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Abstract

Early diagnosis of deep tissue injury remains problematic due to the complicated and multi-factorial
nature of damage induction, and the many processes involved in damage development and recovery.
In this paper we present a comprehensive assessment of deep tissue injury development and

remodeling in a rat model by multi-parametric magnetic resonance imaging (MRI) and histopathology.

The tibialis anterior muscle of rats was subjected to mechanical deformation for 2 h. Multi-parametric
in vivo MRI, consisting of T,, T,*, mean diffusivity (MD), and angiography measurements, was
applied before, during, and directly after indentation, as well as at several time points during a 14 days

follow-up. MRI readouts were linked to histological analyses of the damaged tissue.

The results showed dynamic change in various MRI parameters, reflecting the histopathological status
of the tissue during damage induction and repair. Increased T, corresponded with edema, muscle cell
damage, and inflammation. T,* was related to tissue perfusion, hemorrhage, and inflammation. MD
increase and decrease reported on the tissue’s microstructural integrity and reflected muscle
degeneration, edema, as well as fibrosis. Angiography provided information on blockage of blood

flow during deformation.

Our results indicate that the effects of a single damage causing event of only 2 h deformation were
present up to 14 days. The initial tissue response to deformation, as observed by MRI, starts at the
edge of the indentation. The quantitative MRI readouts provided distinct and complementary
information on the extent, temporal evolution, and microstructural basis of deep tissue injury related

muscle damage.

New & Noteworthy

We have applied a multi-parametric MRI approach linked to histopathology to characterize damage

development and remodeling in a rat model of deep tissue injury. Our approach provided several
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relevant insights in deep tissue injury. Response to damage, as observed by MRI, started at some
distance from the deformation. Damage after a single indentation period persisted up to 14 days. The
MRI parameters provided distinct and complementary information on the microstructural basis of the

damage.

Keywords

skeletal muscle damage, multi-parametric magnetic resonance imaging, deep tissue injury, pressure

ulcer, etiology
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Introduction

A pressure ulcer is a form of tissue degeneration occurring when tissue is subjected to prolonged
mechanical load, and is particularly common in subjects who are bedridden or wheelchair bound.
Deep tissue injury was defined as an extraordinary sub-class to the original I-to-1V stage pressure ulcer
classification system in the new 2014 international pressure ulcer guidelines (9, 25, 27, 43, 51, 77, 95).
Typical for deep tissue injury is that damage formation starts under intact skin at the bone-muscle
interface and may appear at the skin surface as a discolored spot or blood filled blister only in an
advanced state (3). At this time treatment is problematic and the deep tissue injury therefore often
progresses into a severe and difficult to heal stage 11l or 1V ulcer (10, 93). Stage Il or IV ulcers are
associated with high costs (10,000 — 15,000 GBP per ulcer), reduced quality of life with wound

closing times up to 155 days, and increased morbidity and mortality (17, 26, 34, 86, 88, 94, 105).

Early diagnosis of deep tissue injury represents a major problem. This is mainly due to the fact that
often the damage is undetected in subjects with impaired sensitization, such as after spinal-cord injury,
and only become visible at the skin surface in an advanced state. Also, there is often an inability to
differentially diagnose deep tissue injury with other pathologies such as skin tear, ecchymosis,
hematoma, dermatological condition, incontinence-associated dermatitis, kennedy terminal ulcer,
ischemic tissue change, and venous engorgement (7, 10, 33). Several proof-of-principle studies
showed that both imaging and biomarker approaches could play a role in early diagnosis of deep tissue
injury but, to date, they have not been translated into a clinical setting (4, 21, 45, 54, 63, 68, 84, 87, 89,
91, 96, 102, 107). This may be partly due to the fact that the etiology of deep tissue injury is complex
and still not fully understood (6, 92). An improved understanding of the etiology from the mechanisms
causing initial damage to actual ulcer formation and potential recovery may provide new insights for

the development of state-of-the-art early diagnosis methods.

In the last two decades a multi-scale strategy using cell-culture and animal studies, including those
from the host group, advanced the understanding of deep tissue injury etiology considerably (11-15,

19, 37, 39, 40, 49, 58-61, 66, 79, 82, 90, 98, 103, 104). In particular, the use of an unique deep tissue



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

injury rat model, combining Magnetic Resonance Imaging (MRI) and Finite Element Analysis (FEA)
methods have provided substantial new insights in the etiology of the deep tissue injury, the nature of
the tissue deformation, and the major damage causing processes, including ischemia and direct
deformation damage. Briefly, this model involves a controlled indentation of the tibialis anterior (TA)
muscle of Brown-Norway (BN) rats inside a MRI scanner to image the damage formation processes in
real-time and exploit the wide range of diagnostic MRI tools to measure essential factors, including
tissue deformation, ischemia, and edema (99). By combining MRI with animal-specific FEA models
local tissue strains could be estimated (19, 62, 73). This combined experimental-numerical approach

made it possible to link the internal tissue deformations to damage development (64, 66).

Previous etiological research has mainly focused on the initial (within 24 h) damage causing
mechanisms of deep tissue injury, including localized ischemia, reperfusion damage, impaired
lymphatic drainage and direct deformation damage (20, 29, 38, 78). However, much less is known
about the recovery processes and regeneration following the removal of the sustained mechanical
deformation. Therefore, the goal of the present paper was to investigate damage induction as well as
remodeling in the deep tissue injury rat model using a longitudinal multi-parametric MRI and
histopathological approach, in order to clarify the mechanisms underpinning the complex etiology of
deep tissue injury. We hypothesize that the multi-parametric MRI approach will provide a
comprehensive view on deep tissue injury skeletal muscle damage and remodeling, as it is expected
that deep tissue injury skeletal muscle damage will follow a precisely orchestrated biological
remodeling pathway with the co-occurrence of multiple processes and overlapping characteristic

phases.



