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Abstract

Glioblastoma is the most common primary brain tumor. It is highly malignant and has a
correspondingly poor prognosis. Diagnosis and monitoring are mainly accomplished with MR,
but remain challenging in some cases. Therefore, complementary methods for tumor detection and
characterization would be beneficial. Using Magnetic Resonance Elastography (MRE), we
performed a longitudinal study of the biomechanical properties of intracranially implanted
glioblastoma (GBM) in mice and compared the results to histopathology. The biomechanical
parameters of viscoelastic modulus, shear wave speed and phase angle were significantly lower in
tumors compared to healthy brain tissue and decreased over time with tumor progression.
Moreover, some MRE parameters revealed sub-regions at later tumor stages, which were not
easily detectable on anatomical MRI images. Comparison to histopathology showed that softer
tumor regions contained necrosis and patches of viable tumor cells. In contrast, areas of densely
packed tumor cells and blood vessels identified with histology coincided with higher values of
viscoelastic modulus and shear wave speed. Interestingly, the phase angle was independent from
these anatomical variations. In summary, MRE depicted longitudinal and morphological changes
in GBM and may prove valuable for tumor characterization in patients.
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A longitudinal study of glioblastoma biomechanical properties in mice was performed using
Magnetic Resonance Elastography (MRE). The tumor was softer than healthy tissue and its
stiffness progressively decreased with age. Different tumor sub-regions were easily observed on
both MRE and histology but not on T2w scans.
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1 Introduction

Primary tumors of the central nervous system have an incidence of approx. 30/100,000
persons in the US?. Even though brain malignancies do not rank among the most common
cancer types, they contribute significantly to overall cancer morbidity and mortality.
Glioblastoma (GBM) is both the most common primary brain tumor? and the most
malignant. Patients have a poor prognosis with only a 5% survival rate five years post
diagnosisl. GBM derives from poorly differentiated neoplastic astrocytes and is highly
invasive. GBM typically presents with regional heterogeneity. Prominent microvascular
proliferation as well as necrosis are important histopathological hallmarks?.

Magnetic Resonance Imaging (MRI) with contrast-enhanced T1-weighted (T1w) as well as
T2-weighted (T2w) or fluid-attenuated inversion recovery (FLAIR) sequences is a standard
method for diagnosis and follow-up of patients with brain tumors. The main issues
addressed by MRI are the differentiation of neoplastic from other lesions, tumor grading,
identification of complications, treatment planning and evaluation of treatment response.
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The latter includes both assessment of contrast-enhancing and non-enhancing tumor
components depicted on contrast-enhanced T1w- and T2w- or FLAIR sequences,
respectively, according to the recommendations of the Response Assessment in Neuro-
Oncology (RANO) Working Group*. Additionally, several advanced MRI techniques are
part of the diagnostic work-up of patients with intracranial masses. Diffusion weighted
imaging (DWI) is used to assess cellular density, dynamic contrast enhanced sequences are
applied to gain information on vascular proliferation and permeability, MR spectroscopy can
help to depict biochemical processes within a tumor and functional MRI as well as diffusion
tensor imaging (DTI) are utilized to evaluate the relationship between tumors and eloquent
brain regions or white matter tracts®. Despite these many methods to evaluate tumors, their
differentiation is challenging and a biopsy is usually needed to establish a diagnosis.

Other groups have also investigated brain tumors with Magnetic Resonance Elastography
(MRE)®8. MRE is a noninvasive imaging technique that produces quantitative maps of /n
vivo biomechanical tissue properties such as tissue stiffness or softness®. MRE parameters
are related to haptic sensation, but objectively inform about the stiffness or softness of a
tissue. To perform MRE, mechanical shear waves are transmitted to the tissue of interest.
The propagation of these waves is measured by applying motion-encoding MR gradients.
The time harmonic steady state shear wave pattern is then used as input to a linear inversion
of the wave equation to estimate biomechanical properties, which are then displayed in
elastographic maps or elastograms19-12, Several studies have shown that stiffness, as
measured with MRE, is in good agreement with tumor consistency assessed by a
neurosurgeon intraoperatively®13-15. In addition, different tumor types vary in their
biomechanical properties. A general observation is that intracranial malignancies are softer
than benign tumors or healthy brain parenchyma’-8:16. In an earlier study of GBM with
MRE, Streitberger et al. observed a large heterogeneity of viscoelastic modulus within the
tumors studied’.

