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Quantitative Perfusion- and Diffusion-Weighted Magnetic
Resonance Imaging of Gastrointestinal Cancers Treated With
Multikinase Inhibitors: A Pilot Study
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ABSTRACT

BACKGROUND: Dynamic contrast-enhcmced magnetic resoncmce im-
aging (DCE-MRI) and diffusion-weighted imaging (DWI) are often used
to detect the early response of solid tumors to an effective therapy. The
early changes in intratumoral physiological porameters measured by
DCE-MRI/DWI have been evaluated as surrogcate biomarkers allowing
a tailored treatment for the individual patient.

METHODS: Patients with newly diagnosed, biopsy-proven, treatment-
naive gastrointestinal stromal tumor (GIST) or hepatocellular carcinoma
(HCC) were enrolled prospectively dafter institutional review bocrd (IRB)—
approved informed consent (5 patients per tumor type). Patients with
GIST were treated with sunitinib over 6 weeks. DCE-MRI/DWI was
applied before therapy (baseline imaging) and at 2 and 6 weeks after
therapy initiation. Patients with HCC were treated with radiction during
the first 2 weeks and then with sorafenib for the next 6 weeks. DCE-MRI/
DWI was applied in all pctients with HCC before and after radiation
therapy and at the end of sorafenib therapy. Tumor volume, perfusion
parameters (K", the forward volume-tramsfer constant, and k., the
reverse refluxrate constant) ond the apporent diffusion coefficient
(ADC) were measured.

RESULTS: During 2 weeks of sunitinib therapy, GIST volume, K™, and
k., decreased 32 = 13, 45 = 24, and 42 * 15%, respectively, whereas
ADC increased 76 * 24%. After 6 weeks of sunitinib therapy, GIST
volume, K", and k., decreased 56 * 7, 70 = 7, and 50 * 12%,
respectively, whereas ADC increased 85 *= 33%. After completion of
radiation therapy, HCC volume, K™%, and k., decreased 34 + 14, 35 =
12, and 4 = 21%, respectively, but ADC increased 21 *= 9%. During the
entire 10-week therapeutic period, HCC volume, K", and k., de-
creased 65 = 15, 40 = 9, and 26 *= 2%, respectively, whereas ADC
increased 28 = 10%.

CONCLUSION: DCE-MRI/DWI can mecasure the perfusion cnd diffusion
changes in GISTs or HCCs trected with multikinase inhibitors.
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ancer therapy has been moving swiftly

from nonspecific chemotherapeutic in-
tervention to a more individualized ap-
proach using biologic agents against spe-
cific tumor molecular mutations. Imaging
modalities have long been used to evaluate
tumor response to chemotherapy.' Stan-
dard imaging occurs at 3-month intervals to
determine therapeutic efficacy, typically
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using 2-dimensional (linear)-based RECIST
(response evaluation criteria in solid tu-
mors).* This interval can be a significant
amount of time, in which a patient may be
receiving an ineffective treatment interven-
tion. This problem is even more of an issue
with newer biologic agents. If the treating
clinician can assess tumor response at an
earlier time point and with measures that
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may reflect changes in vascularity or cellu-
lar response, it may allow for a more indi-
vidualized approach in the pursuit of the
best treatment.
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Figure 1. Imaging and therapy schedules. Timeline of physiological MRI before (baseline) and after initiation of

therapy in patients with (A) GIST or (B) HCC.

Biologic therapy has moved to the fore-
front in the treatment of gastrointestinal
stromal tumors (GISTs) and hepatocellular
carcinomas (HCCs).3® Both of these tu-
mors typically remain stable in size during
early therapy, and therefore imaging eval-
uation based on tumor dimension does not
always provide useful clinical information.
In this situation, novel or alternative imag-
ing modalities may be advantageous in as-
sessing a treatment. Recent improvements
in magnetic resonance imaging (MRI) tech-
nology have allowed the advancement of 2
different types of functional studies to eval-
uate tumor response: diffusion-weighted
imaging (DWI) and dynamic contrast-en-
hanced MRI (DCE-MRI). DWI involves a
diffusion pulse sequence that is sensitive to
small-scale motion of water protons, quan-
tified by the measurement of the apparent
diffusion coefficient (ADC).” Rather than
rely on simple qualitative assessment (vi-
sual detection), however, the quantitative
ADC measured within a tumor is more im-
portant, as the cellular structure is indica-
tive of tumor aggressiveness. DCE-MRI can
be used to investigate vascular properties
of tissue by quantifying the transfer of an
MR contrast agent from the vascular space
to the extravascular—extracellular space
over time®: thus, its use to assess the ef-
fects of antiangiogenic agents on tumors
and ultimately on patient outcomes is of
interest.

