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Abstract 38 

Early diagnosis of deep tissue injury remains problematic due to the complicated and multi-factorial 39 

nature of damage induction, and the many processes involved in damage development and recovery. 40 

In this paper we present a comprehensive assessment of deep tissue injury development and 41 

remodeling in a rat model by multi-parametric magnetic resonance imaging (MRI) and histopathology.  42 

The tibialis anterior muscle of rats was subjected to mechanical deformation for 2 h. Multi-parametric 43 

in vivo MRI, consisting of T2, T2*, mean diffusivity (MD), and angiography measurements, was 44 

applied before, during, and directly after indentation, as well as at several time points during a 14 days 45 

follow-up. MRI readouts were linked to histological analyses of the damaged tissue.  46 

The results showed dynamic change in various MRI parameters, reflecting the histopathological status 47 

of the tissue during damage induction and repair. Increased T2 corresponded with edema, muscle cell 48 

damage, and inflammation. T2* was related to tissue perfusion, hemorrhage, and inflammation. MD 49 

increase and decrease reported on the tissue’s microstructural integrity and reflected muscle 50 

degeneration, edema, as well as fibrosis. Angiography provided information on blockage of blood 51 

flow during deformation. 52 

Our results indicate that the effects of a single damage causing event of only 2 h deformation were 53 

present up to 14 days. The initial tissue response to deformation, as observed by MRI, starts at the 54 

edge of the indentation. The quantitative MRI readouts provided distinct and complementary 55 

information on the extent, temporal evolution, and microstructural basis of deep tissue injury related 56 

muscle damage. 57 

 58 

New & Noteworthy 59 

We have applied a multi-parametric MRI approach linked to histopathology to characterize damage 60 

development and remodeling in a rat model of deep tissue injury. Our approach provided several 61 
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relevant insights in deep tissue injury. Response to damage, as observed by MRI, started at some 62 

distance from the deformation. Damage after a single indentation period persisted up to 14 days. The 63 

MRI parameters provided distinct and complementary information on the microstructural basis of the 64 

damage. 65 

 66 

Keywords 67 

skeletal muscle damage, multi-parametric magnetic resonance imaging, deep tissue injury, pressure 68 

ulcer, etiology 69 
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Introduction 71 

A pressure ulcer is a form of tissue degeneration occurring when tissue is subjected to prolonged 72 

mechanical load, and is particularly common in subjects who are bedridden or wheelchair bound. 73 

Deep tissue injury was defined as an extraordinary sub-class to the original I-to-IV stage pressure ulcer 74 

classification system in the new 2014 international pressure ulcer guidelines (9, 25, 27, 43, 51, 77, 95). 75 

Typical for deep tissue injury is that damage formation starts under intact skin at the bone-muscle 76 

interface and may appear at the skin surface as a discolored spot or blood filled blister only in an 77 

advanced state (3). At this time treatment is problematic and the deep tissue injury therefore often 78 

progresses into a severe and difficult to heal stage III or IV ulcer (10, 93). Stage III or IV ulcers are 79 

associated with high costs (10,000 – 15,000 GBP per ulcer), reduced quality of life with wound 80 

closing times up to 155 days, and increased morbidity and mortality (17, 26, 34, 86, 88, 94, 105).  81 

Early diagnosis of deep tissue injury represents a major problem. This is mainly due to the fact that 82 

often the damage is undetected in subjects with impaired sensitization, such as after spinal-cord injury, 83 

and only become visible at the skin surface in an advanced state. Also, there is often an inability to 84 

differentially diagnose deep tissue injury with other pathologies such as skin tear, ecchymosis, 85 

hematoma, dermatological condition, incontinence-associated dermatitis, kennedy terminal ulcer, 86 

ischemic tissue change, and venous engorgement (7, 10, 33). Several proof-of-principle studies 87 

showed that both imaging and biomarker approaches could play a role in early diagnosis of deep tissue 88 

injury but, to date, they have not been translated into a clinical setting (4, 21, 45, 54, 63, 68, 84, 87, 89, 89 

91, 96, 102, 107). This may be partly due to the fact that the etiology of deep tissue injury is complex 90 

and still not fully understood (6, 92). An improved understanding of the etiology from the mechanisms 91 

causing initial damage to actual ulcer formation and potential recovery may provide new insights for 92 

the development of state-of-the-art early diagnosis methods.  93 

In the last two decades a multi-scale strategy using cell-culture and animal studies, including those 94 

from the host group, advanced the understanding of deep tissue injury etiology considerably (11–15, 95 

19, 37, 39, 40, 49, 58–61, 66, 79, 82, 90, 98, 103, 104). In particular, the use of an unique deep tissue 96 
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injury rat model, combining Magnetic Resonance Imaging (MRI) and Finite Element Analysis (FEA) 97 

methods have provided substantial new insights in the etiology of the deep tissue injury, the nature of 98 

the tissue deformation, and the major damage causing processes, including ischemia and direct 99 

deformation damage. Briefly, this model involves a controlled indentation of the tibialis anterior (TA) 100 

muscle of Brown-Norway (BN) rats inside a MRI scanner to image the damage formation processes in 101 

real-time and exploit the wide range of diagnostic MRI tools to measure essential factors, including 102 

tissue deformation, ischemia, and edema (99). By combining MRI with animal-specific FEA models 103 

local tissue strains could be estimated (19, 62, 73). This combined experimental-numerical approach 104 

made it possible to link the internal tissue deformations to damage development (64, 66).  105 

Previous etiological research has mainly focused on the initial (within 24 h) damage causing 106 

mechanisms of deep tissue injury, including localized ischemia, reperfusion damage, impaired 107 

lymphatic drainage and direct deformation damage (20, 29, 38, 78). However, much less is known 108 

about the recovery processes and regeneration following the removal of the sustained mechanical 109 

deformation. Therefore, the goal of the present paper was to investigate damage induction as well as 110 

remodeling in the deep tissue injury rat model using a longitudinal multi-parametric MRI and 111 

histopathological approach, in order to clarify the mechanisms underpinning the complex etiology of 112 

deep tissue injury. We hypothesize that the multi-parametric MRI approach will provide a 113 

comprehensive view on deep tissue injury skeletal muscle damage and remodeling, as it is expected 114 

that deep tissue injury skeletal muscle damage will follow a precisely orchestrated biological 115 

remodeling pathway with the co-occurrence of multiple processes and overlapping characteristic 116 

phases. 117 

  118 
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Materials and Methods 119 