To further investigate the potential of MRE to both detect and characterize GBM, we
assessed brain viscoelastic modulus longitudinally in mice with intracranially implanted
tumors and compared the elastograms to histopathology. We expect that biomechanical
parameters will provide further insight into tumor characteristics complementing the
information gained by classical MRI-based approaches.

2 Material and Methods

2.1 Animals and tumors

All experiments were performed in accordance with the local institutional animal care and
use committee (IACUC). The glioblastoma stem cell line (G30) used for these experiments
was originally established from a patient tissue sample obtained under an IRB approved
protocol at the Ohio State University Medical Center and provided by The Ohio State
University Tissue Procurement services. Tumor cells were grown in vitro as previously
described!8. A stable expression of mCherry red protein marker and Firefly Luciferase was
accomplished by infection with lentivirus (GeneCopoeia, cat# LPP-HLUC-LV206-025-C,
Rockville, MD, USA) and puromycin selection. Approximately 50,000 cells were surgically
implanted into the central striatum of 5 nu/nu mice (Envigo, South Easton, MA, USA; 2 mm
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right lateral and 0.5 mm frontal to the bregma at 3.5 mm depth as described!?). Mice survive
an average of 30 days after implantation. Successful tumor engraftment was ultimately
confirmed on T2w MR images.

2.2 MRl and MRE

MRI and MRE were performed on a 7 T horizontal bore Bruker small animal scanner
(Ettlingen, Germany; gradient strength 660 mT/m) using an 8.6 cm body coil for
transmission and a 2 cm surface coil for reception. MRI and MRE data were acquired
longitudinally at weekly time intervals: 3 of the 5 animals were scanned over a period of 4
weeks and subsequently sacrificed for histological analyses. The 2 remaining animals were
sacrificed after completing 2 and 3 scanning time points, respectively. For imaging,
anesthesia was induced with 2.5 % isoflurane in 100 % O, and maintained with 1 — 1.5 %
isoflurane in 100 % O-, delivered via a nose cone. Respiration rate was constantly monitored
(SA Instruments, Stony Brook, NY, USA). The animals were placed prone on a custom-built
bed with the head fixated in a cage assembly (Figure 1). Briefly, the neck of the animal is
first placed between two posts on the cage assembly. A nose cone on the cage assembly has
the freedom to slide in the head-foot direction and, with an elastic band, is tensioned to draw
the nose cone towards the feet. Once the nose cone is placed on the animal, this tension
squeezes the head against the posts through which the neck was placed. The entire head cage
is mounted on two pivot points, and it is coupled to a rod protruding outside the MRI
scanner. An external transducer, vibrating at 1 kHz, transmits mechanical vibrations to the
brain through the rod. After standard calibration, pilot scans and shimming, a coronal T2w
sequence was acquired (RARE; TR/TE 5000/56 ms; FOV 19.2 mm; matrix 192 x 192; 6
averages; 9 x 0.3 mm slices; acquisition time 12 min) followed by a customized multi-slice,
single spin echo MRE sequence?0 (TR/TE 900/29 ms; FOV 19.2 mm; matrix 64 x 64; 1
average; 8 wave phases; 9 slices; isotropic resolution 0.3 mm; acquisition time 23 min;
vibration frequency 1 kHz). RARE and MRE covered identical volumes and were positioned
in the tumor bearing region.