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

Materials and Methods

Animal model and setup

A total of 53 Sprague-Dawley (SD) rats (@, 11 to 13-week-old, Charles River, Paris, France) and 6
Brown-Norway (BN) rats (9, 11-week-old, Charles River, Paris, France) were used. Animals were
housed under standard laboratory conditions with a 12 h light/dark cycle and were maintained on a
standard diet and with access to water ad libitum. The animals were divided into 6 experimental
groups (Table 1) to obtain various non-invasive in vivo MRI estimations of damage development and
remodeling as well as ex vivo histology up to 14 days after damage induction. For comparison with
previous work, a small number of Brown-Norway rats was included in group 1. All groups received
MRI pre, during, and post damage inducing deformation of the TA muscle at day 0. Group Ill, group

IV & V, and group VI were followed up for 3, 5, and 14 days, respectively.

For MRI, the rat was placed in supine position and anesthetized with isoflurane (4.0 vol% for
induction, 1.0-2.0 vol% for maintenance) in 0.6 L/min medical air. Buprenorphine (0.05 mg/kg s.c.)
was administered for analgesia. Eye ointment was applied to prevent eye dehydration. Body
temperature was maintained at 35-37 °C with a heating blanket and monitored with a rectal
temperature sensor. Respiration was monitored with a balloon pressure sensor placed on the abdomen
and maintained in a physiological range by adjusting the anesthesia. The right leg of the rat was
shaved and positioned in a u-shaped profile filled with alginate molding substance for firm fixation
and susceptibility matching. The TA muscle in the hindleg of the rat was compressed by the indentor
for 2 h. The indentor was pushed manually into the TA muscle and varied intentionally in depth and
angle between animals. The indentor setup is MRI compatible, which facilitates MRI measurements
during compression and injury development (74). The indentor is hollow and filled with an aqueous
solution of 1 g/l CuSQ,, which enables precise localization of the indentor on MRI. No signs of skin
surface wounds or pain were observed at any time-point. At day 0 (n = 20), day 3 (n =6),day 5 (n =

24), and day 14 (n = 9) rats were sacrificed by means of exsanguination from the inferior vena cava.
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This procedure was performed under anesthesia and after administration of analgesia. Both deformed

and control TA muscles were dissected and stored for histopathological analysis.

All animal experiments were approved by the Animal Care and Use Committee of Maastricht
University, Maastricht, The Netherlands (protocol 2013-047, Maastricht University, Maastricht, The
Netherlands) and performed in accordance with the Directive 2010/63/EU for animal experiments of

the European Union.

Multi-parametric MRI protocol

Measurements were performed with a 7.0 T small-animal MRI scanner (ParaVision 5.1, AVANCE llI,
Bruker BioSpin MRI GmbH, Ettlingen, Germany) equipped with a 660 mT/m, 4570 T/m/s gradient
coil (BGA-12S HP, Bruker BioSpin MRI GmbH, Ettlingen, Germany). An 86-mm-inner-diameter
quadrature transmit coil was used in combination with a 20-mm-diameter surface receive coil (Bruker
BioSpin MRI GmbH, Ettlingen, Germany) placed on top of the TA muscle inside the indentation rod.
The multi-parametric protocol consisted of T,-weighted MRI, quantitative T, and T,*-mapping,
diffusion weighted imaging (DW1), and time-of-flight (TOF) MR Angiography (MRA). As indicated
in table 1 the protocol differed between groups. In all groups the protocol was repeated several times

during and post indentation at day 0. At the other time points the protocol was acquired only once.

T,-weighted images were acquired with a 2D multi-slice multi-echo (MSME) sequence in axial
orientation. The TA muscle was imaged by 20, 1-mm-thick slices with field of view (FOV) = 25 x 25
mm?, a 256 x 256 reconstruction matrix (MTX) with 33% zero filling, and repetition time (TR) = 2500
ms. A total of 12 echoes were measured for which the last 10 consecutive echo times (TES) were
accumulated to obtain images with an effective echo time (TEe) of 65 ms. Chemical-shift selective
(CHESS) fat suppression was used. CHESS fat suppression was visibly sufficient in these small
laboratory animals with very little subcutaneous fat. Acquisition time was 8 min. In group VI T,-
weighted MRI was performed with a 2D Rapid Imaging with Refocused Echoes (RARE) sequence

with higher resolution and similar T,-weighting. Other acquisition parameters were: 16 axial slices of
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1 mm, FOV = 40 x 40 mm?, MTX = 512 x 512, number of averages (NEX) = 5, RARE factor = 8,

TEe = 40 ms, TR = 2500 ms, CHESS fat suppression, and acquisition time 13 min.

T, quantification was performed with a 2D MSME sequence. Sequence parameters for axial slices
were: number of slices = 16 or 20 of 1 mm thickness, FOV = 25 x 25 mm? MTX = 256 x 256, 33%
zero filling, 26 equally spaced echoes (TE = 6.95 — 180.7 ms), TR = 3200 ms, CHESS fat suppression,
and acquisition time ~ 10 min. Coronal slices were acquired for groups II, I1I, 1V, and VI. In the
coronal orientation, sequence parameters were: number of slices = 6 to 20 of 1 mm thickness, FOV =
60 x 30 mm?, MTX = 512 x 256, 33% zero filling, 20 echoes (TE = 10.18 — 203.5 ms), TR = 3200 ms,

CHESS fat suppression, and acquisition time =~ 10 min.

T,* quantification was performed with a 2D Multi Gradient Echo (MGE) sequence. Sequence
parameters in axial orientation were: number of slices = 16 or 20 of 1 mm thickness, FOV = 25 x 25
mm?, MTX = 256 x 256, 33% zero filling, 21 echoes (TE; = 3.34 ms, ATE = 3.55 ms, TE,; = 74.39
ms), TR = 1350 ms, CHESS fat suppression, and acquisition time ~ 4 min. Coronal slices were
acquired for groups 11, IV and VI. In coronal orientation sequence parameters were: humber of slices
= 6 to 20 of 1 mm thickness, FOV = 60 x 30 mm?, MTX = 512 x 256, 33% zero filling, 12 echoes
(TEy = 4.77 ms, ATE = 6.37 ms, TE;; = 74.83 ms), TR = 1350 ms, CHESS fat suppression, and

acquisition time =~ 4 min.

