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Background: Pressure injuries are commonly noted in individuals who use
wheelchairs for mobility and sit for prolonged periods. Understanding soft tissue
composition is an essential part of treating and preventing pressure injuries. This study
proposes novel approaches for imaging the soft tissue of the buttocks in unloaded
and loaded conditions using ultrasound (US) and magnetic resonance imaging (MRI).

Methods: The soft tissue of the buttocks was measured in able-bodied
participants (n = 26, 50% female) and one male with a spinal cord injury using
an innovative chair that allowed seated US acquisition of the buttocks and a newly
developedMRI compatible loader. The US test–retest reliability (reproducibility) of
buttocks soft tissue was assessed, and US was validated with MRI. Soft tissue was
measured between the peak of the ischial tuberosity (IT) and proximal femur and
the skin. MRI was used to quantify the fat fraction of the gluteus maximus muscle,
with the goal of determining the influence of intramuscular fat on loaded soft
tissue responses and was used to assess tissue thickness during buttocks loading.

Results: US reproducibility was excellent, ICC = 0.934–0.981, with no statistical
differences between scan days. Coefficients of variation (CVs) between visits
ranged from 2.5% to 7.4% for loaded and unloaded tissue. US and MRI
measures of tissue thickness were significantly correlated (r = 0.68–0.91, p ≤
0.001). US underestimated the unloaded tissue thicknesses, with a mean bias of
0.39–0.56 cm. When the buttocks were loaded, US- and MRI-measured total
tissue thickness was reduced by up to 64.2% ± 9.1% (p < 0.001). The US- and MRI-
unloaded total soft tissue of the IT was correlated with loaded tissue thickness (r =
0.54–0.67, p ≤ 0.027). Intramuscular fat of the gluteus maximus was not
correlated to changes in muscle thickness with loading (r = 0.05, p > 0.05).

Conclusion:Wehave developed and validated a novel USmethodology usingMRI as
a comparison measure to investigate soft tissue anatomy and deformation during
sitting and loading. The ability to obtain such data in the loaded condition is unique
and fills an unmet need in understanding loading and pressure injury formation.
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Introduction

Pressure injuries occur across several populations predisposed to
prolonged sitting or lying postures. The populations most at risk are
those who are bedridden and those using wheelchairs for mobility,
including those who have spinal cord injury (SCI), multiple
sclerosis, and cerebral palsy [1]. Pressure injuries due to
prolonged sitting are most commonly associated with the areas
of high shear forces and pressure near bony protuberances,
including the sacrum and the ischial tuberosity (IT) of the pelvis
[2–4]. A common pressure injury associated with prolonged
wheelchair use is a sitting-acquired deep tissue injury which
mostly develops in the gluteus maximus muscle and related soft
tissue located under the IT [3]. Soft tissue changes are associated
with the development of pressure injuries [2,5–8]. Numerous factors
are proposed as contributing factors in pressure injury development,
including fluctuating weight, muscle atrophy, flattening of the IT,
and increased intramuscular fat deposits within the skeletal
muscles [3].

Understanding and quantifying changes to both soft tissue
composition and soft tissue mechanical properties is critical for
detection and ultimately prevention of pressure injuries. Approaches
to study soft tissue composition have included basic anthropometric
studies as well as imaging approaches using ultrasound (US) and
magnetic resonance imaging (MRI) [9–15]. Studying soft tissue of
the seated buttocks and thigh is challenging in several ways. First,
soft tissue distribution changes with different postures, especially the
soft tissue of the buttocks with the flexion of both the hips and knees,
like when seated. This position change, from supine to a seated
posture, results in both anatomical and mechanical changes in the
soft tissue [9,16–18]. Second, evaluating unloaded soft tissue in a
seated position for the buttocks and thighs is difficult, given that the
body needs to be balanced and suspended with minimal pressure to
image soft tissue while maintaining a neutral pelvis. Approaches
have included using a toileting chair, using chairs with gaps in the
seat base and sitting just on the front edge of a chair, and sitting upon
the coccyx (tailbone) [11,19–21]. Third, loaded soft tissue can also be
difficult for both US and MRI, given the challenges to properly
provide a seated position that is safe and compatible with restricted
imaging environments.

In this study, we propose novel approaches for imaging the soft
tissue of the buttocks in both an unloaded and loaded seated position
using US and MRI. For unloaded tissue measures, participants were
tested in a sidelying position with the hip and knee joint flexion and
a neutral pelvis reflecting “seated” joint position. For studying
loaded tissue during sitting, we designed a US chair with an
acrylic glass base fitted with a seat cushion that accommodated a
gel disk. For studying loading in a “seated” position with MRI, we
adopted the sidelying position and applied loads to the inferior
pelvis with a custom-built loader/seat.

Using these approaches, we tested four primary outcomes. First,
we evaluated the test–retest reliability (reproducibility) of US of the
buttocks and thigh in a loaded and unloaded position. Second, we
validated the unloaded US measures of soft tissue thicknesses with
MRI. Third, we tested the validity of the MRI loader by
examining the calculated soft tissue properties under load with
those in the published literature on tissue mechanical properties.
Last, we studied the influence of soft tissue thickness and soft

tissue composition on tissue changes with loading. These studies
were primarily performed in able-bodied participants with one
proof-of-concept US study conducted in a male participant
with SCI.

Methods

Study participants

The soft tissue of the buttocks was measured primarily in male
and female able-bodied participants recruited from the university
campus. The inclusion criteria included body weight <136 kg due to
weight limits for the MRI table and height <180 cm due to the
limitation from the MRI bore size that limited hip flexion for
individuals who were tall and, hence, were anticipated to have
long femurs. Implanted ferrous metal or electronic devices were
the exclusion criteria for the study due to the strong magnetic field
associated with the MRI component. Ethical approval for
conducting the study was received from the Institutional Review
Board of Michigan State University (IRB 5332). Informed consent
was required from the recruited participants prior to inclusion in the
study. The study required two US visits and one MRI visit. The visits
were completed within approximately 3 weeks of each other.
Participants were instructed to avoid strenuous activities 24–48 h
prior to testing. Height and weight were measured, and the
participants were enquired about exercise or sport involvement.
For access to the soft tissue of the buttocks, the participants were
scanned wearing surgical shorts and instructed to select appropriate
underwear that would not interfere with US scanning.

