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The location and morphology of abdominal organs due to postural changes have implications in the prediction of trauma via
computational models. The purpose of this study is to use data from a multimodality image set to devise a method for examining
changes in organ location, morphology, and rib coverage from the supine to seated postures. Medical images of a male volunteer
(78.6± 0.77 kg, 175 cm) in three modalities (Computed Tomography, Magnetic Resonance Imaging (MRI), and Upright MRI) were
used. Through image segmentation and registration, an analysis between organs in each posture was conducted. For the organs
analyzed (liver, spleen, and kidneys), location was found to vary between postures. Increases in rib coverage from the supine to
seated posture were observed for the liver, with a 9.6% increase in a lateral projection and a 4.6% increase in a frontal projection.
Rib coverage area was found to increase 11.7% for the spleen. Morphological changes in the organs were also observed. The
liver expanded 7.8% cranially and compressed 3.4% and 5.2% in the anterior-posterior and medial-lateral directions, respectively.
Similar trends were observed in the spleen and kidneys. These findings indicate that the posture of the subject has implications in
computational human body model development.

1. Introduction

The fatalities and injuries associated withmotor vehicle crash
remain a leading problem in the United States. In 2010,
the National Highway Traffic Safety Administration reported
30,196 individuals were killed in 5.4 million police-reported
automobile crashes. In addition roughly 1.5 million people
were injured in these police-reported motor vehicle crashes
[1]. The University of Michigan Transportation Research
Institute used the National Automotive Sampling System
(NASS) to show approximately 19,000 adult occupants sustain
abdominal injuries per year. Of those 19,000 adult occupants,
the liver and spleen are found to be the most commonly
injured organs in frontal impact cases, with kidney injury
beingminimal [2].These injuries often result from loads from
the steering wheel, seat belt, or other interior features of a
vehicle, such as the door in a near-side lateral impact, and the

literature has reported that rib fracture can lead to damage of
abdominal organs including the liver, spleen, and kidneys [3–
6]. Additionally, literature reported that low right-sided rib
fracture increased the probability of liver injury, and low left-
sided rib fracture increased the probability of spleen injury
[3–6]. Al-Hassani et al. also concluded lower rib fracture
result in kidney injury [5].

Abdominal injuries are not exclusive to the civilian
population. Military personnel are also susceptible to non-
penetrating ballistic and blast impact which lead to internal
abdominal injuries, such as liver laceration [7]. In blast
events, air-containing organs including the lungs, larynx,
trachea, and gastrointestinal region are the primary sources
of injury, followed by solid organs like the liver, spleen,
and kidneys. Although these abdominal organs are not as
vulnerable to blast injury as air-containing organs, lacerations
or lethal hemorrhage can occur [8].
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Given these statistics regarding injury and fatalities
associated with vehicle crashes, ballistic impact, and blast
exposure, models of the human body (including physical
surrogates and computational models) have been developed.
These models are used to investigate injury mechanisms,
evaluate safety system designs, and inform physical testing
prior to conducting experiments. Finite element (FE) com-
puter models are often used by researchers to examine the
biomechanical response of the human body in blunt injury
scenarios such as vehicle crash [9–15]. When examining the
medical image data sets used in the development of various
full human body computational models, typically only one
image modality or one posture (supine) is used to develop
themodel’s geometry.This is true for severalmodels currently
found in the literature [10, 16, 17].

Often the organ geometry that is used to create these
finite element models is based on cadaveric organ position,
serial sectioning, or the imaging of a subject’s organs in the
supine position. These methods do not consider the effects
of gravity on the location or morphology of the soft tissues
within body, as they would be in the seated vehicle occupant
position.Themorphology and location of thoracoabdominal
organs relative to surrounding bony structures in a given
posture are likely to play a role in the predicted injury severity.
More realistic representation of bone and organ position
would allow for a greater ability of models to predict injury
based on given load path or component contacted. Physical
surrogate models are also used by researchers to examine
injury, specifically injury from ballistic impact [18, 19]. The
location and morphology changes of abdominal organs due
to specific postures may have implications for the prediction
of injuries using these models.