The DWI acquisition was measured with diffusion-encoding gradients applied in 3-orthogonal
directions with a multi-shot Spin Echo (SE) DWI Echo Planar Imaging (EPI) sequence in 16 axial
slices of 1 mm thickness. Other sequence parameters were: FOV = 60 x 30 mm? MTX = 128 x 64,
diffusion gradient duration (8) = 2.5 ms, diffusion gradient separation (A) = 10 ms, b-values = 0-2-5-
10-15-20-25-50-100-200-400-600-800 s/mm? TE = 18 ms, TR = 4 s, NEX = 2, number of EPI

segments = 4, CHESS fat suppression, and acquisition time ~ 20 min.

MRA was performed with a TOF 2D Fast Low Angle Shot (FLASH) sequence, with the following

sequence parameters: 120 slices of 0.4 mm thickness with 0.25 interslice distance, FOV = 40 x 40
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mm?, MTX = 256 x 256, 33% zero filling, TE = 3.8 ms, TR = 15 ms, flip angle = 80°, and acquisition

time ~ 6 min.
MRI data analysis

T,-weighted images were scored by an MR expert for the location of hyper intensity, distal or

proximal, with respect to the indentor, during and after deformation of the TA muscle at day 0.

Quantitative T,-maps were obtained by pixel-wise fitting the MR signal to S(TE) = S(0)e TE/T
(Mathematica 10, Wolfram Research, Champaign, USA). Pixels with R* < 0.9 were excluded from
subsequent analysis. Region-of-interest (ROI) based analysis of the axial T, maps was performed
(Matlab R2016a, The Mathworks, Inc., Natick, Massachusetts, USA). An ROl was defined by
manually outlining the TA muscle in all slices of the first echo of the T,-mapping dataset (ITK —
SNAP, PICSL, University of Pennsylvania, USA (108)). Mean T, of the whole TA was determined at

all time points.

Quantitative T,*-maps were calculated by pixel-wise fitting the MR signal to S(TE) = S(0)e~TE/T2"
(Mathematica 10, Wolfram Research, Champaign, USA). Pixels with R? < 0.9 were excluded. ROI
based analysis of the axial T,* maps was performed in Matlab. Mean T,* of the whole TA was

determined at all time points as well.

DWI images were registered using affine translation to the first echo of the T,-maps, followed by
calculation of the mean diffusivity (MD) of the averaged orthogonal directions by fitting the MR

signal to % = e PMD_All DWI data processing was performed using the open source DTItools add-

on for Mathematica, developed by Froeling et al. (36). ROI based analysis of the MD-maps was also
performed in Matlab. Mean MD using the same segmentation of the quantitative T,-data of the whole

TA was determined at all time points.

The MRAs were processed by visualizing maximum intensity projections (MIPs) in OsiriX (Pixmeo

SARL, Geneva, Switzerland). MRA MIPs were visually inspected and assessed by an MR expert for

10
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presence of reduced flow in the saphenous artery during indentation and increased flow in the TA

compartment at day 0.

Statistical analysis

Statistical analysis was performed with the R environment for statistical computing and graphics (R
Version 3.4.1, The R Foundation for Statistical Computing, Vienna, Austria). One-way repeated
measure ANOVA with a Dunnett’s post hoc test was used for comparing changes in mean T, T, and
MD-values of the ROI over time compared to baseline, provided that the assumptions of normality and
heteroscedasticity hold. Normality was assessed graphically for small sample sizes (n < 15). For larger
sample sizes normality was assessed both graphically and by performing a Shapiro-Wilk test.
Heteroscedasticity was assessed with Levene’s test. If both the assumptions of normality and
heteroscedasticity held Mauchly’s test was used to assess sphericity and test statistics were corrected
with  Greenhouse-Geisser when appropriate. When the assumptions of normality and

heteroscedasticity were violated the Friedman Rank Sum test with Dunnetts post hoc test was used.

Statistics were performed both for the data on day 0 for all groups and all six time points up to day 14
for group VI. At day 0, multiple T,*, T,, and MD-scans were made during the 2 h deformation period.
To assess temporal changes and to prevent excessive filtering of the data due to balancing, the 2 h
deformation period was divided into 2 time windows and any missing data from either window were
excluded from statistical analysis. This resulted in a total of 16 animals for T,", 42 animals for T, and

9 for MD.

Histology

For a subset of animals from groups | (BN n=4,SDn=4), 1l (n=4), Il (n=4),1V (n=4),and VI (n
= 4) the TA muscles were transversally cut at 1 mm intervals and embedded in total in paraffin blocks.

Both injured and contralateral control TA muscles were processed. From each block two 8 um thick

11
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histological slides were prepared; one was stained with Hematoxylin and Eosin (H&E), the other with
Masson Trichrome (TRI). Blinded pathological evaluation was performed by an experienced
pathologist, largely using the method as described by Hammers et al. (46). For this, TA muscle
sections were semi-quantitatively assessed for the presence of various features of cellular damage and
inflammatory response. The assessment focused on degeneration, necrosis, edema, hemorrhage,
fibrosis and the presence of three groups of inflammatory cell types (neutrophils, lymphocytes/plasma
cells and macrophages). Degeneration and necrosis represent a continuum of myocyte damage, with
degenerative myofibers showing swelling, loss of contact with adjacent myofibers, and intracellular or
directly adjacent inflammatory cells. Necrotic myocytes show more pronounced histomorphological
changes with homogenization, eosinophilia and fragmentation of the cytoplasm, and pyknosis or loss
of myocyte nuclei. Edema was defined as the presence of an expanded non-cellular interstitium,
hemorrhage was defined as the extravasation of erythrocytes, and fibrosis was evaluated by assessing
the presence of collagen deposition. Differentiation between the groups of inflammatory cells was
done on the basis of nuclear and cellular morphology. The presence/severity of all features were
scored on a 5-point semi-quantitative scale (none, minimal, mild, moderate, severe). In addition, the
area of degeneration was scored on a 4-point scale (0-5%; 5-20%; 20-40%; >40%). Scoring was
recorded on standardized scoring sheets. One-sided Wilcoxon signed rank tests with Pratt method for
ties correction were used to assess changes in histopathological scoring values of all injured TA
muscle sections of all different groups compared to contralateral control TA muscle sections.
Correlation of histopathological scoring values to the multi-parametric MRI readouts was performed
with a Spearman’s rank correlation test with Bonferroni type adjustment to determine the Spearman
correlation coefficient p. Correlation of histopathological scoring values to MD could not be
determined for several scored histopathological features, due to the limited spread of the data, small

number of animals, and few time-points. Histological sections were not registered to the MRI data.
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Results