Ultrasound (US)

US scans were carried out by a single operator using a LOGIQ
GE P6 USmachine (GEHealthcare, Wauwatosa, WI, United States).
Images and videos were collected using the brightness mode
(B-mode) with a linear transducer (GE 9L, 8–10 MHz) that has a
14 mm × 53 mm footprint. Multiple focus points (3–4) were used to
improve the echo quality through the entire depth of the unloaded
soft tissue. US scans were performed for a minimum of three times
by taking a measure, removing the transducer, and repeating
measurements. Tissue thickness measurements were made
between the bone (IT or femur) and the superficial skin. The US
sessions began with unloaded soft tissue measures of the pelvis and
thigh, which typically required ~30 min. This was followed by
loaded measures of the pelvis and proximal thigh that required
up to 30 min. The loaded measure pelvis images were acquired after
10–15 min, which included the time needed to properly position the
subject and time needed to find the peak of the IT.

US unloaded “seated” position
The participants assumed the left lateral decubitus (i.e., lateral

recumbent) position on a firm table. The hips were flexed to
105°–110° and the knees to ~90° using a goniometer and
standard procedures [12,22] to reflect joint angles during seating
[23] (Figure 1). In brief, the goniometer was first positioned at the
lateral mid-point of the pelvis, and the second arm was set in line
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with the femur. This included palpating and marking the greater
trochanter and the lateral epicondyle to determine the position of
the femur. A foam pad was placed between the knees, a pillow
between the legs, and the greater trochanters were aligned with one
another to assist with a neutral positioning of the pelvis. Pillows were
provided for neck support. To locate the IT, moderate pressure was
applied with the US probe in the gluteal region. The probe was
applied perpendicular to the IT. After locating the IT, the probe was
moved anteriorly and posteriorly along the ischiopubic ramus to
locate the peak of the IT. To acquire images of the unloaded soft
tissue, the probe pressure was gradually reduced until it was just
contacting the skin, with the IT still visible on the screen
(Supplementary Video S1). The unloaded tissue thickness was
measured when the soft tissue appeared to be fully uncompressed
with the bone cortex visible. This process of unloading the soft tissue
was carried out for a minimum of three times. The video clips
provided a helpful guide in identifying bony landmarks and
distinguishing the borders between tissue types.

In addition to the IT soft tissue measurements, the unloaded soft
tissue thickness of the posterior femur was measured at 10% of
femur length (proximal thigh). This region was previously shown to
have altered tissue properties in participants with prolonged
wheelchair use [24–26]. The femur length was determined by
measuring the distance between the greater trochanter and the
lateral epicondyle. The bony regions were identified by palpation,
with the peak of the greater trochanter (lateral edge) confirmed
using US. The 10% thigh length between these landmarks was
marked with a sharpie and recorded. For the thigh, the US
scanning began at the lateral thigh with the transducer held
perpendicular to the long axis of the femur. The transducer was
slowly moved to the posterior thigh to the most posterior position
that included the femur. The distance that captured the soft tissue at
the most posterior point of the thigh, in which the femur was visible,
was marked and recorded, and images were collected at these sites.
This approach was necessary as the position of the femur within the

thigh varies both along the length of the thigh and varies between
subjects depending on sex and body size. Aminimum of three videos
of the proximal femur were recorded.

US loaded seated position
Participants were seated on a custom chair that included a

wooden seat base (64 cm × 45 cm × 2 cm) with a rectangular slot
(7 cm × 2.5 cm) to accommodate the US transducer (Figure 2). The
chair height was reduced to accommodate the participant with SCI.
Acrylic glass (61 cm × 46 cm × 0.7 cm) was placed on the top of the
seat base with a custom cushion (61 cm × 46 cm × 2.5 cm) placed on
the top of the acrylic glass. The cushion was covered with vinyl
enclosing 5-cm-thick high-density foam and included a 10-cm
circular opening made to accommodate an Aquaflex US gel pad
(2 cm × 9 cm). The center of the circular opening was ~11 cm from
the back of the cushion and ~13 cm from the right side of the
cushion. The gel pad permitted US scanning of the soft tissue below
the IT in the seated loaded position. The acoustic transmission of the
pad has been previously reported [27]. The US gel was applied above
and below the gel pad. The US scanning was carried out by placing
the probe under the seat and using copious amounts of gel. To
position the participant so that the IT was positioned over the gel
pad and acrylic glass window, the posterior superior iliac spines
(PSISs) were palpated from the back of the chair. The IT was located
~2–5 cm lateral to the PSIS depending on the sex and body size of
the participant. Proper positioning of the subject included using an
adjustable footrest that was positioned to support the forefoot, with
the subjects asked to sit erect with their shoulders and shoulder
blades in contact with the seat back using supportive pillows if
needed for erect posture (Figure 2). After visualization of the IT, the
thigh was lifted to reset the soft tissue to correct for any unintended
stretching or pulling of the skin and soft tissue of the buttocks and
thigh. As was carried out with the unloaded US of the pelvis, the
transducer was moved anteriorly and posteriorly along the
ischiopubic ramus to locate the peak of the IT. A minimum of

FIGURE 1
Ultrasound (US) imaging methods are shown for the unloaded soft tissue of the buttocks and thigh. The participant is in the left lateral decubitus
position with the hips flexed to 110° and the knees to 90° to attain “seated” joint positions (A). US is used to locate the target anatomical sites and
associated soft tissue of the ischial tuberosity (IT, (B, C), and the proximal femur (at 10% of the femur length, (D)). A color-coded US image is shown (C),
indicating the unloaded “seated” buttocks tissue and underlying IT. Lateral epicondyle (LE) and greater trochanter (GT) were landmarks used to
determine the location for the proximal thigh measures.
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three videos at the peak of the IT were recorded. The participant
then moved back on the seat, and the femur was aligned over the gel
pad. A minimum of three videos were captured at the proximal
thigh. All equipment were sanitized between testing of each subject,
and a new gel pad was used for each test/subject.

