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Rationale and Objectives. Diffusion/perfusion-weighted MRI (DWI/PWI) can provide additional useful information in
the diagnosis of patients with brain gliomas in a noninvasive fashion. However, the exact role of these new techniques is
still undergoing evaluation. Our hypothesis was that DWI and PWI could be useful for assessment of growth and vascu-
larity of implanted C6 rat gliomas.

Materials and Methods. Thirty-six rats were implanted with C6 glioma cells intracerebrally. Between 1 and 4 weeks af-
ter implantation, 8–10 rats were imaged on a clinical, 1.5-T whole-body magnetic resonance system with T1-weighted
imaging (T1WI), T2-weighted imaging, DWI, PWI, and postcontrast T1WI at each weekly time point. All tumors were
examined histologically; tumor cellularity and microvascular density were counted.

Results. On DWIs, statistical differences of apparent diffusion coefficient values for both the tumoral core and peritumoral
region were present comparing tumors of 3–4 weeks’ growth with tumors of 1–2 weeks’ growth. Apparent diffusion coef-
ficient value of tumoral core was negatively correlated with tumor cellularity (r � –0.682, P � .01). Statistical difference
of maximal regional cerebral blood volume of tumoral core was present comparing 2–4 weeks with both 1 week after
implantation and contralateral white matter (P � .01). Native vessel dilation in regions of normal brain at the periphery of
the tumors at 1 week after implantation was observed. Correlation between maximal regional cerebral blood volume of
tumor core and microvascular density was present (r � 0.716, P � .01).

Conclusion. DWI and PWI has potential to characterize C6 gliomas in rats, which is a promising model similar to human
gliomas.
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Gliomas are the most common primary neoplasms of the
brain, varying histologically from low grade to high
grade. Even a single tumor mass may be histologically
heterogeneous, representing a biologic continuum with
varying degrees of cellular and nuclear pleomorphism,
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mitotic activity, vascular proliferation, and necrosis (1).
Magnetic resonance imaging (MRI) is well-established
modality for evaluating brain tumors. The use of gadolini-
um-based contrast agents yields further improvement in
the demonstration and detection of cerebral gliomas.
However, conventional postcontrast MRI does not provide
any information regarding the tumor vascular beds of the
brain because an increase in signal intensity reflects the
accumulation of contrast agent in the interstitium of glio-
mas. Diffusion-weighted MRI (DWI), which is sensitive
to the molecular diffusion of water, has been well estab-
lished as a reliable noninvasive method for the early de-
tection of cerebral ischemic stroke and has been reported

to be helpful in differentiating necrotic cavities associated
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with malignant gliomas from the benign ones (2). The use
of diffusion-weighted imaging to better characterize en-
hancing tumors and vasogenic edema has been explored,
but the results obtained have been conflicting (2,3) Only a
few studies of DWI of peritumoral hyperintense regions
seen on T2-weighted MRIs have been performed (3).
Therefore, the exact role of this new technique in the
evaluation of intraaxial brain tumors is still undergoing
evaluation. In fact, no obvious advantage of DWI is
found with respect to the evaluation of tumor extension
because the contrast between tumor and white matter is
generally lower in DWI and apparent diffusion coefficient
(ADC) maps as compared with conventional MRI (4).

Recent developments in perfusion-weighted MRI
(PWI) techniques have permitted the creation of relative
cerebral blood volume (rCBV) maps, leading to the quali-
tative and quantitative assessment of tumor vascularity.
These maps have helped in the assessment of tumor grade
and in targeting the site of biopsy (5). Although PWI has
been widely used in brain tumor imaging, the exact rela-
tionship between imaging and pathologic findings has not
been fully determined (5, 6). In part, this is because full
quantitative correlation between PWI and histopathology
requires a range of vascularity values that are difficult to
obtain systematically in patients. In addition, it is not
clear whether increases in PWI-derived rCBV measure-
ments are due to the dilation of existing vessels or to an
increase in total number of neocapillaries or both (7).

