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Abstract Previous research has shown that differences in a vehicle occupant’s body morphomics
(dimensions and composition) predict the type and severity of injuries that occupant sustains in a motor vehicle
crash. Data also suggests that the more an occupant varies from standard test surrogates (crash dummies), the
greater thecrash injury risk. Current test surrogates were developed based on an American population, but the
size and stature of the general population varies substantially world-wide. In the current study, our objective was
to determine how Asian population morphomics differ from those of an American population. We analysed CT
scans from 1,459 live Taiwanese subjects who underwent CT scanning of the chest, abdomen, and pelvis for
trauma. Highly automated software was used to precisely measure body dimension and composition in an
anatomically indexed manner. Finalised results were compared between the Asian (n=1,459) and US (n=6,479)
adult populations. Our detailed morphomic analysis found that Asians differ substantially in many measures of
body dimensions and composition from Americans. Since many morphomic measures affect the type and risk
of crash injury in motor vehicle crashes, human body finite element models meant to represent specific
population segments will be informed by the results of this study.

Keywords computer modelling, human body models, morphomics, population variability, RAMP

I. INTRODUCTION

Previous research has shown that differences in a vehicle occupant’s body morphomics (dimensions and
composition) predict the type and severity of injuries that occupant sustains in a motor vehicle crash (MVC) [1-5].
Data also suggests that the more an occupant varies from standard test surrogates (crash dummies), the greater
the crash injury risk [6-8]. Current test surrogates were developed based on a healthy, young American
population from six decades ago. While the surrogates have become more sophisticated and now include an
entire family, they are still sized up or down from the original American 50* percentile male. However, the size
and stature of the general population varies substantially world-wide and these crash test surrogates may not
accurately predict injuries for those not conforming to the restricted standards.

Simplistically, the body is mainly composed of three types of tissues: bone, muscle, and fat. The bulk of the
remainder is composed of visceral organs such as lungs, liver, intestines, etc. With the aging of the general
population, decreases in bone mineral density (BMD) and muscle loss with aging (sarcopenia) have increased the
number and severity of injuries in MVCs [9,10]. The obesity epidemic was exploding in the United States
before showing up in other countries and was initially viewed as a high-income country problem. Across the
globe, as food availability increased, obesity rates intensified and have more than doubled since 1980. [11] Data
suggest that these population changes have altered injury patterns as well as injury rates.

We previously analysed CT scans from over 6,000 live US subjects to characterise detailed body component
size, shape, and composition that allow us to precisely determine population corridors and variability for
automotive safety engineers and human body modelers [12]. In the current study, our objective was to
determine how Asian population morphomics differ from those of an American population.
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Il. METHODS

RAMP Study Population

This study was approved by the University of Michigan Institutional Review Board (HUMO00041441). Chest,
abdomen, and pelvis CT scans were collected retrospectively from 6,479 patients at the University of Michigan,
aged between 16 and 91 years, who were scanned for trauma indications. This population was named the
Reference Analytic Morphomics Population (RAMP) version 0.0.5. Age adjusted population distribution curves
were generated for both men and women.

A-RAMP Study Population

A collaboration with the Chang-Gung Memorial Hospital in Linkou, Taiwan, allowed us to retrospectively collect
chest, abdomen, and pelvis CT scans from patients older than 16 years of age, who were scanned for trauma and
other acute surgical indications. The population of Taiwan is uniquely suited to be considered representative of
the greater Asian population as the Japanese ruled the island from 1895-1945. In 1949, large migrations of ethnic
Chinese from mainland China arrived. Taiwan is essentially a melting pot of different Asian groups and thus was
considered representative. This population was named the Asian Reference Analytic Morphomics Population (A-
RAMP) version 1.