MRI

MRI acquisition
All images were acquired at 3T (GE Excite) using the body coil.

Iterative Decomposition of water and fat with Echo Asymmetry and
Least-squares estimation (IDEAL) and T1-weighted coronal images
were acquired. For IDEAL MRI fast 3D gradient echo (GRE), 512 ×
224 matrix, 40 cm field-of-view (FOV), 4 mm slice thickness, flip
angle (FA) = 5°, and 62.5 kHz bandwidth, 40-slice slab were used to
evaluate the thickness of the unloaded tissue and the apparent fat
fraction of the gluteus maximus muscle in the unloaded tissue.
T1 weighted images (Fast spin echo, 4 mm slice thickness, repetition
time (TR) = 1,216 m s, echo time (TE) = 7.9 m s, 320 × 224 matrix,
40 cm FOV, and 20–24 slices) were used to measure tissue thickness
during loading as this fast sequence only required ~1.5 min
compared to the IDEAL sequence that required 5 min. Unloaded
images were acquired prior to loading. Care was taken to ensure that
the seat of the loader did not contact the buttocks for the unloaded
position, and this was confirmed with theMRI images inspecting the
images for deformed tissue. The table was kept fixed for all the scans
during loading. This was carried out to minimize scanning and
loading time and allowed observations of how far the body was
moved during loading.

MRI “seated” position
The participants were fitted with a 30-cm-wide neoprene binder

to protect the top of the pelvis, and a nylon waist belt was placed on
the top of the binder. This served as a harness to loop additional

nylon straps through to stabilize the participant when load was
applied to the inferior pelvis. The subjects were positioned in a left
lateral decubitus position with hip flexion at 100°–120° and knee
flexion at 90°. The subjects were positioned to be lying on the left hip,
with the right hip fully unloaded with the buttocks positioned in-line
with the loader (Figure 3). The greater trochanter and the right and
left hip bones were aligned vertically to attain a neutral pelvis
position. Padding was placed between the knees and ankles to
assist in proper pelvis and thigh position during simulated
sitting. The nylon straps were placed under the left hip and over
the right hip and secured to the MRI table base. A vial of water was
taped to the marked skin to indicate the location of the US scanning
of the proximal thigh. Padding was also used behind the back to
reduce direct contact with the MRI bore.

MRI loader
A custom-designed loader (Figure 4) was used to apply load to

the buttocks. The loader consisted of a 30 × 12.5 × 2 cm seat with 5-
cm-thick high-density foam on the seat base. The loader was fixed to
a custom insert/base designed to fit in the contoured MRI table
cradle. The loader consisted of a 77-cm-long threaded brass rod [1/
2–13 unified national course (UNC)] and a driving board to apply
loads. The rod length allowed the seat/load to be applied by turning
the crank from behind the MRI bore. The threaded rod worked
through a threaded brass guide block ending with pairs of lock nuts
and a large nylon washer contained within the driving board.
Petroleum jelly was used as lubricant. The washer acted as a
thrust bearer. The rod was passed through two wood blocks for
stability to support the loader. The blocks also housed polyvinyl
chloride (PVC) piping, running through the length of the loader to
reduce bending of the brass rod and support the loader. A load cell
was mounted next in the series, between the driving board and the
seat, directly adjacent to the rod. The loader ended with the seat that
was applied to the buttocks. The load cell (model SSM-EV-250;
Interface, Scottsdale, AZ) was mounted between the driving board

FIGURE 2
The ultrasound (US) setup is shown for imaging soft tissue of the buttocks in the upright loaded seated position. The wooden chair base contains a
slot for the ultrasound linear probe to be placed and has acrylic glass on top (A). A vinyl covered foam cushionwith a clear gel pad (9 cm×2 cm) insert was
placed on the top of the acrylic glass prior to imaging (B). The seated US imaging was carried out by holding the probe under the chair and measuring
through the clear gel pad (C)). The participant sat erect with shoulder blades in contact with the chair back (and firm pillow if needed) with the hip
angle at 100° of flexion. A color-coded US image is shown (D), indicating the buttocks tissue and the appearance of the acrylic glass and gel pad.
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and the seat to quantify the load. To stabilize the load cell and assure
consistent movement of the loading board and seat, four guideposts
were utilized to support the travel of the load cell as loading on it
occurred. Four PVC pipes were configured around the load cell that
fit around the guideposts on the backside of the seat to allow the seat
to maintain alignment, but the posts did not contact the driving
board itself, ensuring the axial load was borne by the load cell. A
separate board was mounted to the mounting base near the feet to
provide anchor points for nylon straps that were attached to a waist
belt/harness. The straps stabilized the body and prevented the seat
from pushing the participant’s body away from the seat. The seat
was designed to slide along the base with negligible friction or
resistance and did not contact the MRI bore. This equipment
consisted of all non-ferrous materials. The force cable for the
load cell was connected to a pin panel in the wall and thereafter
connected by a cable to an AD converter and PC located outside the
scanning room. All equipment were first tested for safety outside the
MRI scanner, followed by testing inside the scanner with phantoms
during pilot testing.

The applied load was sampled at 60 Hz, digitized, and
recorded (model DI-195B; DATAQ Instruments, Akron OH).
Multiple loads [recorded in volts (v)] ranging from 0.15 to 1.80 v
(equivalent to 3–40 kg) were applied to the participants, and the
minimum increment was 0.15 v. The applied loads included a
load equivalent to 30% of the body weight to evaluate the change
in soft tissue thickness with an equivalent relative load across all
participants. The loads were carried out progressively, starting
with the lowest load and increasing to higher loads. On average, it
took approximately 1–2 min to set the load and allow for the soft
tissue to relax and the applied force to stabilize. The top load
achieved in participants approached 50% of body weight. During
loading, real-time feedback of the load was used to determine the
extent to which the crank should be turned for each target load.
The load was displayed in the scan room with a projector to guide
the loading. Although the load was applied, participants were
asked to fully relax and not tighten the buttocks or resist the seat.
The participants were asked to report any discomfort or
pinching.

