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Abstract

Objective: 2D Ultrasound (US) imaging has been recently investigated as a more accessible
alternative to 3D Magnetic Resonance Imaging (MRI) for the estimation of soft issue motion
under external mechanical loading. In the context of pressure ulcer prevention, the aim of this
pilot MRI study was to design an experiment to characterize the sacral soft tissue motion under
a controlled mechanical loading. Such an experiment targeted the estimation of the discrepancy
between tissue motion assessed using a 2D imaging modality (echography) versus tissue motion
assessed using a (reference) 3D imaging modality (MRI).

Methods: One healthy male volunteer participated in the study. An MRI-compatible custom-
made setup was designed and used to load the top region of the sacrum with a 3D-printed copy
of the US transducer. Five MR images were collected, one in the unloaded and four in the
different loaded configurations (400-1200 [g]). Then, a 3D displacement field for each loading
configuration was extracted based on the results of digital volume correlation. Tissue motion was
separated into the X, Y, Z directions of the MRI coordinate system and the ratios between the
out-of-plane and in-plane components were assessed for each voxel of the selected region of
interest.

Results: Ratios between the out-of-plane and in-plane displacement components were higher
than 0.6 for more than half of the voxels in the region of interest for all load cases and higher
than 1 for at least quarter of the voxels when loads of 400-800 [g] were used.

Conclusion: The out-of-ultrasound-plane tissue displacement was not negligible, therefore 2D US
imaging should be used with caution for the evaluation of the tissue motion in the sacrum region.
The 3D US modality should be further investigated for this application.



Introduction

Internal soft tissue deformation has been shown to be one of the main factors responsible for
the onset of Pressure Ulcers (PU) and to be representative of the risk of the PU development.
Indeed, previous work in animal models have established that compression-induced damage and
internal tissue strains are correlated (Gawlitta et al. 2007; S. S. Loerakker et al. 2010; S. Loerakker
et al. 2011; Nelissen et al. 2019; Stekelenburg et al. 2006; Traa et al. 2018; 2019; van Nierop et
al. 2010). Based on the results obtained on N=11 female Brown-Norway rats, Ceelen et al.
established that tissue damage could be measured using T2-weighted MRI when the maximum
shear strain in the tissues and the compressive strain were in excess of 75% and 45 % respectively
(Ceelen et al. 2008). The experimental quantification of soft tissue displacements and associated
strain fields when tissues are compressed is therefore an important question. Monitoring strain
fields could potentially be used to provide a quantitative metric to assist in the clinical evaluation
of injury risk. However, the in vivo (and more challenging, in situ) monitoring of mechanical
strains represents a significant challenge for the community.

B-mode ultrasound (US) imaging has been shown to be promising for the quantification of soft
tissue motion in combination with Digital Image Correlation (DIC) (Gennisson et al. 2013). It has
been used to quantify soft tissue displacements in vitro, in tissue-mimicking phantom (Zhu et al.
2015), ex vivo, in porcine flexor tendon (Chernak Slane and Thelen 2014) and, in vivo, in the
human Achilles tendon (Chimenti et al. 2016) and in the quadriceps muscle (Affagard, Feissel,
and Bensamoun 2015). From the perspective of PU prevention, a recent study by Doridam et al.
(Doridam et al. 2018) investigated the feasibility of using B-mode ultrasound imaging combined
with DIC for the quantification of subdermal soft tissue strains in the buttock region in two
perpendicular planes (sagittal and frontal) during sitting. Results showed that, in both planes, the
muscle tissue motion in the second principal direction (perpendicular to the pelvis motion) was
important suggesting there was a non-negligible out-of-ultrasound-plane motion of the material
particles. As a result, tracking muscle features using image registration techniques in each plane
would introduce biases. This is a major limitation for the use of 2D US imaging for the in vivo
assessment of soft tissue motion under mechanical loading.