The purpose of this study was to use a three-dimensional
dataset of the human body to quantify abdominal organ
location and rib coverage based on postural changes in an
individual representing the 50th percentile male.

The literature contains only limited studies on the effects
of organ position and morphology as a result of postural
changes. Recently, Beillas et al. [20] and Lafon et al. [21]
examined morphology and location changes of thoracic and
abdominal bones and soft tissues using one image modal-
ity, Upright Magnetic Resonance Imaging (uMRI). Bony
landmarks, the kidneys, liver, spleen, the abdominal cavity,
and the thoracic cavity were all examined in four different
postures: standing, supine, seated, and forward flexed. The
study found that organ volume was mostly unaffected by
posture, and abdominal organ location between standing,
seated, and the forward flexed position was minimal. When
comparing these three postures to the supine posture, the
position of solid organs changed by as much as 40mm.
Additionally, studies concluded that abdominal geometry
should be corrected for organ movement when using the
supine position for finite element modeling [20, 21].

Beillas’ work, however, was limited to a single imaging
modality, Upright MRI. At 0.6 Tesla, the MRI used to acquire
these images (Fonar Upright MRI, Melville, NY) provides
less than half the magnetic field strength of a conventional
closed bore MRI. The current study builds on these findings
by including data from the samemodel UprightMRI scanner

used by Beillas et al., but additionally used Computed
Tomography (CT) and 1.5 T, closed bore, MRI data [22]. CT
scans provided patient specific bone geometry, so that the
relative locations of bones to the organs of interest in both
postures could be investigated. Using this data, rib coverage
for the liver, spleen, and kidneys in the supine and seated
positions was calculated.

2. Methods

The subject and imaging protocol was approved by the
Wake Forest School of Medicine Institutional Review Board
(IRB, number 5705) [22]. Computed Tomography (CT) and
Magnetic Resonance Imaging (MRI) scans were used to
study the effect of the seated and supine postures on the rib
coverage, location, and morphology of abdominal organs.
The supine posture is representative of the conventional MRI
or CT with the patient lying on their back, while the seated
posture employed is representative of a vehicle occupant [23–
25]. A single subject, targeted to represent the 50th percentile
male (M50) in terms of height and weight (174.9 cm and 78.6
± .77 kg) [25] and other anthropometric targets, was scanned
in three imagemodalities [22].The complete data set contains
over 15 thousand individual images from this individual.

Given the volume of image data to be collected in the
protocol and project objectives, selection of a single volunteer
meeting numerous anthropometric criteria was favored over
a larger study population. The comprehensive 1988 Anthro-
pometric Survey of United States Army Personnel (ANSUR)
study was used as the basis for the selection criteria [26].
The volunteer met 15 target anthropometric criteria for the
50th percentile male within an average deviation of 3% [25].
The subject volunteer was screened for basic health data,
which included a clear medical history with no history of
osteopenia or osteoporosis, claustrophobia, metal implants,
major surgeries involving organ removal, or any implanted
electrical devices [22]. The subject’s anatomy was reviewed
by a collaborating radiologist and was deemed to be free of
anatomical abnormalities or pathology.

The main goal of this study was to compare the change
in organ location, rib coverage, and morphology in the
seated and supine postures. To accomplish this, six steps
were conducted. The first two concerned image acquisition
and composition, which is the method for combining several
image sets into one continuous image set. Following this,
the data were extracted through segmentation, analyzed for
organ exposure variations, aligned in a common coordinate
system, and analyzed for gross location relative to the Center
of Gravity (CG). Finally, each organ segmented from the
seated posture was independently aligned to its counterpart
model in the supine posture to analyze morphological vari-
ations between postures. Each of these steps is described in
greater detail in the following.

2.1. Image Acquisition. Image acquisition are described in
detail in previous publications [22] but are reviewed here
briefly. Supine MRI image resolution was 0.78mm, slice
thickness was 2mm depending on the region, and the field of
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Figure 1: Sketches of seated scan position.

view (FOV) for the supine MRI images was 400mm. Seated
MRI image resolution was 2.1mm, image slice thickness
ranged from 1.5 to 2mm, and the FOV was 430mm. Supine
CT images had a resolution of 0.40mm, image slice thickness
of 0.63mm, and FOV of 500mm.

