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Measurements of tumor blood flow (TBF) are important for
understanding tumor physiology and can be valuable in select-
ing and evaluating therapies. Brain tumors typically present
reduced blood flows compared to normal brain tissue. This
study shows that the arterial spin labeling (ASL) technique can
be used to measure TBF non-invasively in a rat glioma model.
Results show that TBF in the core (36.3 6 18.9 ml/100g/min,
n54) and peripheral regions (85.3 6 26.9 ml/100g/min, n54) of
the tumor are significantly reduced and show considerable
heterogeneity compared to cerebral blood flow (CBF) of normal
brain tissue (147.7 6 31.1 ml/100g/min, n54), while T1 in the
tumor (2.6 6 0.1sec) is significantly elevated compared to nor-
mal tissue T1 (2.0 6 0.0 sec). These results strongly support the
feasibility of using the ASL technique to evaluate different can-
cer treatment strategies, to monitor the effects of agents de-
signed to modulate TBF and oxygenation (e.g., carbogen gas),
and to assess and guide the use of anti-angiogenic agents.
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Measurements of tumor blood flow (TBF) are important for
understanding tumor physiology and can be valuable in
selecting and evaluating therapies. For example, the selec-
tive sensitization of tumors to hyperthermia is generally
ascribed to the poor tumor blood flow relative to surround-
ing normal tissue (1). Radiation therapy preferentially kills
those cells that contain substantial amounts of dissolved
oxygen (i.e., high blood flow), while anoxic or hypoxic
tumor cells are relatively radiation-resistant. Furthermore,
stimulation of angiogenesis can rapidly increase blood
vessel density in tumors by as much as 10-fold (2). There-
fore, quantitative measurements of TBF are needed to eval-
uate the effectiveness of new anti-angiogenic therapies and
to tailor such therapies to individual tumors (3–6).

To determine TBF, deuterium NMR methods in con-
junction with injection of deuterated water as a freely
diffusible tracer have been employed (7–10). Although
these methods can provide absolute TBF in whole tumor,
the sensitivity of deuterium is not high enough to allow
imaging of TBF with high spatial resolution, an essential
step towards understanding the spatial distribution of
blood flow in the tumor. In addition, the injection of ex-

ogenous tracer hinders repeated measurements in the
same tumor. To overcome these problems, arterial spin-
labeling (ASL) techniques can be employed using arterial
blood water as a perfusion tracer. These techniques have
been used extensively to image and quantitate cerebral
blood flow (CBF) with the spatial resolution of a conven-
tional 1H MR image (11). These methods have the advan-
tage of being completely non-invasive, of not requiring the
use of contrast agents or other exogenous tracers, and of
allowing the measurement to be repeated as often as de-
sired, therefore providing dynamic information with high
temporal resolution. The ASL methods perform well when
the blood flow is sufficiently high so that the tagged spins
reach the tissue within a transit time comparable to T1.
Since tumor blood flow is usually low (i.e., long transit
time), it is interesting to verify whether ASL techniques
can be applied to image and quantify blood flow in tumors.
In a recent study, Brown et al. used ASL to measure tumor
blood flow modulations induced by nicotinamide at 4.7 T
(12). In their study, however, the quality of the TBF maps
obtained was not sufficient to allow a clear distinction of
areas containing diseased tissue from normal brain re-
gions.

The purpose of the present study is to show that contin-
uous ASL performed with a two-coil system in a high
magnetic field (9.4 T) provides sufficient sensitivity to
measure TBF in a rat glioma model. A high-resolution
spin-echo technique with a 200 3 200 mm2 in-plane reso-
lution was used to obtain the TBF maps. We observed
considerable heterogeneity of TBF within the tumor re-
gion, and high blood flows in the periphery of tumors. Our
results show that the ASL technique can be utilized to map
tumor blood flow quantitatively and repeatedly with high
spatial resolution.

MATERIALS AND METHODS

Inoculation of Glioma Cells

For tumor implantation, 9L gliosarcoma cells were grown
in culture using Eagle’s minimal essential media (MEME)
supplemented with 10% fetal bovine serum and Penicil-
lin-Streptomycin antibodies. Cultures were maintained in
a humidified atmosphere under 5% CO2. Cells were har-
vested during log phase growth by brief exposure to 0.25%
trypsin-EDTA and were washed and reconstituted in
MEME to a concentration of 13105 cells/ml. Male Fisher
rats (F344, body weight ;200 g) were anesthetized with
0.25 ml/100 g I.M. of a 1:1:4 mixture of acepromazine
(10 mg/ml), xylazine (20 mg/ml), and ketamine (100 mg/
ml). Animals were placed in a stereotaxic device and a