Other attempts have been made using Magnetic Resonance Imaging (MRI) associated with Digital
Image Correlation (DIC) to quantify tissue motion. MRI associated with cross correlation
techniques is actually considered the gold standard for the assessment of 3D tissue motion under
mechanical loading (Gilchrist et al. 2004; Bay 2008). From a PU prevention perspective, Solis et
al. assessed the internal displacements and the associated strain fields in vivo in healthy and
spinal cord injury (SCI) pigs using tagged MRI observing an increase in the values of shear and
tensile strains with an increase in the distance from the centre of ischial tuberosity ventrally (Solis



et al. 2012). In humans, Sonenblum et al. used 3D seated MRI to evaluate displacements in
buttock tissues during sitting in able-bodied and SCI subjects. Results showed that 5 out of 7
tested subjects did not have notable muscle tissue under the ischial tuberosity while sitting
suggesting the importance of using multi-planar imaging to assess subject-specific anatomy
(Sonenblum et al. 2015). Likewise, Trebbi et al. combined MRI of the foot in both deformed and
undeformed configurations with Digital Volume Correlation (DVC), to experimentally assess
internal tissue displacements in the heel pad region (Trebbi et al. 2021) under external shearing
load. However, although MRI is a potential tool for the quantitative evaluation of soft tissue
displacements, it has important drawbacks such as high costs, a confined environment and the
requirement for the patient to not move for long periods in positions that can be uncomfortable.

To summarize, ultrasound-based investigations represent a promising alternative to MRI-based
assessment of tissue motion in clinical environment because they improve on the shortcomings
of MRI for bedside imaging. However, current 2D ultrasound systems are limited in characterising
the soft tissue deformations under mechanical loading because they can only image in the 2D
US-plane. As far as the authors are aware of, no studies have quantified how much error results
from using a 2D imaging modality (echography) as a substitute for a 3D imaging modality (MRI)
for the assessment of soft tissue motion under mechanical loading to inform on injury risk.
Moreover, according to figures reported in a National Prevalence Study in French Hospital
patients, sacral and heel regions have been reported to be the two most common anatomical
sites for PU development (Barrois et al. 2008). Sacrum was therefore chosen in this study as
investigation location because of the high prevalence of PUs at this location (Bauer et al. 2016)
and ease of access for experimentation.

Because of the significant challenges associated with the in situ measurement of both loading
and tissue motion using medical imaging in clinical routine, the objective of this of this pilot MRI
study was to design an experiment to characterize the sacral soft tissue motion under a
controlled mechanical loading. Such an experiment targeted an estimation of the discrepancy
between tissue motion assessed using a 2D imaging modality (echography) versus tissue motion
assessed using a (reference) 3D imaging modality (Magnetic Resonance Imaging) to inform on
the relevance of 2D US-based measurements for pressure ulcer risk assessment. In this work it
was not assumed that the out-of-plane movement is negligible.



Material and Methods

1. Participant

One healthy male volunteer (34 y.0., 1.75m and BMI 27.8 kg/m?) was enrolled in the study after
informed consent and local ethics committee agreement (MAP-VS protocol N°ID RCB 2012-
A00340-43).

2. MR-compatible custom-made indentation setup

A custom-made MR-compatible setup was designed and assembled with the objective of
applying a controlled external compressive force with only a vertical load (i.e. with no shearing
load) on the sacrum vertebra via a US-like indenter throughout the MRI acquisitions.

The setup (the reader is referred to Figure 1 for a sketch and to Figure 2 for pictures) was built
from a rigid tube structure holding an indenter, a 3D-printed copy of the SL10-2 linear probe
transducer developed by (Aixplorer, SuperSonic Imagine, France). The probe was replicated using
a Raise3D Pro2 printer and using Raise3D Premium PLA Filament of diameter 1.75 mm (Figure 2
b); final size was approximately 118x28x14 mm3. Indenter connection to the tube structure
allowed setting and fixing its orientation. To check if the US plane remained vertical during the
experiment, a cylindrical reflective marker (Figure 2 d, Figure 3) was glued on the side of the
indenter oriented towards the head of the participant.