FIGURE 3
The MRI set-up and slice prescription are shown in the figure. The custom MRI compatible loader is fixed on the right side of the table to provide
loading in the z-axis to the soft tissue of the buttocks (A). The participants were positioned in the left lateral decubitus position with nylon straps secured
to a waist harness to keep position during loading with a target hip angle of 105°–115° and knee angle of 90° to reflect “seated” joint positions (B). MRI
localizer images of the hip angle achieved in the MRI (C). The alignment of the ischial tuberosity (IT) of the pelvis and greater trochanter (GT) of the
femur, highlighting the target position of a neutral seated pelvis is shown (D). The right—top IT is indicated with a white plus sign. The slice prescription is
shown covering the ischial region to the pubis region of the pelvis (E).
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Soft tissue measures
Soft tissue thickness measures included total, skin +

subcutaneous adipose tissue (SA), and muscle + tendon (MT).
For the IT, the gluteus maximus muscle and hamstring tendons

(long head of biceps femoris, semitendinosus, and semitendinosus
muscles) contributed to MT. For the thigh, the gluteus maximus
muscle was the primary component of the MT tissue with a small
amount of the adductor magnus muscle for the proximal thigh. The

FIGURE 4
CustomMRI loader consisting of a threaded brass rod attached to a driving board and configured with a load cell that interfaces with a seat. The rod/
driving board is used to move the seat and apply load in the z-axis (Figure 3). The rod is turned with a crank that can be accessed from the back of the MRI
machine. The threaded rod works through a threaded brass guide block ending with pairs of lock nuts and a large nylon washer contained within the
driving board. The washer is acting as a thrust bearing ((B) inserts). PVC “stability pipes” are used to stabilize the loader and reduce bending of the
brass rod. A load cell is mounted next in the series, between the driving board and the seat, approximately in line with the rod (A). Between the driving
board and the seat, there are four short PVC pipes on the driving board that are aligned with four smaller stability pegs on the seat (A). These aremounted
around the load cell to minimize rotation of the seat in the y-axis and ensure the load applied in the z-axis is borne by the load cell. A separate board is
mounted to the base of the loader to provide anchor points for nylon straps that attach to a waist belt/harness. The straps stabilize the body and prevent
the seat from pushing the participant’s body away from the seat, and the top nylon strap is visible (B). The seat hovers just above the base, with minimal
contact or friction with the mounting base. Cushions are placed between the knees and ankles to assist with a neutral pelvis position.
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peak of the bone (IT for the pelvis and femur for thigh) was the
starting point for measurement, while the muscle fascia indicated
the boundary between the MT and SA, and the superficial skin was
the final boundary for SA and total measures. The US images were
analyzed on the US machine using the measure tool and averaging
three measures for each location and condition. The MRI tissue
thickness was measured using Fiji/ImageJ [28]. The MRI tissue
thicknesses were measured in three consecutive slices at the peak of
the IT and femur and averaged as an equivalent comparison to the
US images.

The apparent fat fraction of the gluteus maximus muscle was
quantified from the unloaded IDEAL MRI images as an index of
intramuscular fat infiltration [29]. A region of interest was drawn
around the gluteus maximus muscle located below the IT on the
water image and superimposed onto the fat image after
correcting for chemical shift (2.2-pixel shift). The fat fraction
was quantified as follows: [SI fat/(SI fat + SI water)] × 100, where
SI is the signal intensity, yielding a pixel-by-pixel fat fraction
averaged across the muscle. A total of seven slices were analyzed
and averaged.

Soft tissue changes with loading
The change in soft tissue thickness at the IT with loading was

calculated as the percentage reduction (unloaded tissue–loaded tissue)/
unloaded tissue × 100) for the loaded seated US and for the 30% body
weight loading MRI trial and the 50% body weight trial.

In addition, the following approach was taken to use tissue
mechanical properties to characterize tissue deformation as a result of
the applied load in the MRI system. The loads and tissue thickness were
converted into stress and stretch data, respectively. Stress was calculated
as the load divided by the area of the contact plate used to represent the
seat. Stretch was calculated as (loaded tissue thickness)/(unloaded tissue
thickness) from the MRI data. The stress and stretch data were modeled
using an incompressible first-order Ogden material and compared to
previously published data measured in the proximal femur soft tissue
during progressive loading [21]. The relationship between the stress and
stretch in the first-order Ogden model is described in Eq. 1.

σ � μ λα − λ−
α
2( ). (1)

In Eq. 1, σ is the stress applied, λ was the stretch in parallel to the
direction of the applied stress, µ was the first-order Ogden parameter
with units of kPa, and α was the unitless second-order Ogden
parameter. In Eq. 1, any stretch in the directions perpendicular to
the applied stress was equal. In particular, the shape of the stress
response was used as an indicator of tissuemechanical behavior with an
expected exponential shape, indicating an increase in tissue stiffness
with greater deformation.

Statistical Analysis

Data are reported as the mean ± SD. Intraclass correlations
(ICCs) were used to measure the test–retest reproducibility of US
tissue thicknesses between US testing visits using two-way mixed
effects with absolute agreement. ICC values were classified as
excellent: >0.75, good: 0.74–0.60, fair: 0.59–0.40, and poor:
<0.40 [30]. Paired t-tests were used to determine statistical
differences between days, and the coefficient of variation (CV)

was calculated. Pearson’s correlation was calculated to examine
the relationship between the two modalities for measuring the
unloaded tissue thickness using Bland–Altman plots to estimate
the limits of agreement and bias [31] between MRI tissue thickness
measures and the US measures. Normality of the differences
between measures was confirmed with the Shapiro–Wilk test.
CVs between the modalities were also calculated. Pearson’s
correlation was used to explore the relationships between
unloaded tissue thickness and the fat fraction and loaded tissue
thickness (MRI images) of the gluteus maximus muscle. Paired
t-tests were used to compare the change in soft tissue with sitting and
loading comparing MT to SA, with the significance at p < 0.05. Data
normality was assessed with Shapiro–Wilk tests. Non-parametric
Wilcoxon signed rank test and Spearman’s correlation were used
when normality was violated. IBM SPSS v.28 was used for statistical
testing.