Multi-parametric MRI

T,-weighted MRI was used as the principal parameter for identifying edema, damage, and
inflammation caused by the 2 h loading period. Representative T,-weighted MR images of a central,
distal, and proximal slice, acquired pre, during, and post 2 h deformation are shown in Figure 1. In the
central slice pre indentation the TA muscle and tibia bone are indicated by an arrow. During the
indentation the indentor is clearly visible. Post deformation a large portion of the TA muscle
demonstrated high intensity textured regions resembling an epi-, peri-mysium-like structure. During
indentation the extensor digitorum longus (EDL) muscle also demonstrated high intensity distal to the
center of indentation. By contrast, proximal to the indentation axis no evidence of high intensity was
observed. Post deformation the high intensity regions in the EDL largely disappeared, with the

exception of small areas located at the edge of this muscle.

Scoring for the location of the high intensity signals, i.e. distal or proximal with respect to the
indentor, during and after deformation of the TA muscle at day 0 in T,-weighted images of group I, V,
and VI, revealed enhanced incidence distally during indentation. Of the 29 scored animals high
intensity regions were demonstrated in 16 animals distally, 1 animal proximally, 7 animals distally as
well as proximally, while 5 animals displayed no high intensity regions during indentation. Indeed, all
but one animal with observed high intensity signals during indentation, displayed distal and/or
proximal high intensity signals after indentation (see Figure 2). In 2 of the 5 animals no high intensity

signals were demonstrated both during deformation and then following load release.

Quantitative water T,-values were used to longitudinally assess the damage and remodeling processes.
To illustrate damage development during indentation, Figure 3 shows representative axial and coronal
T,-maps equally spaced over the 2 h deformation period, for one selected animal pre, during, and
immediately after indentation at day 0. During indentation, an increasing area with elevated T, was

observed, starting in the EDL distally to the center of deformation (region indicated by the number 1),

13
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and subsequently expanding in the TA muscle (region 2). Towards the end of the deformation period,
elevated T,-values were also observed proximally in the TA (region 3). In the images, the elevated T,-
areas display a stripe-like texture that appears to align with the muscle fiber architecture and the epi-
perimysial structure (similar to Figure 1). Post indentation, elevated T,-values were observed in the
larger part of the TA (region 4). The elevated stripe-like texture in the coronal orientation post
deformation showed interruptions near the axis of indentation. The TA muscle did not completely

recover its shape following load release with a residual indentation visible.

A side-by-side comparison of axial and coronal T, and T,*-maps, pre and post indentation at day 0, of
the same animal as in Figure 3 (separate slice location) is shown in Figure 4. In the region of elevated
T, and T,*, a central region with lower T, and T,* was observed (arrow). In particular, T,*-values

were lower when compared to corresponding baseline values.

A multi-parametric evaluation of the model during the full time-course of damage induction and
recovery for one animal from group VI is presented in Figure 5. Images at day O were from healthy
muscle pre-indentation to which all other time points are compared. Similar to the example shown in
Figure 1, indentation caused high intensity signals on T,-weighted images in the TA muscle body as
well as between muscle and skin, which persisted up to 7 days after induction of the muscle damage.
In some animals, low intensity spots were observed in the TA on days 10 and 14. The T,-maps shown
in the second row of Figure 5 display a similar time course of recovery with normalization of TA T,-

values 10 days after induction of the damage.

T,*-maps during and post deformation at day 0 (row 3 of Figure 5) suffered from some signal loss due
to field inhomogeneities caused by the indentor and because the susceptibility-matching alginate had
to be partly removed to allow indentor access. At day 3 an area with elevated T,*-values was observed
in the TA, which was considerably smaller than the regions of elevated T,. At days 5 to 14, during the
remodeling phase of the damage, reduced T,*-values were observed in most regions of the TA muscle.
The MD-maps, shown in row 4, also suffered from some susceptibility-related artifacts during

indentation adjacent to the position of the indentor. At day O directly after indentation, MD was

14
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elevated in the TA. MD-values decreased towards day 5 to below baseline values. At day 14, MD-
values in the TA were almost returned to baseline, but some regions with lower MD could still be
observed. Regions of reduced MD and T,* at day 5, 7, 10, and 14, visually co-localized with each

other.

Coronal MIPs of the TOF MRA for two animals (RAT-005 and RAT-007) of group VI are shown in
Figure 6. The MRA MIPs reveal the larger blood arteries in the lower leg of the rat, which can be used
to assess whether major arteries are blocked by the compression. During indentation, the hollow
CuSQg-solution-filled indenter is also visible in the MIP (orange arrows). For RAT-007, a reduced
flow in the saphenous artery was observed under indentation (blue arrow). Directly after deformation
at day 0 blood flow through the saphenous artery was restored, accompanied by what appeared to be a
hyperemic response in the TA compartment region (green arrow). RAT-005 did not show a reduced
flow in the saphenous artery under indentation and showed only a minor hyperemic response at day 0
post. Angiograms at later days appeared normal for this animal. A movie of rotating MIPs of both
animals up to 14 days is provided in the supplemental content (Supplemental Content 1). Individual
time-courses of the mean parametric values of RAT-005 and RAT-007 are also shown in Figure 8.
Visual assessment of the MIPs of 33 animals revealed reduced flow in a major artery, predominantly
the saphenous artery in 11 animals under indentation and a hyperemic response in 20 animals at day 0

directly after deformation.

