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Purpose: To determine whether arterial spin-labeling (ASL) mag-
netic resonance (MR) imaging findings at baseline and
early during antiangiogenic therapy can predict later resis-
tance to therapy.

Materials and
Methods:

Protocol was approved by an institutional animal care and
use committee. Caki-1, A498, and 786-0 human renal cell
carcinoma (RCC) xenografts were implanted in 39 nude
mice. Animals received 80 mg sorafenib per kilogram of
body weight once daily once tumors measured 12 mm.
ASL imaging was performed at baseline and day 14, with
additional imaging performed for 786-0 and A498 (3 days
to 12 weeks). Mean blood flow values and qualitative dif-
ferences in spatial distribution of blood flow were analyzed
and compared with histopathologic findings for viability
and microvascular density. t Tests were used to compare
differences in mean tumor blood flow. Bonferroni-adjusted
P values less than .05 denoted significant differences.

Results: Baseline blood flow was 80.1 mL/100 g/min � 23.3 (stan-
dard deviation) for A498, 75.1 mL/100 g/min � 28.6 for
786-0, and 10.2 mL/100 g/min � 9.0 for Caki-1. Treated
Caki-1 showed no significant change (14.9 mL/100
g/min � 7.6) in flow, whereas flow decreased in all treated
A498 on day 14 (47.9 mL/100 g/min � 21.1) and in 786-0
on day 3 (20.3 mL/100 g/min � 8.7) (P � .003 and .03,
respectively). For A498, lowest values were measured at
28–42 days of receiving sorafenib. Regions of increased
flow occurred on days 35–49, 17–32 days before docu-
mented tumor growth and before significant increases in
mean flow (day 77). Although 786-0 showed new, progres-
sive regions with signal intensity detected as early as day 5
that correlated to viable tumor at histopathologic examina-
tion, no significant changes in mean flow were noted when
day 3 was compared with all subsequent days (P � .99).

Conclusion: ASL imaging provides clinically relevant information re-
garding tumor viability in RCC lines that respond to sor-
afenib.
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The treatment of vascular tumors,
and in particular renal cell carci-
noma (RCC), has undergone a

radical change due to the advent of
targeted therapies such as sorafenib
that block signaling through the vascu-
lar endothelial growth factor (VEGF)
receptor (1). Sorafenib, a multikinase
inhibitor with potent antiangiogenic
effects, has shown substantial clinical
activity in patients with advanced RCC
and has recently been approved by the
U.S. Food and Drug Administration for
this indication (2). Sorafenib produces tu-
mor shrinkage in up to 80% of patients
with advanced RCC and significantly ex-
tends median progression-free survival
(2). Other tyrosine kinase inhibitors,
such as sunitinib, or the anti-VEGF anti-
body bevacizumab also have similar anti-
tumor effects (3–6).

Despite these impressive results,
sorafenib does not produce complete or
durable responses, and most tumors be-
come refractory to treatment within
5–10 months of initiating therapy (7).
The mechanism of this resistance is
poorly understood but likely includes a
component of non-VEGF–mediated an-
giogenic escape (8). Thus, although this
drug is beneficial, resistance to antian-

giogenic agents appears inevitable. Yet
the nature of this resistance is conjec-
tural, and the ability to detect it before
clinically important disease progression
is documented remains limited, to our
knowledge. The variable response to
sorafenib compounds this problem. For
example, we observed in unpublished
results from our laboratory that three
histologically different human clear cell
RCC xenografts had very different re-
sponses to sorafenib (Caki-1 was resis-
tant; A498 was sensitive for � 4 weeks;
and 786-0 showed early response fol-
lowed by rapid development of resis-
tance by day 5.) This observation high-
lights the need to develop surrogate
markers of treatment effect that ade-
quately assess the effects of treatment
on tumor physiology.

Traditionally, therapeutic response
has been assessed by using serial tumor
size measurements, most notably by us-
ing Response Evaluation Criteria in
Solid Tumors guidelines (9). However,
preclinical assessment of new therapeu-
tics such as antiangiogenic agents has
highlighted the limitations associated
with standard morphologic measure-
ments. Thus, tumor response may be
better assessed by using alterations in
vascular supply, rather than size, and
functional measurements may therefore
be more appropriate (10–12).

One potential imaging strategy to
achieve these goals is arterial spin-
labeling (ASL) magnetic resonance (MR)
imaging, a technique that magnetically in-
verts or saturates the magnetization of
inflowing arterial blood and uses this
change as an endogenous tracer. This ap-
proach, therefore, excludes the need for
an intravenous bolus contrast material in-
jection and enables repeat testing (13).
Along these lines, De Bazelaire et al (14)
showed the ability of ASL to document
changes in RCC metastases receiving the
VEGF receptor inhibitor PTK787. They
were further able to correlate the early

changes in ASL signal intensity 1 month
following therapy with tumor size changes
at 4 months. The purpose of our study
was therefore to determine whether ASL
MR imaging can depict and help charac-
terize early changes in the therapeutic re-
sponse to antiangiogenic therapy (ie, re-
duction in blood flow or changes in tumor
growth pattern) and whether ASL find-
ings early in the course of therapy can be
used to predict later therapeutic re-
sponses in a mouse tumor model.

