thus creating a differential rotation of the upper
torso with respect to the lower torso; this anticlockwise rotation along the spine is aggravated
by the limited motion in the lower torso allowed by the lap belt, and the overall effect is the
production of imbalances that are biased to the right side of the pelvis.
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4. Discussion

The following treatment is not intended to be an exact exercise; indeed, this would be almost
impossible because so many of the parameters involved necessarily lie within a range of numbers
rather than as single, precise values. Confounding factors, such as age and gender, will also
introduce some variation. Taken together, these and other issues will inevitably produce some
simplifications and approximations, but the overall effect should not change the basic outcome
by a great amount. With this proviso in mind, the results from the previous section can be now
explained by the analysis set forth below.

It is clear from the calculated values in Table 3.1(a) that the law enforcement officer in the case
study that was presented in Section 2 had a low probability of head, neck, or chest injury. This
finding agrees with the known non-occurrence of injury to these body regions and, although such
a result might be expected to be a fairly simple one to prove, the ability of the CVS/ATB model
to identify non-injury correctly is still an important achievement.

In the absence of any quantifiable data for human tolerances in the lower spine, it might be
helpful to look at the values of F(LS) and F(SS) in Table 3.1(b) by invoking the values in Table
3.2. If a nominal level of about 0.85 kN (190 Ib) is accepted as a tolerance threshold for the
cervical spine,®¥ then the more substantial structures of the lumbar and sacral spines would
appear to have values higher than this rather than lower. Now, all of the results in Table 3.2
(except the repeated value of N12CC301) are below 2 kN (450 1b), and each of these has been
independently found to constitute a low probability of trauma to the lower spine. The
implication that any threshold would have to be above 2 kN (450 Ib), say, to explain this would
obviously be consistent with the tolerance being at least 0.85 kN (190 1b).

It would not be surprising if the tolerance for the lower spine occurred somewhere in the
increase from 2 kN (450 Ib) to between 11 and 13 kN (2500 and 2900 1b) seen for N12CC301.
The amount of latitude in these numbers points to there being

(a) a higher probability of injury to the lumbar spine and the sacral spine

for N12CC301 than for all the non-injury cases. Similar arguments cannot be made for the
other two parts of the lower torso, namely the left and right hips, because they are not vertebral
structures like the cervical, lumbar, and sacral spines. In fact, the different type of structure
involved in the hips would not be likely to make comparisons any easier.

Once it has been accepted that all plausible tolerance levels for the lower spine have been
exceeded, the qualitative approach to explaining the injury mechanism can be upgraded to a
semi-quantitative analysis. The asymmetry in the values of the maximum resultant forces F(LH)
and F(RH) on the left and right hips, respectively, suggests that there is

(b) a higher probability of injury to the right side of the pelvis

than the left.



When deductions (a) and (b) are combined together with the animated sequence of images
recorded on video tape,® the final appraisal emerges as a simple summary:

There is a high probability of injury to the right side of that place
where the spine meets the pelvis; in other words, a disruption to
the sacroiliac joint caused by an anticlockwise rotation of the
sacrum with respect to the right ilium.

This evaluation was derived without the benefit of many relevant medical records because the
author did not want to be influenced or biased by the opinions of others. As it turned out, this
was a wise decision because the trauma went undetected by several physicians, whose
observations could have been very misleading if they had been considered. The neatness and
directness of the above evaluation is satisfying, but it should not detract from the high level of
effort involved in obtaining it.

5. Conclusions

The traditional strengths of the CVS/ATB model are usually considered to be the assessment of
major trauma to the head and chest. Other applications of the model have included the study
of the neck and spine, as well as the legs. With the increased power and ready availability of
microcomputers, a large number of permutations can be processed in short periods of time and
so free up mental and intellectual resources to address unusual cases like the one tackled during
this research. It was a daunting prospect to overcome the non-trivial nature of the trauma
involved, but this has been rewarded by the tremendous encouragement gained from being able
to conduct the work efficiently and effectively.

With the same level of care and attention, there is no reason why the model should not be
invoked for even more ambitious projects. The measure of success evidenced by this paper
should be viewed as a vote of confidence that other, more difficult challenges can be undertaken

and resolved.