The extent and severity of damage caused by indentation of the TA and the time-course of recovery is
variable between animals dependent on various factors, including the individual rat leg anatomy, the
amount and angle of indentation, the induced strain in the muscle, as well as the extent of ischemia.
TA muscle T,, T,*, and MD-values for all animals over time is presented in Figure 7. Each open circle
represents a data point for a single animal at given time point, whereas the thick solid lines represent
the mean parametric values for all animals at the different time points pre, during, and post
indentation. It is evident that these mean values reflect the same time-course of trends observed with
the single animal shown in Figure 5. Individual time-courses of the 9 animals of group VI which were

followed up to 14 days are shown in Figure 8.
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A detailed summary of all parametric values for all time points with the associated statistical results
are presented in Table 2. T,-values were significantly elevated compared to baseline at all timepoints.
T,* showed significantly reduced values during indentation and was significantly elevated at day O
post and day 3. MD was significantly elevated at day 0 post, whereas at days 5 and 10 the values were

significantly lower than baseline values.

It should again be noted that not all animals followed the same trends with time. As an example, two
distinctly different responses are highlighted with green and magenta circles in Figure 7. The
guantitative parameter maps of these two animals are presented in Figure 9. In one of these rats
(magenta data points) injury from indentation was relatively mild, with T, and T,*-values not different
from baseline and a minimal decrease in MD at day 5. By contrast, indentation in the other animal
(green data points) resulted in extensive damage in the TA muscle, with increased T, in the whole TA,
a transient increase in both T,* and MD shortly after indentation, followed by a persistent decrease in

these values.

Histopathological evaluation

Table 3 summarizes the scorings of the histopathological evaluation. At day 0, approximately 2 hrs
after indentation, TA muscle tissue was only characterized by mild edema and, in some cases, early
neutrophilic infiltration. At days 3 and 5 virtually all parameters reached maximum values,
corresponding with moderate to severe degeneration affecting more than 40% of the slide area. Both
time-points clearly represent a different phase of the muscle damage and remodeling pathway. The
high-rated pathological features, represented by moderate to severe necrosis, edema, hemorrhage,
neutrophils and lymphocytes/plasma cells at day 3 are characteristics of the pro-inflammatory phase.
All high-rated pathological features of day 3 were reduced to the minimal-mild level at day 5,
accompanied by an increase in the number of macrophages and amount of fibrosis typical of the anti-
inflammatory and remodeling phases. At day 14 the inflammation markers decreased to
normal/minimal levels with, in some specimens the presence of mild fibrosis, an indication for

continued remodeling of the muscle.
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In Figure 10, representative H&E and TRI histological sections are depicted adjacent to the various
multi-parametric MRI parameters at day 0, 3, 5, and 14. For day 14, the series of two animals are
shown, one displaying mild damage (RAT-005) and one with severe damage (RAT-006). Individual

time-courses of the mean parametric values of both rats are shown in Figure 8.

Distinct differences between healthy controls and injured muscle were apparent. The control sections
(bottom row) showed normal muscle cells with small interstitial spaces. The edema, swollen cells, and
infiltrated neutrophils observed at day O after indentation is in concordance with the typical epi-
perimysium-like texture of elevated T,-values and high intensity signals that were found in the T,-
maps and T,-weighted images. The pro-inflammatory response on day 3, i.e. hemorrhage,
inflammation, necrosis, and edema corresponded with diffuse elevated T,-values on the T,-map,
whereas the T,*-map showed areas with both elevated as well as decreased T,*. On day 5, the
parametric maps of this particular animal showed a band-like pattern with slightly elevated T, and
reduced T,*. This corresponded on the histology to light collagen deposition, multiple little
hemorrhages, newly formed muscle cells, and numerous macrophages. Edema, necrosis, and the more

pro-inflammatory neutrophils and lymphocytes were reduced in number when compared to day 3.

Even at day 14, the TA muscle tissue was not fully recovered, showing numerous small muscle cells
with centrally placed nuclei and an aberrant muscle shape. This was in agreement with MRI findings,
particularly for the animals with severe damage (RAT-006), which displayed collagen deposition and
the presence of macrophages. However, also in the mildly damaged (RAT-005) animal, muscle tissue

was not fully remodelled.

Table 4 shows the Spearman correlation coefficient p for the correlation of the multi-parametric MRI
readouts and histopathological scoring. T, correlated significantly with all scored pathological
features, with a strong correlation (p > 0.80) to degeneration area, edema, and neutrophils. Correlation
of T, with fibrosis showed significantly weak (p = 0.43) correlation. T,* was strongly correlated (p >
0.80) to necrosis, edema, hemorrhage, and neutrophils. For MD no significant correlations with

pathological features were found.
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Discussion

Multi-parametric MRI was applied to characterize tissue damage and remodeling in a rat model of
deep tissue injury. MRI provided a macroscopic in vivo view of the induced damage, whereas
histopathology provided the link to muscle pathology at the microscopic level. Taken together, this
study highlights a number of features with respect to MR imaging biomarkers of muscle damage and

regeneration which reflect the time course of deep tissue injury, as shown schematically in Figure 11.

The major established muscle damage causing mechanisms for deep tissue injury are direct
deformation and ischemia. As previously reviewed by Oomens et al. both damage mechanisms have
different features in terms of time scale and deformation threshold levels (78). Ischemic damage is a
relative slow process (2 - 4 h) occurring with low levels of deformation, and is mechanistically
explained by occlusion of blood and lymph vessels resulting in a change in metabolism followed by
accumulation of waste products and associated decrease in local pH (37, 64, 100). By contrast, direct
deformation damage can develop rapidly (= 10 min) in case of high levels of deformation and is a
consequence of cell membrane failure and, potentially, rupture of the cytoskeleton (19, 66). In
addition, impaired lymphatic drainage and reperfusion injury after load release can aggravate the

damage (5, 28, 47, 49, 55, 64, 71, 85).

The skeletal muscle responded following a precisely orchestrated pathway as known from other types
of acute muscle damage (contusion, laceration/puncture, strain, myotoxin, contraction-induced injury,
crush injury) (8, 2224, 52, 67, 69, 106). The onset of skeletal muscle damage was characterized by
swollen and disrupted muscle fibers, increased interstitial space, edema, hemorrhages, and the first
signs of inflammation with the presence of neutrophils. This was subsequently followed by the pro-
inflammatory phase with significant necrosis, hemorrhages, edema, and inflammatory cell reaction of
neutrophils, pro-inflammatory macrophages, and lymphocytes. Thereafter the anti-inflammatory phase
is associated with the invasion of anti-inflammatory components to the damaged muscle, fibrillar
collagen extracellular matrix (ECM) deposition, and first signs of myogenesis. Finally, the tissue

entered a remodeling phase, partly overlapping with the anti-inflammatory phase, in which
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differentiated myocytes are evident with ECM reorganization and newly formed myocytes with central

nuclei.