MRE-data were reconstructed using dedicated in-house software (ROOT environment,
CERN; Meyrin, Switzerland) according to published algorithms19-21, T2w RARE images
were displayed in the same software and used as anatomical references. Regions of interest
(ROI) covering the tumors were defined on T2w images and copied to reconstructed MRE-
maps. The datasets acquired one week after tumor implantation were used to establish
reference or control values. A second ROI was placed in the contralateral healthy
hemisphere and encompassed the cortex and deep gray matter as well as adjacent white
matter tracts but excluded the ventricles. This control ROI had the same shape and size
across all animals. Mean and standard deviation were calculated for the following
biomechanical parameters. | G*| is the absolute value of the complex valued shear modulus

and comprises measures of elasticity (G) and viscosity (G)), |G*| = Gﬁ + Glz. We refer to |

G*| as viscoelastic modulus in the following. Furthermore, shear wave speed (C;) was
evaluated. C;= w/f; w = 2mvand the wave vector k= - ia; 5, wave propagation; a,

attenuation; and v, frequency. kis evaluated from the common relation between complex

2

shear modulus and wave vector, i.e. k> = ”é"* . The phase angle ( Y) was additionally
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G
_L1 ¥ reveals whether a tissue behaves more like an elastic (Y=0)or

analyzed, Y = 2 atan
b4 Gd

like a viscous material (Y= 1).

As later tumor stages presented with distinguishable sub-regions on elastograms, separate
ROIs covering these regions were defined and copied to the anatomical T2w images. Mean
and standard deviation for MRE-parameters as well as for relative T2w signal intensity were
obtained. As absolute values of T2w signal intensity are not meaningful due to a variable
overall gain factor in different scans, we calculated relative T2w signal intensity. For this,
the ratio between the average signal intensity in the tumor sub-regions and average signal
intensity of another reference ROI positioned in a muscle was determined.

Statistical analysis was performed with GraphPad Prism (version 5 for Mac, GraphPad
Software, La Jolla, CA, USA). The longitudinal change in the viscoelastic modulus and
shear wave speed was obtained by calculating the percentage difference between a particular
time point with respect to the immediate preceding time point as well as with respect to the
control. For the comparison of tumor sub-regions, paired two-tailed t-tests were conducted
for MRE-parameters and for relative T2w signal intensity.

All tests were classified as significant when Pvalue was < 0.05.

2.3 Histology

Mice were sacrificed by CO, asphyxation and intracardially perfused with 30 ml saline
followed by 10 % neutral buffered paraformaldehyde (PFA; Sigma-Aldrich cat#HT501128-
4L, St Louis, MO, USA). Brains were harvested, postfixed in 10% neutral buffered PFA and
then transferred in 30% sucrose solution for dehydration. After this, brains were frozen and
cryo-sectioned in 30 um sections. These were collected into sets with 300 um spacing
allowing for whole tumor volume reconstruction. The sections were stained as follows: DNA
(Hoechst 33342, Thermo Scientific cat#62249, Waltham, MA, USA), myelin (Thermo
Scientific cat# F34651), actin cytoskeleton (Thermo Scientific cat# A12380), tubulin
cytoskeleton (Thermo Scientific cat# T34075), blood vessels (purified rat anti-mouse CD31,
BD Biosciences cat#A00158 and secondary antibody donkey anti-rat-Alexa647, Jackson
ImmunoResearch Laboratories cat# 712-606-150, West Grove, PA, USA). The endogenous
mCherry red protein or vimentin (Abcam, cat#ab16700, Jackson cat# 711-586-152,
Cambridge, MA, USA) immunofluorescence labeling were used to mark the tumor area.
Additionally, conventional hematoxylin and eosin (H&E) staining was performed. Whole
slide images were captured with a motorized Nikon Eclipse Ti fluorescence microscope
(Nikon, Melville, NY, USA) and edited in Nikon’s NIS software, open source ImageJ (NIH
ImageJ, https://imagej.net) and Adobe Photoshop (version CS2 for Windows, Adobe
Systems Incorporated, San Jose, CA, USA). Histological images in representative locations
for each MRE and MRI image were identified. Morphological features of all three
modalities were directly compared with emphasis on the tumor sub-regions identified on the
elastograms.
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3 Results

3.1 Tumor appearance on anatomical T2w images

One week after implantation, in two out of five animals, small well circumscribed slightly
hyperintense masses could be identified in the right deep gray matter on the T2w images.
These slightly T2w hyperintense masses increased significantly in size over the course of
one week and stretched from the deep gray matter into cortical structures (Figure 2A). The
border remained rather sharp. Tumor size further progressed and a mass effect was
observable in all animals 3 weeks after implantation. The tumors led to midline shift and
compression of the right lateral ventricles. The left lateral ventricle was expanded in some
animals, which hints at retention of cerebrospinal fluid (CSF). Two animals showed
intratumoral hemorrhage. Apart from that, the masses appeared homogeneously
hyperintense on T2w scans. At week 4, tumors were very large and their borders became
harder to distinguish on T2w RARE images. A progressive significant mass effect was
observable with increasing midline shift and almost complete compression of the right
lateral ventricle. Signs of occlusive hydrocephalus with ballooning of the left lateral
ventricle and transependymal edema were visible in all animals that reached this tumor
stage. Additionally, intratumoral bleeding occurred in another animal.