Results

The study included able-bodiedmale (n = 13, 25 ± 5 yrs, and BMI =
25 ± 4 kg/m2) and female participants (n = 13, 20 ± 2 yrs, and BMI =
24 ± 4 kg/m2) and one male participant with chronic complete SCI at
level C5/6 (60 years and BMI = 29 kg/m2). Most of the female
participants were undergraduate students, and the male participants
who volunteered were graduate students and therefore were older. Two
participants reported a fair amount of exercise training (onemale rugby
player and one female weightlifter), and several engaged in regular
exercise. Therefore, the sample had a mix of exercise training, albeit
physical activity was not formally assessed.

US imaging

US images of the IT showing soft tissue thicknesses of three able-
bodied participants (one female) and the male participant with SCI are
shown in Figure 5. The US resolution varied across participants as
observed in the images. However, the borders between tissue categories
required to define and measure tissue thicknesses were visible. The
seated position US images were hyperechoic as expected from the use of
the imaging gel pad. All seated position US data were not normally
distributed. The tissue thicknesses of the IT are shown in Figure 6. The
reproducibility of tissue thicknesses was excellent between days
for unloaded and loaded seated IT (ICC = 0.934–0.981) and
proximal thigh (ICC = 0.960–0.956). There were no statistical
differences in soft tissue measures between days (p ≥ 0.258). For
soft tissue below the IT, CVs were 2.5% and 2.8% for total
unloaded and loaded, 3.4% and 6.6% for MT unloaded and
loaded, and 6.3% and 4.8% for SA unloaded and loaded,
respectively. For the thigh soft tissue, CVs were ≤4.8% for
total and MT with SA CVs ≤7.41%. Proximal femur tissue
thicknesses can be found in the Supplementary Material.

In the US unloaded condition, the MT was 70.2% ± 7.4% of
the total tissue and SA was 29.7% ± 7.0% for IT (able-bodied
participants). Similar distribution of soft tissue was observed
for the proximal thigh. Total soft tissue of the IT was reduced by
64.2% ± 9.1% with the loaded seated US posture compared to
the unloaded tissue. MT deformed more (73.1% ± 13.2%)
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FIGURE 5
Sample ultrasound images for the unloaded (left) and seated (right) conditions. Images are from a female (TT08, top row), two able-bodied males
(TT01, age = 35 and TT18, age = 20,middle rows), and amalewith spinal cord injury (TT30, age = 60, bottom row). The bars on the images indicate the soft
tissue thickness measures for the muscle + tendon (MT, black), the skin + subcutaneous adipose tissue (SA, white), and the total soft tissue thickness
(gray). The peaks of the ischial tuberosity (IT) and superficial layer of the skin were used for inner and outer measurement points, respectively, with
the muscle fascia used to separate the MT from SA. The seated condition includes successful imaging of the buttocks through the acrylic glass and gel
pad. The depth (cm) of imaging is reflected in the scale on the right in each image, with the unloaded condition typically requiring greater depths. Soft
tissue measures are shown in the left corner of each image; 1 = total tissue, 2 = SA, and 3 = MT.
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compared to SA for IT (40.6% ± 18.3%, p < 0.001), as shown in
Figure 7. The seated MT average of the IT was 0.94 ± 0.31 cm for
able-bodied participants and 0.50 cm for the male participant
with SCI. The change in tissue thickness at the proximal thigh
with seating was ~22% across all tissue categories. The CVs for
percentage change of the IT soft tissue thickness between visits
were 2.4% (Total), 3.1% (MT), and 17.6% (SA).

MRI validation of US measures

Twenty-two able-bodied participants had MRI data for the
validation of the unloaded US measures. Sample MRI images are
shown in Figure 8. Unloaded MT and SA thickness were not
normally distributed. MRI and US tissue thickness correlations along
with Bland–Altman plots are shown in Figure 9 for the soft tissue of the

FIGURE 6
Ultrasound test-retest reproducibility for the soft tissue of the buttocks below the ischial tuberosity for unloaded tissue (top) and seated tissue
(bottom). Individuals are shown with lines and group average with bars. MT = muscle + tendon and SA = skin + subcutaneous adipose tissue. V1 = Visit 1
and V2 = Visit 2. The unloaded tissuemeasures are indicated in (A–C)with (D–F) indicating the loaded tissuemeasures between Visit 1 and Visit 2 for total
tissue tissue thickness, muscle + tendon thickness and skin + subcutaneous adipose tissue, respectively.

FIGURE 7
Soft tissue thicknesses of the buttocks below the ischial tuberosity measured with ultrasound (A) andMRI (B, C). Proximal thighmeasures are shown
in (D). The unloaded tissue for both modalities was assessed in the left lateral decubitus position with the hips and knees flexed to achieve “seated” joint
positions. The US seated measures were carried out with participants sitting upright on a US-compatible chair (n = 26). The MRI loaded conditions were
achieved by applying loads of 30% body weight (B, n = 22) and 50% of body weight (C, n = 18) with an MRI compatible loader. Groupmean values of
the soft tissue are displayed forMT (black bars) and SA (white bars), with the error bars reflecting the standard deviation of the total soft tissue changes. The
MT soft tissue was reduced to a greater extent, relative to SA for the IT during seating and loading (p < 0.001). MT = muscle + tendon and SA = skin +
adipose.
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FIGURE 8
Sample MRI images from a male (A, TT01) and female (B, TT08) participant in the unloaded and loaded “seated position.” Hip and knee flexion were
used to achieve “seated” joint angles. The unloaded images have a blue border, and the loaded images have an orange border. Soft tissue thickness
measurement lines for the tissue below the IT (ischial tuberosity) are shown in the top left image on the image inset, with a black bar for MT (muscle +
tendon) and awhite bar for SA (skin + adipose) (A). The top two rows are T1 weighted images of the pelvis across loads showing that soft tissue below
the IT is reduced with increasing loads. The top row for the female participant (B) shows an unloaded and 30% body weight (BW) loaded image. The
bottom row for each subject shows the Iterative Decomposition of water and fat with Echo Asymmetry and Least-squares estimation (IDEAL) images. The

(Continued )
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IT. The mean differences were normally distributed. Similar plots are
shown for the proximal thigh (located in the Supplementary Material).
Overall, the US and MRI measures were significantly correlated.
Spearman’s rho was 0.73, 0.82, and 0.68 for total, MT, and SA
tissue thicknesses, respectively, at the IT (p ≤ 0.001), with significant
correlations also observed for the proximal thigh (r ≥ 0.89, p ≤ 0.001,
Supplementary Material). The CVs between MRI and US were 7.7%
(Total), 7.8% (MT), and 11.8% (SA) for the IT and 6.6% (Total), 7.5%
(MT), and 12.9% (SA) for the proximal thigh. The US underestimated
tissue thicknesses compared to the MRI. Unloaded tissue thickness
ascertained with US had a mean bias of −0.56 cm (Total), −0.39 cm
(MT), and −0.17 cm (SA) for the IT and −0.70 cm (Total), −0.36 (MT),
and −0.35 cm (SA) for the proximal thigh. The hips were less flexed
during theMRI compared to theUS (112° ± 7° vs. 107° ± 3°, respectively,
and p = 0.02).