Second sacral vertebra (S2) was loaded with the 3D-printed indenter by adding dead weights
(plexiglass plates shown in Figure 1 as J and K) to the structure. The maximum load applied by
the setup was determined in accordance to the literature. In the study of (Sheerin and de Frein
2007), the authors reported that pressures measured at the sacral region could reach values as
high as 154 mmHg when the head was immobilized and spider strapping was used on an
unpadded spinal board. Multiplied by the surface area of the 10-2 linear probe transducer used
in this study (410 mm2), this results in a force of approximately 9 N. Preliminary test was
performed to evaluate the maximum load the subject could tolerate. Based on this test, a
maximum load of 12 N was set for the experiment. This load was applied in 4 loading steps of
200 g or 400 g each resulting in various loads in the range 0-1200 [g] (Table 1).

A schematic representation of the proposed setup with additional details is given in Figure 1.
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Figure 1 : The contact area A indenter/body located at the region of the sacrum with the participant being
in a prone position where he was placed head first into the MRI scanner. Clamp B holds the indenter,
allowing the adjustment of its orientation, to keep it perpendicular to sacrum skin surface. It is positioned
close to the left end of the system of rigid tubes (C and D) which are supported by the MR-compatible
stand E, also made from rigid tubes. Tube system C was built long enough to allow the positioning of the
supported indenter inside the MR scanner. To keep the vertical load translation from the setup to the
body, the horizontality check of the system of tubes close to the indenter was performed. For the same
purpose, the verticality check of two wires F holding the tube system C was performed using the glass
tubes G attached to them. The supporting plates H, where the wire support | was positioned, allow the
vertical adjustment on the stand as a way to control the horizontality of the tube system. The loading
mass J, adjusted for each load case, was positioned close to the indenter to stabilize the load. While the
counterweight K was positioned on the far end from the indenter to reduce the setup self-weight for the
loading step 4.

3. Data collection

3D MRI acquisitions were performed at the IRMaGe research platform (Univ. Grenoble Alpes) in
5 configurations: one unloaded and 4 loaded in decreasing order of loads from 1.2 kg to 400g by
steps of 200g or 400g (Figure 2 a, c). A summary of the loads applied is given in Table 1 below.



Prior to the experiment, the uncertainties of the loads applied with the dead weights were
assessed by repeating 4 times the previously defined loading scenario and measuring the load
with a scale (B3C Sérénite 9260(A), uncertainty of 0.1g). The results are reported as mean +/- 1
SD in Table 1.

The participant was instructed to lie in a prone position in a 3 Tesla Achieva 3.0T dStream Philips
scanner (Figure 2 a). No mattress was used during the MRI acquisitions to allow enough space
for the loading part of the setup. A soft material was put below the thoracic cage and abdomen
so the skin above the first sacral vertebrae was visually horizontal.

For each load case, an MRI volume was acquired. A 3D proton density sequence was used with
the following parameters: 399.5x399.5x119.5 mm?3 field of view and isotropic voxel size of
0.5x0.5x0.5 mm3. Two surface body coils were placed on either side of the pelvis in the medio-
lateral direction (red arrows on Figure 2 a) to increase the signal-to-noise ratio. The acquisition
duration time was approximately 10 minutes per MRI scan. Due to limited time allowed in the
MRI scanner, approximately 5 minutes were left between acquisitions in order to change the
load. Participant was asked to not change body position between the acquisitions. To account for
breathing, a gating technique was used.

Figure 2 : a) Participant lying in the MR scanner with two surface body coils (red arrows) placed on either
side of the pelvis; b) Real US probe (left) and associated 3D-printed copy (right); c) Rear side of the MR
scanner showing the rest of the setup and the participant lying in the scanner; d) Green arrow showing
the cylindrical reflective marker attached to the 3D-printed indenter.



4. Image registration procedure to estimate 3D displacement fields

To extract 3D displacement fields associated with the different loading configurations, a DVC
technique was used, based on the open source Elastix library (Klein et al. 2010). The registration
was performed between the fixed MRI volume (undeformed configuration, i.e. load case 0) and
each moving MRI volume (loaded configurations, i.e. load cases 1-4).