The goal of this study was to assess the
early response of GISTs to sunitinib and
HCCs to sorafenib after radiation with DWI
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and DCE-MRI. The agents are multikinase
inhibitors that induce both apoptosis and
antiangiogenesis,® ' which can be de-
tected by DWI and DCE-MRI, respectively.
In the early phase of apoptosis, apoptotic
volume decrease (AVD) occurs, leading to
an increase in extracellular water mole-
cules, and therefore the tumor ADC in-
creases. DWI has been used clinically to
monitor the therapeutic responses of GISTs
and HCCs.'>'S Kans (forward volume-
transfer constant) and k,,, (reverse reflux-
rate constant), both DCE-MRI biomarkers,
represent the washin and washout rates of
an MR contrast agent, respectively, and
have been used to assess tumor vascular-
ity.'® The application of DCE-MRI for intra-
abdominal cancers has been limited by
motion, but substantial success has re-
cently been achieved in patients with ad-
vanced HCCs'"® or liver metastases aris-
ing from gastric carcinomas.?® In the
present study, respiratory-gating DWI and
breath-hold DCE-MRI were performed at 3
T in patients with GIST or HCC, and the
changes in the physiologic parameters
(K'@ns k_and ADC) of the tumors were

ep’
quantitatively monitored during therapy.

MATERIALS AND METHODS

This prospective pilot study received ap-
proval from the institutional review board of
our medical center. All subjects signed in-
formed consent, and the Health Insurance
Portability and Accountability Act was strictly
observed.

Patients and Study Design

Ten patients with newly diagnosed, biopsy-
proven GISTs or HCCs were accrued (n =5
per tumor type) consecutively for 18
months. The GIST group comprised 2 men
and 3 women with a mean age of 62 years;
liver metastases were found in 2 of the
patients. The HCC group comprised 3 men
and 2 women with a mean age of 57 years,
with no metastases in other organs. Sunitinib
(Sutent; Pfizer, New York, NY) was given to
patients with marginally resectable GISTs at
37.5 mg as an oral daily dose for 6 weeks.
In these patients, MRI was performed be-
fore initiation of therapy (baseline imaging)
and at 2 and 6 weeks after initiation. HCC
patients first received radiation therapy in
an individualized dose prescription in 6
fractions completed within 2 weeks (dose,
40.5-54.0 QGy), followed by sorafenib
(Nexavar; Bayer, Leverkusen, Germany)
given by mouth at 400 mg for 1 week,
increased to 400 mg twice a day for the
next 5 weeks. In these patients, MRI was
performed before radiation therapy (base-
line imaging), at approximately 1 week after
completion of radiation therapy, and after
completion of sorafenib therapy. Figure 1
illustrates the timelines of imaging and
therapy schedules for the GIST and HCC
patients.

MR Protocol

All subjects were examined on a single 3-T
clinical MR system (Philips Achieva; Philips
Medical Systems, Best, The Netherlands)
equipped with a torso phased array coil. Rou-
tine anatomic upper-abdominal MRI in-
cluded localizers; respiratory-triggered, turbo
spin echo (TSE), fat-suppressed images
through the upper abdomen and T1-
weighted, 3-dimensional (3-D), spoiled gradi-
ent echo (GRE), fat-suppressed, breath-
hold images at end inspiration. Respiratory-
gating, DW, single-shot, echo-planar
imaging (DW-SS-EPI) was performed with 3
b values of 0, 50, and 700 s/mm? in 1
direction with the following parameters:
repetition time/echo time (TR/TE) =
1586/55 ms; field of view (FOV) = 42 X 42
cm; number of excitations (NEX) = 4,
thickness/gap = 7/1 mm; matrix size =
140/140 (interpolated to 288/288); and
number of slices = 30-40. DCE-MR im-
ages were obtained by a breath-hold, 3-D,
fast-field echo, T1-weighted axial sequence
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Figure 2. DW/DCE-MR images with physiological parametric maps of a GIST in a 48-year-old woman.
Motion-corrected DCE-MR images at 30 seconds after gadoteridol injection with superimposed tumor Ktans
(first row) and k,,, (second row) maps before (baseline) and at 2 and 6 weeks after initiation of sunitinib therapy.
DW images obtained with a b value of O s/mm?, with superimposed tumor ADC maps (third row) before
(baseline) and at 2 and 6 weeks after initiation of sunitinib therapy. The same color scale was applied for the

3 maps in each row.