3.2 MRE parameters change over time

We established reference values for viscoelastic modulus and shear wave speed in the
healthy hemispheres of all animals one week after tumor implantation. As the tumors were
very small at this time point, an influence of the tumor on MRE parameters of this non-
tumor bearing hemisphere seemed to be very unlikely. Only two out of five animals
presented with small tumors visible on T2w RARE one week after implantation. Hence, this
time point was excluded from the longitudinal analysis of MRE parameters.

Starting from week 2, pronounced differences between the tumor and healthy brain tissue
were easily visible to the naked eye on elastograms of the viscoelastic modulus, shear wave
speed and phase angle (Figure 2B). In general, tumors had lower values for viscoelastic
modulus, shear wave speed and phase angle than healthy tissue at all time points (Table 1).
Moreover, a longitudinal evaluation of the biomechanical tumor properties was observable.
The tumors became significantly softer over time (38% decrease of viscoelastic modulus in
week 4 compared to control) and shear wave speed as well as the phase angle decreased
considerably (25% and 22% decrease of shear wave speed and phase angle, respectively in
week 4 compared to control; Table 1, Figure 2C, D and E).

3.3 MRE parameters show regional differences

When examining the elastograms of the four animals that reached later tumor stages, i.e. 3 or
4 weeks post implantation, we noticed relatively well defined sub-regions with clearly
diverging values of viscoelastic modulus and shear wave speed. These sub-regions were not
obviously distinguishable on T2w RARE images. Two animals had local intratumoral
hemorrhages in one of these regions, the remaining tumor however appeared rather
homogeneous (Figure 3G). We defined ROIs covering these sub-regions on the elastograms,
copied them to the respective RARE scan and compared mean values of MRE parameters
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and relative T2w signal intensity to objectify this observation (Figure 3). The analysis
confirmed the visual impression, as the mean values of shear wave speed and viscoelastic
modulus in the two sub-regions identified were significantly different (mean and percentages
of differences for shear wave speed 1.42 m/s, 40% P value = 0.0047 and viscoelastic
modulus 8.6 kPa, 60 %, Pvalue = 0.0068; Table 2). In contrast, the mean relative T2w signal
intensity of the two sub-region ROIs did not show a significant difference (mean and
percentage of differences —0.0150, 0.03 %, Pvalue = 0.5760; Table 2), even though one of
the sub-regions included more hemorrhagic parts with low relative T2w signal compared to
the other region. The phase angle did not reveal a significant difference between the two
sub-regions either (mean and percentage of differences —0.0525, 33%, Pvalue = 0.2019;
Table 2).

3.4 Elastograms show differences revealed by histology

We then wanted to find out how the identified tumor regions compare to cellular and
molecular structures. For this, we performed histopathological analyses.

All tumors investigated showed highly aggressive growth and had relatively well
circumscribed borders. The surrounding tissue was significantly displaced, which can be
seen in the immunofluorescent staining for myelin (Figure 4). Larger white matter tracts
located between deep gray matter structures were pushed aside and seemed partially heavily
distorted. The corpus callosum of the tumor-bearing hemisphere was destroyed (Figure 4A,
D).

The sub-regions identified on the elastograms exhibited different histopathological features.
In all animals investigated, the softer areas (blue ROIls in Figure 3A, C, E) were very
heterogeneous. Hemorrhagic spots and patches where cells were absent, consistent with
necrosis could be found next to viable tumor cells (Figures 5, 6 and 7).

