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Background: Magnetic resonance elastography (MRE) is an emerging imaging technique that affords non-invasive quantitative
assessment and visualization of tissue mechanical properties in vivo.

Methods: In this study, MRE was used to quantify (kPa) the absolute value of the complex shear modulus |G*|, elasticity Gd and
viscosity Gl of SW620 human colorectal cancer xenografts before and 24 h after treatment with either 200mgkg� 1 of the vascular
disrupting agent ZD6126 (N-acetylcolchinol-O-phosphate) or vehicle control, and the data were compared with changes in water
diffusivity measured by diffusion-weighted magnetic resonance imaging.

Results: A heterogeneous distribution of |G*|, Gd and Gl was observed pre-treatment with an intertumoral coefficient of variation
of 13% for |G*|. There were no significant changes in the vehicle-treated cohort. In contrast, ZD6126 induced a significant decrease
in the tumour-averaged |G*| (Po0.01), Gd (Po0.01) and Gl (Po0.05), and this was associated with histologically confirmed central
necrosis. This reduction in tumour viscoelasticity occurred at a time when no significant change in tumour apparent diffusion
coefficient (ADC) was observed.

Conclusions: These data demonstrate that MRE can provide early imaging biomarkers for treatment-induced tumour necrosis.

The ultimate aim of cancer therapeutics is to elicit a cytotoxic
response, causing tumours to disappear (‘Response’), or a
cytolentic effect that prevents tumour progression (‘Stable
Disease’), prolonging patient overall survival. While these can
be assessed using imaging biomarkers, notably the response
criteria in solid tumours (RECIST); many drugs, and in
particular many novel tumour targeted therapies, must be
administered for several months before RECIST can be applied

(Michaelis and Ratain, 2006). Drug developers seek pharmaco-
dynamic biomarkers that can determine rapidly (ideally in hours
or days) whether the drug has had the desired biological effect on
the tumour, before RECIST changes are evident; or alternatively
that the drug or dose has no biological effect, and is therefore
either unsuitable for specific patients (stratified medicine), or
indeed should be discontinued from drug development for lack
of efficacy.
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Imaging biomarkers for assessing tumour pathophysiology and
response are continually being sought, and such biomarkers
require evaluation before they can be deployed in clinical trials
(Boult et al, 2012; Waterton and Pylkkanen, 2012). With the new
generation of targeted cancer therapeutics has come the need to
investigate other emerging, more specific, biomarkers of cell death
provided by imaging methods. These may further aid in
interpretation and provide additional data to help characterize
other key hallmarks of tumour pathophysiology before, during and
following a pharmacological response.

Historically, palpation has been used clinically to detect the
presence of abnormal tissue in superficial or accessible lesions
in vivo, as diseased tissues can be identified by differences in tissue
stiffness. The altered stiffness associated with tumours is a
hallmark of cancer, and primarily reflects increased matrix rigidity
linked to fibrosis, stress associated with rapid tissue expansion and
compressed vasculature and lymphatics, and possibly an increase
in the viscoelasticity of transformed cells through cytoskeletal
tension (Heldin et al, 2004; Paszek et al, 2005). Innovative imaging
techniques are being exploited to non-invasively image the
mechanical or viscoelastic properties of tissue in vivo. Specifically,
magnetic resonance elastography (MRE) has been used to directly
visualize dynamic tissue strain following application of a vibra-
tional mechanical stress to that tissue in vivo (Muthupillai and
Ehman, 1996) and thus measure the shear elastic modulus of the
tissue without the need for administration of an exogenous
contrast agent. Several studies have since highlighted the potential
of MRE using commercially available mechanical drivers for the
diagnosis and staging of cancer in the clinic, and as a prognostic
indicator (Sinkus et al, 2000; Lorenzen et al, 2002; Yeung et al,
2013).