This study specifically addresses these issues by com-
paring MRI with histopathology in an established rat
model of intracerebrally implanted C6 glioma cells. The
C6 rat glioma cell line was originally isolated from an
intracranial tumor in a rat exposed to N-nitroso-methyl-
urea and is a reliable cell line model and yields good in-
tracerebral growth, which permits a more uniform and
predictable growth (8).

In this study, we have evaluated implanted C6 rat glio-
mas by MRI, DWI, and PWI to determine whether DWI
measurements of ADC values were correlated with histo-
logic assessments of tumor cellularity, and PWI measure-
ments of rCBV were correlated with histologic assess-
ments of microvascular density (MVD). Our hypothesis
was that DWI and tumor ADC values could provide addi-
tional useful information in the assessment of gliomas,
such as tumor malignancy and peritumoral infiltration;
and PWI-derived rCBV measurements could be useful for
the differentiation between dilation of existing host ves-

sels and presence of neocapillaries, and thus provide
quantitative validation of PWI methods used to assess the
angiogenic status of human brain tumors.

MATERIALS AND METHODS

Rats and Tumor Implantation
Female Wistar rats, weighing 200–230 g were used for

this study. All animal experimentation was conducted in
accordance with the requirements and prior approval of
the Institutional Animal Care and Use Committee at
China Medical University.

The C6 rat glioma cells were kept frozen until use,
then thawed and maintained in a monolayer culture in
F12 medium with 10% calf serum. The rats were anesthe-
tized with intraperitoneal injection of mixture of ketamine
(50 mg/kg) and xylazine (4 mg/kg) and placed in a rodent
stereotactic apparatus. Glial tumors were implanted into
the left hemisphere by intracerebral injection of 1 � 105

C6 glioma cells in 5 �L 1.2% methylcellulose in F12
medium by a Hamilton syringe during 1- to 2-minute pe-
riod. The coordinates used were 3 mm lateral and 1 mm
anterior to the bregma, and 4.5 mm deep to the dural sur-
face. As a control, five rats also received stereotactic in-
jection of 5 �L phosphate-buffered saline without tumor
cells in the same location in the contralateral cerebral
hemisphere.

MRI Examination
A total of 41 rats, 36 with tumors and 5 healthy con-

trol animals without tumors, were included. Eight to ten
different tumor-bearing rats were examined at each
weekly time point between 1 and 4 weeks after the C6
cells implantation. After MRI, each rat was killed and
every tumor was excised for histologic examination and
comparison with MRI.

Contrast agent was injected through the tail vein,
which was catheterized using a 1.0-mm diameter intrave-
nous catheter. Successful puncture of the rat tail vein was
controlled by blood reflux into the catheter and by injec-
tion of 0.9% NaCl. Gd-DTPA (Magnevist, Schering,
Berlin, Germany) was used.

MRI examinations were performed on a clinical 1.5-T
whole-body MRI system (GE Signa MR/i Hispeed Plus;
GE Medical Systems, Milwaukee, WI). All images were
acquired using a 3-cm internal diameter quadrature radio-
frequency coil positioned over the rat head. Images were
acquired parallel to the anteroposterior axis of the animal

(axial). After scout view MRI, the examination protocol
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consist of precontrast conventional MRI followed by
DWI, PWI, and, finally, postcontrast T1-weighted images.

Conventional MRI
Precontrast conventional MRI included axial T1- and

T2-weighted MRIs (T1-weighted spin-echo MRI: repeti-
tion time (TR) � 540 ms, echo time (TE) � 11.5 ms,
one acquisition, field of view � 8 � 8 mm, matrix �
256 � 160, slice thickness � 2 mm, 16 slices, total im-
aging time � 2.5 minutes; T2-weighted fast spin-echo
MRI: TR � 4,900 ms, TE � 86 ms, one acquisition, field
of view � 8 � 8 mm, matrix � 256 � 160, slice thick-
ness � 2 mm, 16 slices, total imaging time � 4.5 min-
utes).