with the following parameters: TR/TE =
5/2.3 ms; FOV = 40 X 40 cm; NEX = 1;
thickness/gap = 6/0 mm; matrix = 192/
154 (interpolated to 256 X 256); flip an-
gle = 15°% and sensitivity encoding
(SENSE) factor = 2. A total of 10 slices
covering the central region of a tumor were
obtained at each time point (longitudinal
FOV, 6 cm), and 91-120 images per slice
were continuously acquired, with a tempo-
ral resolution of 2.1 seconds after intrave-
nous injection of 0.1 mmol/kg of gadoteri-
dol (Bracco Diagnostics Inc., Princeton,
NJ) followed by a 20-mL saline flush at the
rate of 2 mL/s. During DCE-MRI, the pa-
tients were instructed to perform breath-
hold during maximum end inspiration for
as long as possible, and then to repeat
similar breath-holds as feasible for the du-
ration of the acquisition. T1 maps were
created before contrast injection using TIW
images obtained with the same imaging
sequence and parameters as listed above,
but with three different flip angles (5°, 10°,
and 15°).

Image Analysis

For correcting motion in DCE-MR images,
three image-processing techniques were
used: unwarping, median filtering, and curve
fitting. For unwarping, the boundary of a
patient’'s body above the paravertebral
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muscle and abdominal aorta was deter-
mined in each DCE-MR image. Then, the
boundary in each DCE-MR image was un-
warped to match the boundary in the base-
line image (acquired before gadoteridol in-
jection), and all pixels within the boundary
were relocated accordingly. Thereafter,
median filtering and curve fitting were ap-
plied. Assuming that patients were able to
perform breath-holds for at least 20 sec-
onds after initiation of the gadoteridol injec-
tion, median filtering and curve fitting were
applied for the signal curve of each pixel
from 20 seconds after initiation of gadoteri-
dol injection; 1-dimensional median filter-
ing (window: 5) was applied first, and then
the best-fit 5th-order polynomial curve was
determined. T1 maps were also unwarped
as described above and coregistered with
DCE-MR images.

A 2-compartment  pharmacokinetic
model was used to calculate the volume
transfer constant (K@) and the reverse re-
flux rate constant (k). The modified general
rate equation in a 2-compartment model is,

t
Crl(f) = wColf) — kep | Cr(t) 0t
0
t
+ (K= + voke) [ Co(t)at
0

where Ci(f), C,(1), and v, represent con-
trast concentration in tissue (T) at f time,
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contrast concentration in blood plasma (p)
at t time, and fraction occupied by blood
plasma, respectively. C.(f), also known as
arterial input function (AIF), was obtained
by measuring the change in gadoteridol
concentration within the abdominal aorta
after motion correction. Relaxivity of gad-
oteridol at 3 T was estimated to 3.09 s™!
mM ™!, as previously reported.?' Two-dimen-
sional median filtering (window: 3 X 3) was
applied to the K@ and kop Maps, to sup-
press noise.

In DWI analysis, the ADC value was
calculated by finding the best fitting curve
to the equation, S = Sy~ P, where S'is the
intensity of the DW images, Sy is a con-
stant, and D is the ADC. Two-dimensional
median filtering (window: 3 X 3) was also
applied to the ADC maps.

Tumor regions were determined based
on both the morphologic and physiological
(perfusion/diffusion) features by a board-
certified radiologist specializing in abdomi-
nal imaging for 18 years. Tumor volume
was determined as the total number of
voxels multiplied by a unit voxel size (in-
cluding gap) in DW images obtained with
the highest b value. The final ADC of a
tumor was obtained by averaging all ADCs
in the entire tumor region, whereas the final
Kans and ke, Were obtained by averaging
those values in the tumor region of an
image slice that crossed the midsection of
the tumor. The segmentation of the tumor
regions was performed with Imagel, ver-
sion 1.47n (National Institutes of Health,
Bethesda, MD). The motion correction in
DCE-MR images and the quantification of
physiological parameters were implemented
with computer software developed with Lab-
view, version 2010 (National Instruments
Co., Austin, TX).