From a diagnostic imaging perspective, there is no unique single MRI parameter which can reflect all
the relevant pathological processes. We therefore employed a multi-parametric imaging approach.
This strategy has been increasingly adopted in MRI to improve the overall diagnostic power (1, 16, 18,
32, 35, 41, 47, 53, 57, 64, 65, 72, 81, 90, 100, 109). In the present study, quantitative T,, T,*, MD
have been acquired in conjunction with qualitative TOF angiography as parameters which reflect

edema and inflammation, hemorrhage, tissue integrity / cellularity, and blood flow, respectively.

Tissue water T, is the most commonly used muscle MRI quantitative damage biomarker (48, 70).
Although changes in T, can be caused by several pathological processes, including inflammation,
necrosis, and edema, in the context of acute muscle damage it provides a parameter which reflects the
severity and extent of the induced muscle damage (64-66, 97, 100). We used a higher MRI field
strength and improved hardware, incorporating a surface receiver coil, which allowed for imaging T,
with higher resolution and signal-to-noise ratio (SNR) when compared to previous studies from the
host group (74, 99). This improvement resulted in the detection of elevated T, in an epi- and
perimysial structure. We observed distal T, increases during the process of deformation, which
supports previous observations describing distal T, increase directly after indentation (97).
Additionally, distal T, increases were detected in the EDL muscle in a subset of the animals, which
disappeared after load release in some of these animals. It is proposed that the distal T, increase is
caused by edema as a result of impaired lymphatic drainage and reduced venous return in the distal

parts of TA compartment.

Similar to previous findings a local T, increase directly under the indentor was absent during
deformation (92). Indeed edema buildup is likely prevented during indentation due to the compression
of the tissue. T, increased first distally and later both distally and proximally with respect to the
indentor position but not at the axis of indentation. This shows that the effects of sustained

mechanically loading on muscle can manifest itself over an area which extends beyond the site of
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loading. Histopathology confirmed that elevated T,-values shortly after load release were the result of
edema along the TA and EDL muscle fibers. At later time points, histopathology revealed extensive
necrosis, inflammation and, to a lesser extent, fibrosis. TA T,-values were at a maximum between 3-5
days after induction of damage at the height of the inflammatory response, after which T,-values
resolved (in most animals) towards baseline values at the 14 day time point, which reflects the

regeneration of the tissue.

T,*-values are influenced by the presence of hemorrhage, calcification, iron, and depend on tissue
perfusion and oxygenation (2). We observed a significant decrease in T,*-values during deformation
at day 0, which can be associated with reduced blood flow to the compressed TA muscle tissue (56).
In addition, removal of the top of the susceptibility matching alginate mold during compression of the
TA muscle at day 0, to allow access of the indentor, could have had influence on the T,* values due to
increased field inhomogeneities. In part of the animals, areas with lower T,*-values compared to
baseline were observed directly after load release at day 0, which can be an indication for the presence
of hemorrhage, most likely caused by disrupted muscle fibers. T,* values at later time points (> day 5)
were also decreased, which can be explained by hemorrhages with the associated iron deposits and
phagocytic activity (50). The former peaked at day 3, although T,* was not considerably different
from baseline at this time point. This can be explained by competing effects from edema, which
increases T,* and hemorrhaging which lowers T,*. At the final day 14 time point TA T,* values were
still lower than baseline, which can be explained by the presence of fibrosis and remaining differences

in tissue cellularity as compared to control skeletal muscle (75).

The skeletal muscle water diffusivity depends on several tissue features, including tissue integrity,
cellularity, intracellular and extracellular water fractions, and the presence of edema (83). The mean
diffusivity MD, also referred to as apparent diffusion coefficient (ADC) has been previously
investigated in rat skeletal muscle under compression (76). The authors concluded that the skeletal
muscle water MD was stable under compression. A confounding factor in their experiments, however,
was the temperature changes in muscle tissue during the in vivo experiment, which probably obscured

the effects of compression on MD. We clearly observed a significant increase in MD during
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deformation and in the first days after load release, which can be explained by the presence of edema
and cell swelling (31, 47, 80, 111). The decrease in MD from > day 5 can be explained by restricted
diffusion from newly formed small and dense packed myocytes (30). Our histopathological evaluation
revealed mild to moderate presence of interstitial fibrosis, which will provide an additional decrease in
MD by restricted water diffusion. However, the low correlation of MR parameters with fibrosis
emphasizes that it is challenging to specifically detect fibrosis in skeletal muscle by MRI. The
probable reason is that the MRI contrast is dominated by other pathological features, such as edema,

inflammation, and hemorrhage.

Reduced flow in the main supplying blood vessel was observed in several animals by TOF MRA,
which provides support to previous reports of extensive regions with low perfusion underneath and
distal to the indentor (100). Furthermore, in some animals it appeared that surrounding vessels carried
more blood to the deformed TA muscle, although this is difficult to quantify using TOF MRA.
Previous measurements of increased perfusion in the lateral and posterior compartments support this
observation (64). Similarly, the observed hyperemic response can be attributed to increased perfusion
in the TA compartment after load release (41, 64, 100). A recommendation for future studies is the use
of a quantitative MRI technique such as dynamic contrast enhanced, intravoxel incoherent motion,

arterial spin labeling, or 4D flow.

Summarizing, the combination of multi-parametric MRI and histopathology provides the following
principal observations, as indicted in Figure 11. T, and T,-weighted MRI corresponded with edema,
increased interstitial space, muscle cell damage, inflammatory onset, and inflammation. T,* provided
a readout of tissue perfusion, hemorrhages, and inflammation. MD is sensitive to the integrity of the
tissue microstructure and reflects muscle degeneration and edema, as well as ECM remodeling during
the muscle remodeling processes. TOF MRA provided information on occlusion of blood flow during

the indentation period.