Analytic Morphomics

Analytic Morphomics processing was performed according to methods previously well described [13-15]. All
scans were processed semi-automatically using high-throughput image-processing algorithms written in MATLAB
2015a (The MathWorks Inc., Natick, Massachusetts, USA). In brief, we first establish a common coordinate
reference system for each scan by identifying individual vertebral levels. Next, we identify the skin and fascial
envelopes. Analytic Morphomic measurements are computed from the resulting body composition map.
Subcutaneous and visceral fat, pelvis, psoas and dorsal muscle group, as well as spinal trabecular and cortical bone
density measurements are then performed at each vertebra level [16]. For this current project, we analysed
multiple variables at the level of the third lumbar vertebra (L3); those representative of similarities and
differences between the Asian and North American populations are presented below, including:

Bone

e Bone mineral density (BMD): average voxel radiodensity (Hounsfield units) within a mid-vertebral
core sample of trabecular bone.

Muscle

e Skeletal Muscle area: cross sectional area of the muscle pixels (-29 to 150 HU) between the muscle
wall and outer fascial envelope (excluding filled bone, spinal canal and disc).

Fat

e Total body area: cross sectional area of the body that includes all fat, muscle and bone tissue in
addition to visceral organs.

e Subcutaneous fat area: area between the skin and the outer fascial envelope meeting fat density
thresholds (-205 to -51 HU).

e Fascia area: total cross-sectional area within the fascial envelope.

e Visceral fat area: area within the fascial envelope meeting fat density thresholds (-205 to -51 HU).

Statistics

Quantile regression was utilised to depict the relationship between patient age and various analytic
morphomics measures for the North American population. We used B-splines with L1 penalties to non-
parametrically model the nonlinear trend between age and morphomics, stratified by gender. For each measure,
non-crossing quantile curves shown on figures correspond to the 5%, 25, 50t 75" and 95" percentiles. We then
evaluated Asian population in regard to the above North American reference curves, and calculated their
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respective percentiles. We used z-scores to quantify the difference between two populations, ARAMP vs RAMP,
by comparing calculated Asian percentiles with 50 (the median North American percentile). We also compared
the raw values between ARAMP vs RAMP across different age and sex groups using Student's t-test. All statistical
analysis was performed using R version 3.2.3. Quantile regression analysis was performed using the R package
‘quantregGrowth’ [17].

Ill. RESULTS

Several selected variables will demonstrate the similarities and differences between the populations. Table |
shows the results for measurements of the three most common types of tissue in the body: bone, muscle, and
fat [18]. Generally, bone and muscle tissue decreased with aging after 25 years of age, while fat tissue tended to
increase until flattening or falling after the sixth or seventh decade; the body location distribution of fat also
changed with aging [19].

TABLE I: BONE, MUSCLE, AND FAT MEASUREMENTS OF A-RAMP COMPARED TO RAMP

S | Asi lati
Morphomic Variable arT1p € >an popu.a on Z-score P-Value
Size RAMP Percentile Mean

Bone Mineral Density 1392 47.49 -3.24 0.001
Skeletal Muscle Area 1390 20.156 -55.58 <0.001
Total Body Area 1390 26.183 -39.13 <0.001
Fascia Area 1390 26.602 -30.131 <0.001
Subcutaneous Fat Area 1390 31.342 -31.02 <0.001
Visceral Fat Area 1390 40.08 -14.87 <0.001

Small albeit statistically significant differences in mean BMD for the ARAMP versus RAMP populations were
observed. Skeletal muscle area, total body area, fascia area, and subcutaneous fat area were significantly lower
in the Asian population when compared to the North American population.

Figures 1 and 2 show the 95, 75t, 50, 25t and 5% percentile curves of the RAMP population, female on
the left and male on the right. The ARAMP data are overlaid on the RAMP curves as individual data points.
Figure 1 shows a measurement of total body area. Although the Asian data show a broad spread with aging,
they average 26" percentile of the US population for both males and females. Figure 2 shows that this
difference in the raw measure of total body area at L3 was found in both females and males for all three age
groups.
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Fig. 1. Total Body Area at L3. The 95th, 75th 50th 25th 304 5th percentile curves for the North American
RAMP population are shown. The Asian RAMP data are overlaid as individual data points.