Statistical analysis

One-way ANOVA (analysis of variance) was
performed to determine the significant
changes in tumor volume, K", Kepr @nd
ADC during therapy.?? Multivariate Pearson
correlation coefficients were calculated, to
examine the correlation between the changes
of the physiological parameters (K", Kepr
and ADC) in tumors and the change in
tumor volume.Z® P = 0.05 was considered
significant, and data were presented as the

mean = SE. All analyses were performed

www.myGCRonline.org

77



78

H. Kim, et al.

Week 4

Baseline

Ktrans

ADC

Figure 3. DW/DCE-MR images with physiological parametric maps of an HCC in a 77-year-old woman.
Motion-corrected DCE-MR images at 30 seconds after gadoteridol injection with superimposed tumor Kt@"s
(first row) and k., (second row) maps before therapy (baseline), after completion of radiation therapy (week 4),
and after completion of sorafenib therapy (week 10). DW images obtained with a b value of O s/mm?, with
superimposed tumor ADC maps (third row) before therapy (baseline), after completion of radiation therapy
(week 4), and after completion of sorafenib therapy (week 10). The same color scale was applied for the 3 maps
in each row.
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Figure 4. Response of GISTs after sunitinib therapy. Tumor (A) volume, (B) K", (C) ke, and (D) ADC in 5
patients with GIST during 6 weeks of sunitinib therapy.

with SAS, version 9.2 (SAS Institute Inc.,
Cary, NC).

RESULTS

All patients were able to follow the breath-
hold DCE-MRI protocol adequately. Figures
2 and 3 show motion-corrected DCE-MR

Gastrointestinal Cancer Research

images (grayscale) of a 48-year-old woman
with a GIST and a 77-year-old woman with
an HCC, respectively, at 30 seconds after
initiation of the gadoteridol injection, with
K@ and kep Maps (color scale) superim-
posed on the tumor regions and DW im-
ages (b = 0, grayscale) with superimposed

tumor ADC maps (color scale). The same
color scale was applied for the 3 maps of
each physiological parameter (K", Kepr
or ADC) acquired before (baseline) and
after initiation of therapy.

Figure 4 demonstrates the tumor vol-
ume, K™, k., and ADC of the 5 patients
with GIST during sunitinib therapy. The
initial GIST volume was 632 = 178 cm®
(mean = SE), but decreased to 436 *= 182
and 272 = 97 cm? after weeks 2 and 6 of
sunitinib therapy, respectively. The mean
K" was 0.026 = 0.008, 0.011 + 0.004,
and 0.006 = 0.001 min~! at O (baseline),
2, and 6 weeks after initiation therapy, re-
spectively, whereas the mean k,, was
0.066 = 0.015, 0.032 =+ 0.009, and
0.027 *= 0.004 min~}, respectively, during
the same periods. The initial mean ADC was
1.03 + 0.16 X 1073 mm?/s, but increased to
1.76 + 027 and 1.82 = 034 x 1073
mm?/s after weeks 2 and 6 of therapy, re-
spectively. The coefficients of variation (CVs)
of tumor K@ and ke, before therapy initia-
tion were 0.64 and 0.51, respectively,
whereas that of tumor ADC was only 0.36.

Figure 5 shows the tumor volume,
K™, k., and ADC of the 5 patients with
HCC over 10 weeks of sequential radiation
and sorafenib therapy. At the end of
sorafenib therapy (week 10), the tumor
physiology of patient 4 could not be ana-
lyzed because the tumor was too small. The
initial mean tumor volume, K@"s, Kep» @nd
ADC were 98 + 71 cm3, 0.022 + 0.009
min—!, 0.062 = 0.018 min~!, and 1.29 +
0.09 x 103 mm?/s, respectively. The ini-
tial tumor volumes of the HCCs were signif-
icantly smaller than those of the GISTs (P =
.02), but the initial physiological parame-
ters were not different between the 2 tumor
types (P > .05). After completion of radia-
tion therapy (week 4), the averaged tumor
volume, K", k., and ADC were 65 * 42
cm®, 0.017 = 0.009 min~! 0.053 =+
0.013 min~!, and 1.55 + 0.13 x 1073
mm?Z/s, respectively, and, after completion of
sorafenib therapy (week 10), values were
22 +8cm?,0.014 + 0.006 min~!,0.050 +
0.014 min~!, and 165 + 0.18 x 1073
mm?2/s, respectively.

Figure 6 shows the changes (%) in the
GIST and HCC variables (volume, K@ns,
kep, and ADC) after therapy, relative to the
baseline values. The mean tumor size de-
creased about the same amount, regard-
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Figure 5. Response of HCCs after sequential combination therapy with radiation and sorafenib. Tumor (A)

volume, (B) K™, (C) kep,

and (D) ADC in 5 patients with HCC during 10 weeks of radiation and sorafenib

therapies.
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Figure 6. Change in tumor volume and physiological parameters after therapy. The change (%) in tumor volume,
Kirans, Kep, @and ADC in (A) GISTs or (B) HCCs during therapy, when the initial values are normalized to 0%. *P =

.05; #P = .01.

