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Abstract

An accurate and noninvasive method for assessing treatment response following radiotherapy is
needed for both treatment monitoring and planning. Measurement of solid tumor volume alone is
not sufficient for reliable early detection of therapeutic response, since changes in physiological
anad/or biomechanical properties can precede tumor volume change following therapy. In this
study, we use magnetic resonance elastography (MRE) to evaluate the treatment effect after
radiotherapy in a murine brain tumor model. Shear modulus was calculated and compared between
the delineated tumor region of interest (ROI) and its contralateral, mirrored counterpart. We also
compared the shear modulus from both the irradiated and non-irradiated tumor and mirror ROIs
longitudinally, sampling fourtime points spanning 9 to 19 days post tumor implant. Results
showed that the tumor ROI had a lower shear modulus than that of the mirror ROI, independent of
radiation. The shear modulus of the tumor ROI decreased over time for both the treated and
untreated groups. By contrast, the shear modulus of the mirror ROI appeared to be relatively
constant for the treated group, while an increasing trend was observed for the untreated group. The
results provide insights into the tumor properties after radiation treatment and demonstrate the
potential of using #e mechanical properties of the tumor as a biomarker. In future studies, more
closely spaced time points will be employed for detailed analysis of the radiation effect.
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1 Introduction

Accurate, non-invasive characterization of solid tumors during and following radiation
treatment is important for monitoring therapeutic response and guiding subsequent treatment
planning (Lupo and Nelson, 2014; Minamimoto et a/., 2015; Schmainda, 2012). Response is
often monitored by measuring changes in tumor volume, using magnetic resonance imaging
(MRI) or X-ray computedtomography (CT), weeks to months following radiation treatment.
However, tumor volume change alone is a poor marker of positive therapeutic response, as
important physiological and microstructural changes indicative of response may
significantly precede tumor shrinkage. Thus, the development of non-invasive imaging
techniques that can serve as biomarkers of early therapeutic response would be extremely
valuable.

Positron emission tomography (PET) (Basu and Alavi, 2009; Suchorska et al., 2014; Uslu et
al., 2015) and MRI (Jost et al., 2007; Ellingson et al., 2015) have been widely used to
characterize brain tumors. PET can provide important metabolic information about tumors,
and PET experiments employing a variety of tracers, including [*8F]fluorodeoxyglucose
(FDG), [*8F]fluoroethyltyrosine (FET), and [*8F]fluoro-L-dopa (FDOPA), have been used to
characterize response to radiotherapy (Bolcaen et al., 2015; Juhasz et al., 2014; Dunet et al.,
2015), though PET's low spatial resolution limits its ability to assess heterogeneity of
response. MRI is used extensively to characterize tumors, due to its high soft-tissue contrast
and superior image resolution. Beyond T1- and T2-weighted measurements of changes in
tumor volume (Jost et al., 2007; Leung et al., 2014; Ellingson et al., 2015), a number of
different MR-based methods have been examined for evaluating treatment response,
including diffusion imaging (Farjam et al., 2014; Moffat et al., 2006; Tsien et al., 2014),
perfusion imaging (Hakyemez et al., 2005; Law ef al., 2008), and MR spectroscopy (Horska
and Barker, 2010; Kumar et al., 2015). Although these techniques have shown promise for
detecting and characterizing recurrent tumors after radiation treatment, none represent
current standard of care for assessing treatment response.

Magnetic resonance elastography (MRE) can provide important insights into tissue
mechanical properties by imaging the propagation of acoustic waves within the tissue (Atay
et al., 2008; Clayton et al., 2012; Sinkus, 2014; Johnson et al., 2013; John et al., 2012;
Muthupillai et al., 1995; Sack et al., 2004; Sinkus et al., 2000; Hatt et a/., 2015). MRE can
detect differences in tumor stiffness relative to surrounding tissue (Reiss-Zimmermann et al.,
2014; Simon et al., 2013; Xu et al., 2007; Krouskop et al., 1998; McKnight et al., 2002;
Sinkus et al., 2005; Barton et al., 1999; Venkatesh et al., 2008) and has been applied
clinically to diagnose liver fibrosis (Yin et al., 2007; Huwart et a/., 2006; Wang et al., 2011).
Recent pilot studies in brain tumors found that meningiomas could be identified clearly by
MRE, with the tumors having a complex-valued shear modulus that reflects increased
stiffness (i.e., increased shear modulus) (Murphy et al., 2013), or increased viscosity (Reiss-
Zimmermann et al., 2014) compared to healthy brain tissue. In this study, we investigated
the potential of using shear modulus, measured by MRE, as a biomarker for characterizing
tumor and evaluating response to radiation treatment. The shear moduli of irradiated brain
tumors and contralateral reference regions were measured and compared at different time
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points following radiation treatment, and also compared with the moduli of untreated
tumors.