Soft tissue with MRI and loading conditions

Soft tissue thicknesses are shown in Figure 7. The SA and total tissue
thickness at 30% body weight and SA at 50% body weight loads were
not normally distributed. The total soft tissue thickness at the IT was
reduced by 47.0% ± 7%, with the application of 30% body weight load
including a reduction in MT of 61.5% ± 16% and a reduction in SA of
16%± 23% (n = 22). FurtherMT reductions were observed at 50% body
weight load, and a 72%± 4% reduction occurred with the 50% load (n =
15). No further reductions were observed with SA. The fat fraction of
the unloaded gluteus maximus muscle ranged from 9%–25% (mean =
16.7 ± 4.8%). Sample images of amale and female participant are shown
in Figure 8. Similar to US, the MT reduction with the load was greater
than the SA reduction (p < 0.001). The estimated mechanical tissue
properties derived frommultiple loads (n = 18) are shown in Figure 10.
The shape of the response is consistent with prior results showing an
exponential increase of stress with increasing deformation (lower
stretch values), indicating increased tissue stiffness at higher loads.
The average µ and α values were 1,066 ± 332 Pa and 6.39 ± 0.61 Pa,
respectively. The number of scans and loads applied was variable across
participants’ 3–8 load range, with an average of five loads. This was
primarily due to time constraints. The maximal total time under load
collectively for all loads was 15–20 min. For the target loads of 30% and
50% body weight, the average applied load was 31% of body weight
(21 kg) and 46% of body weight (31 kg), respectively. Four of the male
participants had a body weight >87 kg and 50% body weight load could
not be achieved. There were no reports of buttocks discomfort during
the loading, including no soft tissue pinching. A couple of participants
reported that the waist harness felt tight at higher loads. Most
participants reported that they felt as if they were sitting on a soft
cushion during the loading. The loader resulted in some movement of
the body toward the head of the MRI table (Figure 8), but the target
loads were generally achieved. Costs associated with MRI limited the

number of scans. One male participant was determined to be
claustrophobic and could not tolerate scanning, and technical issues
prevented scanning of an additional male participant (could not align
the pelvis and load was not applied to the entire IT). Therefore, a
subsample (n = 22) of participants had MRI results. In addition, the
loader design did not allow loads above 40 kg and, therefore, we were
unable to achieve the 50% load for all the participants: n = 15MRI scans
at the 50% body weight load.We did not performMRI scanning on the
participants with SCI as they were at the upper limit of the allowable
height and were concerned that the 50-cmMRI bore size would present
challenges that would be difficult to navigate. The loader was used on
the participant outside of the MRI to successfully apply a 30% body
weight load. Further loading was not possible with the current loader
design, given the subject’s body weight of 93 kg.

Soft tissue correlations

Correlations between unloaded soft tissue and loaded soft
tissue are shown in Figure 11 for upright sitting (US, n = 26), 30%
body weight load (MRI, n = 22), and 50% body weight load (MRI,
n = 15) conditions. Total soft tissue thickness and SA thickness
show moderate-to-strong correlations between loaded and
unloaded conditions (rho = 0.534–0.829 and p ≤ 0.005). There
was also a significant correlation between unloaded MT and
loaded MT at 30% body weight (r = 0.542, p = 0.009).
However, for 50% body weight loads and upright sitting, there
was no MT correlation. There was no significant correlation
between the fat fraction of the gluteus maximus muscle and
loaded MT tissue thickness (r = 0.05, p > 0.05); this is plotted for
the 30% body weight load, Figure 11D. This was the outcome
regardless of how the muscle was assessed (relative change with
or without the tendon included (data not shown)).

Discussion

Our study introduces new approaches to study the seated soft tissue
of the buttocks and thigh. The US assessment of soft tissue thickness was
reproducible in both an unloaded and loaded seated position. The
unloaded soft tissue thicknesses measured by US were validated with
those of MRI, albeit somewhat underestimated with US. The CVs for
total tissue and MTs were 6.6–7.5%, with higher CVs for the SA (~12
.5%). Loading reduced soft tissue thicknesses of the buttocks,
particularly MT thickness. The MRI loader showed the same
trends in force deflection responses as reported in prior work by
the authors [21]. Lastly, the reduction in tissue thickness with
loading was influenced by the total unloaded tissue thickness, but
not influenced by fatty infiltration of the gluteus maximus
muscle.