less of tumor type during the entire thera-
peutic period (—=59% vs. —65%), but the
vascularity decrease observed in the GISTs
was about 2-fold higher than that of the
HCCs (K'"@"S; —=70% vs. —40%; Kep: —50%
vs. —26%). The ADC increase observed for
GISTs was 3-fold higher (85% vs. 28%).
Table 1 summarizes the correlation be-
tween the tumor volume change and the
changes in the tumor physiological param-
eters (Ka"s, Kkepr @nd ADC) in the patients
with GIST. The tumor K@ change for 2
weeks of sunitinib therapy correlated signif-
icantly with the tumor volume change dur-
ing either 2 or 6 weeks (P = .05), whereas
no correlation was detected between the
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changes in tumor volume, kep, or ADC.
Table 2 summarizes the correlation be-
tween the changes in tumor volume and
physiological parameters in the patients
with  HCC. Significant correlation was
found only between the change in tumor
volume and K'@"s after radiation therapy

(P = .05).

DISCUSSION

To our knowledge, this is the first report of
the use of physiological MRI to evaluate
sunitinib for GISTs in a neoadjuvant setting.
A wide range of both baseline K™ and k.,
of GISTs was observed, and they did not
correlate with the initial tumor sizes. The

MRI of Gastrointestinal Cancers

vascularity of a GIST is often heteroge-
neous, mainly due to cystic degeneration
and local necrosis, especially when the
tumor is large; therefore, the K@ or Kep
averaged within the entire tumor region
may vary widely according to this tumor
heterogeneity. On the other hand, the
initial tumor ADCs were less variable.

The sequential use of radiation and
sorafenib is a therapeutic strategy that has
not been evaluated for use with physiolog-
ical MRI in patients with HCC. DCE-MRI
has been applied to evaluate other multiki-
nase inhibitors, such as pazopanib and
vandetanib, against HCCs, and a significant
decrease of tumor vascularity was noticed
in responding patients.'®'® DCE-MRI and
DWI have recently been used in combina-
tion to measure the pretreatment physio-
logical parameters of HCCs in a series of 21
patients'”; the mean tumor ADC in that
study was 1.08 = 0.04 (mean = SE) X
1072 mm?/s , comparable with our find-
ing (1.29 + 0.09 X 102 mm?/s), but the
mean tumor K" was quite different.
Kans s affected by the physiochemical
properties of the contrast agent, such as
viscosity and osmolality, as well as its plasma
half-life, concentration, and injection rate,
and those differences may account for the
some of the observed discrepancies. Further-
more, K@ can vary according to imaging
sequence, imaging parameters, pharmacoki-
netic models, and quantification methods,?*
and it has been reported that several com-
mercially available perfusion-analysis tools
yielded significantly different values from
the same DCE-MR images.??® Therefore, a
quantitative change in perfusion parame-
ters may be more predictive of clinical ben-
efits than the initial values, unless DCE-MRI
acquisition and post-processing protocols
are globally standardized.

Significant correlation was found only
between the K'@"S and changes in tumor
volume in patients with GIST after sunitinib
therapy or in patients with HCC after radi-
ation therapy. Since an antiangiogenic ther-
apy (or radiation) decreases the vessel den-
sity, the washin rate represented by K"@"s
should be reduced. Either sunitinib or ra-
diation can induce both antiangiogenic
and cytotoxic effects?’?®; therefore, Ka"s
and the volume of tumors sensitive to the
treatment would be reduced at the same

time; kep, however, represents the washout
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TABLE 1. Coefficients (r) for the correlation between the changes in GIST volume and physiological parameters
K" change k., change ADC change
GIST Week 2 Week 6 Week 2 Week 6 Week 2 Week 6
Volume change Week 2 0.88 (.05) 0.45 (.44) 0.64 (.24) 0.28 (.65) 0.63 (.25) 0.57 (.31)
Week 6 0.93 (.02) 0.34 (.57) 0.46 (.43) —0.35(.57) 0.29 (.63) 0.25 (.69)
P values are shown in parentheses.
TABLE 2. Coefficients (r) for the correlation between the changes in HCC volume and physiological parameters
K" change k., change ADC change

HCC Week 4 Week 10 Week 4 Week 10 Week 4 Week 10
Volume change Week 4 0.88 (.05) —0.07 (.93) —0.03 (.97) —0.76 (.24) —0.57 (.31) —0.63 (.37)

Week 10 0.60 (.40) —0.10 (.90) —0.30(.70) —0.42 (.58) —0.33(.67) —0.55 (.45)
P values are shown in parentheses.

rate, which is highly affected by the inter-
stitial fluid pressure (IFP) in a tumor. Hy-

the GISTs after sunitinib therapy and in the
HCCs after sequential combination therapy
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