Animal model and setup 120 

A total of 53 Sprague-Dawley (SD) rats (♀, 11 to 13-week-old, Charles River, Paris, France) and 6 121 

Brown-Norway (BN) rats (♀, 11-week-old, Charles River, Paris, France) were used. Animals were 122 

housed under standard laboratory conditions with a 12 h light/dark cycle and were maintained on a 123 

standard diet and with access to water ad libitum. The animals were divided into 6 experimental 124 

groups (Table 1) to obtain various non-invasive in vivo MRI estimations of damage development and 125 

remodeling as well as ex vivo histology up to 14 days after damage induction. For comparison with 126 

previous work, a small number of Brown-Norway rats was included in group I. All groups received 127 

MRI pre, during, and post damage inducing deformation of the TA muscle at day 0. Group III, group 128 

IV & V, and group VI were followed up for 3, 5, and 14 days, respectively. 129 

For MRI, the rat was placed in supine position and anesthetized with isoflurane (4.0 vol% for 130 

induction, 1.0-2.0 vol% for maintenance) in 0.6 L/min medical air. Buprenorphine (0.05 mg/kg s.c.) 131 

was administered for analgesia. Eye ointment was applied to prevent eye dehydration. Body 132 

temperature was maintained at 35-37 oC with a heating blanket and monitored with a rectal 133 

temperature sensor. Respiration was monitored with a balloon pressure sensor placed on the abdomen 134 

and maintained in a physiological range by adjusting the anesthesia. The right leg of the rat was 135 

shaved and positioned in a u-shaped profile filled with alginate molding substance for firm fixation 136 

and susceptibility matching. The TA muscle in the hindleg of the rat was compressed by the indentor 137 

for 2 h. The indentor was pushed manually into the TA muscle and varied intentionally in depth and 138 

angle between animals. The indentor setup is MRI compatible, which facilitates MRI measurements 139 

during compression and injury development (74). The indentor is hollow and filled with an aqueous 140 

solution of 1 g/l CuSO4, which enables precise localization of the indentor on MRI. No signs of skin 141 

surface wounds or pain were observed at any time-point. At day 0 (n = 20), day 3 (n = 6), day 5 (n = 142 

24), and day 14 (n = 9) rats were sacrificed by means of exsanguination from the inferior vena cava. 143 
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This procedure was performed under anesthesia and after administration of analgesia. Both deformed 144 

and control TA muscles were dissected and stored for histopathological analysis.  145 

All animal experiments were approved by the Animal Care and Use Committee of Maastricht 146 

University, Maastricht, The Netherlands (protocol 2013-047, Maastricht University, Maastricht, The 147 

Netherlands) and performed in accordance with the Directive 2010/63/EU for animal experiments of 148 

the European Union. 149 

Multi-parametric MRI protocol 150 

Measurements were performed with a 7.0 T small-animal MRI scanner (ParaVision 5.1, AVANCE III, 151 

Bruker BioSpin MRI GmbH, Ettlingen, Germany) equipped with a 660 mT/m, 4570 T/m/s gradient 152 

coil (BGA-12S HP, Bruker BioSpin MRI GmbH, Ettlingen, Germany). An 86-mm-inner-diameter 153 

quadrature transmit coil was used in combination with a 20-mm-diameter surface receive coil (Bruker 154 

BioSpin MRI GmbH, Ettlingen, Germany) placed on top of the TA muscle inside the indentation rod. 155 

The multi-parametric protocol consisted of T2-weighted MRI, quantitative T2 and T2*-mapping, 156 

diffusion weighted imaging (DWI), and time-of-flight (TOF) MR Angiography (MRA). As indicated 157 

in table 1 the protocol differed between groups. In all groups the protocol was repeated several times 158 

during and post indentation at day 0. At the other time points the protocol was acquired only once. 159 

T2-weighted images were acquired with a 2D multi-slice multi-echo (MSME) sequence in axial 160 

orientation. The TA muscle was imaged by 20, 1-mm-thick slices with field of view (FOV) = 25 x 25 161 

mm2, a 256 x 256 reconstruction matrix (MTX) with 33% zero filling, and repetition time (TR) = 2500 162 

ms. A total of 12 echoes were measured for which the last 10 consecutive echo times (TEs) were 163 

accumulated to obtain images with an effective echo time (TEeff) of 65 ms. Chemical-shift selective 164 

(CHESS) fat suppression was used. CHESS fat suppression was visibly sufficient in these small 165 

laboratory animals with very little subcutaneous fat. Acquisition time was 8 min. In group VI T2-166 

weighted MRI was performed with a 2D Rapid Imaging with Refocused Echoes (RARE) sequence 167 

with higher resolution and similar T2-weighting. Other acquisition parameters were: 16 axial slices of 168 
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1 mm, FOV = 40 x 40 mm2, MTX = 512 x 512, number of averages (NEX) = 5, RARE factor = 8, 169 

TEeff = 40 ms, TR = 2500 ms, CHESS fat suppression, and acquisition time 13 min. 170 

T2 quantification was performed with a 2D MSME sequence. Sequence parameters for axial slices 171 

were: number of slices = 16 or 20 of 1 mm thickness, FOV = 25 x 25 mm2, MTX = 256 x 256, 33% 172 

zero filling, 26 equally spaced echoes (TE = 6.95 – 180.7 ms), TR = 3200 ms, CHESS fat suppression, 173 

and acquisition time ≈ 10 min. Coronal slices were acquired for groups II, III, IV, and VI. In the 174 

coronal orientation, sequence parameters were: number of slices = 6 to 20 of 1 mm thickness, FOV = 175 

60 x 30 mm2, MTX = 512 x 256, 33% zero filling, 20 echoes (TE = 10.18 – 203.5 ms), TR = 3200 ms, 176 

CHESS fat suppression, and acquisition time ≈ 10 min.  177 

T2* quantification was performed with a 2D Multi Gradient Echo (MGE) sequence. Sequence 178 

parameters in axial orientation were: number of slices = 16 or 20 of 1 mm thickness, FOV = 25 x 25 179 

mm2, MTX = 256 x 256, 33% zero filling, 21 echoes (TE1 = 3.34 ms, ΔTE = 3.55 ms, TE21 = 74.39 180 

ms), TR = 1350 ms, CHESS fat suppression, and acquisition time ≈ 4 min. Coronal slices were 181 

acquired for groups III, IV and VI. In coronal orientation sequence parameters were: number of slices 182 