A useful pharmacodynamic has good inter- and intrasubject
reproducibility, while exhibiting rapid and marked responses to
previously described interventions that are known to elicit the
desired biological change (Waterton, 2013). We hypothesized that
large-scale changes in tissue morphology induced by necrosis are
associated with significant alterations in tissue macroscopic
viscoelastic properties. Therefore, measuring changes in viscoelastic
properties of tumours with MRE may provide novel imaging
biomarkers of treatment response. To test this, we have
implemented preclinical MRE on a 7 T magnetic resonance
imaging (MRI) platform, and evaluated viscosity and elasticity as
imaging biomarkers of pharmacologically induced tumour necrosis
in a murine xenograft model. Tumour necrosis was induced
24 h after treatment with the vascular disrupting agent ZD6126
(N-acetylcolchinol-O-phosphate; Blakey et al, 2002a, b). The MRE
response was compared with treatment-induced changes in the
tumour apparent diffusion coefficient (ADC), a more established
imaging biomarker of cell death (Sinkus et al, 2012) and of tumour
response in the clinic (Koh et al, 2009), and validated by
pathological correlates.

MATERIALS AND METHODS

Animals and tumours. All experiments were performed in
compliance with licences issued under the UK Animals (Scientific
Procedures) Act 1986 following local ethical review, and with the
United Kingdom National Cancer Research Institute guidelines for
the welfare of animals in cancer research (Workman et al, 2010).
SW620 human colorectal carcinoma cells (5� 106) were implanted
subcutaneously in the flanks of female NCr nude mice. For MRI
and MRE, anaesthesia was induced with a 10mgml� 1 intra-
peritoneal injection of fentanyl citrate (0.315mgml� 1) plus
fluanisone (10mgml� 1) (‘Hypnorm’; Janssen Pharmaceutical
Ltd, High Wycombe, UK), midazolam (5mgml� 1) (‘Hypnovel’;

Roche, Burgess Hill, UK) and water (1 : 1 : 2). Tumour growth was
monitored, and tumour volume was determined using callipers
and assuming an ellipsoid shape (volume (p/6)� L�W�D,
where L, W and D are the largest orthogonal dimensions of the
ellipsoid).

Formulation, administration and dosing of ZD6126. ZD6126
(Angiogene Pharmaceuticals, Oxford, UK) is a vascular disrupting
agent shown to induce extensive central tumour necrosis in a wide
range of murine models 24 h after a single dose of 200mg kg� 1

(Blakey et al, 2002a, b; Davis et al, 2002). ZD6126 was formulated
in 20% of 5% sodium carbonate and 80% phosphate-buffered
saline, and was administered intraperitoneally to the mice. Control
mice were treated with vehicle alone.

MRI and MRE data acquisition. All data were acquired from
anaesthetized mice on a 7 T horizontal bore MicroImaging MRI
system (Bruker Instruments, Ettlingen, Germany) using a 3 cm
birdcage coil. Mouse core temperature was maintained at B37 1C
with warm air blown through the magnet bore. An electromagnetic
shaker (Brüel & Kjaer, Nærum, Denmark) was used to generate
mechanical vibration, which was directly transmitted through a
flexible nylon rod to a square semicurved piston positioned onto
the tumour within the coil at the magnet isocentre. The horizontal
vibration of the shaker and the rod were converted into vertical
vibrations via a cantilever (Figure 1).

Anatomical T2-weighted images were first acquired, using a
rapid acquisition with refocused echoes (RARE) sequence, with
TE¼ 36ms, TR¼ 4.5 s and a RARE factor of 8. Images were
acquired from 40 contiguous 1-mm-thick transverse slices, with 1
average of 128 phase-encoding steps over a 3� 3 cm field of view
(FOV). The total acquisition time was 53 s. These images were used
for determining tumour volumes, planning of the MRE acquisition
and included optimization of the local field homogeneity over the
region of interest (FASTMAP; Bruker Instruments).

Subsequently, a two-dimensional spin-echo sequence was
applied with a mechanical excitation at a vibration frequency of
1000Hz, which generates mechanical waves inside the tumour with
amplitude 40.3 mm and three times the noise level (Juge et al,
2012). The spin-echo sequence was modified with sinusoidal
motion-sensitizing gradients synchronized to the mechanical
excitation. Data were acquired in three gradient directions, from
10 contiguous transverse slices at 300 mm intervals, using 2
averages of 64 phase-encoding steps over a 1.92� 1.92 cm FOV,
with TE¼ 27ms, TR¼ 1001ms and 8 time steps, giving an
isotropic spatial sampling of 300� 300� 300 mm of the mechanical
wave propagation displacement inside the tumour. The total
acquisition time was B51min.