Voxels of the fixed image were spatially mapped to the voxels of the moving image using a 2-step
procedure. First, a rigid body transformation was defined by assuming that the MRI volume is a
rigid body. The parameters of the transformation were computed as those that minimized the
distance between the bones in the fixed image and each moving image based on a manually
defined mask (image segmentation of bone tissues performed with Amira software.) to indicate
the bony region assumed non-deformable. Second, B-spline non-rigid transformations were
calculated between the aligned moving image and the fixed image. The coefficients of the B-
spline transformations were optimized in each cube of a 3D grid that sampled the MR volume
(size of the grid: 12mm). Four other grid sizes were tested (8, 10, 14 and 16 mm). However, grid
sizes larger than 12 mm resulted in larger differences between the fixed image and the result of
registration, while smaller grids introduced noise in some areas of the image. For such
optimization, Advanced Normalized Correlation metric was chosen as the similarity
measurement since both the fixed and the moving images are obtained using the same modality.
Displacements in all directions was calculated with a custom MATLAB script based on the
identified displacement field, voxel size and known number of image slices in each direction.

5. Data Analysis

Based on the displacement fields obtained by DVC, post processing was performed to estimate
the out-of-plane tissue motion. Verticality check of the US image plane was performed.

5.1 Construction of the US plane from the reflective marker

The ultrasound image plane (referred to afterwards as “US plane”) was constructed as follows:
First, two points A and B were manually selected on the posterior side of the reflective marker
(Figure 3 b) on a sagittal slice of MR image and used as construction points to define a temporary
unit vector v';. The reflective marker is glued to the indenter surface inclined by 12.1° with
respect to the middle transverse plane of indenter (Figure 3 a). A corrected v; was therefore
defined corresponding to a rotation of the vector v'; so that it lies in the plane parallel to the

transverse plane of the indenter. Then, four points C, D, G and H were selected on the superior
and inferior sides of the indentation mark on a frontal slice of MR image where the mark was



visible as illustrated in Figure 3 below. They were used to define a temporary unit vector v',

passing through the midpoints of the line segments connecting C and D and G and H respectively
(Figure 3 c). Third, a unit vector v5 perpendicular to the plane containing the vectors v; and v',

was defined as the result of the cross product (v; x v',). A new vector v, perpendicular to both

v; and v3 was then defined as (v3 x v1).

Figure 3 : a) Sagittal view of the 3D printed indenter, green arrow points at the reflective marker; b)
Sagittal slice, the red dotted line is aligned with the reflective marker; c) Frontal slice of the MR image.

The US plane was assumed to pass through the middle of the thickness of the piezoelectric
transducers. The thickness of the indenter was estimated by selecting 2 points E and F in the
same sagittal slice of MR image previously defined (Figure 3 b). The origin of the US coordinate
system (US CSYS) was established at the mid-point A’ of the line segment joining E and F. Finally,
the homogeneous matrix H of the US CSYS was defined as follows:

H= [vlvzng’0001]
5.2 In-plane and Out-of-plane displacements quantification

To characterize the in-plane and out-of-plane displacements, the displacement field resulting

from the 3D Image registration procedure defined in section 4 above was separated into Y-Z (in-

plane) and X (out-of-plane) directions in the loading coordinate system (MRI CSYS).

Two parameters were identified to quantify the out-of-plane displacements: First, for each voxel
the ratio R of the norm of the out-of-plane ||Dx|| component to the norm of the in-plane
component ||Dy,|| was defined. Second, the ratio N of the norm of out-of-plane component
||Dx || to maximum in-plane component max(||Dy||) throughout the whole image was defined.

R abs(Dy) V= abs(Dy)

VDy? + D;* " max (\/ Dy* + DZZ)




5.3 Regions of interest
Two regions of interest were defined. The first one, called ROI1, was defined in the vicinity of the
indentation for the visualization of the displacement field in the soft tissues located above the
bony prominence around the indentation zone as depicted in Figure 4 a.

The second, called ROI2, was defined for the evaluation of the out-of-plane displacement
according to the definition of ratio R and norm ratio N. ROI2 was defined based on the data of
load case 1 by selecting the region with the norm ratio values N higher than 0.3. This ROI2 was
kept the same for the other load cases as well. An example of ROI1 and ROI2 is given in Figure 4.

0.5

04

0.3

02
0.1

Figure 4 : Two regions of interest. a) Both ROI1 and ROI2 are shown on a transversal MRl slice; b) ROI1
(top) and ROI2 (bottom); c) the norm ratio for the load case 1 plotted for ROI1 (top) and ROI2 (bottom).