= 6 to 20 of 1 mm thickness, FOV = 60 x 30 mm2, MTX = 512 x 256, 33% zero filling, 12 echoes 183 

(TE1 = 4.77 ms, ΔTE = 6.37 ms, TE12 = 74.83 ms), TR = 1350 ms, CHESS fat suppression, and 184 

acquisition time ≈ 4 min.  185 

The DWI acquisition was measured with diffusion-encoding gradients applied in 3-orthogonal 186 

directions with a multi-shot Spin Echo (SE) DWI Echo Planar Imaging (EPI) sequence in 16 axial 187 

slices of 1 mm thickness. Other sequence parameters were: FOV = 60 x 30 mm2, MTX = 128 x 64, 188 

diffusion gradient duration (δ) = 2.5 ms, diffusion gradient separation (Δ) = 10 ms, b-values = 0-2-5-189 

10-15-20-25-50-100-200-400-600-800 s/mm2, TE = 18 ms, TR = 4 s, NEX = 2, number of EPI 190 

segments = 4, CHESS fat suppression, and acquisition time ≈ 20 min.  191 

MRA was performed with a TOF 2D Fast Low Angle Shot (FLASH) sequence, with the following 192 

sequence parameters: 120 slices of 0.4 mm thickness with 0.25 interslice distance, FOV = 40 x 40 193 
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mm2, MTX = 256 x 256, 33% zero filling, TE = 3.8 ms, TR = 15 ms, flip angle = 800, and acquisition 194 

time ≈ 6 min.  195 

MRI data analysis 196 

T2-weighted images were scored by an MR expert for the location of hyper intensity, distal or 197 

proximal, with respect to the indentor, during and after deformation of the TA muscle at day 0.  198 

Quantitative T2-maps were obtained by pixel-wise fitting the MR signal to 𝑆(𝑇𝐸) = 𝑆(0)𝑒−𝑇𝐸/𝑇2  199 

(Mathematica 10, Wolfram Research, Champaign, USA). Pixels with R2 < 0.9 were excluded from 200 

subsequent analysis. Region-of-interest (ROI) based analysis of the axial T2 maps was performed 201 

(Matlab R2016a, The Mathworks, Inc., Natick, Massachusetts, USA). An ROI was defined by 202 

manually outlining the TA muscle in all slices of the first echo of the T2-mapping dataset (ITK –203 

SNAP, PICSL, University of Pennsylvania, USA (108)). Mean T2 of the whole TA was determined at 204 

all time points. 205 

Quantitative T2*-maps were calculated by pixel-wise fitting the MR signal to 𝑆(𝑇𝐸) = 𝑆(0)𝑒−𝑇𝐸/𝑇2
∗
 206 

(Mathematica 10, Wolfram Research, Champaign, USA). Pixels with R2 < 0.9 were excluded. ROI 207 

based analysis of the axial T2* maps was performed in Matlab. Mean T2* of the whole TA was 208 

determined at all time points as well.  209 

DWI images were registered using affine translation to the first echo of the T2-maps, followed by 210 

calculation of the mean diffusivity (MD) of the averaged orthogonal directions by fitting the MR 211 

signal to 
𝑆(𝑏)

𝑆(0)
= 𝑒−𝑏 𝑀𝐷. All DWI data processing was performed using the open source DTItools add-212 

on for Mathematica, developed by Froeling et al. (36). ROI based analysis of the MD-maps was also 213 

performed in Matlab. Mean MD using the same segmentation of the quantitative T2-data of the whole 214 

TA was determined at all time points. 215 

The MRAs were processed by visualizing maximum intensity projections (MIPs) in OsiriX (Pixmeo 216 

SARL, Geneva, Switzerland). MRA MIPs were visually inspected and assessed by an MR expert for 217 
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presence of reduced flow in the saphenous artery during indentation and increased flow in the TA 218 

compartment at day 0.  219 

Statistical analysis 220 

Statistical analysis was performed with the R environment for statistical computing and graphics (R 221 

Version 3.4.1, The R Foundation for Statistical Computing, Vienna, Austria). One-way repeated 222 

measure ANOVA with a Dunnett’s post hoc test was used for comparing changes in mean T2, T2
*, and 223 

MD-values of the ROI over time compared to baseline, provided that the assumptions of normality and 224 

heteroscedasticity hold. Normality was assessed graphically for small sample sizes (n < 15). For larger 225 

sample sizes normality was assessed both graphically and by performing a Shapiro-Wilk test. 226 

Heteroscedasticity was assessed with Levene’s test. If both the assumptions of normality and 227 

heteroscedasticity held Mauchly’s test was used to assess sphericity and test statistics were corrected 228 

with Greenhouse-Geisser when appropriate. When the assumptions of normality and 229 

heteroscedasticity were violated the Friedman Rank Sum test with Dunnetts post hoc test was used. 230 

Statistics were performed both for the data on day 0 for all groups and all six time points up to day 14 231 

for group VI. At day 0, multiple T2*, T2, and MD-scans were made during the 2 h deformation period. 232 

To assess temporal changes and to prevent excessive filtering of the data due to balancing, the 2 h 233 

deformation period was divided into 2 time windows and any missing data from either window were 234 

excluded from statistical analysis. This resulted in a total of 16 animals for T2
*, 42 animals for T2, and 235 

9 for MD. 236 

 237 

Histology 238 

For a subset of animals from groups I (BN n = 4, SD n = 4), II (n = 4), III (n = 4), IV (n = 4), and VI (n 239 

= 4) the TA muscles were transversally cut at 1 mm intervals and embedded in total in paraffin blocks. 240 

Both injured and contralateral control TA muscles were processed. From each block two 8 µm thick 241 
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histological slides were prepared; one was stained with Hematoxylin and Eosin (H&E), the other with 242 