Materials and Methods

The study protocol was approved by the
institutional animal care and use com-
mittee of Beth Israel Deaconess Medical
Center prior to study initiation. Bayer
(West Haven, Conn) supplied us with
the drug for this study (sorafenib, BAY
43-9006) free of charge. The authors
had control of the data and the informa-
tion submitted for publication.

Experimental Models
Three human RCC xenografts (15)
(Caki-1, A498, and 786-0) were used for
the study and were implanted in mouse
models that were previously shown to op-
timally grow these lines. Caki-1 (n � 6)
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Advances in Knowledge

� Arterial spin-labeling (ASL) MR
imaging provides spatial and tem-
poral information regarding tu-
mor viability and vascularity, as
manifested by tight radiologic-
pathologic comparison to intratu-
moral necrosis and microvascular
density immunostaining.

� ASL MR perfusion imaging en-
ables detection of changes in tu-
mor blood flow up to 3 weeks ear-
lier than is possible with currently
available clinical criteria (eg, Re-
sponse Evaluation Criteria in
Solid Tumors guidelines) in the
A498 renal cell carcinoma (RCC)
tumor model.

� Low baseline perfusion (ie, �15
mL/100 g/min) at ASL MR imag-
ing may predict a lack of respon-
siveness to antiangiogenic
therapy.

Implication for Patient Care

� ASL MR imaging may provide
predictive and prognostic infor-
mation for treating patients with
RCC with antiangiogenic therapy.

EXPERIMENTAL STUDIES: MR Imaging of Antiangiogenic Therapy in Mouse Model Schor-Bardach et al
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and A498 (n � 11) were implanted in
Nu/Nu mice (mean weight, 30 g; age
range, 6–8 weeks; Taconic Farms, Ger-
mantown, NY). The xenograft 786-0 (n �
22) was implanted in NIH III beige mice
(mean weight, 30 g; age range, 6–8
weeks; Taconic Farms). For each cell
line, the experimental group received 80
mg of the antiangiogenic agent sorafenib
(BAY 43-9006; Bayer) per kilogram of
body weight by means of gavage, once
daily, 6 days a week, for the duration of the
study starting from when the tumors
reached 12 mm in diameter (R.S., S.A.S.).
This tumor size was chosen to allow fol-
low-up of growth changes and ASL imaging
findings over time before the tumors
reached a final size of 20 mm (ie, the max-
imum permitted by the institutional animal
care and use committee). ASL imaging was
performed at baseline and at scheduled in-
tervals, as noted in Figure 1. Animals were
sacrificed for radiologic-pathologic correla-
tion according to the schedule in Figure 1.
In the sorafenib groups, tumors were mea-
sured daily with calipers following adminis-
tration of therapy (R.S., S.A.S.). Ten ani-
mals served as controls, receiving no sor-
afenib, during the period of imaging (786-0,
n � 4; A498, n � 3; Caki-1, n � 3) and
were measured twice a week with calipers.

Sorafenib Administration
Sorafenib (80 mg/kg) was administered
daily by oral gavage (R.S., S.A.S.). Sor-
afenib was dissolved in a 50% cremophor
EL (Sigma, St Louis, Mo)–50% ethanol
(Pharmaco Products, Brookfield, Conn)
mixture. The compounds were sonicated
for 5–10 minutes. Once in solution, the

aqueous component (75% water) was
gradually added and diluted to generate the
final dosing solution (1). Each dose of sor-
afenib was weighed and stored in dry form
away from light and was dissolved to liquid
form immediately prior to administration.

Tumor Induction
Tumor cells were initially maintained in
the appropriate culture media (Dulbecco’s
modified Eagle’s medium [Mediatech,
Herndon, Va] for 786-0, McCoy’s 5A
[Mediatech] for Caki-1, and Eagle mini-
mum essential medium [ATCC, Manassas,
Va] for A498) and were grown on plates
until confluent. Three to five million cells
were obtained per injection. Cultures were
dissolved by using cell dissociation solution
(Sigma-Aldrich, St Louis, Mo), and tumor
cells were then suspended in sterile phos-
phate-buffered saline (Mediatech) for a to-
tal volume of 0.4 mL per injection. A 20-
gauge needle was used for subcutaneous
left flank injection of each animal. Following
tumor inoculation, animals were monitored
every 3–4 days to measure tumor growth.
Treatment was initiated when the tumors
reached a desired size of 12 mm. Cell cul-
ture, tumor induction, monitoring, and ran-
domizationwere performedby twoauthors
(R.S., S.A.S.). On completion of the study,
the animals were euthanized by means of
barbiturate overdose (Nembutal Sodium
Solution; Abbott Laboratories, North Chi-
cago, Ill) according to institutional animal
care and use committee guidelines.