Center for Magnetic Resonance Research, Department of Radiology, Univer-
sity of Minnesota Medical School, Minneapolis, Minnesota.
Grant sponsors: W.M. Keck Foundation; NIH; Grant numbers: CA64338;
RR08079.
*Correspondence to: Afonso C. Silva, Ph.D., Laboratory of Functional and
Molecular Imaging, National Institute of Neurological Disorders and Stroke,
National Institutes of Health, 9000 Rockville Pike, Building 10, Room B1D69,
Bethesda, MD 20892-1060. E-mail: silvaa@ninds.nih.gov
Received 6 December 1999; revised 17 March 2000; accepted 19 April 2000.

169© 2000 Wiley-Liss, Inc.

Magnetic Resonance in Medicine 44:169–173 (2000)
COMMUNICATIONS



small hole was drilled on the right side of the skull, 4–5
mm from the midline and 2 mm posterior to the bregma. A
10 ml cell suspension was injected to a depth of 2–3 mm.
The calvarial defect was sealed with bone wax.

MRI Methods

MRI measurements were performed in four animals, 12 to
17 days after the intracerebral inoculation of 9L gliosar-
coma cells. The four rats used in this study were sedated
with a 50% O2 : 50% N2O gas mixture containing 5%
halothane. The animals were then orally intubated, and
anesthesia was reduced and maintained at 1% throughout
the duration of the experiments. The earpieces and bite-
bar of a home-built stereotaxic head holder secured the
head of the animals, which were then placed in the mag-
net. Rectal temperature was maintained at 37 6 0.1°C by
means of a feedback controlled heated water pad.

Experiments were performed on a 9.4 T/31 cm horizon-
tal magnet (Magnex, UK) interfaced to a UNITY INOVA
console (Varian, CA). A double spin-echo sequence using
adiabatic pulses (13) was utilized in all imaging measure-
ments. This sequence uses a non-selective adiabatic 90° RF
pulse for excitation, followed by two slice-selective adia-
batic 180° RF pulses for refocusing of the echo (13). Imag-
ing parameters were: TR/TE 5 3035/27 ms, NEX51,
FOV 5 2.56 3 1.28 cm2, slice thickness of 2 mm, and
matrix size 5 128 3 64 (nominal resolution of 200 3 200 3
2000 mm3). The total acquisition time per image was ap-
proximately 3.25 min. The typical signal-to-noise ratio of
each image was 150:1.

Continuous ASL was performed using a two-coil ap-
proach (14). A 0.5 cm diameter butterfly RF coil was used
underneath the neck of the animal to label the arterial
spins. This labeling coil was positioned 2 cm away from
the imaging coil, which consisted of a 1.6 cm diameter
surface coil (15,16). For the ASL images, a 3 sec labeling
RF pulse was applied to the neck coil, in the presence of a
10 mT/m longitudinal gradient, prior to the acquisition of
each k-space line of the double spin-echo sequence. For
the control images, the sign of the offset-frequency used for
labeling was switched. Each ASL experiment consisted of
a pair of one labeled image and one control image. For
each animal, two pairs were acquired before, and two
acquired after the T1 map was obtained. The four perfu-
sion maps were then averaged for signal-to-noise, and to
account for any variations in CBF or TBF during the ac-
quisition of the T1 map.

T1 maps were obtained using the same double spin-echo
sequence, with the same spatial resolution and TE as for
the perfusion images. The repetition time was increased to
TR 5 11 sec and the inversion times used were TI 5 0.1,
0.5, 2, 5 and 10 sec. A three-parameter fit was used to
obtain the T1 maps.

Once the T1 maps and the control and labeled images
were obtained, tissue blood flow images were formed ac-
cording to (17):

TBF 5
l

T1
z
Scontrol 2 Slabel

2a z Scontrol
[1]

where l 5 0.9 is the tissue:blood partition coefficient for
water; Scontrol is the control image signal intensity; Slabel is

the labeled image signal intensity; T1 is the T1 map and a
5 0.8 is the degree of labeling efficiency (14). Eq. [1]
neglects the effects of cross-relaxation between water and
tissue macromolecules (17). However, this has been shown
to be a small effect. The calculation of CBF requires a
knowledge of the regional tissue:blood partition coeffi-
cient. We assumed a constant value for the tissue:blood
partition coefficient for water, l (18). The implications of
this assumption to our TBF measurements are evaluated in
the Discussion section.