The stiffer area (green ROI in Figure 3A, C, E) showed cells of similar morphological
characteristics and identical H&E staining properties as the remaining tumor. Additional
divergent characteristics between the animals could be observed on the immunofluorescent
stainings. In one animal, the density of viable tumor cells (mCherry protein expressed by
tumor cells depicted in red in Figure 6E) was higher than in the adjacent tumor region. A
second animal however presented with an increased number of vessels in the stiffer region
(stained green in Figure 7F), while the density of viable tumor cells did not appear to be
different (endogenous mCherry protein depicted in red, Figure 7B and E). Note that the
location of different histological features shown in the blood vessel density map of Figure
7F does not correspond exactly to the locations of different stiffness in the MRE map
(Figure 7C). Hence it is certainly possible that the MRE parameters are additionally
influenced by another structure that is not identified with the histology stains used. The
stiffer tumor sub-region in the third animal was on a cortical boundary and was lost during
histological preparation. Therefore, we could not evaluate the histological features for this
case.
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4 Discussion

Intracranial malignancies have so far been observed to be softer than healthy brain
parenchyma. This has been shown in several studies investigating brain tumors in both
human patients’-817 and animal models!6-22, Our results substantially corroborate these
findings, with the notable exception for heterogeneity as discussed below. Our data show
significantly reduced viscoelastic modulus, shear wave speed and phase angle in central
tumors compared to healthy brain tissue. Moreover, Feng et al. observed a progressive
softening of intracranially implanted GBM?2 in mice. Despite using a different tumor cell
line from Feng et al., their findings are consistent with our measurement of the change in
MRE parameters with tumor progression. Viscoelastic modulus, shear wave speed and phase
angle significantly decreased from week 2 to week 4 after tumor implantation.

Streitberger et al. observed high biomechanical heterogeneity in patients with GBM and
hypothesized that this might be caused by variable tumor compositionl’. Our findings are
not inconsistent with this hypothesis. We identified tumor sub-regions on elastograms of the
viscoelastic modulus and shear wave speed that indeed differed in their histopathological
appearance from the central tumor, but those differences were inconsistent from case to case.
In one case, a higher density of viable tumor cells, and in another case, slightly elevated
micro-vessel density, corresponded to regions that demonstrated elevated stiffness when
compared to adjacent areas with hemorrhagic spots and areas consistent with necrosis. This
finding may be considered in light of the results of Jamin et al., who compared the
biomechanical properties of three intracranially implanted tumor types in mice!®. They
showed that cellular and micro-vessel density contributed to relative tumor stiffness and
hence rendered the different tumors distinguishable based on their biomechanical
properties!®. Interestingly, the phase angle was not significantly different between the two
sub-regions identified. This might hint at the conclusion that the phase angle is a structural
parameter characterizing the tumor independent from cellular and micro-vessel density.
Further studies in a larger cohort and different cell lines are needed to clarify the
histopathological features reflected by the phase angle.

MRE seems to capture the degree of microstructural integrity of tissues23. Highly organized
white matter tracts with densely packed layers of myelin surrounding large axons such as the
corpus callosum are significantly stiffer than overall white or gray matter24. Furthermore,
demyelination and degradation of the extracellular matrix structure lead to a decrease of
stiffness2°. When applying these findings to our results, it is not surprising that MRE
parameters depict regional differences in tumor composition. The microstructural integrity is
heavily affected in tumor regions with hemorrhage and necrosis next to patches of viable
tumor cells. Moreover, necrosis in the brain leads to a liquefaction of the tissue, rendering
the necrotic area viscous and liquid2®. This is reflected by a significant decrease of
viscoelastic modulus and shear wave speed in partially necrotic tumor sub-regions. In
contrast, MRE parameters are increased in sub-regions consisting mainly of densely packed
viable tumor cells and/or blood vessels, in which the mechanical network remains
comparatively intact.
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One technical limitation of our approach leads to a bias toward softer viscoelastic modulus
estimates near the boundary of the region of interest. This limits our ability to conclusively
track changes of viscoelastic modulus in tissues near the skull. Further limitations of our
study design include the small sample size and use of only one tumor cell line. This led to a
predominantly observational analysis, particularly regarding the comparison of imaging data
with histopathology. Additionally, a comparative approach had to be used for the analysis of
longitudinal changes in stiffness, shear wave speed and phase angle as different group sizes
at several time points hindered statistical testing. Hence, it was not possible to establish
explicit histopathological correlates of MRE parameters. Further studies using different cell
lines and a larger group size are needed to confirm our data. Eventually, the transferability of
animal models to patients should be tested.