ASL MR Imaging
ASL perfusion MR imaging was performed
on days 0 and 14 in treated and control

animals for all three lines: Caki-1 (n � 6),
A498 (n � 6), and 786-0 (n � 7). To enable
imaging at times of growth, on the basis of
the different growth patterns of each cell
line, additional imaging time points were
chosen. Imaging on days 3, 5, 6, 9, and 22
was performed for 786-0 tumors (n � 15),
and multiple weekly follow-up studies were
performed in five A498-bearing mice re-
ceiving therapy for 4–12 weeks (ie, until
tumorshadgrownat least 3mm larger than
at baseline), for a total of an additional 45
studies for the A498 model. Thus, a total of
79 ASL MR imaging studies were per-
formed and processed.

Mice were imaged with a 3.0-T
whole-body clinical imager (3T HD; GE
Healthcare Technologies, Waukesha,
Wis) with a receive-only custom-built sur-
face coil of approximately 3 cm in diame-
ter placed below the animal. Transmis-
sion was performed with the product
body coil. After anesthesia was induced
with an intraperitoneal injection of 1:10
diluted pentobarbital (Nembutal Sodium
Solution; Abbott Laboratories), at a dose
of 5 mg/kg, mice were placed in the prone
position on the magnet table and were
restrained to limit movement. When nec-
essary to maintain adequate anesthesia,
booster anesthetic injections at one-tenth
of those doses were administered intra-
peritoneally (R.S.).

ASL Technique
Initially, a three-axis scout study was
performed to identify the tumor for
planning purposes by using an echo time
of 1.7 msec, a repetition time of 7.8
msec, a 30° flip angle, and a 31.2-kHz

Figure 1

Figure 1: Experimental groups and design. Rad-path denotes that both ASL MR imaging and histopathologic examination were performed, as described in the text.
For the A498 follow-up (f/u) group, all five animals were imaged weekly for various periods until growth of 3 mm was noted.
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bandwidth. A 38-cm field of view with a
256 � 128 matrix, a section thickness of
4 mm with 7.5-mm spacing, and five
sections per direction were selected.
Two signals were acquired.

ASL perfusion was performed by us-
ing a background-suppressed flow-sensi-
tive alternating inversion-recovery strat-
egy (16,17). A 3-cm slab centered on the
section was presaturated with repeated
90° pulses just before the labeling inver-
sion pulse, a frequency-offset-corrected
inversion pulse (18,19), was applied 2500
msec before imaging. This inversion pulse
was alternated between selective and
nonselective for successive image acquisi-
tions by turning off or on the associated
gradient pulse. Additional, nonselective
adiabatic inversion pulses at 2001, 1089,
445, and 105 msec were applied to
achieve background suppression (20). In-
ferior and superior saturation pulses
were applied centered at 1000, 713, and
217 msec to suppress unlabeled signal at
the imaging time and to make quantifica-
tion insensitive to arrival time (21,22).

Images were acquired in a single,
2-mm axial section at the greatest tu-

mor diameter. Single-shot fast spin-
echo images (ie, imaging performed ev-
ery excitation) were acquired with a
128 � 128 matrix on an 8-cm field of
view. A repetition time of 5 seconds
between images (ie, the repeated alter-
nation between selective and nonselec-
tive inversion to increase the signal-to-
noise ratio) and a bandwidth of 20.8
kHz were selected. Twenty-four label
and control pairs were acquired and av-
eraged for the ASL acquisition.

To provide anatomic landmarks,
ASL sequences were followed by T1
measurements by using the same imag-
ing sequence but with inversion recov-
ery at different inversion times.

The T1 measurement was per-
formed with inversion times of 50, 100,
200, 300, 400, 500, 600, 800, 1000,
1200, and 1400 msec. The time be-
tween single-shot images was deter-
mined by using manual switching of in-
version time but was always longer than
15 seconds. A reference proton density
image was acquired by turning off all
background suppression and labeling
pulses in the ASL preparation. For each

animal, the ASL acquisition was 4 min-
utes, and the acquisition of additional
reference and T1 images required an
additional 2 minutes.

Image Processing
ASL produces a signal intensity change,
which reflects the competition between
inflowing labeled water in blood and the
decay of that signal with T1. Knowledge
of the timing of the labeling, the T1, and
the sensitivity of the MR imager to wa-
ter, as measured on a proton density
image, permit quantification of blood
flow with relatively simple equations
(14,22).

All imaging signals were saved as
raw echo amplitudes and were trans-
ferred to a workstation for reconstruc-
tion. This reconstruction permitted
complex averaging of label and control
images. The ASL difference image, be-
tween average label and control images,
was then converted to quantitative
blood flow (BF) by using the following
equation (14,22):

BF �
��Ssel � Snonsel�

2	�TI � Tsat�Sref
e

TI⁄T1.