L3 totalbodyarea by sex and age group

Female Male
.
. ]
.
L - '
150000 4 > -
. 1 ]
» .
i i .
i . i
100000 4 - l .
L
L]
H
L]
SO000 o
T T T T T
18 A [ETRT | (h8s] [18 40] (A0A] (h08s]

Agc Group (ycars)

B3 ARAMEvI B RAMPv0.05
RAMP v0L.0.5 N=411%
ARAMP v] N=1359
Fig. 2. Total Body Area at L3. Box plots comparing the median and quartile ranges for ARAMP versus RAMP

for three adult age groups using Tukey’s Honest Significant Difference, p-values are <0.001 for all
comparisons among all age groups.

Bone Mineral Density is a snapshot of bone health. Studies have shown that BMD decreases with age in both
men and women; this increases the chance of sustaining a fracture in a traumatic event [20-22]. This loss is
especially dangerous for women, who lose bone more quickly than men due to hormonal changes as they
age. [23] The univariate screening shows L3 trabecular BMD is remarkably similar in both populations. The
mean RAMP percentile for the Asian population was 47.49, showing the two populations are highly similar.
Figures 3 and 4 show for both males and females that Asian and North American BMD is essentially the same
when adjusted for age. There is a general decline in BMD with age in both populations.

Figure 3 also shows two outliers within the graph. Both of these patients suffered vertebral burst fractures
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at L3. The software construes the various bone fragments as a solid mass. Therefore, the measurements of
these two outliers show a higher density due to the mixing of the trabecular and cortical bone fragments.
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Fig. 3. Bone Mineral Density at L3. The 95th, 75th 50th 25th 504 5th percentile curves for the North
American RAMP population are shown. The Asian RAMP data are overlaid as individual data points.
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Fig. 4. Bone Mineral Density at L3. Box plots comparing the median and quartile ranges for ARAMP versus
RAMP for three adult age groups. Using Tukey’s Honest Significant Difference, p-values are <0.001 for all
comparisons among all age groups

Muscle tissue area shows an expected peak in the lower age ranges. Young adults have more muscle overall,
as well as denser muscles (showing very little fatty infiltration). The RAMP curves in Figure 5 show this is the case
with a maximum reached during early adulthood followed by a gradual decline as the population ages. The
average Asian population is at approximately the 20t percentile of the North American (RAMP) population in
total muscle area for both males and females. Figure 6 shows substantial differences in the median muscle area
at L3 between the Asian and North American populations for males and for females in all three adult age groups.
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Fig. 5. Skeletal Muscle Area at L3. The 95th, 75th, 50th, 25th and 5th percentile curves for the North
American RAMP population are shown. The Asian RAMP data are overlaid as individual data points.
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Fig. 6. Skeletal Muscle Area at L3. Box plots comparing the median and quartile ranges for ARAMP versus
RAMP for 3 adult age groups. Using Tukey’s Honest Significant Difference, p-values are <0.001 for all
comparisons among all age groups.

Subcutaneous fat is the fat located between the skin and the outside of the fascial envelope. Figure 7 shows
the curves for the RAMP population, which demonstrate that the greatest concentration of subcutaneous fat is
in the younger age groups. Again, the Asian population is concentrated mostly in the lower areas of the RAMP
percentile curves (ARAMP mean = 31st percentile). Figure 8 shows that in all three age groups and for both males
and females, the North American population had substantially more subcutaneous fat than the Asian population.
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Fig. 7. Subcutaneous Fat Area at L3. The 95th, 75th, 50th, 25th and 5th percentile curves for the North
American RAMP population are shown. The Asian RAMP data are overlaid as individual data points.
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Fig. 8. Subcutaneous Fat Area at L3. Box plots comparing the median and quartile ranges for ARAMP versus
RAMP for three adult age groups. Using Tukey’s Honest Significant Difference, p-values are <0.001 for all
comparisons among all age groups.