Masson Trichrome (TRI). Blinded pathological evaluation was performed by an experienced 243 

pathologist, largely using the method as described by Hammers et al. (46). For this, TA muscle 244 

sections were semi-quantitatively assessed for the presence of various features of cellular damage and 245 

inflammatory response. The assessment focused on degeneration, necrosis, edema, hemorrhage, 246 

fibrosis and the presence of three groups of inflammatory cell types (neutrophils, lymphocytes/plasma 247 

cells and macrophages). Degeneration and necrosis represent a continuum of myocyte damage, with 248 

degenerative myofibers showing swelling, loss of contact with adjacent myofibers, and intracellular or 249 

directly adjacent inflammatory cells. Necrotic myocytes show more pronounced histomorphological 250 

changes with homogenization, eosinophilia and fragmentation of the cytoplasm, and pyknosis or loss 251 

of myocyte nuclei. Edema was defined as the presence of an expanded non-cellular interstitium, 252 

hemorrhage was defined as the extravasation of erythrocytes, and fibrosis was evaluated by assessing 253 

the presence of collagen deposition. Differentiation between the groups of inflammatory cells was 254 

done on the basis of nuclear and cellular morphology. The presence/severity of all features were 255 

scored on a 5-point semi-quantitative scale (none, minimal, mild, moderate, severe). In addition, the 256 

area of degeneration was scored on a 4-point scale (0-5%; 5-20%; 20-40%; >40%). Scoring was 257 

recorded on standardized scoring sheets. One-sided Wilcoxon signed rank tests with Pratt method for 258 

ties correction were used to assess changes in histopathological scoring values of all injured TA 259 

muscle sections of all different groups compared to contralateral control TA muscle sections. 260 

Correlation of histopathological scoring values to the multi-parametric MRI readouts was performed 261 

with a Spearman’s rank correlation test with Bonferroni type adjustment to determine the Spearman 262 

correlation coefficient ρ. Correlation of histopathological scoring values to MD could not be 263 

determined for several scored histopathological features, due to the limited spread of the data, small 264 

number of animals, and few time-points. Histological sections were not registered to the MRI data.   265 
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Results  266 

Multi-parametric MRI 267 

T2-weighted MRI was used as the principal parameter for identifying edema, damage, and 268 

inflammation caused by the 2 h loading period. Representative T2-weighted MR images of a central, 269 

distal, and proximal slice, acquired pre, during, and post 2 h deformation are shown in Figure 1. In the 270 

central slice pre indentation the TA muscle and tibia bone are indicated by an arrow. During the 271 

indentation the indentor is clearly visible. Post deformation a large portion of the TA muscle 272 

demonstrated high intensity textured regions resembling an epi-, peri-mysium-like structure. During 273 

indentation the extensor digitorum longus (EDL) muscle also demonstrated high intensity distal to the 274 

center of indentation. By contrast, proximal to the indentation axis no evidence of high intensity was 275 

observed. Post deformation the high intensity regions in the EDL largely disappeared, with the 276 

exception of small areas located at the edge of this muscle.  277 

Scoring for the location of the high intensity signals, i.e. distal or proximal with respect to the 278 

indentor, during and after deformation of the TA muscle at day 0 in T2-weighted images of group I, V, 279 

and VI, revealed enhanced incidence distally during indentation. Of the 29 scored animals high 280 

intensity regions were demonstrated in 16 animals distally, 1 animal proximally, 7 animals distally as 281 

well as proximally, while 5 animals displayed no high intensity regions during indentation. Indeed, all 282 

but one animal with observed high intensity signals during indentation, displayed distal and/or 283 

proximal high intensity signals after indentation (see Figure 2). In 2 of the 5 animals no high intensity 284 

signals were demonstrated both during deformation and then following load release. 285 

Quantitative water T2-values were used to longitudinally assess the damage and remodeling processes. 286 

To illustrate damage development during indentation, Figure 3 shows representative axial and coronal 287 

T2-maps equally spaced over the 2 h deformation period, for one selected animal pre, during, and 288 

immediately after indentation at day 0. During indentation, an increasing area with elevated T2 was 289 

observed, starting in the EDL distally to the center of deformation (region indicated by the number 1), 290 
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and subsequently expanding in the TA muscle (region 2). Towards the end of the deformation period, 291 

elevated T2-values were also observed proximally in the TA (region 3). In the images, the elevated T2-292 

areas display a stripe-like texture that appears to align with the muscle fiber architecture and the epi-293 

perimysial structure (similar to Figure 1). Post indentation, elevated T2-values were observed in the 294 

larger part of the TA (region 4). The elevated stripe-like texture in the coronal orientation post 295 

deformation showed interruptions near the axis of indentation. The TA muscle did not completely 296 

recover its shape following load release with a residual indentation visible.  297 

A side-by-side comparison of axial and coronal T2 and T2*-maps, pre and post indentation at day 0, of 298 

the same animal as in Figure 3 (separate slice location) is shown in Figure 4. In the region of elevated 299 

T2 and T2*, a central region with lower T2 and T2* was observed (arrow). In particular, T2*-values 300 

were lower when compared to corresponding baseline values. 301 

A multi-parametric evaluation of the model during the full time-course of damage induction and 302 

recovery for one animal from group VI is presented in Figure 5. Images at day 0 were from healthy 303 

muscle pre-indentation to which all other time points are compared. Similar to the example shown in 304 

Figure 1, indentation caused high intensity signals on T2-weighted images in the TA muscle body as 305 

well as between muscle and skin, which persisted up to 7 days after induction of the muscle damage. 306 

In some animals, low intensity spots were observed in the TA on days 10 and 14. The T2-maps shown 307 

in the second row of Figure 5 display a similar time course of recovery with normalization of TA T2-308 

values 10 days after induction of the damage. 309 

T2*-maps during and post deformation at day 0 (row 3 of Figure 5) suffered from some signal loss due 310 

to field inhomogeneities caused by the indentor and because the susceptibility-matching alginate had 311 

to be partly removed to allow indentor access. At day 3 an area with elevated T2*-values was observed 312 

in the TA, which was considerably smaller than the regions of elevated T2. At days 5 to 14, during the 313 

remodeling phase of the damage, reduced T2*-values were observed in most regions of the TA muscle. 314 

The MD-maps, shown in row 4, also suffered from some susceptibility-related artifacts during 315 

indentation adjacent to the position of the indentor. At day 0 directly after indentation, MD was 316 
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elevated in the TA. MD-values decreased towards day 5 to below baseline values. At day 14, MD-317 

values in the TA were almost returned to baseline, but some regions with lower MD could still be 318 

observed. Regions of reduced MD and T2* at day 5, 7, 10, and 14, visually co-localized with each 319 

other.  320 

Coronal MIPs of the TOF MRA for two animals (RAT-005 and RAT-007) of group VI are shown in 321 

Figure 6. The MRA MIPs reveal the larger blood arteries in the lower leg of the rat, which can be used 322 

to assess whether major arteries are blocked by the compression. During indentation, the hollow 323 