MRI 7T

Piston Flexible rod

Shaker

Purposely designed MRE stand

Figure 1. Schematic showing the MRE platform developed for this
study.
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High-resolution anatomical T2-weighted images were then
acquired from the same 10 contiguous transverse slices, using a
RARE sequence with 10 averages of 128 phase-encoding steps over
the same 1.92� 1.92 cm FOV (150� 150 mm in plane resolution),
with TE¼ 36ms, TR¼ 4.5 s and a RARE factor of 8. The total
acquisition time was B9min. Finally, an echo-planar diffusion-
weighted sequence (TR¼ 1500ms, b-values¼ 200, 500 and
700 smm� 2, 1 average, FOV 1.92� 1.92 cm, matrix size 64� 64)
was then used to determine the tumour ADC from three
contiguous 600-mm-thick transverse slices through the centre of
the tumour. The total acquisition time was B3min.

Magnetic resonance imaging was performed on mice bearing
size-matched SW620 xenografts (B1 cm diameter) before and 24 h
after treatment with either ZD6126 (n¼ 4) or vehicle alone (n¼ 6).
Care was taken in positioning the animal so as to acquire MRE
data from the same tumour location before and after treatment.

Image reconstruction and analysis. Images of the absolute value
of the complex shear modulus |G*|, elasticity Gd and viscosity Gl

(where G*¼Gdþ iGl) were reconstructed with an isotropic voxel
size of 300 mm, from the three-dimensional displacement vector
measured as described above, using the following equation (Sinkus
et al, 2007):

�ro2 q!¼ G�r2 q!; q!¼ r!� u!2 C3;

where q
!

is the complex-valued curl of the displacement field
u
!
, r is the density of the material and o the angular frequency.

For each slice, |G*|, Gd and Gl (kPa) were determined pixelwise
from a region of interest covering the whole tumour identified
from T2-weighted imaging, including both the viable and necrotic
tissue. In addition, the shear wave speed, cs (m s� 1), and the
attenuation coefficient, a (1mm� 1), were calculated with the
mean values determined from the same region of interest (Sinkus
et al, 2007).

Diffusion-weighted data were fitted monoexponentially on a
pixel-by-pixel basis using in-house software (ImageView, devel-
oped in IDL; ITT Visual Information Systems, Boulder, CO, USA),
using a Bayesian maximum a posteriori approach that took into
account the Rician distribution of noise in magnitude MR data,
and provided estimates of the ADC, allowing the median value for
each tumour to be determined (Walker-Samuel et al, 2011; Baker
et al, 2012).

Histological analysis. After the final imaging session, tumours
were excised, cut in the same orientation as the MRI, fixed in
formalin and embedded in paraffin wax. Subsequently, tissue
sections were cut and stained with haematoxylin and eosin (H&E)
for the assessment of necrosis.

Statistical analysis. Results are presented in the form mean±1
s.e.m. In significance testing, Student’s two-tailed t-test was used,
assuming unequal variance with a 5% level of significance. A paired
t-test was used for comparison of results before and after
treatment, and an unpaired t-test was used for comparison
between vehicle control and treated cohorts.

RESULTS

Pre-treatment MRE revealed a heterogeneous distribution of |G*|,
Gd and Gl throughout each SW620 xenograft (Figure 2). There was
no apparent change in viscoelasticity in the vehicle control cohort
after 24 h of administration with vehicle (coefficient of variation of
|G*|¼ 13%). In contrast, treatment with ZD6126 resulted in a
marked decrease and a visually evident more homogeneous
distribution of |G*|, Gd and Gl (maps of Gd and Gl not shown)
within the central region of the tumour. Maps of |G*| from two
representative tumours either treated with ZD6126 or vehicle are
shown in Figure 3A and B. Interestingly, |G*| was largely
unchanged in the tumour rim after challenge with ZD6126.
Normalized frequency histograms obtained from the same tumour
before and after administration of ZD6126 revealed a clear shift
towards lower |G*| following treatment, whereas vehicle-treated
tumours showed a slight shift towards higher |G*| (Figures 3C and D).
Representative H&E-stained sections of SW620 tumours 24 h after
treatment with either vehicle or ZD6126 are shown in Figures
3E and F. ZD6126 caused extensive central haemorrhagic necrosis,
with a viable rim of tumour remaining.