Visceral fat is the fat located around the internal organs inside the fascial envelope and tends to increase as
people age. Figures 9 and 10 show that the relatively low visceral fat area in the young RAMP population increases
dramatically with age. The Asian population appears to have similar amounts of visceral fat as their North
American counterparts during young adulthood. However, with advancing age the North American population
begins to accumulate substantially more visceral fat, especially in males.
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Fig. 9. Visceral Fat Area at L3. The 95th, 75th, 50th, 25th and 5th percentile curves for the North American
RAMP population are shown. The Asian RAMP data are overlaid as individual data points.
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Fig. 10. Visceral Fat Area at L3. Box plots comparing the median and quartile ranges for ARAMP versus
RAMP for three adult age groups. Using Tukey’s Honest Significant Difference, p-values are <0.001 for all
comparisons among all age groups.

IV. DISCUSSION

According to the US National Center for Health Statistics, obesity frequency is 39.8% among adults in the US.
Among non-Hispanic whites, that number is 37.9%, while Asian Americans’ incidence of obesity is 12.7% [24]. The
standard to measure obesity is body mass index (BMI >30 kg/m2). Our data, the first to directly compare the
morphomics of large North American and Asian populations, are broadly consistent with those observed in the
US ethnic groups. Our current results demonstrate that our North American and Asian (Taiwanese) trauma patient
samples differ in specific ways, namely, in distributions of the quantity of fat and muscle of their “typical”
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population. While bone density differed little, Asian muscle area and fat area distributions were generally much
smaller than the North American reference. North American crash test dummy outer dimensions and/or mass
distribution may therefore poorly approximate Asian vehicle occupants. Region-specific dummies and human
body models may need to be developed to optimally protect occupants of vehicles designed for specific world
markets.

Our group has published extensively on the effect of body composition on injury severity duringmotor vehicle
crashes. Zhang et al first investigated anatomical morphomic variables to predict thoracic injury in frontal impacts
using a model-averaged logistic regression approach [25]. That study showed that chest eccentricity (highly
correlated with fascia area), BMD, and spine alignment were highly associated with chestinjury. Parenteau et a/
[26] also showed that BMD and visceral fat area were significantly associated with abdominal injury. The
importance of these morphomics was also shown in predicting lower-extremity injury (Wang et al). We have also
shown that heterogeneity in vertebral column angles, torso depth, H-point location, and subcutaneous fat area
in the back. These variables could impact an occupant’s seating position and, in turn, affect their injury risks. All
in all, we have shown that morphomics play a key role in evaluating injuryrisk and better dummy and computer
modeling. However, the majority of these studies were based entirely on the North American population. The
major contribution of this study is to highlight the body composition differences among different populations
around the world. Some of the Asian morphomics differ greatly, e.g. fascia area is at only 25 percentile compared
to a North American population, and we know morphomics are crucial in predicting injury risk. This calls for more
comprehensive research to understand this heterogeneity and its impact, which may lead to better and safer cars.

The use of Taiwanese subjects to represent the Asian population could be problematic. However, due to the
desirability of controlling the land mass, many groups have invaded this area over the course of centuries. For
instance, the Japanese controlled the island from 1895-1949. In addition, many ethnic Chinese came to Taiwan
from mainland China after 1949. We believe this mixing of the population provides us with the foundation to use
these subjects as representative.

The US RAMP population represents approximately 6,000 University of Michigan patients who were scanned
for traumatic indications. This population has allowed us to compare patients across sex and age to develop
corridors illustrating an “average” person.

V. CONCLUSIONS

Asians differ substantially in many measures of body dimensions and composition from North Americans
according to our detailed morphomic analysis. Since many morphomic measures affect the type and risk of crash
injury in motor vehicle crashes, human body finite element models and anthropomorphic test devices meant to
represent specific population segments will be informed by the results of this study.
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