CuSO4-solution-filled indenter is also visible in the MIP (orange arrows). For RAT-007, a reduced 324 

flow in the saphenous artery was observed under indentation (blue arrow). Directly after deformation 325 

at day 0 blood flow through the saphenous artery was restored, accompanied by what appeared to be a 326 

hyperemic response in the TA compartment region (green arrow). RAT-005 did not show a reduced 327 

flow in the saphenous artery under indentation and showed only a minor hyperemic response at day 0 328 

post. Angiograms at later days appeared normal for this animal. A movie of rotating MIPs of both 329 

animals up to 14 days is provided in the supplemental content (Supplemental Content 1). Individual 330 

time-courses of the mean parametric values of RAT-005 and RAT-007 are also shown in Figure 8. 331 

Visual assessment of the MIPs of 33 animals revealed reduced flow in a major artery, predominantly 332 

the saphenous artery in 11 animals under indentation and a hyperemic response in 20 animals at day 0 333 

directly after deformation. 334 

The extent and severity of damage caused by indentation of the TA and the time-course of recovery is 335 

variable between animals dependent on various factors, including the individual rat leg anatomy, the 336 

amount and angle of indentation, the induced strain in the muscle, as well as the extent of ischemia. 337 

TA muscle T2, T2*, and MD-values for all animals over time is presented in Figure 7. Each open circle 338 

represents a data point for a single animal at given time point, whereas the thick solid lines represent 339 

the mean parametric values for all animals at the different time points pre, during, and post 340 

indentation. It is evident that these mean values reflect the same time-course of trends observed with 341 

the single animal shown in Figure 5. Individual time-courses of the 9 animals of group VI which were 342 

followed up to 14 days are shown in Figure 8. 343 
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A detailed summary of all parametric values for all time points with the associated statistical results 344 

are presented in Table 2. T2-values were significantly elevated compared to baseline at all timepoints. 345 

T2* showed significantly reduced values during indentation and was significantly elevated at day 0 346 

post and day 3. MD was significantly elevated at day 0 post, whereas at days 5 and 10 the values were 347 

significantly lower than baseline values. 348 

It should again be noted that not all animals followed the same trends with time. As an example, two 349 

distinctly different responses are highlighted with green and magenta circles in Figure 7. The 350 

quantitative parameter maps of these two animals are presented in Figure 9. In one of these rats 351 

(magenta data points) injury from indentation was relatively mild, with T2 and T2*-values not different 352 

from baseline and a minimal decrease in MD at day 5. By contrast, indentation in the other animal 353 

(green data points) resulted in extensive damage in the TA muscle, with increased T2 in the whole TA, 354 

a transient increase in both T2* and MD shortly after indentation, followed by a persistent decrease in 355 

these values. 356 

Histopathological evaluation 357 

Table 3 summarizes the scorings of the histopathological evaluation. At day 0, approximately 2 hrs 358 

after indentation, TA muscle tissue was only characterized by mild edema and, in some cases, early 359 

neutrophilic infiltration. At days 3 and 5 virtually all parameters reached maximum values, 360 

corresponding with moderate to severe degeneration affecting more than 40% of the slide area. Both 361 

time-points clearly represent a different phase of the muscle damage and remodeling pathway. The 362 

high-rated pathological features, represented by moderate to severe necrosis, edema, hemorrhage, 363 

neutrophils and lymphocytes/plasma cells at day 3 are characteristics of the pro-inflammatory phase. 364 

All high-rated pathological features of day 3 were reduced to the minimal-mild level at day 5, 365 

accompanied by an increase in the number of macrophages and amount of fibrosis typical of the anti-366 

inflammatory and remodeling phases. At day 14 the inflammation markers decreased to 367 

normal/minimal levels with, in some specimens the presence of mild fibrosis, an indication for 368 

continued remodeling of the muscle. 369 
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In Figure 10, representative H&E and TRI histological sections are depicted adjacent to the various 370 

multi-parametric MRI parameters at day 0, 3, 5, and 14. For day 14, the series of two animals are 371 

shown, one displaying mild damage (RAT-005) and one with severe damage (RAT-006). Individual 372 

time-courses of the mean parametric values of both rats are shown in Figure 8. 373 

Distinct differences between healthy controls and injured muscle were apparent. The control sections 374 

(bottom row) showed normal muscle cells with small interstitial spaces. The edema, swollen cells, and 375 

infiltrated neutrophils observed at day 0 after indentation is in concordance with the typical epi-376 

perimysium-like texture of elevated T2-values and high intensity signals that were found in the T2-377 

maps and T2-weighted images. The pro-inflammatory response on day 3, i.e. hemorrhage, 378 

inflammation, necrosis, and edema corresponded with diffuse elevated T2-values on the T2-map, 379 

whereas the T2*-map showed areas with both elevated as well as decreased T2*. On day 5, the 380 

parametric maps of this particular animal showed a band-like pattern with slightly elevated T2 and 381 

reduced T2*. This corresponded on the histology to light collagen deposition, multiple little 382 

hemorrhages, newly formed muscle cells, and numerous macrophages. Edema, necrosis, and the more 383 

pro-inflammatory neutrophils and lymphocytes were reduced in number when compared to day 3.  384 

Even at day 14, the TA muscle tissue was not fully recovered, showing numerous small muscle cells 385 

with centrally placed nuclei and an aberrant muscle shape. This was in agreement with MRI findings, 386 

particularly for the animals with severe damage (RAT-006), which displayed collagen deposition and 387 

the presence of macrophages. However, also in the mildly damaged (RAT-005) animal, muscle tissue 388 

was not fully remodelled. 389 

Table 4 shows the Spearman correlation coefficient ρ for the correlation of the multi-parametric MRI 390 

readouts and histopathological scoring. T2 correlated significantly with all scored pathological 391 

features, with a strong correlation (ρ ≥ 0.80) to degeneration area, edema, and neutrophils. Correlation 392 

of T2 with fibrosis showed significantly weak (ρ = 0.43) correlation. T2* was strongly correlated (ρ ≥ 393 

0.80) to necrosis, edema, hemorrhage, and neutrophils. For MD no significant correlations with 394 

pathological features were found.  395 



18 
 

Discussion 396 

Multi-parametric MRI was applied to characterize tissue damage and remodeling in a rat model of 397 

deep tissue injury. MRI provided a macroscopic in vivo view of the induced damage, whereas 398 

histopathology provided the link to muscle pathology at the microscopic level. Taken together, this 399 

study highlights a number of features with respect to MR imaging biomarkers of muscle damage and 400 

regeneration which reflect the time course of deep tissue injury, as shown schematically in Figure 11.  401 