Tumour ADC maps showed no apparent changes at 24 h after
treatment with ZD6126 (Figure 4B). Mean values of tumour
volume, |G*|, Gd, Gl and ADC from the vehicle and ZD6126-
treated cohorts are summarized in Table 1. There was no
significant difference in tumour volume following treatment with
either vehicle or ZD6126. Whilst there was no significant change in
any parameters in the vehicle-treated group, the mechanical
parameters |G*|, Gd and Gl were all significantly reduced in the
ZD6126-treated cohort. The ADC increased in each of the
ZD6126-treated tumours (Figure 4C), although the change in
mean ADC was not significant. A more direct comparison of the
relative change in tumour volume, ADC, |G*|, cs and a, was
determined 24 h after treatment with either vehicle or 200mg kg� 1

ZD6126, and is shown in Figure 4D. The clear and highly
significant ZD6126-induced reduction in |G*| and cs, and
significant increase in a, which were significantly different from
the behaviour of the vehicle group, were associated with a
nonsignificant increase in ADC at this time point.

DISCUSSION

Non-invasive quantitative imaging biomarkers are essential for
assessing tumour pathophysiology and response to novel targeted
therapeutics. Before deployment in clinical trials, such imaging
biomarkers require qualification, typically through preclinical
identification of imaging–pathology correlates, to confirm whether
changes in the imaging biomarker reflect predicted changes in the
underlying pathology. Increased tissue stiffness is often associated
with an invasive and malignant tumour phenotype (Paszek et al,
2005; Dvorak et al, 2011). Elastography, and MRE in particular,
is an emerging imaging technique being used to measure tissue
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Figure 2. Magnetic resonance images and calculated MRE parameter maps from one representative pre-treatment SW620 xenograft.
(A) Anatomical T2-weighted MR image, (B) displacement (mm) image derived from phase information acquired during the MRE acquisition,
illustrating wave propagation at 1000Hz and (C) calculated maps of |G*|, Gd and Gl before treatment.
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mechanical properties in vivo, and has shown promise in cancer
diagnosis (Siegmann et al, 2010; Garteiser et al, 2012; Sahebjavaher
et al, 2013). The overall aim of this study was to evaluate viscosity

and elasticity as imaging biomarkers of response to the
vascular disrupting agent ZD6126 in SW620 colorectal murine
xenografts.
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Figure 3. (A) Calculated maps of |G*| from two representative SW620 xenografts before and 24h after treatment with 200mgkg� 1 ZD6126 or
vehicle alone. (B) Frequency histograms of |G*| acquired from the same tumours shown in (A) before and following treatment. (C) Ladder plot of
individual response in |G*| of all SW620 xenografts to 200mgkg�1 ZD6126 or vehicle. (D) Haematoxylin and eosin stained sections obtained from
SW620 xenografts 24 h after treatment with 200mgkg� 1 ZD6126 or vehicle.
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Figure 4. Calculated maps of (A) |G*| and (B) ADC determined from one representative SW620 xenograft before and 24h after treatment with
200mgkg� 1 ZD6126. (C) Ladder plot of the individual responses in ADC of all SW620 xenografts to 200mgkg�1 ZD6126 or vehicle. (D) Relative
changes in tumour volume, |G*|, ADC, shear wave speed cs and attenuation coefficient a over 24 h in the vehicle- or ZD6126-treated cohorts. Data
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BRITISH JOURNAL OF CANCER Tumour necrosis assessed by MRE

1730 www.bjcancer.com |DOI:10.1038/bjc.2014.76

http://www.bjcancer.com


Magnetic resonance elastography pre-treatment revealed a
typically heterogeneous distribution of |G*|, Gd and Gl across all
the tumours, and good reproducibility over 24 h in the vehicle-
treated cohort. The mean |G*| for the SW620 colorectal xenografts
of 5.4 kPa was in good agreement with 4.0 kPa recently reported in
ectopically propagated murine colon 26 tumours (Juge et al, 2012).