The seated position used for the collection and analysis
of data is shown in Figure 1. For the supine position the
subject was lying on a table in the horizontal position, and
for the seated position the seat back angle was placed at 23
degrees from vertical, and the thigh angle from horizontal
was recorded for consistency between image acquisitions
[22]. The seated position was chosen based on data from the
literature [27].

2.2. Image Composition. The supine MRI and seated uMRI
scans were combined using five (supine) and six (seated)
image sets, ranging from the neck to the pelvis. The software
program Amira (Visual Imaging Inc, San Diego, CA) was
used to combine the separately acquired image sets into
contiguous data sets (one for supine and one for seated).
These data sets were then used for organ segmentation and
bone placement.

2.3. Image Segmentation. The vertebral bodies (T5 through
L5), sacrum, pelvis, sternum, and ribs 5 through 12 were
segmented in the CT supine scan (threshold: min 226, max
1940) andwere then repositioned and registered into theMRI
supine and uMRI seated scans using Mimics (v. 14, Materi-
alise, Leuven, Belgium). The bones initially were manually
repositioned through translation and rotation in the anterior-
posterior, right-left, and cranial-caudal directions. For finer
adjustment, a point-based registration techniquewas used. In
this approach, approximately 50 points were selected on the
bone and the corresponding location on the MRI and uMRI
scans, and the two sets of points were registered in space.

Only vertebral bodies T5 through L5 and ribs 5 through 12
were used due to their proximity to the abdominal organs of
interest.

The liver, spleen, and kidneys were then manually seg-
mented in the supine MRI scan to create mask for each
respective organ (Figure 2). Masks are groupings of pixels
meant to represent structures of interest. A 3-dimensional
(3D) model was created using each abdominal organs mask
(Figure 2) and was imported into Geomagic Studio (v. 11,
Geomagic, Raleigh,NC) software to refine the polygonmodel
exported by Mimics. The refining process included spike
removal, defeaturing (a smoothing process), and filling holes
in the surface model.

In the uMRI scan, the 3D models that were created in
the MRI supine position were imported and repositioned.
Once the 3D model of each abdominal organ was positioned
manually in the uMRI modality, a mask was created from
each 3Dmodel.Due to changes in the posture,manual editing
of the masks was then required to complete each abdominal
organs mask, and 3D models were created. Per the same
process outlined previously for the supine MRI data, each
3D model was created, and imported into Geomagic Studio
for a similar refining process. A final visual inspection of
the contours of each mask was conducted to ensure good
agreement with the scan data.

2.4. Quantification of Rib Coverage. The computer-aided
design (CAD) software package, Rhinoceros (v4.0, McNeel
and Associates, Seattle, WA), was used to quantify rib
coverage. In this study, we define a term organ rib coverage
to mean the area of an organ directly deep to the ribs in
an anterior, lateral, and/or posterior projection. The study
investigated the projection of ribs 5 through 12 onto the
abdominal organs of interest. Anterior, left, posterior, and
right posterior-lateral were views defined to examine rib
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Figure 2: Manual segmentation of abdominal organs (a) and 3D model of abdominal organs (b) in the supine position. A: anterior, P:
posterior, R: right, L: left, T: top, and B: bottom.
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Figure 3: Views and method for estimating rib coverage. Note that the supine organs are shown, and the process was repeated for organs in
the upright scan as well. Totals for the bone projected area are provided in the results.

coverage (Figure 3). Depending on the proximity of the organ
to the ribs, one ormore projections were conducted.The liver
was analyzed with anterior and lateral projections, the spleen
with a single right posterolateral projection, and the kidneys
with a single posterior projection.

Within each respective view, a polyline was used to define
the outline of rib coverage on the organ of interest and to
define the total organ area of the projected view (Figure 3).
One projected view was calculated for each organ, except for

the liver, where both anterior and lateral projections were
made. The polylines created were imported into Geomagic
Studio, along with the models of the abdominal organ of
interest. The polylines that represented rib coverage were
projected onto the surface of the respective abdominal organ.
The projected area of the ribs on the organ can be seen
in Figure 3. The surface area was summed for all ribs in
each view of interest. The percent area of rib coverage was
calculated for the four abdominal organs of interest, in both
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Figure 4: Local coordinate system defined for CG relative location
analysis.

the supine and seated positions, by subtracting the organ
exposure from the total surface area in the projected view and
dividing that value from the project view total surface area.