The major established muscle damage causing mechanisms for deep tissue injury are direct 402 

deformation and ischemia. As previously reviewed by Oomens et al. both damage mechanisms have 403 

different features in terms of time scale and deformation threshold levels (78). Ischemic damage is a 404 

relative slow process (2 - 4 h) occurring with low levels of deformation, and is mechanistically 405 

explained by occlusion of blood and lymph vessels resulting in a change in metabolism followed by 406 

accumulation of waste products and associated decrease in local pH (37, 64, 100). By contrast, direct 407 

deformation damage can develop rapidly (≈ 10 min) in case of high levels of deformation and is a 408 

consequence of cell membrane failure and, potentially, rupture of the cytoskeleton (19, 66). In 409 

addition, impaired lymphatic drainage and reperfusion injury after load release can aggravate the 410 

damage (5, 28, 47, 49, 55, 64, 71, 85). 411 

The skeletal muscle responded following a precisely orchestrated pathway as known from other types 412 

of acute muscle damage (contusion, laceration/puncture, strain, myotoxin, contraction-induced injury, 413 

crush injury) (8, 22–24, 52, 67, 69, 106). The onset of skeletal muscle damage was characterized by 414 

swollen and disrupted muscle fibers, increased interstitial space, edema, hemorrhages, and the first 415 

signs of inflammation with the presence of neutrophils. This was subsequently followed by the pro-416 

inflammatory phase with significant necrosis, hemorrhages, edema, and inflammatory cell reaction of 417 

neutrophils, pro-inflammatory macrophages, and lymphocytes. Thereafter the anti-inflammatory phase 418 

is associated with the invasion of anti-inflammatory components to the damaged muscle, fibrillar 419 

collagen extracellular matrix (ECM) deposition, and first signs of myogenesis. Finally, the tissue 420 

entered a remodeling phase, partly overlapping with the anti-inflammatory phase, in which 421 
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differentiated myocytes are evident with ECM reorganization and newly formed myocytes with central 422 

nuclei. 423 

From a diagnostic imaging perspective, there is no unique single MRI parameter which can reflect all 424 

the relevant pathological processes. We therefore employed a multi-parametric imaging approach. 425 

This strategy has been increasingly adopted in MRI to improve the overall diagnostic power (1, 16, 18, 426 

32, 35, 41, 47, 53, 57, 64, 65, 72, 81, 90, 100, 109). In the present study, quantitative T2, T2*, MD 427 

have been acquired in conjunction with qualitative TOF angiography as parameters which reflect 428 

edema and inflammation, hemorrhage, tissue integrity / cellularity, and blood flow, respectively. 429 

Tissue water T2 is the most commonly used muscle MRI quantitative damage biomarker (48, 70). 430 

Although changes in T2 can be caused by several pathological processes, including inflammation, 431 

necrosis, and edema, in the context of acute muscle damage it provides a parameter which reflects the 432 

severity and extent of the induced muscle damage (64–66, 97, 100). We used a higher MRI field 433 

strength and improved hardware, incorporating a surface receiver coil, which allowed for imaging T2 434 

with higher resolution and signal-to-noise ratio (SNR) when compared to previous studies from the 435 

host group (74, 99). This improvement resulted in the detection of elevated T2 in an epi- and 436 

perimysial structure. We observed distal T2 increases during the process of deformation, which 437 

supports previous observations describing distal T2 increase directly after indentation (97). 438 

Additionally, distal T2 increases were detected in the EDL muscle in a subset of the animals, which 439 

disappeared after load release in some of these animals. It is proposed that the distal T2 increase is 440 

caused by edema as a result of impaired lymphatic drainage and reduced venous return in the distal 441 

parts of TA compartment. 442 

Similar to previous findings a local T2 increase directly under the indentor was absent during 443 

deformation (92). Indeed edema buildup is likely prevented during indentation due to the compression 444 

of the tissue. T2 increased first distally and later both distally and proximally with respect to the 445 

indentor position but not at the axis of indentation. This shows that the effects of sustained 446 

mechanically loading on muscle can manifest itself over an area which extends beyond the site of 447 
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loading. Histopathology confirmed that elevated T2-values shortly after load release were the result of 448 

edema along the TA and EDL muscle fibers. At later time points, histopathology revealed extensive 449 

necrosis, inflammation and, to a lesser extent, fibrosis. TA T2-values were at a maximum between 3-5 450 

days after induction of damage at the height of the inflammatory response, after which T2-values 451 

resolved (in most animals) towards baseline values at the 14 day time point, which reflects the 452 

regeneration of the tissue.  453 

T2*-values are influenced by the presence of hemorrhage, calcification, iron, and depend on tissue 454 

perfusion and oxygenation (2). We observed a significant decrease in T2*-values during deformation 455 

at day 0, which can be associated with reduced blood flow to the compressed TA muscle tissue (56). 456 

In addition, removal of the top of the susceptibility matching alginate mold during compression of the 457 

TA muscle at day 0, to allow access of the indentor, could have had influence on the T2* values due to 458 

increased field inhomogeneities. In part of the animals, areas with lower T2*-values compared to 459 

baseline were observed directly after load release at day 0, which can be an indication for the presence 460 

of hemorrhage, most likely caused by disrupted muscle fibers. T2* values at later time points (> day 5) 461 

were also decreased, which can be explained by hemorrhages with the associated iron deposits and 462 

phagocytic activity (50). The former peaked at day 3, although T2* was not considerably different 463 

from baseline at this time point. This can be explained by competing effects from edema, which 464 

increases T2* and hemorrhaging which lowers T2*. At the final day 14 time point TA T2* values were 465 

still lower than baseline, which can be explained by the presence of fibrosis and remaining differences 466 

in tissue cellularity as compared to control skeletal muscle (75). 467 

The skeletal muscle water diffusivity depends on several tissue features, including tissue integrity, 468 

cellularity, intracellular and extracellular water fractions, and the presence of edema (83). The mean 469 

diffusivity MD, also referred to as apparent diffusion coefficient (ADC) has been previously 470 

investigated in rat skeletal muscle under compression (76). The authors concluded that the skeletal 471 

muscle water MD was stable under compression. A confounding factor in their experiments, however, 472 

was the temperature changes in muscle tissue during the in vivo experiment, which probably obscured 473 

the effects of compression on MD. We clearly observed a significant increase in MD during 474 
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deformation and in the first days after load release, which can be explained by the presence of edema 475 

and cell swelling (31, 47, 80, 111). The decrease in MD from > day 5 can be explained by restricted 476 

diffusion from newly formed small and dense packed myocytes (30). Our histopathological evaluation 477 

revealed mild to moderate presence of interstitial fibrosis, which will provide an additional decrease in 478 