Although the recovery processes and remodeling after the damage-causing action were detailed in this

study, there are also some limitations. As an example, the remodeling kinetics of damaged muscle was
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variable between animals and may take up to 30 days (30, 110). Time to full remodeling depends on
the extent of induced muscle damage, which was inevitably variable in this deep tissue injury rat
model due to the inherent differences in the magnitude and angle of indentation, small anatomical
variations between animals, the amount of induced ischemia by blockage of blood supply, and
accumulation of waste products by differences in impaired lymphatic drainage (66). Furthermore, the
damage development and the remodeling process hereafter may differ between muscles due to the
difference in muscle geometry, muscle fiber distribution, and muscle fiber type. The extent and
location of damage has previously been correlated to the values of deformation energy, which can be
derived from FEA calculations (62). Additionally, it must be accepted that an animal model is a
simplification of the human situation. As an example, thresholds for the damage-causing mechanisms,
temporal profiles of recovery process and remodeling, are likely to differ between the two cases.
Moreover, the in vivo changes in biochemical and bio-energetic processes as result of deformation, for
example, pH decrease due to accumulation of waste products, were not determined. MR spectroscopy
could provide such information (83, 101). On top of that, information on the physical performance of

damaged skeletal muscle was lacking as no functional or performance-based data was collected (42).

The skeletal muscles of individuals at high risk of developing deep tissue injury and pressure ulcers in
general, such as spinal-cord injury subjects, are likely to differ in structural composition when
compared to those of ambulant subjects. Denervated muscle will become atrophic and fat infiltrated.
This influences the mechanical properties of the muscle tissue and thus the way it deforms under
compression. Moreover, differences in tissue perfusion and metabolism can influence the recovery and
regeneration processes. It would therefore be important to study deep tissue injury in disease models,
including models of muscle denervation, muscle atrophy, and fat-infiltrated muscle. In addition, the
use of Magnetic Resonance Elastography (MRE) would provide a biomarker which reflects the
viscoelastic behavior of muscle and the role of tissue stiffness on the development and remodeling of

deep tissue injury (74).

To conclude, the present study provides several implications for understanding deep tissue injury

etiology and for management of deep tissue injury in clinical practice. Importantly, we observed that
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the initial tissue response to deformation occurred at some distance from the center of indentation,
affecting a relatively large area. First signs of damage development may therefore be detected away
from the deformed tissue, whereas current approaches for early detection generally focus on the actual
site of indentation. Secondly, a single damage causing event, involving 2 h of indentation, was
sufficient to cause extensive muscle damage that required at least 2 weeks to recover. Repetitive
loading of the tissue and longer loading periods are likely to exacerbate the extent of the damage.
Reloading of the damaged tissue should be avoided by appropriate measures in order to allow for
adequate remodeling. Finally, the multi-parametric MRI assessment provided specific imaging
parameters which may become diagnostic for deep tissue injury related muscle damage development
and remodeling. The quantitative changes over time for the various readouts (T,, T,*, and MD)
demonstrate that these combined parameters provide different and complementary information on the

extent, temporal evolution and microstructural basis of muscle damage.
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Table captions

Table 1. Experimental groups.

Measured time points, number of animals, number of selected animals for histology, and the MRI
protocol are indicated per group. *All animals were sacrificed after the last time point, followed by
excision and storage of the control and deformed TA muscle for histology. *In some animals part of
the MRI protocol was omitted due to unforeseen experimental problems.

Table 2. Quantitative MRI parameter values.

Quantitative MRI parameter values of the TA muscle (mean * sd) of all for statistical analysis selected
animals pre, during, and at various time points post indentation. The number of animals is indicated
for each parameter. The asterisk (*) indicates a significant difference (*** for p<0.001, ** for p<0.01,
* for p<0.05) versus baseline value at day 0 pre.

Table 3. Pathological evaluation of H&E and TRI stained control and deformed TA muscle.

Scoring for degeneration: 1 = 0-5%, 2 = 5-20%, 3 = 20-40%, 4 = >40% of slide area; severity of
degeneration indicated by min (minimal), mld (mild), mod (moderate) and sev (severe). For necrosis,
edema, hemorrhage, fibrosis, neutrophils, macrophages, and lymphocytes/plasma cells scoring is: 0 =
normal, 1 = minimal, 2 = mild, 3 = moderate and 4 = severe. The number of animals scored at each
time point is indicated. Values are mean * standard deviation. The asterisk (*) indicates a significant
difference (*** for p<0.001, ** for p<0.01, * for p<0.05) versus control TA muscle.

Table 4. Correlation of quantitative MRI parameters and pathological evaluation

Spearman correlation coefficient p. Spearman correlation coefficient p was tested for significance. The
number of animals is indicated for each parameter. The asterisk (*) indicates a significant correlation
(*** for p<0.001, ** for p<0.01, * for p<0.05).

Figure captions
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Figure 1. T,-weighted MR images of the TA muscle of a representative rat pre, during, and post 2 h
deformation, central as well as proximal and distal to the indentor. In the central slice the indentor,
which compressed the TA muscle towards the tibia bone, is visible. A large portion of the TA revealed
high intensity after compression in the central slice but also in the distal and proximal slices. The EDL
muscle displayed high intensity distally during indentation.

Figure 2. T,-weighted MR images pre, during and post 2 h deformation of the TA muscle. Central
slice position at position of indentor shows the deformation of the TA muscle towards the tibia bone
together with distal and proximal located slices. High intensity signal in TA muscle tissue was
observed during deformation distally to the center of deformation. Post deformation no high intensity
signal was observed in the TA compartment.

Figure 3. Axial and coronal T,-maps pre, during (multiple time points) and post indentation of the TA
muscle. The numbers in the coronal images highlight regions in EDL and TA with elevated T, values
during and after indentation. Legend for the color scaling of the T, (0-150 ms) is shown on the right.

Figure 4. Axial and coronal T,- and T,*-maps pre and post deformation at day 0. A region with
reduced T, and T,* values is indicated by the solid arrows. Legends for the color scaling of the T, (0-
150 ms) and T2* (0-60 ms) are shown at the bottom.