5.4 Assessment of the uncertainty associated with US plane definition.
To assess the uncertainty associated with the definition of the US CSYS, the points A, B, C, D, E,
F, G, H were selected 10 times and associated US CSYS were recalculated. The orientation matrix
of the relative angular position of each US CSYS to that of the global MRI CSYS was then
calculated. The decomposition of the rotation matrix was done using the YXZ rotation sequences
of Cardan angles (MRI CSYS is shown in Figure 6). The rotation of the indenter from the vertical
axis was assessed as the angle around the Y axis.

Results

1 Loading uncertainty

The results of the load reproducibility evaluation performed for five load cases are given in Table
1 below.



Table 1 Load case reproducibility evaluation

Load case Mean, [g] Standard deviation
(SD), [g]

LO 0 0

L1 1216 )

L2 812 2

L3 626 2

L4 439 7

2 Data collection results

The MR images of the four loaded configurations (L1 - L4) were analyzed. A transverse slice of
MR image in the plane containing the indentation mark left by the 3D-printed indenter of each
configuration is given in Figure 5 below.

LO

unloaded

L2

~800g

L4

~400g

L1

~1200g

L3

~600g

Figure 5 : Transverse slices of the five load cases (LO, L1, L2, L3, L4) at the region of indentation.

3. Uncertainty in quantification of US image plane definition.

The mean difference in the relative angular position of each US CSYS to that of the global MRI
CSYS was 4.4° (range: [3.0°, 5.8°], standard deviation = 1.2°).



4. Displacement fields

4.1 In and out-of-plane displacements quantification

The in-plane and the out-of-plane displacements distributions in the ROI1 decomposed in MRI
CSYS are shown in Figure 6 for each load case. The same limits were set for all displacement fields.
The MRI CSYS was defined with Y and Z being the in-plane directions and X being the out-of-plane
direction (Figure 6: first and second rows for in-plane and the last row for out-of-plane
correspondingly). A quiver diagram is also drawn to illustrate the combined in-plane
displacement distribution in the tissues.

Z

b L1 c L2 d L3 e L4

-10

-15

Figure 6 : a) MRI CSYS; b) In-plane Y displacements in the top row; the Z in plane displacements in the
second row; the quiver showing the combined in-plane displacements distribution in the third row, and
in the last row the out-of-plane X displacements plotted in [mm]; ROI1, L1 (~1200 g) c) L2 (~800 g) d) L3
(~600 g) e) L4 (~400 g).



Table 2 summarized the displacement values for each of the four load cases. When the load was
decreased from configuration L1 (~1200 g) to configuration L2 (~800 g), the tissue displacements
estimated using DVC in the ROI1 decreased in the Z direction and, on the contrary increased in
both the Y and X directions.

When the load was decreased from configuration L2 (800 g) to configuration L3 (600 g), as well
as from configuration L3 (600 g) to configuration L4 (400 g), the tissue displacements estimated
using DVC decreased in all 3 directions.

Load case Max Dx, [mm] Max Dy, [mm] Max Dz, [mm]

L1 12.4 14.6 17.5

L2 14 16.1 14.2

L3 12.3 15.8 12.4

L4 10.7 13.7 10.5

Table 2 Summary of the maximum displacement values in each of the directions for the four
load cases

4.2 Parameters of interest to quantify the out-of-plane displacement

The first two rows of Figure 7 present the norm distribution N in MRI CSYS on each load case L1 -
L4 in the ROI1 and ROI2. The ratio R parameter is shown in the ROI2 in the last row. The ratio
values increased after the decrease in the load from L1 (~1200g) to L2 (~800g). For all load cases
more than half of the voxels had the ratios of the out-of-plane displacement values higher than
0.6, for load cases L2 - L4 the values equal to or higher than 1 were observed in quarter of the
voxels of ROI2.
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Figure 7 : Norm and ratio of the out-of-plane displacement, ROI2: a) L1 (~1200 g); b) L2 (~800 g); c) L3
(~600 g); d) L4 (~400 g).