2.5. Data Alignment. At this stage in the study, two separate
models of the thoracolumbar spine, ribs 5–12, and selected
abdominal organs were complete: one in the supine and one
in the seated posture. The next step was to align these two
models into the same space to analyze differences in position.
Vertebral bodies T11 through L2 were selected as the base
structures for alignment due to similar curvature of the spine
in this region between each data set. These four structures
in the supine MRI scan were selected as the reference
set. The transformation matrix to move only T11 through
L2 from the seated to the supine posture was determined
using Geomagic Studio.This transformationmatrix was then
applied to all uMRI structures. Note that this was a rigid
transformation that preserved the relative distance between
all bony landmarks and organs of upright scan structures.

With the two segmented data sets now within a common
space, a comparative analysis of abdominal soft tissue relative
location was conducted. To quantitatively examine organ
relative location, a local coordinate system was defined
(Figure 4). The coordinate system was defined loosely based
on the work by Wu et al. [28] but modified to align with the
SAE J211 coordinate system [29]. The positive X was defined
to be anterior, positiveY was defined to the right, and positive
Z was defined to be downward. The origin was set as the
midpoint between the CG of T12 and L1. The X-Z plane was
defined using three points: the origin, the CG of L2, and
the most inferior point of the xiphoid process. The 𝑧-axis
was defined as the line passing through origin and the CG
of L2. The 𝑥-axis was defined as the line in the X-Z plane
perpendicular to the 𝑧-axis. Using the right-hand rule, the
𝑦-axis was defined to be orthogonal to the x- and z-axes.
The center of gravity locations described in the following

was taken with respect to this local coordinate system, and
differences between these landmarks were measured.

2.6. Morphology Comparison. Finally, each abdominal organ
in the supine and seated positions was imported into a
common space and aligned to the respective organ in the
supine position.This second alignment was needed to exam-
ine morphology changes in each organ from the supine to
seated position, while the previous alignment using the ver-
tebral column examined gross abdominal organ movement
between postures.The seated organ was aligned to the supine
organ using Geomagic Studio software, and a sample size of
10,000 points was usedwith a tolerance of 0.1mm.The sample
size defines a number of points on the surface of each object
of interest that are chosen in an attempt to ensure that a
full range of normal directions are being represented in the
sample. The tolerance is the degree of allowable error that
will be used during the alignment process. After selecting
the number of points to use in the alignment, the points
are randomly distributed on the surface. Deviations were
calculated by first selecting a reference object and a test object.
The reference object was always the respective organ in the
supine position, and the test object was always the organ
in the seated position. Deviations are then reported as the
shortest linear distance from the test object to any point
on the reference object and therefore quantify organ surface
topology changes between postures. The deviation analysis
reports the largest positive and negative distances from the
test object to any point on the reference object. Deviation
values are identified on the reference object at the points of
the polygonal surface. Positive values of the deviation analysis
indicate expansion of the organ in the region, while negative
values indicate compression. A bounding box was created
around the 3D models of the liver, spleen, and kidneys in
the supine and seated positions, and the dimensions were
noted. This bounding box was created for all models in the
local coordinate system described previously. The difference
in dimensions of the bounding box along each orthogonal
direction was used to provide normalized values of organ
morphology changes in addition to the surface deviations.

3. Results

3.1. Rib Coverage. Rib coverage, based on variations in
rib location for each abdominal organ in the supine and
seated positions, was quantified based on methods defined
previously (Figure 5). Larger variations of coverage were
observed for the liver, spleen, and right kidney, with minimal
differences of rib coverage for the left kidney. Through visual
examination, the ribs are shown to rotate anteriorly and
superiorly from the supine to seated position creating a large
area of rib coverage for the liver and spleen in the seated
position (Figure 3). The area of rib coverage for the liver was
found to increase 4.6% in the anterior view and 9.6% in the
lateral view. The area of coverage for the spleen increased
11.7%, whereas the right and left kidneys had a decrease in rib
coverage of 12.2% and 0.4% when transitioning to the seated
position (Table 1).
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Table 1: Area organ exposure and rib coverage for abdominal organs in the supine and seated positions.