In conclusion, we demonstrated that MRE can show longitudinal and morphological
differences of GBM, which could not be as easily detected with conventional T2w imaging.
Given this, MRE may prove to be a valuable tool for tumor characterization in patients
complementing existing MRI techniques.
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FIGURE 1.
The cage assembly of the shaker apparatus is shown in top (A) and side view (B). The

gelatin phantom in B is placed where the mouse head would be located. The nose cone is
tensioned with the elastic band and can slide in the head-foot direction. It is placed on the
animal’s snout and the tension squeezes the head against the posts through which the neck is
placed. The entire head cage is mounted on two pivot points, and it is coupled to a rod
protruding outside the MRI scanner. This rod transmits mechanical vibration produced by an
external transducer (not shown) to the brain.
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FIGURE 2.
The longitudinal evaluation of tumor in one animal is shown on T2w RARE images (A) and

on elastograms of viscoelastic modulus (in kPa; B). Borders of the hyperintense tumor in the
T2w scans are circumscribed in weeks 2 and 3 (A, arrowheads) but are harder to delineate in
week 4. The mass effect is significant in week 4 with midline shift and occlusive
hydrocephalus (A, asterisk in ballooned left ventricle). The tumor is easily detectable on
elastograms (B) and values for viscoelastic modulus (C), shear wave speed (D) and phase
angle (E) decrease in tumors (black dots) significantly over time compared to healthy tissue
(white dots). Mean and SD are shown.
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relative T2w signal intensity I

FIGURE 3.
Elastograms of shear wave speed (in m/s; A) and viscoelastic modulus (in kPa; C) show

easily distinguishable sub-regions (encircled in green and blue) that are not as easy to
distinguish on T2w RARE images (G) where the tumor appears relatively homogeneous,
apart from intratumoral hemorrhages (asterisk in G). The elastogram of the phase angle Y
(E) does not reveal a significant difference between the sub-regions either. The mean values
of shear wave speed (B) and viscoelastic modulus (D) in the sub-regions were significantly
different, whereas Y (F) and the mean relative T2w signal intensity (H) were similar in both
regions. ** P < 0.01; ROIs covering tumor sub-regions in all mice compared in a paired t-
test. Mean and SD are shown.
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FIGURE 4.
Comparison of immunofluorescent myelin staining (A, D) of two animals 4 weeks after

tumor implantation to respective T2w RARE images (B, E) and viscoelastic modulus maps
(in kPa; C, F). The tumors have relatively sharp borders and significantly displace the
surrounding tissue as can be seen by distortion and dislocation of white matter tracts (A, D,
arrowheads). Tumor borders are hard to delineate on T2w RARE images (B, E), but well
circumscribed on the elastograms (C, F, arrowheads). The corpus callosum of the tumor-
bearing hemisphere is destroyed (A, D, arrow).

NMR Biomed. Author manuscript; available in PMC 2019 October 01.

kPa

16

14

12




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Schregel et al. Page 16

(A)

(D)

FIGURE 5.
H&E staining (A, D), T2w RARE scan (B, E) and viscoelastic modulus map (in kPa; C, F),

all in the same location in two different mice 4 weeks after tumor implantation. The
arrowheads in the H&E stained sections indicate areas that were completely destroyed (D,
arrowheads) or show larger cracks (A, arrowheads) after the staining procedure. These areas
coincide with soft areas on the elastograms (C, F, arrowheads). We hypothesize that this
damage occurred due to loss off necrotic tissue during the staining procedure. One animal
presented with patchy intratumoral hemorrhage, corresponding to a softer region on the
viscoelastic modulus map (asterisks, A-C).
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FIGURE 6.
Anatomical T2w RARE scan (A), immunofluorescent staining (B) and viscoelastic modulus