Here, S is the signal for the nonselective
(Snonsel) and selective (Ssel) ASL images
and the reference proton density image
(Sref). TI is the inversion time, 2500 msec;
Tsat is the time of the first saturation
pulse, 1000 msec before imaging; T1 is
the T1 of blood, assumed to be 1500
msec; 	 is the inversion efficiency, as-
sumed to be 1.0; and � is the tissue-blood
partition coefficient, assumed to be 1
mL/g. In humans, 	 has been measured at
approximately 0.75 because of the re-
peated background-suppression pulses
(20), and � in brain tissue averages 0.9. If
we had used these human values for these
unmeasured quantities, calculated blood
flow would have been 20% higher. The
use of the T1 of blood, and not the T1 of
tissue, in the calculation assumes that the
label spends most of the 2500 msec after
inversion in the arteries and microvascu-
lature. Because this assumption is proba-
bly true, and because the T1 of the tumor
was typically only slightly shorter, the use
of blood T1 probably did not affect the
accuracy of quantification. The blood

Figure 2

Figure 2: Average growth curve of 786-0 cell line. Size was measured daily with calipers; mean blood flow
values (in mL/100 g/min) in shaded boxes were calculated from ASL MR images. Unlike changes in spatial
blood flow distribution (see Fig 3), no significant change was seen in mean blood flow from day 3 to 22, de-
spite measured tumor growth.
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flow was calculated according to the
above equation on a pixel-by-pixel ba-
sis, and quantitative maps were pro-
duced (14,22).

The quantitative maps and the corre-
sponding proton density reference im-
ages were then analyzed by using soft-
ware (ImageJ, Image Processing and
Analysis in Java; National Institutes of
Health, Bethesda, Md, http://rsb.info
.nih.gov/ij/) (R.S. and D.C.A., with 1
year of clinical experience and more than
18 years of research experience, respec-
tively, in body MR image interpretation).
To determine tumor perfusion, a region
of interest was drawn freehand around
the peripheral margin of the tumor by
using an electronic cursor on the refer-
ence image and was then copied to the
perfusion image. The mean blood flow for

the tumor tissue within the region of in-
terest was derived, and image window
and level were fixed. A 16-color table was
applied in 10 mL/100 g/min increments
ranging from 0 to 160 mL/100 g/min, with
flow values represented as varying shades
of black, blue, green, yellow, red, and
purple, in order of increasing perfusion.
To improve signal-to-noise ratio, the im-
ages were smoothed prior to display by
using the ImageJ smoothing function, as
generally the signal-to-noise ratio of an
MR image improves as the full width at
half maximum (in pixels) of the smooth-
ing kernel for two-dimensional smooth-
ing.

Histopathologic Correlation
Immediately after the last MR imaging
study, the skin was marked where the

axial plane had been obtained before the
animal was moved from the table. All an-
imals were then euthanized with barbitu-
rate overdose as described previously
(within 1 hour). Tumors were sliced im-
mediately in the axial plane, correspond-
ing to the MR-imaging section orientation
(and within 10% measurement or 1 mm
of the MR imaging diameter), and were
stained with hematoxylin-eosin (Fig 1).
All tissue specimens were examined by a
pathologist (S.S., with 22.7 years of expe-
rience) at their greatest axial diameter
and at the location of the MR image to
identify the presence of both viable and
necrotic-appearing cells.

For assessment of microvascular den-
sity, paraffin-embedded tissue slices from
all specimens were immunostained with a
rat monoclonal antibody to the endothe-

Figure 3

Figure 3: Histopathologic correlation of sorafenib-treated 786-0 tumors with ASL perfusion maps. Top row: ASL perfusion maps (with yellow region of interest out-
lining the tumor). Middle row: Hematoxylin-eosin–stained specimens (entire specimen is tumor) (original magnification, �2). Bottom row: Immunohistochemistry
images. (CD34 stain; original magnification, �20.) ASL map shows decreased signal intensity on day 3 with return of peripheral signal intensity (arrow in top row) from
day 9 to day 22. Viability (dark pink on day 9 that surrounds lighter necrosis, arrow in middle row) and vessels (brown-stained structures on immunohistochemistry im-
ages, arrows in bottom row) correlated with new ASL signal intensity on days 9 and 22.

EXPERIMENTAL STUDIES: MR Imaging of Antiangiogenic Therapy in Mouse Model Schor-Bardach et al
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lial cell marker CD34 (clone MEC 14.7;
Abcam, Cambridge, Mass). Slices were
deparaffinized, and, after microwave
treatment in antigen unmasking solu-
tion for 10 minutes, slices were incu-
bated in 3% hydrogen peroxide for 15
minutes to inactivate endogenous per-
oxidase. Slices were incubated with
the anti-CD34 antibody (dilution,
1:100), and detection was performed
by using a rabbit antirat secondary an-
tibody (E0468; Dako, Carpinteria,
Calif) (dilution, 1:750) followed by us-
ing a horseradish peroxidase detec-
tion kit (EnVision
 System; Dako).

Data and Statistical Analysis
For each of the 79 studies, ASL values
were analyzed qualitatively (ie, by com-
paring changes in the spatial distribution
of blood flow on serial perfusion maps)
and quantitatively as a mean � standard
deviation for tumor blood flow calculated
for the entire tumor section by using a
statistical program (SAS; SAS Institute,
Cary, NC) (R.S.; M.R., with 10 years of
experience). Radiologic-pathologic corre-

lation was performed for all harvested tu-
mors (Fig 1). Visual comparison of histo-
logic tissue slices, including semiquantita-
tive microvascular density assessment,
with the corresponding ASL MR perfu-
sion images was also performed. Tumor
blood flow was analyzed by using linear
regression (786-0, Caki-1) or mixed-ef-
fects linear regression (A498), depending
on the experimental design, and contrasts
analogous to t tests were used to make
pairwise comparisons between time
points. Bonferroni-adjusted P values less
than .05 were considered to denote sta-
tistically significant differences.