MD by restricted water diffusion. However, the low correlation of MR parameters with fibrosis 479 

emphasizes that it is challenging to specifically detect fibrosis in skeletal muscle by MRI. The 480 

probable reason is that the MRI contrast is dominated by other pathological features, such as edema, 481 

inflammation, and hemorrhage. 482 

Reduced flow in the main supplying blood vessel was observed in several animals by TOF MRA, 483 

which provides support to previous reports of extensive regions with low perfusion underneath and 484 

distal to the indentor (100). Furthermore, in some animals it appeared that surrounding vessels carried 485 

more blood to the deformed TA muscle, although this is difficult to quantify using TOF MRA. 486 

Previous measurements of increased perfusion in the lateral and posterior compartments support this 487 

observation (64). Similarly, the observed hyperemic response can be attributed to increased perfusion 488 

in the TA compartment after load release (41, 64, 100). A recommendation for future studies is the use 489 

of a quantitative MRI technique such as dynamic contrast enhanced, intravoxel incoherent motion, 490 

arterial spin labeling, or 4D flow. 491 

Summarizing, the combination of multi-parametric MRI and histopathology provides the following 492 

principal observations, as indicted in Figure 11. T2 and T2-weighted MRI corresponded with edema, 493 

increased interstitial space, muscle cell damage, inflammatory onset, and inflammation. T2* provided 494 

a readout of tissue perfusion, hemorrhages, and inflammation. MD is sensitive to the integrity of the 495 

tissue microstructure and reflects muscle degeneration and edema, as well as ECM remodeling during 496 

the muscle remodeling processes. TOF MRA provided information on occlusion of blood flow during 497 

the indentation period. 498 

Although the recovery processes and remodeling after the damage-causing action were detailed in this 499 

study, there are also some limitations. As an example, the remodeling kinetics of damaged muscle was 500 
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variable between animals and may take up to 30 days (30, 110). Time to full remodeling depends on 501 

the extent of induced muscle damage, which was inevitably variable in this deep tissue injury rat 502 

model due to the inherent differences in the magnitude and angle of indentation, small anatomical 503 

variations between animals, the amount of induced ischemia by blockage of blood supply, and 504 

accumulation of waste products by differences in impaired lymphatic drainage (66). Furthermore, the 505 

damage development and the remodeling process hereafter may differ between muscles due to the 506 

difference in muscle geometry, muscle fiber distribution, and muscle fiber type. The extent and 507 

location of damage has previously been correlated to the values of deformation energy, which can be 508 

derived from FEA calculations (62). Additionally, it must be accepted that an animal model is a 509 

simplification of the human situation. As an example, thresholds for the damage-causing mechanisms, 510 

temporal profiles of recovery process and remodeling, are likely to differ between the two cases. 511 

Moreover, the in vivo changes in biochemical and bio-energetic processes as result of deformation, for 512 

example, pH decrease due to accumulation of waste products, were not determined. MR spectroscopy 513 

could provide such information (83, 101). On top of that, information on the physical performance of 514 

damaged skeletal muscle was lacking as no functional or performance-based data was collected (42). 515 

The skeletal muscles of individuals at high risk of developing deep tissue injury and pressure ulcers in 516 

general, such as spinal-cord injury subjects, are likely to differ in structural composition when 517 

compared to those of ambulant subjects. Denervated muscle will become atrophic and fat infiltrated. 518 

This influences the mechanical properties of the muscle tissue and thus the way it deforms under 519 

compression. Moreover, differences in tissue perfusion and metabolism can influence the recovery and 520 

regeneration processes. It would therefore be important to study deep tissue injury in disease models, 521 

including models of muscle denervation, muscle atrophy, and fat-infiltrated muscle. In addition, the 522 

use of Magnetic Resonance Elastography (MRE) would provide a biomarker which reflects the 523 

viscoelastic behavior of muscle and the role of tissue stiffness on the development and remodeling of 524 

deep tissue injury (74). 525 

To conclude, the present study provides several implications for understanding deep tissue injury 526 

etiology and for management of deep tissue injury in clinical practice. Importantly, we observed that 527 
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the initial tissue response to deformation occurred at some distance from the center of indentation, 528 

affecting a relatively large area. First signs of damage development may therefore be detected away 529 

from the deformed tissue, whereas current approaches for early detection generally focus on the actual 530 

site of indentation. Secondly, a single damage causing event, involving 2 h of indentation, was 531 

sufficient to cause extensive muscle damage that required at least 2 weeks to recover. Repetitive 532 

loading of the tissue and longer loading periods are likely to exacerbate the extent of the damage. 533 

Reloading of the damaged tissue should be avoided by appropriate measures in order to allow for 534 

adequate remodeling. Finally, the multi-parametric MRI assessment provided specific imaging 535 

parameters which may become diagnostic for deep tissue injury related muscle damage development 536 

and remodeling. The quantitative changes over time for the various readouts (T2, T2*, and MD) 537 

demonstrate that these combined parameters provide different and complementary information on the 538 

extent, temporal evolution and microstructural basis of muscle damage.  539 
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Table captions 843 

Table 1. Experimental groups.  844 
 845 

Measured time points, number of animals, number of selected animals for histology, and the MRI 846 
protocol are indicated per group. #All animals were sacrificed after the last time point, followed by 847 
excision and storage of the control and deformed TA muscle for histology. ##In some animals part of 848 
the MRI protocol was omitted due to unforeseen experimental problems. 849 

 850 

Table 2. Quantitative MRI parameter values. 851 

 852 

Quantitative MRI parameter values of the TA muscle (mean ± sd) of all for statistical analysis selected 853 
animals pre, during, and at various time points post indentation. The number of animals is indicated 854 
for each parameter. The asterisk (*) indicates a significant difference (*** for p<0.001, ** for p<0.01, 855 
* for p<0.05) versus baseline value at day 0 pre. 856 

 857 

Table 3. Pathological evaluation of H&E and TRI stained control and deformed TA muscle. 858 