2 Materials and Methods

2.1 Animal preparation

2.2 MRE

Delayed brain tumor (DBT) glioblastoma cells were implanted into twenty female Balb/c
mice, age 7-8 weeks, using previously published methods (Jost et al., 2007). A/l
experiments were approved by the Animal Studies Committee at Washington University.
Mice were randomly separated into two groups, designated as A and B (n=10, each), and
tumor implantation was staggered between the groups by one week. Mice were labeled
MO1A to M10A and MO1B to M10B, respectively, and the day of tumor-cell implantation
was designated as post-implantation day 0 (PODO). Initial, T2-weighted anatomical MR
images were collected on POD8. Based on these images (Figure 1), twelve mice showing
clear tumor growth were selected. Of these twelve, six mice were treated on POD10 with a
single-fraction, 20-Gy dose of radiation, a dose previously demonstrated to slow DBT tumor
growth, delivered to the tumor-bearing hemisphere using the Leksell Gamma Knife
Perfexion (Elekta; Stockholm, Sweden), and six were untreated.

MRE experiments on mouse brain were performed on POD9, POD13, POD16, and POD19
using a dedicated, 4.7 T small-animal MR imaging system (Oxford magnet/Agilent
DirectDrivel™ console). An actively decoupled transmit/receive coil pair (Garbow et al.,
2008) was used for acquiring the signal. Mice were anesthetized with isoflurane in O, (1.5%
v/v) and body temperature was maintained at 37.0 +/- 1.0 °C using circulating warm water.

Mechanical waves at 1800 Hz were induced in the mouse brain using a tooth bar driven by a
piezoelectric actuator, as described previously (Clayton et al.,, 2011b). Motion-encoded
phase images for each 3D motion component were acquired in the brain at four different
phase points during one wave period. At each temporal point, 29 image slices of the brain
were acquired with an imaging field of view (FOV) of 16 mm x 16 mm and an isotropic
voxel size of (0.25 mm)3. Phase image data were phase-unwrapped and smoothed with a 3 x
3 x 3 Gaussian filter (standard deviation, 1 voxel). To eliminate the effect of disp/acement
from longitudinal wave (u,) and preserve only the displacement component of shear wave
(u7), a curl operator was applied to the displacement field. Three adjacent slices were used
for the 3D inversion. The complex shear modulus G* is defined as G* = G+ iG”, where G~
and G ”are the storage and loss modulus, respectively. The value of G* at each voxel was
estimated by a total least square (TLS) fit (fitting window size, 5 x 5 x 3 voxels) to the wave
equation (Feng et al., 2013b; Okamoto et al., 2011):

—pa*(Ung +iUpg) = (G +iG")( VU + V2UL ). ()
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in which w is the actuation frequency and U, = U’ , +iU”  is the complex valued

fundamental Fourier component of the shear-wave displacement vector, u 7, in all three
Cartesian directions (u 7(r, & = Ug(r)e®? where r = xre,,, n=1, 2, 3). The TLS weighting
parameter A7, gwas set to 10, and a normalized residual error (NRE) was used to evaluate
each estimate (Feng et al., 2013a; Clayton et al., 2011b; Okamoto et al., 2011). Shear
modulus estimates at a given voxel were rejected if NRE was larger than 0.8.

Results for treated animals are shown for POD09, POD13, POD16, and POD19. Consistent
with our previous results (Jost et al., 2007), no untreated animals survived to POD16, hence
MRE results for untreated animals are shown only for POD09 and POD13.