Organ
Supine, mm2 Seated, mm2

Difference, %Total surface
area

Organ
exposure area

Area covered,
%

Total surface
area

Organ
exposure area

Area covered,
%

Left kidney posterior 7424 6014 19.0 7869 6409 18.6 0.4
Right kidney posterior 7395 5775 21.9 7436 6712 9.7 12.2
Spleen lateral posterior 10012 4901 51.1 9945 3703 62.8 −11.7
Liver anterior 27806 19859 28.6 25648 17140 33.2 −4.6
Liver lateral 26993 14073 47.9 25817 10976 57.5 −9.6

Liver lateral

Liver anterior

Spleen lateral
posterior

Right kidney
posterior

Left kidney
posterior

0 10 20 30 40 50 60 70

Area coverage (%)

Supine
Seated

Figure 5: Area of rib coverage for the liver, spleen, and kidneys from
the supine to seated position.

3.2. Organ Location. Organ location was first examined
qualitatively with the organs and bones from the supine and
seated scans in the same space. Recall that the vertebral bodies
T11 through L2 were used to align the supine and seated
sets. The average error from this vertebral body alignment
was 0.54mm. Minimal translation was seen in the medial-
lateral and anterior-posterior directions for the liver, with
the greatest translation being in the cranial-caudal direction
(Figure 6). A similar response was seen for the right kidney,
except the greatest translation was in the anterior-posterior
directions. The spleen was found to translate mostly in the
medial-lateral and cranial-caudal directions, while minimal
translation of the left kidney was observed (Figure 6).

Distances from the local coordinate system origin to
the CG of each abdominal organ of interest were measured
in the cranial-caudal, medial-lateral, and anterior-posterior
directions for the seated and supine positions to quantita-
tively examine translation (Table 2). Table 2 provides center
of gravity translation from the supine to seated position
with X being positive anterior, Y being positive left, and
Z being positive downward. The liver was found to have
large cranial-caudal (19.5mm) andmedial-lateral translations
(10.0mm) (Table 2). Therefore, the liver CG translated inte-
riorly and towards the midline. For the spleen, there was
greater translation in the medial-lateral and cranial-caudal
directions (12.0mm lateral and 13.3mm cranial) than in the

Table 2: Measurements of CG translation from the supine to seated
position using defined coordinate system, dimensions in mm.

Organ
Δ𝑋 Δ𝑌 Δ𝑍

ResultantPosterior-
anterior
(+)

Left-right
(+)

Cranial-caudal
(+)

Liver −0.7 −10.0 19.5 21.9
Spleen −2.9 12.0 −13.3 18.1
R kidney 15.1 3.9 17.0 23.1
L kidney 3.0 0.5 −6.2 6.9

anterior-posterior direction (2.9mm posterior). This motion
was characterized by a superior and posterior trajectory,
essentially in the opposite direction of the liver’s motion, but
lesser in magnitude. There was a large amount of translation
for the right kidney anteriorly (15.1mm) and also caudally
(17.0mm), which was consistent with the liver motion, as
they are ipsilateral. Minimal translation was seen for the left
kidney in themedial-lateral and anterior-posterior directions
with greater translation being seen in the cranial-caudal
direction (6.2mm cranially).