Results

786-0 Cell Line
From consistent daily growth, tumors
stopped growing once given sorafenib
therapy for 3–5 days (4.1 days � 0.8
[standard deviation]) and then grew rap-
idly while still receiving therapy (Fig 2).

Quantitative tumor blood flow anal-
ysis.—At baseline, mean blood flow was

75.1 mL/100 g/min � 28.6 for the four
786-0 tumors. Blood flow values signifi-
cantly decreased at 3, 5, and 6 days fol-
lowing therapy (20.3 mL/100 g/min � 8.7
to 20.6 mL/100 g/min � 18.9, up to
78.4% decrease, P � .05), with only
trends for changes in mean blood flow
observed for days 9–22 (ranging from
25.2 mL/100 g/min � 23.6 to 48.0 mL/
100 g/min � 1.1, P � .06–.08). Addi-
tionally, no statistically significant
changes in mean blood flow were noted
when we compared the blood flow value
on day 3 or day 5, the lowest blood flow
values, to that on all subsequent days
(P � .99). Given that the tumors grew
from day 5 to 14, mean blood flow mea-
surements did not correlate with
growth (Fig 2).

ASL perfusion maps.—For qualita-
tive measurement, high ASL signal in-
tensity was seen at baseline through-
out all 786-0 tumors, with a marked
reduction of signal intensity on day 3.
On days 5–6, there was an absence of
central signal intensity with a return of
patchy peripheral signal intensity. A
distinct rim was clearly defined for all
tumors by day 9; this was followed by
continuous extension of the rim and
progression of ASL signal intensity to
days 14–22 (Fig 3).

Histopathologic correlation.—Micro-
scopic and microvascular density analysis
of tissue slices revealed close correlation
with the regional distribution of signal in-
tensity on the ASL perfusion maps. At
hematoxylin-eosin staining, 786-0 tumor
was completely viable and typically highly
vascular at baseline (Fig 3).

By day 5 or 6, hematoxylin-eosin
staining showed extensive central ne-
crosis with absence of central vessels.
Regions of necrosis matched areas of
absent perfusion for all specimens be-
yond day 5. The peripheral viable rim
was associated with return of vessels
on day 9, with greater extent of tu-
mor viability and vascularity on days
14–22.

The histopathologic examination find-
ings were partially discrepant on day 3, in
that, despite significantly low signal inten-
sity on the ASL map, the tumors looked
viable at hematoxylin-eosin staining. Nev-
ertheless, microvascular density assess-

Figure 4

Figure 4: Average growth curve of A498 cell line. Data to day 60 show decreased blood flow and stable or
decreased tumor size. Beyond 60 days, growth measurements of a single representative tumor are presented
(denoted by lighter gray diamonds), with average blood flow values in animals regrowing to 15 mm. Size was
measured daily with calipers; mean blood flow values (in mL/100 g/min) presented in the shaded boxes were
calculated from ASL MR images.
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ment revealed only some residual vessels
with collapsed or inflammatory-infiltrated
lumina with decreased CD34 endothelial
cells, which suggests an inability to per-
fuse this previously vascular tumor.

A498 Cell Line
Tumors were responsive to sorafenib
for 4–10 weeks, maintaining size stabil-
ity (�1 mm for five tumors) or slight
regression (of up to 5 mm in three tu-
mors) to a nadir of 4 weeks. Earliest
measured growth occurred on days 45–
74. For the five animals with long-term
follow-up, three tumors were stable and
two showed regression of 4 mm (�1
mm) while receiving sorafenib prior to
resuming growth.

Quantitative tumor blood flow anal-
ysis.—Baseline mean blood flow was
80.1 mL/100 g/min � 23.3 for A498,
with a variable statistically significant
decrease in all treated tumors 14 days
following therapy (47.9 mL/100 g/min �
21.1, up to 58.2% decrease, P � .003)
(Fig 4). With longer follow-up, further
decrease in signal intensity was seen,

with lowest values measured at 28–42
days of receiving sorafenib (0.44–31.9
mL/100 g/mL), followed by increased
blood flow thereafter (58.5 mL/100
g/min � 10.8 at day 77, after 3 mm of
growth; P � .001).

ASL perfusion maps.—High base-
line ASL signal intensity was seen
throughout the entire tumor. On days
14–35, there was central loss of the ASL
signal intensity, with almost complete
absence at 5–6 weeks following ther-
apy. Patchy gradual return of signal in-
tensity was seen beyond day 42 in the
long-term follow-up animals, with this
signal intensity return preceding tumor
growth by 2–3 weeks (mean, 23 days �
8; range, 17–32 days) (Fig 5).