RESULTS

Figure 1 shows anatomical double spin-echo images (Fig.
1a), the corresponding T1 maps (Fig. 1b), and calculated
TBF maps (Fig. 1c) for the four animals used in this study.
The slices were acquired through the center section of the
tumor. Signal intensity within the tumors was relatively
uniform in the spin-echo images (Fig. 1a). The needle track
created by cell inoculation is visible in rats 1–3 and ap-
pears hypo-intense in these T2 weighted images due to
extravasation of deoxygenated red blood cells. With the
exception of rat 4, the tumors developed just below the
needle track and occupied primarily the striatum. Most of
the tumor in rat 4 developed in the cerebral cortex around
the injection site. While the tumors usually were confined
to the ipsi-lateral cortex, rat 1 presented a tumor that
advanced well into the contra-lateral cortex. T1 was sig-
nificantly elevated, albeit uniform, in the tumor regions, as
compared with normal tissue (Fig. 1b). From the T1 maps
it is possible to delineate the apparent boundaries of the
tumors. The T1 maps also show the lateral ventricles as
regions of bright intensity (Fig. 1b). The TBF maps (Fig. 1c)
exhibited substantial heterogeneity (variation) in the tu-
mors (see Table 1). The lowest blood flows were generally
observed in the tumor core. The outer regions of the tu-
mors typically exhibited higher TBF than the core, but
lower flows than surrounding brain. From Fig. 1c it can be
seen that the regions of altered blood flow extend beyond
the regions of elevated T1 values. For example, rats 3 and
4 show regions of decreased TBF below the tumor core,
where T1 values are apparently normal.

Table 1 compares T1 and TBF in the tumor core, periph-
ery, and normal brain tissue. T1 was significantly in-
creased in the tumor as compared to normal tissue (P ,
0.002), whereas TBF was significantly reduced with re-
spect to the CBF in normal brain tissue (P , 0.02). The
tumor core presented the largest T1 values. On the other
hand, TBF was significantly reduced in the core. This
inverse relationship between TBF and T1 can be better
observed in Fig. 2, where progressively longer T1 values
and correspondingly lower CBF (or TBF) values are found
in normal tissue, tumor periphery and tumor core, respec-
tively (Fig. 2). The correlation coefficient between TBF and
T1 values was –0.95.

DISCUSSION

The data presented here demonstrate an ability to image
tumor perfusion with the ASL technique at a high mag-
netic field (9.4 T). TBF in the tumors is reduced, but
measurable, compared to normal brain tissue. Further-
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more, we observed considerable heterogeneity in TBF val-
ues inside the tumors, consistent with previous work (19).
The ASL technique used in this study provided sufficient
sensitivity to visualize TBF in different pathologic tissue
regions.

The proper quantification of CBF with the ASL tech-
nique depends on a series of parameters, as described by
Eq. [1]. In particular, it depends on obtaining an accurate
measurement of the labeling efficiency a, of the tissue T1,
and of the partition coefficient l. While the measurements
of a and T1 are straightforward, measuring the partition

coefficient l is more elaborate, and involves dividing the
proton density map of the tissue by the proton density map
of blood water (20). In this work, we did not perform such
measurement, and used a constant value for l. This may
lead to errors in the TBF measurements, because the par-
tition coefficient changes significantly in brain tumors
(21–23). In particular, our TBF measurements would be
overestimated, or underestimated, if the actual value for
the partition coefficient in the tumor is significantly
smaller, or larger, respectively, in the tumor region, com-
pared to the assumed value of 0.9. In fact, there are reports

FIG. 1. a: Anatomical spin-echo coronal images containing the tumors, obtained from the four rats used in this study. The slices were
acquired through the center section of the tumor. b: Corresponding T1 maps obtained from the respective images shown in a. T1 was
significantly elevated, albeit uniform, in the tumor regions, as compared with normal tissue (grayscale bar: 1–3 sec). c: Corresponding
perfusion images. Tumor blood flows were significantly reduced with respect to CBF in the normal brain tissue. The TBF maps exhibited
substantial heterogeneity in the tumors. The lowest flows were generally observed in the tumor core. The periphery of the tumors showed
higher TBF than the core, but lower blood flows than normal tissue (grayscale bar: 0–300 ml z 100 g–1 z min–1).