FIGURE 8 (Continued)
fat and water IDEAL images were used to quantify the intramuscular fat content of the gluteus maximus (GM). The GM fat fraction was measured
from the muscle located below the IT (ischial tuberosity) as indicated by the yellow ROI in the top left image for the female participants (B). The water
image is weighted by water with higher pixel signal intensity (brightness), indicating high water content present in themuscle and tendon, whereas the fat
image signal intensity reflects the fat content. The apparent fat fraction image is a combination of the water and fat image showing the fat fraction
throughout the anatomy. HT = hamstring tendon.
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FIGURE 9
Correlation (left plots) and Bland–Altman plots (right) between MRI unloaded soft tissue and ultrasound (US) unloaded soft tissue of the buttocks.
The 95% confidence intervals are shown in blue dashed lines for the correlations (rho = 0.73 (Total), 0.82 (MT), 0.68 (SA), and p ≤ 0.001). The limits of
agreement and mean differences (middle line) are shown in solid blue lines on the Bland–Altman plots. MT = muscle and tendon and SA = skin and
subcutaneous adipose tissue.
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The US measures of tissue thickness in the unloaded condition
were consistent with the MRI measures for total tissue and MT,
although less so for the SA. The US validation with MRI revealed an
underestimation of the total tissue thickness measures with US. The
bias may be explained by the challenge and inability to completely
unload the soft tissue during US assessments while fully capturing
the underlying anatomy. The difference in the hip angle was likely a
contributing factor as the hips were slightly more flexed during the
US, despite efforts to match the angle between modalities. It is also
possible the imaging locations were slightly different, despite efforts
to match the imaging modalities. The MRI machine had a bore
width of just under 50 cm, presenting challenges in positioning for
taller subjects with long femurs, thus limiting hip flexion. Overall,
US was shown as a valid alternative modality to measure soft tissue
thickness, with the advantages of being significantly lower in cost
and more accessible for patients. The approach was also successful
for the unloaded and loaded seated soft tissue measurements in a
male participant with a cervical spinal cord injury. Although this was
only one participant, we were able to test the feasibility of the
imaging buttocks anatomy in the unloaded and loaded seated
position including the use of an innovative chair.

Soft tissue thicknesses were generally comparable to those of
prior studies. [32] reported unloaded “seated” total soft tissue
thickness up to 5.5 cm, with ~60–80% reflecting MT. [12]
documented a lower total unloaded soft tissue thickness at
3.1 cm. However, it was likely that the tissue was not fully
unloaded and the hip angle was at 90°, which is a smaller angle

than that in the present study and would be predicted to result in
lower tissue thickness. [13] documented up to 4 cm unloaded bulk
tissue thickness averaged over 5 cm of the IT for individuals with
SCI in an unloaded seated position, with the hip angle roughly at 90°.
In their case, the measurements were carried out over a larger
portion of the ischiopubic ramus including regions that were more
anterior than those in the current study and was carried out in
participants with SCI, a population known for muscle atrophy [33],
both of which could contribute to overall lower total tissue thickness.
The current study showed a total reduction in soft tissue of ~64%
including a 73% MT reduction with upright sitting (US) and 72%
MT reduction with 50% body weight load (MRI). Similarly, [34]
documented tissue deformation of 74.4% for MT in their control
group of able-bodied participants with seatedMRI. [20] reported the
total tissue was reduced by 56% with MT reduced by 45.5% when
comparing loaded vs. unloaded tissue. However, it is worth noting
that [20] collected loaded data through a water-filled cushion, which
may account for the lower tissue deformation percentages compared
to the current study. Sonenblum et al. (2018) also reports tissue
reduction of up to 60% in participants with SCI, which is similar to
our total tissue changes which ranged from 50% to 64% across the
MRI and US loading conditions. In cases where there are differences
between this study and previous studies, the differences in the
methodologies or participants between the studies have been noted.

Our findings suggest that greater soft tissue thicknesses can be
protective by providing more cushion to the pelvis during loading.
We expected that greater muscle mass would be protective, in that it
would provide support below the IT. Our findings show that MT
unloaded tissue was related to how the MT responded to 30% body
weight load (MRI data). However, the unloaded MT thickness did
not persist in showing correlations with higher loads [50% body
weight–MRI data and the seated US data–60–90% of body weight
load [35]]. We were also particularly interested in the role of
intramuscular fat in soft tissue changes with loading, as prior
research shows that individuals with SCI and a history of
pressure injuries have six times higher intramuscular fat than
those with no history of pressure injury [36]. In the populations
that develop pressure injuries, muscle mass can be greatly reduced
[37]. Lower limb muscle mass is reduced with age by 25–30%
[38,39], in SCI by up to 50% ([33]; Wu and Bogie., 2013 [40]),
and is accelerated for older adults with as little as 5 days of bed rest
[41]. Aging and SCI are associated with increases in intramuscular
fat, altering the muscle composition and thereby reducing muscle
quality [36,38,42] and potentially loading responses. In this study,
we did not find any relationship between intramuscular fat of the
gluteus maximus muscle and the response of the muscle to loading
in able-bodied participants. Although we observed a range of muscle
fat fractions (10%–25%), it may be that the extent of fat infiltration
was not large enough to impact soft tissue loading responses or the
range was too small. Further study in populations prone to pressure
injury, like those with SCI, may show different outcomes and need to
be further investigated. Alternatively, intramuscular fat may not play
a major role in soft tissue changes with loading. This may be at least
partially explained by the anatomy and attachment points of the
gluteus maximus muscle. The gluteus maximus muscle originates
from the sacrum and iliac crest superiorly and posteriorly and
attaches inferiorly, most prominently, on the lateral thigh
iliotibial band with a small attachment point on the gluteal

FIGURE 10
Pressure vs. stretch data representing the mechanical response
data derived from the change in soft tissue thickness during loading
from the unloaded baseline condition to loads up to 50% body weight
The data were collected during the MRI protocol, and
mechanical data were calculated from the total soft tissue thickness
and applied loads (n = 18). The trends found here match the trends
found with a similar approach previously reported [21]. However, in
this current study, foam was attached to the indenter/seat. Therefore,
additional deflection occurred as the foam was depressed, which was
not observed in the prior study. This resulted in smaller pressures for a
given stretch in the current study. Thus, for visual comparison, the
magnitudes of the pressure data collected in this studyweremultiplied
by 10.
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tuberosity of the posterior femur with fibers that are highly oblique.
During sitting or loading of the buttocks, the muscle is shifted
laterally and posteriorly and is better described as displacing, rather
thanmerely compressing [13]. In fact, some studies have shown very
limited muscle coverage during sitting, in particular when sitting on
hard surfaces [10]. This may also explain the lack of correlation
between MT unloaded and loaded conditions during US seated
loading and MRI 50% seated loading. Thus, the contribution of the
muscle during seating and loading at the IT is indeed multifaceted.