map (in kPa; C), all in the same location in a mouse 4 weeks after tumor implantation.
Magnifications of the tumor region show three different immunofluorescent channels
depicting DNA in blue (Hoechst, D), viable tumor cells in red (endogenous mCherry red
protein, E) and blood vessels in green (CD31, F). Of note, the stiffer tumor region (C,
asterisk) presents with an intense red staining (B, E) indicating densely packed viable tumor
cells.
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FIGURE 7.
Anatomical T2w RARE scan (A), immunofluorescent staining (B) and viscoelastic modulus

map (in kPa; C) in the same location 4 weeks after tumor implantation and for a mouse
different from the one shown in Figure 6. Magnifications of the tumor region show the
separate immunofluorescent channels that depict DNA in blue (Hoechst, D), viable tumor
cells in red (endogenous mCherry red protein, E) and blood vessels in green (CD31, F). In
this mouse, the stiffer tumor region (C, asterisk) partially coincides with intense green
immunofluorescence (B, F) marking blood vessels.
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Longitudinal evaluation of viscoelastic modulus and shear wave speed. The values were obtained in a control
ROI and ROIs covering the tumors in week 2 — 4 after tumor implantation. The percentage difference was

calculated between a particular time point with respect to the immediate preceding time point as well as with
respect to the control. SD = standard deviation.

shear wave speed Cs (m/s)

viscoelastic modulus |G*| (kPa)

phaseangleY

mean (SD) mean (SD) mean (SD)
control | week 2 | week 3 | week 4 | control | week 2 | week 3 | week 4 control week 2 week 3 week 4
mouse 1 3.38 3.39 2.89 251 10.33 10.07 7.93 6.21
©039) | 023 | ©43 | ©36) | @02y | @52 | @57 o |03 0.13) | 0.45(0.07) | 0.34(0.14) | 0.29 (0.12)
mouse 2 3.35 2.87 2.80 245 10.23 7.85 7.57 6.27
©38) | ©34) | ©s8) | ©78) | 230 | @s3) | @8 | @2n | 034013 | 027(011) | 032(017) f 0.27(0.14)
mouse 3 3.13 3.01 2.80 9.15 8.30 7.86
©48) | 037 | (058) - eary | @72 | 358) - | 034(012) | 030(0.16) | 0.22(0.13) -
mouse 4 3.43 2.85 10.56 7.56
©060) | (©31) - - @2n | @9 - - 0.40 (0.18) | 0.31(0.13) - -
mouse 5 2.93 281 8.15 7.63
- ©038) | (048) - - 189) | 269 - - 0.33(0.15) | 0.28 (0.13) -
average 3.32 3.01 2.83 2.48 10.07 8.39 7.75 6.24
©013) | 022 | ©oa | ©oa | ©63) | 098 | ©17) | ©oa) | 036©03) | 034(0.07) [ 0.29(0.06) | 0.28(0.01)
Per centage difference (%)
vs. immediate previous
time point - 9.34 6.00 12.37 - 16.68 7.63 19.48 - 55 13.89 3.45
vs. control - 9.34 14.76 25.30 - 16.68 23.04 37.74 - 55 19.44 22.22
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Comparison of viscoelastic modulus, shear wave speed and relative T2w signal intensity in tumor sub-regions.
SD, standard deviation.

shear wave speed Cs (m/s)

viscoelastic modulus |G*|

phaseangleY

T2w signal intensity relative

(kPa) to muscle
ROI 1 (green) | ROI 2 (blue) | ROI 1(green) | ROI 2 (blue) | ROI 1(green) | ROI 2 (blue) | ROI 1(green) | ROI 2 (blue)
raw values
mouse 1 3.19 2.06 10.36 4.03 0.12 0.32 0.73 0.81
mouse 2 3.50 243 12.20 5.68 0.24 0.28 0.58 0.57
mouse 3 3.72 1.96 13.87 3.70 0.18 0.27 0.94 0.96
mouse 4 4.03 2.30 16.54 5.15 0.05 0.22 0.88 0.85
mean 3.61 2.19 13.24 4.64 0.15 0.10 0.78 0.80
SD 0.35 0.22 2.62 0.93 0.08 0.02 0.16 1.16
P value 0.0047 0.0068 0.2019 0.576
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