Parametric maps of the fundamental harmonic of the z-displacement (through-plane
displacement) component, and estimated values of G and G” for a representative mouse
brain (M10A), are shown in Figure 2. The tumor/mirror ROI pair was manually contoured
by masking the tumor ROI and its contralateral, mirrored ROI (no implanted tumor) with
respect to the centerline of the brain (Figure 3a).

G’ and G” values were both analyzed. However, G” values showed relatively little
difference between tumor and mirror ROI's across all PODs (Table 1). As a consequence, we
focused this short communication on the analysis of G”. A histogram of the tumor/mirror
ROI pair showed that the shear modulus, G’, of the tumor ROI is lower than its contralateral,
mirrored ROI (Figure 3b, c). To demonstrate statistical differences in G” values between the
tumor and mirror ROIs, G” was analyzed on a voxel-by-voxel basis for the manually
contoured ROIs. G” values, averaged across the ROIs, were calculated for each mouse, and
the mean G’ value across each group was then computed. G” values at each POD for both
treated and untreated animals are summarized in Figure 4.

To measure the effects of radiation treatment, G” values for each mouse at POD09 and
POD13 were compared for the treated (Figure 4a, b) and untreated (Figure 4c, d) groups. To
assess the significance of radiation treatment, we performed a two-way analysis of variance
(ANOVA) of G” values between the treated and untreated tumors, across all POD's. A
similar ANOVA was performed for mirror ROI's in the treated and untreated groups. For the
ANOVA analysis, the six mice from the treated and untreated groups provided six replicates
each. For the tumor ROI group, p-values comparing G values for the treated/untreated,
PODQ09/POD13, and the interaction between the two were 0.6993, 0.0290, and 0.8266,
respectively. For the mirror ROI group, p-values comparing G’ values for the treated/
untreated, POD09/POD13, and the interaction between the two were 0.2810, 0.0334, and
0.0823, respectively. For both the tumor and mirror ROIs, no meaningful differences were
found between the treated and untreated groups, and POD was a more significant factor than
treatment. To test the significance of the variation of G” over time, separate, repeated-
measures, one-way ANOVA tests were performed for the treated tumor ROI's and mirror
ROI's (from the same treated mice). The six mice from the treated group provided six
observations at each POD. P-values comparing the G’ value at different PODs were 0.2792
and 0.2174, respectively. Since no significant difference was observed in the above ANOVA
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tests, post-hoc tests were not performed. In the POD09 mice, the largest absolute difference
in G” values between the treated and untreated tumor ROI's was 2.04 kPa, while in the
POD13 group, it was 2.93 kPa.

For the treated group, the mean G’ value of the tumor ROI was lower than the contralateral,
mirrored ROI for each mouse at each POD (Figure 4e). A paired student t-test showed the
differences in mean G’ values between the tumor and mirror tissue regions at POD13,
POD16, and POD19, respectively, were statistically significant (p<0.05). In the untreated
group, the mean G” value was also lower in the tumor ROI than in the contralateral mirrored
ROI at both POD09 and POD13. The difference was statistically significant at both time
points (Figure 4f).

For all mice in the radiation-treated group, the values of G’ in the tumor regions decreased
as a function of post-implantation day, POD (Figure 4e). In the untreated tumor, the mean G
" values of the tumor ROIs also decreased for 5 of 6 mice. For each mouse, the time
dependence of G’ vs. POD over all four PODs was fit with a linear function, the slope of the
fitted line was calculated, and these slopes were averaged across all mice within a group.
The mean slope of G” vs. POD for the tumor regions (-0.457 kPa/day) was 3.4 times that of
the mirror tissue region (-0.136 kPa/day), a statistically significant difference (p<0.05).