3.3. Morphology Variations. Morphology variations of each
abdominal organ in the supine and seated positions were
also analyzed qualitatively and quantitatively. Using a best fit
alignment method, the model of each organ in the seated
position was aligned to its supine counterpart, resulting in
an average error difference of 1.9mm. Surface deviations of
each abdominal organ in the seated positionwere determined
relative to the supine position and are shown in Figure 7.The
largest deviations from the supine position were in the liver
with surface variations ranging from 14.6mm to −12.4mm.
Similar deviations were seen in the spleen and right kidney
with variations from 7.2mm to −8.7mm and from 8.8mm to
−7.9mm. The smallest deviation was seen in the left kidney
with variations from the supine being 6.5mm to −6.1mm
(Figure 7). Through bounding box measurements, the liver
was found to expand 7.8% in the cranial-caudal direction and
compress 5.2% and 3.4% in the medial-lateral and anterior-
posterior directions. The spleen and left kidney were found
to expand little in the anterior-posterior direction (0.1%
and 1.9%, resp.) while compressing 5.5% and 6.7% in the
cranial-caudal direction and 2.8% and 4.1% in the medial-
lateral direction. The right kidney was expanded 1.4% in the



Computational and Mathematical Methods in Medicine 7

Liver

Spleen

Right
kidney

Left
kidney

R

R

R

R

Supine

CR

CA
CR

CA
CR

CA
CR

CA

L

L

L

L

R

R

R

R

Seated

CR

CA
CR

CA
CR

CA
CR

CA

L

L

L

L

R

R

R

R

Supine and seated
anterior view

CR

CA

CR

CA

CR

CA

CR

CA

L

L

L

L

P

A

P

A

Supine and seated
lateral view

T

B

T

B

T

B

T

B

A

P

A

P

𝑌-axis 𝑋-axis

𝑍-axis

𝑌-axis

𝑍-axis

𝑌-axis

𝑍-axis 𝑍-axis

Figure 6: Postural changes of M50 abdominal organs with T11 through L2 alignment. Note that the supine organs are transparent in the right
two columns, and the relative axis is presented at the top of each column.

medial-lateral direction and compressed 4.6%and 2.5% in the
cranial-caudal and anterior-posterior directions (Figure 8).

4. Discussion

Supine and seated scans from a prospectively scanned mid-
sizedmale inmultiplemodalities were investigated to analyze
abdominal organ position and morphology between the

two postures. The male subject recruited for this study was
targeted to match 50th percentile male literature values for
height, weight, and 15 additional anthropometric measure-
ments.The goal of this study was to analyze the differences in
organ location, morphology, and rib coverage observed due
to posture change. The results show that postural changes do
affect abdominal organ location, morphology, and projected
rib coverage.
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For the liver, translation of the CG occurred mostly in
the cranial-caudal direction, with smaller translation in the
anterior-posterior and medial-lateral directions. Relative to
the established local coordinate system, its location in the

seated posture was inferior to the supine posture; however,
the exposed surface was actually decreased due to relative
movement of the ribs (Figure 6). Bounded by the chest wall,
the spleen translated approximately equal distances along
the medial-lateral and cranial-caudal directions (12.0mm
leftward and 13.3mm cranially, that is, upward) between
postures. For the right kidney, translation was minimal in the
medial-lateral directions, but large translations were seen in
the anterior-posterior direction (15.1mm) and cranial-caudal
direction (17mm). Lastly, the left kidney had little translation
in all three directions.

Due to translation and morphology changes of the
abdominal organs from the supine and seated positions, rib
coverage of organs varies. The study design enabled direct
quantification of rib coverage due to the availability of CT
scan data.The liver in the frontal and lateral views is protected
by the ribswith a 4.6% (frontal) and 9.6% (lateral) greater area
of coverage in the seated position as compared to the supine
position. From a blunt injury perspective these findings are
relevant, as the ribs are generally a common load path in
blunt force trauma [30].When viewed laterally, the liver in the
seated position is elongated in the cranial-caudal direction,
contributing to a greater area of rib coverage. From a frontal
view, rib coverage area is larger for the anterior portion of the
liver in the seated position.These results have implications for
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computer models whose aim is predicting abdominal injury
in an omnidirectional sense. For individuals donning a 3-
point safety belt over the left shoulder, the liver is located
beneath the travel of the belt, and in frontal impacts it is
loaded by the belt. In lateral impacts, the studies have shown
that laceration of the liver is seen to result from right lateral
impacts resulting in rib fractures [5, 31].