Table 1
Comparison of T1 and TBF in the Core and Peripheral Tumor Regions to T1 and CBF in the Normal Contra-Lateral Brain*

Tumor core Tumor periphery
Normal contra-lateral white

matter

T1
a (s)

TBFb (ml/
100 g/min)

T1
c (s)

TBFd (ml/
100 g/min)

T1 (s)
CBF (ml/

100 g/min)

Rat # 1 2.7 6 0.1 26.0 6 24.0 2.4 6 0.3 48.0 6 38.0 2.1 6 0.1 105.8 6 33.2
Rat # 2 2.5 6 0.1 55.0 6 23.0 2.2 6 0.2 111.0 6 54.0 1.9 6 0.1 180.7 6 25.6
Rat # 3 2.5 6 0.1 49.0 6 23.0 2.2 6 0.3 86.0 6 65.0 2.0 6 0.1 154.2 6 27.1
Rat # 4 2.7 6 0.1 15.0 6 18.0 2.3 6 0.2 96.0 6 63.0 1.9 6 0.1 150.2 6 34.4
Mean 6 SDe 2.6 6 0.1 36.3 6 18.9 2.3 6 0.1 85.3 6 26.9 2.0 6 0.1 147.7 6 31.1

*Numbers represent mean 6 SD inside ROIs drawn in corresponding regions of the tumor and contra-lateral normal brain tissue. ROI
variability (SD/mean 3 100) was 75% for tumor core; 67% for tumor periphery and 22% for normal brain white-matter tissue.
aT1 values in the tumor core are significantly higher than T1 in the tumor periphery and in normal brain tissue (P , 0.002).
bTBF values in tumor core are significantly lower than TBF in the tumor periphery and than CBF in normal brain white-matter tissue (P ,
0.02).
cT1 values in the tumor periphery are significantly higher than T1 in normal brain tissue (P , 0.005).
dTBF values in tumor periphery are significantly lower than CBF in normal brain white-matter tissue (P , 0.04).
eNumbers in this row represent mean 6 SD across the 4 animals.
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of elevated partition coefficient in tumors. For example,
subcutaneous murine R1F-1 tumors have a tumor-to-blood
partition coefficient of 0.94 (9), while rat C6 gliomas show
a partition coefficient of 0.994 (24). However, the main
goal of this preliminary study was to investigate whether it
would be possible to measure TBF using the ASL tech-
nique, which we have clearly achieved. Since the tumor-
to-blood partition coefficient for water is expected to be in
the range of 0.9–1, the maximum error induced by its
variation should not exceed 10 %.

Two other sources of errors in the quantitation of CBF
include the extraction fraction for water across the blood-
tumor barrier, and the transit time of blood to move from
the labeling plane to the exchange site. Although it is
possible to measure extraction fractions with the ASL
method (25,26), and thus calculate the permeability-sur-
face area product of the tumor, it is unlikely that tumors
have decreased extraction fractions, due to the lower TBF
in the core, and to the leaky blood-tumor barrier (27).
However, the transit-time can be significantly elongated
due to the lower TBF. Nevertheless, transit-times in rats
are small (;200 ms) (28) compared to T1 of arterial water
(;2.3 sec at 9.4 T), and thus small variations in transit-
times should not introduce significant errors to the quan-
titation of TBF.

The T1 inside the tumor regions was significantly higher
than in normal brain tissue, while TBF was significantly
lower than normal brain CBF. This inverse relationship
between T1 and TBF, shown in Fig. 2, runs over a much
wider range in T1 values than the T1 variation of normal
tissue, and cannot be attributed solely to the inverse
CBF 3 T1 relationship described by Eq. [1]. In fact, if one
were to use Eq. [1] to extrapolate the CBF in normal brain
tissue to the long T1 values of tumors, one would find
negative CBF values, i.e., the slope of the CBF 3 T1 curve
predicted by Eq. [1] is much steeper than the relation
shown in Fig. 2. The increased T1 values within the tumor
regions are also related to changes in water content and
molecular dynamics at the cellular level. On the other
hand, the different TBF values inside the tumor are poten-

tially more suggestive of the viability of the region, with
the core being the most compromised region. This means
the long T1 values found in tumors are dissociated from
their low TBF values, and therefore both T1 maps as well
as TBF maps are two independent, yet complementary
ways to identify and classify brain tumor regions.

In summary, at high field ASL affords sufficient sensi-
tivity to resolve perfusion heterogeneities in rat brain tu-
mors. Besides its potential value for investigating the re-
lationships between perfusion, physiology, and metabo-
lism in tumors, the ability to measure TBF raises the
possibility of using this technique to evaluate different
treatment strategies. The ASL technique is expected to be
useful for monitoring the effects of agents designed to
modulate TBF and oxygenation (e.g., carbogen gas) and for
evaluating and guiding the use of anti-angiogenic agents.
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