4 Discussion

Several groups have recently characterized tumors using MRE (Reiss-Zimmermann et a/.,
2014; Simon et al., 2013; Murphy et al., 2013; Sahebjavaher et al., 2015; Pepin et al., 2014;
Li et al., 2014). A comprehensive MRE study of different types of human brain tumor,
including glioblastoma, anaplastic astrocytoma, meningioma, and cerebral metastasis,
showed different mechanical properties among these tumors (Reiss-Zimmermann et al.,
2014). In several of these studies, the tumors were found to be softer, i.e., to have a lower
shear modulus, than healthy reference tissue (Simon et a/., 2013; Reiss-Zimmermann et al.,
2014). A recent human MRE study found that, with one exception, glioblastoma tissue is
softer than healthy brain tissue (Simon et a/., 2013). In another recent study, ex vivo
mechanical testing of brain tumor tissue confirmed its relative softness (Pogoda et al., 2014).
These findings are consistent with the results for implanted DBT tumors in our mouse
model. Although our untreated group of mice only survived until POD13, the G value of
the tumor ROI decreased over time in all but one mouse (Figure 4c). A similar pattern was
observed in the radiation-treated group, in which the mean G’ values of the tumor ROIs
(Figure 4a) were lower than those of the mirror ROls, at all POD.

Currently, the efficacy of brain-tumor treatment is assessed by measuring changes in tumor
size (James et al., 1999; Macdonald et a/., 1990) using standard anatomic imaging
modalities, such as CT (Leunens et al., 1993; Lerch et al., 1979; Constine et al., 1988;
Kortmann et al., 1994) or MRI (Jost et al., 2007; Shukla et al., 2005; Ellingson et al., 2015).
However, changes in tumor size do not necessarily reflect changes in the internal properties
of the tumors after radiation treatment. Average diffusion coefficient (ADC) values and
fractional anisotropy (FA) values, derived from diffusion-weighted imaging, can serve as
biomarkers of treatment response (Chenevert and Ross, 2009; Thoeny and Ross, 2010). The
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ADC value has also been used to make pretreatment prediction of radiotherapy responses
(Mardor et al., 2004), while other ADC-based metrics have been proposed for assessment of
radiation response (Farjam et al., 2014). FA values were used as a biomarker of radiation
injury (Chapman et al., 2012; Nagesh et al., 2008), though these studies did not include the
longitudinal effects of radiation treatment. This study of the mechanical properties of tumors
serves to establish MRE as another potential biomarker of tumor development and response
to radiation therapy. The tumor properties probed by MRE are complementary to those
measured by diffusion-weighted MRI. We anticipate incorporating both MRE and DW!I into
future studies, as we pursue our goal of developing a robust, reliable measure of early
response to therapy.

This study presents results of the first longitudinal study of MRE-derived brain-tumor
mechanical properties following radiation treatment. The decreasing shear modulus over
time of both irradiated and non-irradiated tumor was significantly different from non-
irradiated, contralateral tissue, a finding that indicates that DBT tumor tissue is significantly
softer than contralateral (control) tissue. The mechanical properties of the tumor do not
change significantly in response to radiation therapy. Thus, while MRE may have potential
as a marker of therapeutic tumor response, the shear modulus of soft DBT-cell tumors, as
measured by MRE in the mouse, is unaffected by radiation. The estimated G’ values of the
non-radiated ROIs at 1800 Hz were somewhat higher than reported previously (Clayton et
al., 2011a). The implanted tumor can alter the physiological environment of the brain, thus
changing its mechanical properties compared with healthy tissue. The TLS inversion
technique used, together with a different fitting window and filter, may also contribute to the
observed differences in G” values. As in the study by Jost, et al. (2007), we observed a
volume growth of tumor ROIs for later PODs. However, additional experiments are needed
to determine whether this change in tumor volume is correlated with changes in tumor
mechanical properties.

The study has several important limitations. The contours of the tumor ROI were drawn
manually around hypointense ROIs in anatomical MR images, and, thus, may not precisely
define the tumor (though the MRE results do not depend critically on these ROI borders).
Although both G” and G” values were reported, we focused primarily on G values. While
G’ values were calculated on a voxel-by-voxel basis, all of our statistical tests were
formulated based upon average G values calculated for individual tumor ROls, and, thus,
do not reflect potential tumor heterogeneity. Although we report statistical significance for
several of our results, the number of animals in this study was limited. By treating the
contralateral side as control brain, we have ignored any effects that tumor implantation may
have on the contralateral hemisphere. Planned future studies will test alternate tumor cell
lines, incorporate more closely spaced time points, and include ex vivo mechanical testing of
the tumor and surrounding brain tissue to examine tumor tissue in greater detail, and to
provide additional support for our in vivo findings.