 859 

Scoring for degeneration: 1 = 0-5%, 2 = 5-20%, 3 = 20-40%, 4 = >40% of slide area; severity of 860 
degeneration indicated by min (minimal), mld (mild), mod (moderate) and sev (severe). For necrosis, 861 
edema, hemorrhage, fibrosis, neutrophils, macrophages, and lymphocytes/plasma cells scoring is: 0 = 862 
normal, 1 = minimal, 2 = mild, 3 = moderate and 4 = severe. The number of animals scored at each 863 
time point is indicated. Values are mean ± standard deviation. The asterisk (*) indicates a significant 864 
difference (*** for p<0.001, ** for p<0.01, * for p<0.05) versus control TA muscle. 865 

 866 

Table 4. Correlation of quantitative MRI parameters and pathological evaluation 867 

 868 

Spearman correlation coefficient ρ. Spearman correlation coefficient ρ was tested for significance. The 869 
number of animals is indicated for each parameter. The asterisk (*) indicates a significant correlation 870 
(*** for p<0.001, ** for p<0.01, * for p<0.05). 871 

 872 

Figure captions 873 
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Figure 1. T2-weighted MR images of the TA muscle of a representative rat pre, during, and post 2 h 874 
deformation, central as well as proximal and distal to the indentor. In the central slice the indentor, 875 
which compressed the TA muscle towards the tibia bone, is visible. A large portion of the TA revealed 876 
high intensity after compression in the central slice but also in the distal and proximal slices. The EDL 877 
muscle displayed high intensity distally during indentation. 878 

 879 

Figure 2. T2-weighted MR images pre, during and post 2 h deformation of the TA muscle. Central 880 
slice position at position of indentor shows the deformation of the TA muscle towards the tibia bone 881 
together with distal and proximal located slices. High intensity signal in TA muscle tissue was 882 
observed during deformation distally to the center of deformation. Post deformation no high intensity 883 
signal was observed in the TA compartment. 884 

 885 

Figure 3. Axial and coronal T2-maps pre, during (multiple time points) and post indentation of the TA 886 
muscle. The numbers in the coronal images highlight regions in EDL and TA with elevated T2 values 887 
during and after indentation. Legend for the color scaling of the T2 (0-150 ms) is shown on the right.  888 

 889 

Figure 4. Axial and coronal T2- and T2*-maps pre and post deformation at day 0. A region with 890 
reduced T2 and T2* values is indicated by the solid arrows. Legends for the color scaling of the T2 (0-891 
150 ms) and T2* (0-60 ms) are shown at the bottom.  892 

 893 

Figure 5. Longitudinal multi-parametric MRI of one representative rat. From top to bottom: axial T2-894 
weighted (T2w), T2, T2*, and MD maps, and coronal MIPs of the TOF angiography. Legends for the 895 
color scaling of the T2 (0-150 ms), T2* (0-60 ms), and MD (0.5-2x10-3 mm2/s) maps are shown on the 896 
right.  897 

 898 

Figure 6. Angiogram MIPs over time of RAT-005 and RAT-007. During deformation the indenter 899 
(orange arrows) applying load to the TA muscle is visible. The saphenous artery is centrally located. 900 
Reduced flow in the saphenous artery in RAT-007 is indicated with blue arrow. Hyperemic response is 901 
indicated with green arrow. Individual time-courses of the mean parametric values of RAT-005 and 902 
RAT-007 are also shown in Figure 8. 903 

 904 

Figure 7. TA muscle T2, T2*, and MD-values of all animals during the time course of the whole 905 
experiment. The 2 h deformation period is indicated with the gray area. Each open circle is a 906 
quantitative MRI measurement of a single animal at given time. The thick solid lines are the mean 907 
parameter values of all animals at the different time periods pre, during, and post indentation. Not all 908 
measurements were performed at exactly the same time or repeated several times in close succession. 909 
Therefore, mean values were calculated per time period, defined as: pre = -120-0 min, during 910 
indentation = 0-120 min, post = 120-300 min, as well as at 3, 5, 7, 10, and 14 days post indentation. 911 
Two distinctly different animals are highlighted by the green and magenta colored data points. 912 
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Representative quantitative maps of both highlighted animals are displayed as inset. Quantitative 913 
parameter maps of these two animals at all time points are presented in Figure 8. 914 

 915 

Figure 8. Mean T2, T2*, and MD values in the TA of individual animals of group VI over time. T2, 916 
T2*, and MD in A, B and C, respectively. Each line represents a single animal, points on the line 917 
indicate the measurement timepoints. Legend is depicted in subfigure A. The 2 h deformation period is 918 
indicated with a gray bar. RAT-001 and RAT-002 were also selected in Figure 6 and Figure 8. 919 

 920 

Figure 9. Multi-parametric MRI readouts of the two selected animals of Figure 6, with animal 921 
identification number RAT-001 and RAT-002. The two animals were selected as two extremes to 922 
exemplify the spread in measured MRI readouts and response to 2 h of deformation in the group of 923 
animals. In comparison to RAT-002, RAT-001 showed altered MRI readouts (e.g. decreased MD and 924 
T2*, low intensity T2-weighted (T2w) region at day 14) up to 14 days after damage inducing 925 
deformation. For RAT-002 only a minor response, of collateral blood vessels, on the angiogram 926 
during deformation was observed. All other MRI readouts of RAT-002 appeared normal. 927 

 928 

Figure 10. Representative H&E and TRI histological sections next to the various multi-parametric 929 
MRI readouts at day 0, 3, 5, and 14. For day 14 one animal with mild (RAT-005) and one with severe 930 
(RAT-006) damage is shown. Individual time-courses of the mean parametric values of RAT-005 and 931 
RAT-006 were also shown in Figure 8. Legends for the color scaling of the T2 (0-150 ms), T2* (0-60 932 
ms), and MD (0.5-2x10-3 mm2/s) maps are shown on the bottom. 933 

 934 

Figure 11. Time-course of tissue damage and remodeling in the rat model of deep tissue injury 935 
characterized by multi-parametric MRI (T2, T2*, MD, and MRA) and linked to histopathology. The 936 
neutrophil, lymphocyte, and erythrocyte cell types were designed by Mikael Häggström, used with 937 
permission (44). 938 

 939 

Supplemental information captions 940 

Supplemental Content 1. Movie of rotating TOF angiogram MIPs over time of RAT-005 and RAT-941 
007, also shown in Figure 6. During deformation the indenter applying load to the TA muscle is 942 
visible. The saphenous artery is centrally located. RAT-007 showed reduced flow in the saphenous 943 
artery followed by a hyperemic response. 944 

 945 
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