DWI
DWIs (b values � 0, 1000) were performed by using the

echo-planar imaging sequence that combined the motion-
probing gradient before and after the 180° pulse with echo-
planar imaging readout, and fat was suppressed by placing a
frequency-selective radiofrequency pulse before the pulse
sequence. The parameters were: TR � 1000 ms, TE �
94.9 ms, slice thickness � 2 mm, intersection gap � 0, field
of view � 8 � 4.8 mm, matrix � 96 � 128, bandwidth �
79 kHz, gradient strength � 22 mT, duration of diffusion
gradients � 31 ms, and gradient separation � 42 ms in
three orthogonal directions.

PWI
A single slice that best showed the tumor on T2-

weighted images was selected for PWI. A single shot
echo-planar gradient echo sequence (TR � 24 ms,
TE � 10 ms, flip angle, 10°, field of view � 8 �
8 mm, matrix � 64 � 64, slice thickness � 2 mm,
intersection gap � 0) was used for PWI. After three
images were obtained, an intravenously administered
bolus of 0.1-mmol/kg Gd-DTPA (10� diluted in 0.9%
NaCl) was administered by hand within 2 seconds into
the tail vein. The imaging time was 2.8 seconds per
image, with 42 consecutive images obtained. Finally,
an additional set of contrast-enhanced T1-weighted im-
ages was obtained using the same slice locations and
slice thickness as PWIs.

MRI Analysis
The signal intensity of the solid portion of the tumor

was visually assessed on precontrast conventional MRI.
The enhancement patterns of tumors at different weekly

time points were observed and the diameters of tumors
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were also assessed on both T2-weighted images (T2WI)
and contrast-enhanced T1-weighted images (T1WI). Tu-
mor enhancement was assessed by calculation of contrast-
to-noise ratios of solid tumors from both precontrast and
postcontrast T1WI.

The ADC maps and values were calculated on a sepa-
rate workstation (SUN, GE Adw3.1; GE Medical Sys-
tems, Milwaukee, WI). We recorded the ADC values
from both the solid portion of the tumor (seen as the
highest signal intensity lesion on DWI with a diffusion-
weighting factor, b value of 1,000 seconds/mm2 and with
no diffusion gradient [ie, b � 0]) and peritumoral area
(hyperintense on T2WI, but not enhancing on postcontrast
T1WI). The ADC values in our study represented aver-
aged ADCs of three to five regions of interest (ROIs). An
ROI ranging in size from 8 to 20 mm2 was drawn and
positioned carefully to avoid contamination from adjacent
different tissues. The ROI was drawn as large as possible
using a circular or rectangular ROI on the workstation.
As a control, the ADC was obtained from contralateral
normal white matter.

Raw PWIs were transferred to a Unix workstation
(SUN, GE Adw3.1) for postprocessing. Our technique
depends on deconvolution with an arterial input function.
Voxels that compose this arterial input function are manu-
ally selected by choosing voxels near the ipsilateral mid-
dle cerebral artery. For each voxel, the time-intensity
curve for the dynamic images is converted first to a curve
of change in T2 and then of concentration versus time.
Maps of rCBV were finally generated. The rCBV was
determined by using a gamma-function fitting analysis of
the first-pass concentration-time curve to avoid contami-
nation from recirculation of the contrast agent. ROI analy-
ses were performed on the solid portion of the tumor, on
peritumoral area, and on the contralateral normal white mat-
ter, respectively. ROI was placed carefully to cover the re-
gion of maximum rCBV (areas of high perfusion on the
CBV maps, mean area � 5.0 mm2 � 2.8). Additionally, we
measured the ratio of rCBV in either the tumor or peritu-
moral area to that in the contralateral normal white matter to
standardize variations in each examination.

Histologic and Immunochemical Examination
Immediately after MRI, all animals were sacrificed by

an overdose of anesthetic. Brains were removed and
placed in 4% paraformaldehyde with 30% sucrose at 4°C
overnight. After the brains were fixed, they were embed-

ded in paraffin, sectioned (5 �m), and stained with hema-
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toxylin and eosin for conventional light microscopy using
standard protocols.