Histopathologic findings.—Close corre-
lation was seen between microscopic and
microvascular density analysis of tissue
slices and data on ASL perfusion maps.
A498 tumors were vascular and cystic at
baseline, with decreased vascularity and
cystic components seen at day 14. CD34
stained many mature vessels at baseline;
there was a marked reduction at 14 days

following therapy (Fig 6). Regrowing tu-
mors (45–84 days) showed a return of the
vessels from the margins toward the center
in regions with the greatest return of ASL
signal intensity, intermixed with variable
amount of necrosis.

Caki-1 Cell Line
This line showed no response to sor-
afenib, as the growth rate did not change
despite therapy (Fig 7). These tumors
had low to minimal scattered ASL signal
intensity at baseline (10.2 mL/100
g/min � 9.0), with no significant change
seen 14 days following therapy (14.9 mL/
100 g/min � 7.6, P � .10). Histopatho-
logic correlation revealed a substantial
stromal component, with microvascular
density assessment showing minimal vas-
cularity in both the baseline and day-14
specimens (Fig 8).

Discussion

During the past decade, major advances
were made in the field of functional imag-
ing techniques. Computed tomographic

Figure 5

Figure 5: ASL perfusion maps in sorafenib-treated A498 tumors. Yellow region of interest outlines the tumor in each image. Mean blood flow (in mL/100 g/min) is
noted below the image. Color table represents flow values. ASL signal intensity is high at baseline, with decrease of both signal intensity and tumor size following therapy.
Minimum values are seen at 6 weeks. Yet at 7 weeks, blood flow was up to 19.362 mL/100 g/min, with stable tumor size. Definitive measurable tumor growth was seen at
11 weeks, which was 4 weeks after the reversal of blood flow. gm � Gram.
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(CT) perfusion and MR imaging–based
perfusion methods have become more
feasible and reproducible. Therefore, the
use of imaging for oncologic applications
has moved from merely a descriptive tool
of size and extent (ie, conventional mor-
phology) to incorporating tumor physiol-
ogy as an integral component in diagno-
sis, staging, and characterization of tumor
status. Apart from being noninvasive and
fast, these perfusion studies provide the
opportunity to assess tumor response to
antiangiogenic therapy over time, as well
as temporal changes in tumor angiogene-
sis, and offer the ability to noninvasively
sample the entire tumor.

Despite the potential of CT perfu-
sion as a noninvasive method for moni-
toring responses to antiangiogenic ther-
apy, its use for this specific aim has not
been completely validated yet, and con-
troversies exist regarding the correla-
tion between CT perfusion parameters
and microvascular density, the current

histologic marker for assessing angio-
genic activity (23,24). A limitation of CT
perfusion studies is that separation of
blood flow and permeability changes at
CT requires more complex models (25)
that are not always used and may en-
hance noise. An additional disadvantage
of CT perfusion is that iodinated con-
trast media may be contraindicated in
some cases where preservation of renal
function is warranted (26–28), espe-
cially if several follow-up studies are
needed. Repetitive studies could also
potentially raise the problem of accumu-
lated ionizing radiation exposure with
CT perfusion.

ASL is a noninvasive imaging modal-
ity that electromagnetically labels the
spins of water protons in the feeding
arteries before they flow into the tissue
(13). This method has been validated
with reference-standard measures, in-
cluding microspheres (29) and iodoan-
tipyrine (30). The advantages of ASL

include its noninvasive nature, its po-
tential to yield absolute quantification,
its ability to interrogate separate vascu-
lar territories, and its ability to enable
repeated measures (immediately or as
often as desired). Because ASL methods
rely on a diffusible tracer, they are thus
much less sensitive to vascular perme-
ability than are large-molecule contrast
material–dependent methods. The ab-
sence of contrast material with ASL also
helps to remove uncertainties of risk,
especially given new questions about
the safety of some gadolinium-based
preparations in individuals with renal
impairment (31,32). Another important
practical advantage of ASL is the imme-
diate availability of perfusion images
and the ease of quantification without
extensive postprocessing.

There has been only limited clinical
literature, to our knowledge, regarding
ASL, and it is spread across multiple
diseases (13,14,33–40). Indeed, the pri-

Figure 6

Figure 6: Histopathologic correlation of sorafenib-treated A498 tumors. Left: ASL perfusion maps (with yellow region of interest outlining the tumor). Middle: Hema-
toxylin-eosin–stained specimens. (Original magnification, �2.) Right: Immunohistochemistry images. (CD34 stain; original magnification, �20.) Color table repre-
sents flow values. gm � Gram.

EXPERIMENTAL STUDIES: MR Imaging of Antiangiogenic Therapy in Mouse Model Schor-Bardach et al

738 radiology.rsnajnls.org ▪ Radiology: Volume 251: Number 3—June 2009



mary application of ASL has been in the
study of brain activation changes in
healthy control subjects (13). Neverthe-
less, Silva et al (41) used an ASL tech-
nique to calculate blood flow within
brain tumors in a rat glioma model. They
showed that this method enables reliable
repetitive quantifications of tumor blood
flow, in addition to providing spatial infor-
mation on the blood flow distribution.
Warmuth et al (37) showed that ASL al-
lows distinction between high- and low-
grade gliomas and gives results compara-
ble to those of dynamic susceptibility-
weighted contrast material–enhanced
MR imaging in the evaluation of tumor
blood flow in patients with brain tumors.
In their work, they highlighted that al-
though blood flow is underestimated in
low flow rates, only ASL yields absolute
values that enable comparisons between
patients (37). Similar results were re-
ported by Wolf et al (38), who found
strong correlation between the grade of
the glioma and its maximal measured
blood flow.