TheMRI loader was successful in achieving loads equivalent to 30%
body weight across all subjects and up to 50% of body weight in about
half the participants. The 50% load is the approaching loads during a
typical sitting posture that have been reported to range from 60–90% of
body weight [35].While we did not achieve 60%–90% body weight load
with the MRI loader, the input load was also not applied to the entire
seated load-bearing region, which includes the entire buttocks and
thighs. Therefore, the 50% load applied to a smaller area used in this
study can be compared to typical seating loads. The incremental loading
allowed us to evaluate tissue behavior over multiple loads and compare
the estimates with prior published data. This occurred by characterizing

the tissue response curve using the Ogden material model. Since the
Ogdenmodel was a non-linear hyper-elasticmodel, more than two load
response data points were needed to fully characterize the tissues. The
tissue stresses are generally aligned with prior data on continuous
loading (prior data, μ = 5,095 ± 607 Pa, α = 6.58 ± 0.73) [26]. The stress
values were smaller in the current manuscript, which may be partially
explained by the differences in the loading surface. The current loading
setup included a foam cushion, so both the cushion and tissues are
compressed in this study. In previous studies, the loading mechanism
had rigid contact surfaces, so there was very little deformation at the
indenter surface. This affected themagnitudes of the forcesmeasured by
the load cell at a givenmeasure of deflection with the loading apparatus.
However, the shape of the stress–stretch response was used as an
indicator that the tissuemechanical behavior followed the same trend as
previously shown [21]. The tissue response showed an exponential
growth, with asymptotic behavior at stretch values, similar to previous
studies [21].

The MRI of the seated position has been previously explored with
supine and partially flexed knees in standard horizontal bore MRI [37].
Our approach extends this “seated”MRI approach to a position that can

FIGURE 11
Correlations between soft tissue measures of the buttocks comparing the unloaded condition to a loaded seated condition (A, US), to a loaded
seated condition of 30% of body weight (B, MRI), and to a loaded seated condition of 50% body weight (C, MRI). The findings are similar between the
seated and 50% body weight load condition (A–C) with SA and total unloaded soft tissue correlating to seated condition and 30% body weight loading.
There was no correlation observed between the muscle fat fraction of the gluteus maximus and the loaded thickness of MT (D). MT = muscle +
tendon and SA = skin + adipose tissue.
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accommodate greater flexion at both the hips and knees and allows for
loading soft tissue and assessing changes in tissue deformation and
displacement. Furthermore, scanner size for clinical MRI has increased
to 60 cm bore width for 3T, which allows for easier equipment set-up as
well as accommodating larger patients and greater hip flexion across
patients. Access to MRI machines with a vertical bore that would allow
upright sitting is extremely limited, with nearly all MRI carried out
using a horizontal bore.We successfully developed and implemented an
MRI approach for seated anatomy, which was compatible with typical
MRI equipment.

Although others have used various approaches to image the
buttocks with US, our approach is novel in the following ways. First,
the unique testing chair allows the individual to sit upright directly
on a cushioned seat that has a firm base, allowing the evaluation of
the sitting posture with minimal compromise or distortion of the
soft tissue. The basic chair design and approach of imaging through
a gel disk can be further modified to accommodate various cushion
types and different chair pan and back tilts. An important
consideration when measuring soft tissue of the pelvis is the
posture and foot support as they both influence tissue position
and reductions. The chair options included removable arm rests for
support (used only for the participant with SCI) and an adjustable
footrest and chair height (lowered for the participant with SCI).
Additional options for future studies in populations with limited
mobility and strength include chest straps and leg straps, particularly
for individuals with spasticity as well as an adjustable back support.

The US approach is very comparable to that of MRI for assessing
soft tissue thickness and therefore has great potential in quickly and
easily obtaining tissue measures that are less costly and easier for
patients. Furthermore, US is important in the clinical environment
from a cost and accessibility standpoint, making this tool extremely
relevant. In addition, US has the advantage of the upright seated
imaging being a reasonable option that can be implemented across
research laboratories and seating clinics. For both approaches, it is
noted that there are inter-subject differences in the pelvis position
that are difficult to fully address.

This study had limitations that are addressed here. First, the
positioning of subjects in the MRI and the small bore size resulted
in scanning distortions of the sacrum and posterior buttocks which can
be observed in theMRI images. This is likely the result of gradient non-
linearity at the edge of the field of view. Although this portion of the
images was distorted, this did not impact the relevant measures of soft
tissue inferior to the IT. This was a necessary compromise to attain
“seated” hip flexion angles during MRI. We were also unable to study
participants with height >178 cm, due to theMRI physical width. These
limitations are expected to be less problematic with newer equipment,
which also permits increased scanning fields (with increased FOV from
40 cm up to 50 cm and standard bore widths of 60 cm). The loader
design also did not allow loads above 40 kg and, therefore, we were
unable to achieve higher loads in some heavier participants duringMRI
scanning. The added value of using MRI is the ability to clearly
differentiate soft tissue types including tendon, muscle, and adipose
tissue. For US, the limitations include the diminished echo quality at
large depths. This lower quality did not preclude distinguishing the
muscle fascia to discriminate MT from SA. The limitations also include
the low limits of agreement and high CVs observed in US-measured SA
thickness compared to MRI. Finally, the loading mechanism in this
study had a deformable contact surface that affected the forces

measured and stresses used to calculate the mechanical properties of
the soft tissue. A study of how using foam affects force measurements
would allow for an accurate estimate of how much the foam decreased
force measurements in this study. Future studies can also include inter-
rater reliability assessments. In addition, future studies could include
MRI measured tissue mechanical properties by means of magnetic
resonance elastography as recently carried out [43] using “seated” joint
angles to properly evaluate in vivo properties of the buttock soft tissues.

In conclusion, we have developed and validated a novel US
methodology using MRI as a comparison measure to investigate
soft tissue anatomy and deformation during sitting and loading.
The ability to obtain such data in the loaded condition is unique
and fills an unmet need in understanding loading and pressure
injury formation. Our findings show that the unloaded tissue
thickness is positively correlated to seated and loaded tissue
thickness, suggesting that greater tissue thicknesses provide
more soft tissue support during seating and loading.
Intramuscular fat did not influence the response of the muscle
to loading in able-bodied participants, suggesting that fatty
infiltration did not play a role in altering soft tissue support
with sitting in this population.
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