The spleen is covered by the ribs in both the supine
and seated positions, but due to spleen translation when
transitioning between each posture, the area of rib coverage
is found to increase 11.7% in the seated position, possibly
leading to different injury responses. When examining the
right kidney in the supine position, there is rib coverage by
the 12th rib resulting in a larger area of rib coverage when
compared to the kidney in the seated position where rib
coverage declines 12.2%. The left kidney in the supine and
seated positions has comparable rib coverage and minimal
differences, 0.4%, in exposure between postures. Due to their
deep position, the kidneys are less frequently injured in blunt
force trauma [2]; however, the rib coverage was conducted on
these organs for completeness of the study. The average rib
coverage differed between the supine and seated positions,
with coverage being less for the kidneys and greater for the
liver and spleen in the seated position. From these findings,
changes in rib coverage due to posture variations should be
considered when using computer models to predict injury.

Rib proximity has noteworthy implications in automobile
crashes, as abdominal injury is often associated with rib
fracture. As a result of rib coverage and location, organ injury
may be more likely due to increased or decreased exposure.
Rouhana states that the ribs do provide some protection for
abdominal organs, but when the ribs fail due to impact, the
protection is eliminated, and injury to these organs is likely
[32]. The literature suggests that ribs are likely to play a role
in damaging abdominal organs such as the liver, spleen, and
kidneys [3]. Additionally, Siegel et al. reported that the spleen
is the most common abdominal organ injured in left lateral
impacts as a result of blunt impact to the ribs [30]. Based on
the findings in this study and also the findings reported in
the literature, the area of rib coverage is found to change in
various postures, and impact to the ribs can result in injury
to the abdominal organs, so this should be considered when
studying abdominal injury mechanism.

Morphology variation of the abdominal organs between
the supine and seated positions can be readily visualized
(Figure 7). Through the completion of a deviation analysis
these differences can be quantitatively identified.The greatest
deviation in morphology was seen in the liver where the
seated abdominal organ varies from the supine abdominal
organ by expanding 7.8% in the cranial-caudal direction
and compressing 5.2% and 3.4% in the medial-lateral and
anterior-posterior directions. The spleen, left kidney, and
right kidney in the seated position were also seen to vary in
morphology when comparing to the supine position. These
findings are consistent with what is known about the relative
stiffness of these organs. Material properties of these organs
found in the literature show that the spleen on average has
30%greater elasticmodulus than the kidneys and 60%greater
elastic modulus than the liver [33]. Therefore as expected the

softer organs are demonstratingmoremorphological changes
from one posture to the other.

The location of abdominal organs and morphology vari-
ance due to postural position may be a factor in vehicle crash
injuries. Rouhana and Foster reported that many abdominal
injuries result from interior vehicle components [34], such
as loads from the seat belt or steering wheel. Based on the
location and morphology of abdominal organs and the load
that is applied to these organs, the severity of the injury
may vary. For example, liver injuries are found to increase
fivefold when the impact location was lateral rather than
frontal. The same was also seen for the kidneys, except
the increase in injury was twofold [32–35]. While the most
straightforward application of this work is through the devel-
opment of computational models, it is clear that other types
of physical human surrogates for testing could be affected
by these findings. Data from this study may also inform the
development of future biomechanical experiments studying
abdominal injury. In the case of a physical human surrogate
model for ballistic impact assessment [7], an understand-
ing of relative organ location should be known to test
organ specific injury criteria and accurately define injury
mechanisms.

A limitation of this study is that results are specific to an
individual representing the 50th percentile male in terms of
height, weight, and 15 anthropometric measurements. Due to
the very labor intensive data collection (3 imaging modalities
of full body data, over 15,000 individual images collected over
a 2month period, while the subject was enrolled in the study),
larger sample sizes were not feasible at the time of acquisition.
Although these findings are based on one individual and are
not scaled, the results indicate that postural changes affect
location, morphology, and rib coverage of the liver, spleen,
and kidneys.