Discussion

The objective of this study was to characterize the out-of-plane displacement using a custom-
made MRI-compatible setup under a realistic US transducer loading. This is an important
guestion because the experimental assessment of the internal soft tissue deformation could
reveal the individual PU injury risk. However, the assessment with accessible, low cost, and real-
time techniques such as 2D B-mode US could be biased by possible out-of-plane motion.

Preliminary results obtained on N=1 healthy volunteer confirm that, for the selected region of
interest and chosen loads, the out-of-plane movement is important. The verticality of the US CSYS
was also checked: the mean (+SD) value of the angle of interest was 4.4° (+1.2°).

Results showed that the ratios between the out-of-plane and in-plane displacements were higher
than 0.6 for more than half of the voxels in the ROI2 for all load cases and higher than 1 for L2-
L4 for quarter of the voxels. The inverse correlation between the ratio parameter and the load
could be possibly explained by the expulsion of the fluid from the tissues under high
deformations. Area of the high norm of the out-of-plane displacement values (more than 0.3 for



L1) is theorized to be limited by the possible shielding effect of the fascia layer located in the
adipose tissues.

Variation in the behaviour of the soft tissues in response to the reduction in the load from L1 to
L2 was observed in different directions: the displacement in the direction of the loading
decreased with the decrease in the load. While in two other directions, the values for L2 were
higher than the ones for L1. One possible explanation could be the residual deformation left in
the tissues.

There are some limitations to the current study. First, only one healthy male volunteer was
recruited for this study because of the difficulty of access to MRI. The sample is not really
representative of neither at-risk sub-population ((Coleman et al. 2013) showed that most
endangered are elderly, bedridden or SCI subjects) nor the anatomic gender differences
(especially in the pelvic region where the tissue organization varies). Results of a secondary data
analysis performed by Kottner et al. suggest that underweight patients (with BMI < 18.5 kg/m?)
are more susceptible to trunk PU development than patients with normal weight or overweight
(Kottner, Gefen, and Lahmann 2011). While the BMI of the participant of the current study was
27.4 kg/m?, the conclusions of this preliminary study should therefore be considered specific to
this application and further work aiming at generalizing these results needs to be performed.
Second limitation is related to the artificially designed loading conditions. One of the main
prerequisites was to have a control over the value and the direction of loading; therefore, it was
decided to limit the experiment only to vertical compressive load. While in the clinical
environment, region of the sacrum is highly affected by shear loads. The possibility of the
controlled shear loading will be investigated in future studies. Choice of the order of the load
steps (from the high load to the lower one) as well as a choice of the registration parameters
(metric, grid size) for the non-rigid transformations might have had an effect on the results. An
Advanced Normalised Correlation similarity metric was used for the DVC while the other available
similarity measurements were not tested, this constitutes a perspective work. Another
bottleneck is the validation of the registration method; in current case only a visual assessment
was performed.

DVC-MRI combination was previously used in 3D modality for the ex vivo assessment of tissue
motion in the intervertebral discs (Tavana et al. 2020), in rodent lungs (Arora et al. 2021) and in
vivo in human lower leg muscles (Yaman et al. 2013) and in the heel (Trebbi et al. 2021). Another
3D combination, DVC-US, combining the accessibility of the US with the completeness of the
tissue motion data in 3D, was also investigated in the literature. In vivo algorithms of DVC-US
were tested in human liver (Foroughi, Abolmaesumi, and Hashtrudi-Zaad 2006) and heart



(Shekhar et al. 2004). This combination of DVC and 3D US is a promising future research topic in
application to sacral region.

Conclusion

Several limitations have been identified as a perspective work such as the lack of clinically
relevant loading and inclusion of only one healthy subject. However, if confirmed in larger
sample, the implications of our results could go far beyond the scope of the PU prevention. While
not providing the information about the out-of-plane tissue movement and anisotropy, US
imaging and associated correlation techniques are indeed used to investigate biomechanical
properties of various soft tissues including fascia (Langevin et al. 2011), the intervertebral disc
(Vergari et al. 2014) and thigh (Fougeron et al. 2020). Results of the current study suggest that
the 2D US should be used with caution for the evaluation of tissue motion. Possibility of using 3D
US as an accessible alternative to 3D MRI modality should be further investigated in application
to sacrum region.
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