ZD6126 is a prodrug of the tubulin-binding agent
N-acetylcolchinol that inhibits tubulin polymerization, disrupting
the cytoskeleton of proliferating tumour vascular endothelial cells,
leading to endothelial cell detachment, tumour vessel occlusion
and ultimately massive central necrosis. Numerous studies have
reported significant antivascular activity, and subsequent necrosis,
in murine and human tumour models 24 h after a single
200mg kg� 1 dose of ZD6126 (Blakey et al, 2002b; Cullis et al,
2006). This dose regimen induced a significant reduction in |G*|,
Gd, Gl and shear wave speed cs, and a significant increase in
attenuation, a, of SW620 xenografts in vivo, independent of
tumour growth, and was associated with reduced tissue integrity
and necrosis as confirmed by histology. A characteristic feature of
tumour response to a vascular disrupting agent is the existence of a
surviving rim of tumour cells following treatment, from which the
tumour continues to grow (Tozer et al, 2005). The relatively higher
|G*| observed in the periphery of the SW620 xenografts after
treatment with ZD6126 herein is consistent with this viable rim,
and further emphasizes that extensive necrosis contributes to the
decrease in tumour mechanical properties measured by MRE.
A significant reduction in |G*| was reported in subcutaneous
murine colon 26 tumours 24 h after treatment with combretastatin
A4 phosphate (CA4P), which was associated with a reduction in
microvessel density, suggesting that the complex shear modulus is
influenced by vascular architecture (Juge et al, 2012).

More recently, MRE using shear waves generated by a needle
inserted directly into the tumour revealed a significant decrease in
|G*| in subcutaneous DoHH2 lymphoma xenografts following
chemotherapy, which was associated with decreased levels of
cellular proliferation (Pepin et al, 2013). The non-invasive active–
passive driver system used herein for generating shear waves is
advantageous in retaining tissue integrity, with no local perturba-
tion of the tumour microenvironment that could influence |G*|.

Treatment with ZD6126 was seen here to result in a reduction
in shear wave speed and an increase in the shear wave attenuation
coefficient. Further work is needed to understand the mechanisms
for these drug-induced changes to the shear wave tissue
characteristics. However, it is known that shear stress relaxes over
very short distances and very rapidly in liquids. Therefore, the

propagation of a shear wave through the tissue most likely occurs
through the extracellular structural matrix, the vasculature and by
cells being in very close proximity to each other (Bamber et al,
2013). Necrosis may alter shear wave propagation by its effect on
any of these structural components. Necrosis is also associated with
a loss of cell integrity (and thus cell elasticity and cell contact with
other cells and with the matrix), and a general increase in the free
liquid content of the tissue. The more liquid that a shear wave must
cross, the more it will be attenuated. These effects may also
produce a softer integrated tissue path and thus a reduced shear
wave speed.

Quantification of tumour ADC using diffusion-weighted MRI is
being actively exploited as an imaging biomarker of tumour
response (Padhani et al, 2009; Sinkus et al, 2012). In viable tumour
tissue containing intact cell membranes, tight junctions, macro-
molecules and organelles, the movement of water molecules is
hindered, resulting in reduced water diffusion. The reduction of
cell membrane integrity and density associated with treatment-
induced tumour necrosis typically results in an increase in ADC.
Despite the clear reduction in viscoelastic properties, no significant
increase in ADC in SW620 xenografts was found 24 h after
treatment with a single dose of 200mg kg� 1 ZD6126. In a human
prostate cancer model, DU-145 subcutaneous xenograft, a
significant increase in ADC has been reported, but at 48 h after
treatment using an identical dose regimen (Vogel-Claussen et al,
2007). A significant increase in ADC was observed in murine colon
26 tumours 24 h after treatment with CA4P, which was associated
with increased necrosis (Juge et al, 2012). It is important to note
that the maximal vascular disrupting activity of CA4P in
tumours occurs typically 6 h after drug administration, whereas
for ZD6126 this arises B24 h after treatment (Horsman and
Siemann, 2006). This may provide an explanation for the
subsequent difference in temporal ADC response for these two
vascular disrupting agents. The significant decrease in |G*| 24 h
after treatment with ZD6126 suggests that changes in tissue
viscoelastic properties, as measured by MRE, can provide more
acute and sensitive imaging biomarkers for the detection of
therapy-induced tumour necrosis.

In conclusion, |G*|, Gd and Gl, quantified by MRE, provide early
imaging biomarkers for the detection of massive central tumour
necrosis following treatment with the vascular disrupting
agent ZD6126, and which preceded any significant change in
tumour ADC. The use of a drug that elicits a well-described
tumour response such as ZD6126 provides a strong basis for the
further evaluation of MRE in xenograft mouse models of cancer,
and for the assessment of tumour response to novel molecularly
targeted therapeutics, and drugs that specifically target the
mechanical properties of the matrix environment.
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