Another group (39) who studied
meningiomas demonstrated significant
correlation between the mean ASL sig-
nal intensity change in meningiomas
and microvessel areas on histologic
specimens (with CD31 staining). They
also successfully used ASL to differenti-
ate the angiomatous subtype of menin-
gioma from the other subtypes.

Technical challenges concerning tran-
sit time artifact and the ability to label, or
“tag,” the supplying vessels of the tumor
or organ have been overcome so that
ASL can now be used for peripheral ap-
plications as well (42). Additionally, an-
other prior limitation of ASL—its low
signal-to-noise ratio—has been partially
addressed by the use of increased mag-
netic field strengths (43). However, de-
spite the potential of ASL for oncologic
applications, both human and animal
studies of ASL in this field are limited by
small sample size, so that complete val-
idation of the technique has not yet
been achieved. Schmitt et al (40) evalu-
ated the use of an ASL technique for
the assessment of tissue perfusion in
patients with head and neck carci-
noma during radiation therapy. In
their study, tumors with high initial

perfusion tended to show better re-
sponse to radiation therapy than those
showing weak pretreatment perfu-
sion. ASL has also been used to assess
peripheral tumors such as RCC. De
Bazelaire et al (14,44) have used it to
monitor changes in RCC tumors re-
ceiving antiangiogenic (PTK787) ther-
apy. Their findings further supported
the correlation between early ASL
characteristics at 1 month and later
treatment response at 4 months.

In our study, each of the RCC xeno-
grafts we studied added information
about how ASL could be used in the
treatment of patients receiving antian-
giogenic therapy. In the 786-0 tumors,
absence of signal intensity correlated
early with microvascular density and
later with nonviability at hematoxylin-
eosin staining. Return of peripheral
signal intensity correlated with new
growth and further showed that spatial
(qualitative) information may be more
important than global quantitative mea-
surements. These results are in concor-
dance with a recent study (45), where
multisection CT perfusion was used to
monitor antiangiogenic therapy in ro-

dent R3230 adenocarcinomas. In that
study, areas of increased perfusion de-
veloped even if the tumor had the same
average blood flow, so that the spatial
distribution of tumor blood flow ap-
peared more important than quantita-
tive values in detecting early changes in
response to the antiangiogenic agent
sorafenib. Thus, the combination of our
and these prior results emphasize that
identification of new signal intensity (ie,
new zones of increased perfusion) over
time is more important than absolute
mean blood flow values in determining
whether a specific tumor remains under
control. In these models, such areas
clearly represented the development of
new vessels that occur despite the anti-
angiogenic therapy. These new vessels
tended to develop at the periphery of
the lesion in the 786-0 and R3230 mod-
els, whereas the A498 model had more
central blood flow recurrence. This sug-
gests that tumor-specific or host micro-
environmental factors may be playing a
role in the development of antiangio-
genic resistance (46). Regardless, fu-
ture clinical studies of the morphologic
patterns of tumor growth with antian-

Figure 7

Figure 7: Average growth curve of Caki-1 cell line. Size was measured daily with calipers; mean blood flow
values (in mL/100 g/min) presented in the shaded boxes were calculated from ASL MR images. No effect of
sorafenib was seen for this cell line.
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giogenic therapy and their clinical impli-
cations for different types of tumor are
anticipated.

For at least one line (A498), ASL
was an earlier predictor of developing
resistance by 2–3 weeks, further sug-
gesting that it may be a useful bio-
marker in some patients. Last, initial
low-blood-flow signal intensity at ASL
imaging in Caki-1 tumors was associ-
ated with no response to sorafenib,
possibly suggesting that low ASL signal
intensity at baseline (ie, �15 mL/100
g/min) may be used one day as a pre-
dictive biomarker for lack of respon-
siveness to antiangiogenic therapy.
We attribute this finding to the fact
that low ASL signal intensity likely
represents more mature and/or fewer
blood vessels in this tumor line that
may potentially be less responsive to
antiangiogenic therapy (14,22,47).
Our study further sheds light as to why
predictive and prognostic biomarkers
will take on increasing importance. In-

deed, our study results confirmed our
prior unpublished observation of dif-
ferent responses to antiangiogenic
therapy for three lines of RCC. The
expansion of this technique and poten-
tial correlation of our results to addi-
tional RCC lines likely to be encoun-
tered in clinical practice clearly will be
a priority for future study.