Acknowledgments

The author wishes to extend his thanks and appreciation to Bernie Ankney, Jim Coil, Cecil
Knox, Jack Kolff, Scott Magley, Lee Miller, Ed Mulligan, and Rick Schroeder.



“Truly my soul waiteth upon God: from him cometh my salvation. He only is my rock and my
salvation; he is my defence, 1 shall not be greatly moved.” ™

“That if thou shalt confess with thy mouth the Lord Jesus, and shalt believe in thine heart that
God hath raised him from the dead, thou shalt be saved.”
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DISCUSSION
PAPER: Explanation of Injury Causation in Trauma to the Lower Spine
SPEAKER: Saami J. Shaibani, Lynchburg, VA
QUESTION: Peter A Omer, MD State of California

Did this get by you on the CT scans or are you talking about a reducible diastasis of
the SI joint. The diastasis pulling apart. Nothing else broken. Missed on CT and MRI?

A: Yes.
Q: How was it picked up?

A: The physician who diagnosed the injury incorrectly was a physiotherapist. It is an
area of medicine that I wasn’t familiar with up until then. We don’t have it as well defined
back in Europe as we do here and he explained to me and I spent a couple of days in his
office as he was manipulating patients, finding out what hurt and where and it is amazing
how just some slight adjustments within the pelvic structure can cause tremendous relief of
pain and I was manipulating his patients, not that I can do anything and seeing is believing.
Being able to spend as much time as I did with a police officer and with that diagnosing
physician, really gave the insights that otherwise you would not have been able to get from
conventional medical records.

Q: I guess the problem I'm having is that’s an anatomic diagnosis and gee whiz, you can
get down to a couple of millimeters, certainly on any MRI. You should be able to see some
dissymmetry in the joint. I have a hard time understanding how you got a spontaneously
reducing unilateral diastasis of the SI joint that is not connected to MRIs. Was it ever
proven on an MRI or any objective study?

I think all the radiography was ambiguous at best.

Even after the physiatrist made his diagnosis.

Yes.

So this is purely a clinical diagnosis.

Yes, it is.

As opposed to something verified by showing asymmetry in the joints.

If you look at the way the patient presents himself, it is very obvious clinically.

xR Z2 Lo O >

Thank you
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Q: Guy Nusholtz, Chrysler Motors

It appears that from the tone and the way it’s presented, it appears that all of the
medical capabilities, a MRI, catscans, and the other methodology are not quite as good for
diagnosing injuries as CVS and that we should abandon that type of approach and just stick
to visual imaging to determine what type of injuries we might have.

A: I would propose possibly another hypothesis in that the CVS just randomly, every
once in a while, you are going to produce a phenomenon like this, where it appears to
predict what the injury actually is, and therefore, you can choose one case and pull it out of
maybe millions, billions, trillions and say "ah, ha, see this is the situation."

Q: You prefaced your remarks, Guy, by saying "it seems."” That was not my intent.
Nothing will replace the very sophisticated medical technologies that exist out there. They
are important diagnostic tools. All I'm saying is that if you have good data and that’s what
makes this case different, this is not a run of the mill case where you have to estimate this,
you have to approxithate that. I was able to spend a lot of time with the occupant of the
vehicle, with his vehicle and get an intimate sense of what was going on. Most of the time,
that’s not going to be the case and I'm not saying that CVS "proved" the injury here. All
I’m saying is that it gave us some kind of insight. There are severe limitations to CVS. No
doubt about it. All I'm saying is that if you are able to spend the time and the effort and go
through the permutations that you think are reasonable then maybe something emerges from
that consistent and agrees with what at least one physician found.

Q: I’'m just a little bit concerned here that there is almost too much dependence.

A: Alright. But your point is well taken, Guy. It would never be a conventional
diagnostic modality with all the other ones out there which are so good. It’s just something
might supplement or compliment whatever is going on. If a physician says you’re not sick,
then who are you to say that you are almost and if you look at the personal circumstances
involved with this police officer, he went through an awful lot of grief. One incidental
benefit of this is that his daughters are now babysitters for my baby so there is a great
personal benefit so see what CVS can do for you. So if you need a babysitter, use CVS.

- 18 -