An analysis of the reported mean volumes for the organs
of interest in several literature studies [20, 36–42] shows a
weighted average mean (taking into account sample size in
each study) of 1575 cm3, 186 cm3, 163 cm3, and 164 cm3 for
the liver, spleen, right kidney, and left kidney. By contrast,
the subject in this work had volumes of 1255 cm3, 205 cm3,
127 cm3, and 141 cm3 for the liver, spleen, right kidney, and
left kidney. While there are discrepancies, particularly in the
liver, three main points should be noted. The image sets
used in the papers referenced previously to examine organ
volume all used image acquisition with a much greater slice
thickness (5mm to 20mm) than that which is used in this
study (CT: 0.63mm and MRI and uMRI: 2mm). In all cases
referenced, the slice thickness was at least 2 times as great,
with most cases being greater than 5 times larger. Therefore,
it is unknown the extent to which the volume differences are
based on the effect of lower resolution data. Secondly, the
sheer volume of the data required for this study (described
previously) made population-based study impractical. Lastly,
the goal of this study was to present the methods to perform
this analysis on a single subject. The approach for this
work was not to scale the organ volumes in any way in
order to maximize the true representation of organ prox-
imity to bony structures, location changes, and morphology
changes.
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Further studies will be required to determine if these
location, morphology, and rib coverage variations are con-
sistent within a wider population of individuals representing
the 50th percentile male or in other anthropometrically
distinct populations (i.e., 5th percentile small female, 95th
percentile large individuals). Two studies examining mor-
phology changes of the organs of interest in the present
work can be found in the literature. Chen and Shapiro
[43] proposed a method to analyze shape variation based
on principle component analysis, and Lamecker et al. [44]
proposed a shape analysis method based on minimizing
distortion between two surfaces. Both of these studies present
methods for shape analysis but do not present results on
how shape variation manifests across a population. Studies
by Gayzik et al., Danelson et al., Weaver et al., and Urban
et al. examine morphology changes in various anatomical
structures using Procrustes Analysis [45–48], but none of
these are focused on the abdominal organs examined in
this study. Furthermore, with adequate data the methods
presented here could be used to study vulnerable populations
such as the elderly or obese. Researchers have shown that the
morphology of the entire rib cage changes with age [45, 49].

This study suggests that posture-dependent changes in
abdominal organs should be accounted for in the develop-
ment of human body models for biomechanical research. In
the absence of additional data, the results of the study could
be used to approximate the effects of gravity on posture.
This approach should be used only with caution and as
a general guideline due to the limited sample; however, it
should be noted that the data was collected prospectively
on a thoroughly prescreened, living individual. The medical
images were found to be negative for pathology or anatomical
abnormalities by a board certified radiologist.

The results indicate that model development based solely
on image data in the supine posture will omit changes in
the relative location of the key structures of interest. As
human body modeling for injury prediction becomes more
advanced, it will be important to acquire source data in
postures as close to the final posture of interest possible, as
this will maximize themorphological accuracy of themodels.
While comparative studies of models developed with and
without posture-dependent data are lacking, based solely
on positional changes alone, it is likely that using posture-
dependent data would have an effect on the injuries predicted
in a given simulation.

5. Conclusion

Amanual and semiautomated image segmentation approach
and registrationmethodwere used to complete a comparative
analysis between abdominal organs in the supine and seated
position for an individual representing the 50th percentile
male. The findings indicate that variations in organ location,
morphology, and proximity to bony structures based on
postural changes should be accounted for when construct-
ing finite element models for vehicle safety research. The
liver, spleen, right kidney, and left kidney were found to
have a resultant translation of 21.9mm, 18.1mm, 23.1mm,

and 6.9mm when transitioning from the supine to seated
position. Rib coverage was found to increase for the liver
and spleen between the supine and seated positions but was
found to decrease for the kidneys. For the liver, rib coverage
increased from 4.6% (frontal) to 9.6% (lateral), and for the
spleen organ exposure increased 11.7% from the supine to
seated position. The right and left kidneys had a decrease in
coverage of 12.2% and 0.4%. When examining the surface of
the liver, spleen, and kidneys in supine position compared
to the seated position, each organ was found to compress
or expand in the cranial-caudal, medial-lateral, and anterior-
posterior directions. The results from this study provide
evidence that organ location, exposure, and morphology are
affected by postural changes, which is important in pre-
diction injury mechanisms. Via computational models that
accurately reflect organ position and morphology changes
with posture, this work will lead to increased knowledge of
how blunt injury is influenced by location and morphology
variations.
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