Although other perfusion parame-
ters such as mean transit time exist
(48), in our study we used blood flow
values of tumor perfusion as measured
at ASL MR imaging (in mL/100 g/min).
Hence, controversy still exists as to
which is the most accurate and clinically
relevant of these parameters, and tu-
mor perfusion varies greatly with the
exact tumor type and even cell line. Ac-
cordingly, we are encouraged that the
ASL values for tumor perfusion in our
study and in a reported clinical trial
(14,44) compare well with results from
a positron emission tomographic (PET)
study of blood flow in human renal cell

primary cancers and metastases (49).
Yet our values are slightly lower than
the values obtained in a CT study of
human renal cell metastases (50), po-
tentially because of any of the well-
known differences between animal
models and clinical practice (eg, cell
type, location). In regard to animal
studies and alternative methods for
measuring blood flow and perfusion,
Hines-Peralta et al (51) previously used
laser Doppler in renal cell xenografts,
but this method did not provide reliable
absolute measurement. Measures of
blood volume and permeability have
been reported in a murine renal cell
cancer model (52), but measurement of
blood flow was limited to measurement
of relative changes in the supplying arte-
rial velocity by using ultrasonography.
On the other hand, as noted above, the
greatest radiologic-pathologic correla-
tion, particularly for spatial accuracy,
was noted between CT perfusion and
blood flow in a rat mammary adenocar-

Figure 8

Figure 8: Histopathologic correlation of sorafenib-treated Caki-1 tumors. Left: ASL perfusion maps (with yellow region of interest outlining the tumor). Middle: He-
matoxylin-eosin–stained specimen (entire specimen is tumor). (Original magnification, �2.) Right: Immunohistochemistry images. (CD34 stain; original magnifica-
tion, �20.) Color table represents flow values. gm � Gram.
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cinoma model (45), further supporting
the relevancy of our approach.

There were several limitations of
our study. Our study was performed by
using only one animal model, with a lim-
ited number of cell lines that may not be
representative of the spectrum of tu-
mors encountered in clinical practice.
Additionally, a small sample size per
each cell line was employed. We also
used a single antiangiogenic agent, sor-
afenib, and it must be acknowledged
that other antiangiogenic agents, such
as sunitinib (6), may produce different
effects.

Furthermore, in our study, we used
a single 2-mm section at the greatest
tumor diameter. The use of a single sec-
tion and its thickness was driven by the
model size we used (tumors of 12–20
mm) and by the specific coil that was
built to accommodate it. Yet the use of a
single section adds a potential complex-
ity when studying a subject at more pro-
longed follow-up intervals; as the tu-
mors may change in shape, size, or ori-
entation, the patient may not be
oriented in the exact same position,
thereby rendering the single section
nonrepresentative. Because a key find-
ing of our work was that characteristics
of the tumor during treatment are spa-
tially heterogeneous, it is clear that im-
aging only a single section through the
tumor was a limitation of our study. En-
hancements to the ASL measurement
method to enable multisection measure-
ment, as have been developed for hu-
man brain studies (53), are clearly de-
sirable.

Additional studies need to be per-
formed as further research is war-
ranted. To assess the effect of host mi-
croenvironment and to precisely deter-
mine the relevance of our findings to
clinical practice, we plan to next study
different strains of tumors and animals
and the effect of tumor location. Next,
other clinically approved antiangiogenic
drugs such as sunitinib (6) will be stud-
ied. We further plan to check the utility
of ASL in looking at combined treat-
ments, such as radiation therapy and
antiangiogenic drugs. Future work em-
phasizing localized correlation between
quantitative histopathologic measures

and imaging markers, such as that re-
ported by Hoskin et al (54) in prostate
cancer, would permit better determina-
tion of the relationship between flow
and proliferating tumor physiology.
Last, further studies of ASL imaging
should ultimately include comparison
to other physiologic imaging methods,
such as dynamic contrast-enhanced
MR imaging (37,37), CT perfusion
(10,11,24,48), and PET, to compare
accuracy, clinical benefits, and disad-
vantages of each method in controlled
animal studies and ultimately in clini-
cal practice.

In conclusion, our study showed ra-
diologic-pathologic validation of ASL
MR imaging for the monitoring of anti-
angiogenic therapy in murine xenograft
tumor models and highlighted potential
roles for ASL in clinical practice. Specif-
ically, this tight correlation suggests the
potential for ASL MR imaging results to
function as a surrogate marker for the
treatment of patients with cancer re-
ceiving antiangiogenic agents such as
sorafenib. Indeed, our results add to the
growing body of literature that shows
why currently available systems for tu-
mor monitoring (such as the Response
Evaluation Criteria in Solid Tumors
guidelines) may not be reliable as the
sole criteria for assessing therapeutic
efficacy when using agents that reduce
tumor blood flow, because changes in
blood flow did not always match
changes in tumor growth. Furthermore,
as our results in A498 tumors showed,
growth in tumor size may not signify the
earliest assessable development of re-
sistance. It is therefore important to
emphasize the need to perform both an-
atomic and physiologic measurements
in following such patients. For low-
blood-flow tumors, such as Caki-1, ASL
MR imaging can possibly help predict
the lack of responsiveness to antiangio-
genic therapy. Thus, if characterized
and validated, ASL MR imaging may one
day be used as an important guide on
which to base therapeutic decisions for
patients with RCC and others receiving
antiangiogenic therapy.
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