Figure 5. Longitudinal multi-parametric MRI of one representative rat. From top to bottom: axial T,-
weighted (T,w), T,, T,*, and MD maps, and coronal MIPs of the TOF angiography. Legends for the
color scaling of the T, (0-150 ms), T,* (0-60 ms), and MD (0.5-2x10° mm?/s) maps are shown on the
right.

Figure 6. Angiogram MIPs over time of RAT-005 and RAT-007. During deformation the indenter
(orange arrows) applying load to the TA muscle is visible. The saphenous artery is centrally located.
Reduced flow in the saphenous artery in RAT-007 is indicated with blue arrow. Hyperemic response is
indicated with green arrow. Individual time-courses of the mean parametric values of RAT-005 and
RAT-007 are also shown in Figure 8.

Figure 7. TA muscle T,, T,*, and MD-values of all animals during the time course of the whole
experiment. The 2 h deformation period is indicated with the gray area. Each open circle is a
guantitative MRI measurement of a single animal at given time. The thick solid lines are the mean
parameter values of all animals at the different time periods pre, during, and post indentation. Not all
measurements were performed at exactly the same time or repeated several times in close succession.
Therefore, mean values were calculated per time period, defined as: pre = -120-0 min, during
indentation = 0-120 min, post = 120-300 min, as well as at 3, 5, 7, 10, and 14 days post indentation.
Two distinctly different animals are highlighted by the green and magenta colored data points.
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Representative quantitative maps of both highlighted animals are displayed as inset. Quantitative
parameter maps of these two animals at all time points are presented in Figure 8.

Figure 8. Mean T,, T,*, and MD values in the TA of individual animals of group VI over time. T,
T,*, and MD in A, B and C, respectively. Each line represents a single animal, points on the line
indicate the measurement timepoints. Legend is depicted in subfigure A. The 2 h deformation period is
indicated with a gray bar. RAT-001 and RAT-002 were also selected in Figure 6 and Figure 8.

Figure 9. Multi-parametric MRI readouts of the two selected animals of Figure 6, with animal
identification number RAT-001 and RAT-002. The two animals were selected as two extremes to
exemplify the spread in measured MRI readouts and response to 2 h of deformation in the group of
animals. In comparison to RAT-002, RAT-001 showed altered MRI readouts (e.g. decreased MD and
T,*, low intensity T,-weighted (T,w) region at day 14) up to 14 days after damage inducing
deformation. For RAT-002 only a minor response, of collateral blood vessels, on the angiogram
during deformation was observed. All other MRI readouts of RAT-002 appeared normal.

Figure 10. Representative H&E and TRI histological sections next to the various multi-parametric
MRI readouts at day 0, 3, 5, and 14. For day 14 one animal with mild (RAT-005) and one with severe
(RAT-006) damage is shown. Individual time-courses of the mean parametric values of RAT-005 and
RAT-006 were also shown in Figure 8. Legends for the color scaling of the T, (0-150 ms), T,* (0-60
ms), and MD (0.5-2x10° mm?/s) maps are shown on the bottom.

Figure 11. Time-course of tissue damage and remodeling in the rat model of deep tissue injury
characterized by multi-parametric MRI (T, T,*, MD, and MRA) and linked to histopathology. The
neutrophil, lymphocyte, and erythrocyte cell types were designed by Mikael Haggstrom, used with
permission (44).

Supplemental information captions

Supplemental Content 1. Movie of rotating TOF angiogram MIPs over time of RAT-005 and RAT-
007, also shown in Figure 6. During deformation the indenter applying load to the TA muscle is
visible. The saphenous artery is centrally located. RAT-007 showed reduced flow in the saphenous
artery followed by a hyperemic response.
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all days (n=9)

T, [ms]
day Oonly (n=42)

T,* [ms]
day Oonly (n = 16)

37.0+0.4

16.8+0.9

1.56 + 0.06

38.0+23

17.4+£1.0

39.0 £ 0.5**

16.5+0.9

1.64 £ 0.05

40.2 £ 4.0%**

16.6 +0.8*

41.4 + 1.4%**

1.66 £ 0.04

44.6 £ 5.2%**

49.6 £ 7.1%**

19.5+2.4*

1.82 £0.17***

51.5 £ 10.0%**

19.5+£3.7

54.9 + 9.2%**

19.3+1.1*

1.57+0.10

50.5+ 11.1%**

17.6+2.4

1.42 +0.09*

46.4 £ 4.6%**

16.6+2.0

1.49+£0.04

45.8 +4,9**

16.8+2.4

1.41+0.13*

45.1 +5.8**

16.7+2.1

1.45+0.12




muscle pathology

control

day 0O

day 3

day 5

degeneration
area of slide
Severity
necrosis
edema
hemorrhage
fibrosis
inflammation
neutrophils
macrophages
lymphocytes/plasma cells

(n = 24)

min

o © O O

o

(n=12)

23+1.1%*
min-mld
0.5+0.7*
1.5+ 1.1**
0.8 +0.8**
0.1+0.3

1.4 £1.2%*
0.3+0.5*
0.3+0.5*

(n=4)

3.5+1.0*
mod-sev
2.5+1.0*
3.0+ 1.4*
3.0+1.4*
0.3+0.5

2.8+ 1.5*
2.3+1.0*
3.0+ 1.4*

(n=4)

3.3+0.5*
mod-sev
1.5+0.6*
1.8 +0.5*
2.0+0.8*
2.0+0.8*

1.3+0.5*

3.3+1.0**

2.0+0.8*

1.8 £0.5*

0
1.0 £ 0.8*
0.5+0.6



T2 T2 MD

(n=24) (h=10) (n=4)

P P P

degeneration

area of slide 0.81°° 0.78 -0.17
necrosis 0.700 0.82
edema 0.81° 0.82
hemorhage 0.78 0.80
fibrosis 043" 0.03 -0.58
inflammation

neutrophils 0.80° 0.80

macrophages 0.69 057 -0.49

lymphocytes/plasma cells 0.62° 0.67  -0.57
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