In summary, we have characterized the mechanical properties of mouse DBT-cell brain
tumors using MRE and used tumor stiffness (G”) as a biomarker for evaluating radiation
treatment. The tumor region was softer than the healthy contralateral region and became
softer over time, with or without radiation treatment. Radiation had a clear therapeutic
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benefit, as indicated by increased survival of treated mice, but did not change the measured
mechanical properties of the tissue at POD13 relative to non-irradiated tumor.
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Figurel.
Anatomical MR images of a mouse brain on PODS8: (a) M07B, and (b) MO5B. Tumors,

which appear hypointense in the images, were implanted in the left hemisphere. The voxel
size is 0.125 x 0.125 x 0.5 mm?,
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(b)

um kPa kPa

Figure2.
(@) The imaginary component of the fundamental harmonic of the through-plane

displacement field of a mouse brain (M10A) at 1800 Hz. Distribution of (b) G” and (c) G”
value of the same mouse brain for Nxy=2 and &=0.1.
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Figure 3.
(a) Manually delineated tumor and mirror ROIs. Histogram of the G” values of the (b)

tumor and (c) mirror ROIs from Figure 2a. The number of bins for each histogram was
calculated as the square root of the total number of voxels for each delineated region. A total
of 9 bins were used to group the 82 voxels in the contoured tumor and mirror regions.
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Figure4.
Comparison of the G” values of tumor and mirror ROIs at POD09 and POD13 before and

after radiation treatment. (a-b) Treated group: G” values at POD09 and POD13 for the (a)
tumor ROI and (b) its contralateral mirrored RO, in each animal; (c-d) Untreated group: G’
values at POD09 and POD13 for the (c) tumor ROI and (d) its contralateral mirrored ROI, in
each animal. The markers and error bars represent the mean values and standard deviations
estimated using all voxels in the corresponding ROI for all mice in (e) the treated group and
(f) untreated group, shown vs. time after implantation. Note: vertical axis limits are set to 5
kPa — 15 kPa to illuminate differences between curves. A paired Student T-test was carried
out to compared the G” value of the tumor and mirror ROI groups at each POD. The “*”
and “**” symbols indicate a significant difference of the G” value between the tumor and
mirror ROIs, with significance levels of 5% and 2%, respectively.

Phys Med Biol. Author manuscript; available in PMC 2018 May 10.



Page 15

Feng et al.

"K18A1103dS81 ‘04 PUE 04G JO S9N BUBDIHILBIS YIIM ‘S|OY JOLIIW PUE JOLN} BU) UBBAMIA] aNJeA D) aU) JO BOUBIYIP JUBILIUBIS © 81edIPUI S|OGUIAS ,,xx,, PUE .., BYL

"d0d Yoea 1e sdnolf |0y J0.i1W pue Jowny 8y} JO anfeA S 8y} paJedwiod 0} N0 PaLLIEd Sem 1s8)-) Juapnls paired v

4

x

pro| ouedIubiS

- - - T6'0¥9L°€
- - *x 86'0¥T6°C
0C'T+0EY 68°0F¢L'¢C - 98'T+0€'€
GE'EFES Y 6T°C¥8LC - LL'T¥90°€

IOY J0JIIN  10Y Jownl  pAS|soURdIUBIS  10Y JoJNIIN

09'0FLLC 61A0d
6.°0709'C 91a0d
T0'T+90°€ €1a0d
65 TF8Y'E 60a0d
10y Jownyt

dnoJb peres nunays Josnfea (edy) ,9

dnoJb paresllayl Josnfea (edy) ,9

T alqeL

Author Manuscript Author Manuscript

/S10Y JoJJ1w pUe Jown]ay] Usemiag sous)}Ip Juedliubis
e aleoIpulSysIISY "dnoJb peTes nun pue peyestiay) Yyiog Ul |OY 04w pue Jowniay) Josan[eA ,9ay] JO UoIeIAsp plepuels pue Ues

Author Manuscript

Author Manuscript

Phys Med Biol. Author manuscript; available in PMC 2018 May 10.



	Abstract
	1 Introduction
	2 Materials and Methods
	2.1 Animal preparation
	2.2 MRE

	3 Results
	4 Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