All hematoxylin and eosin images were transferred to the
separate workstation. Tumor cellularity, analyzed using an
imaging software (Scion Image Beta 4.02 software for Win-
dows; Scion Corp., Frederick, MD), was defined as the total
area of nuclei of tumor cells divided by the area of the histo-
logic section (original magnification �400).

Immunohistochemical analysis with anti-CD34 stain
was performed by using the avidin-biotin-peroxidase com-
plex method to determine the vascularity of the tumors.
MVD of tumorous tissue sections was evaluated accord-
ing to Gasparini’s criteria by one pathologist (H.S.) who
was blinded with respect to the result of the MRI find-
ings. At low power field (�100), the tissue sections were
screened and 10 areas with the most intense neovascular-
ization (hot spots) were selected. Microvessel counts of
these areas were performed at high power field (�400).

Figure 1. Magnetic resonance imaging (MRI) contrast-enhanced
1 week. (b) 2 weeks. (c) 3 weeks. (d) 4 weeks. MRI demonstrated
period and central necrosis was present 4 weeks after the C6 cells
Any brown-stained endothelial cell or endothelial cell
cluster that was clearly separated from adjacent microves-
sels, tumor cells, and connective elements was counted as
one microvessel, irrespective of the presence of a vessel
lumen. The mean microvessel number of the 10 most vas-
cular areas of each tumor was taken as the MVD (9). To
reduce observer-related variation, counting of the mi-
crovessels was performed with a computer image analyzer
(MetaMorph Imaging System Version 6.2, Universal Im-
aging Corp., Downingtown, PA).

Statistical Analysis
All data obtained were summarized as the mean �

standard deviation (SD). Separate statistical comparisons
of the tumor cellularity with the averaged ADC values of
solid portion of tumor, and MVD with maximum relative
rCBV were made using simple linear regression analysis.
The Student’s t-test was used to determine if there were
statistically significant differences in both averaged ADC

ighted images of C6 gliomas in different implantation period. (a)
radually increase in tumor size over the 4-week postimplantation
lantation.
T1-we
the g
value and maximum relative rCBV among the implanted
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tumors at different weekly time points. A P value of less
than .05 was considered to indicate statistical significance.

RESULTS

Conventional MRI Versus Histopathology
MRI demonstrated the gradually increase in tumor size

over the 4-week postimplantation period (Fig. 1). All tu-
mor tissues exhibited hyperintense on T2WI and hypoin-
tense on T1WI (Fig. 2), and all tumors exhibited enhance-
ment after contrast administration. Both T2WIs and con-
trast-enhanced T1WIs enabled detection of small tumors
with a diameter of less than 2 mm 1 week after tumor
implantation. No significant change of tumor size on both
T2WI and contrast-enhanced T1WI was observed between
1 week and 2 weeks after tumor implantation (P � .05);
no change on contrast-enhanced T1WI (P � .05), but dif-

Figure 2. Magnetic resonance imaging of C6 gliomas 4 weeks af
enhanced T1-weighted images (T1WI). (c) Cross-section morpholog
area on T2WI is greater than the area showed by contrast-enhance
neity on both T1WI and T2WI, with irregular rim enhancement and c
ference on T2WI was observed between 3 and 4 weeks
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(P � .01). However, significant change of tumor size on
both T2WI and contrast-enhanced T1WI was present when
tumors of 1–2 weeks’ growth and tumors of 3–4 weeks’
were compared (P � .001).

Rats were killed 1–4 weeks after tumor cells were im-
planted. All of the rats had grossly visible tumors averag-
ing 7.33 � 3.164 mm in diameter when the rats were
killed and the rate of tumorigenesis was 100%. His-
topathologic analysis showed that tumors were grown
intracerebrally to form tumors with several characteristics
of malignant glioma including nuclear pleomorphism, foci
of tumor necrosis, intratumoral hemorrhage, and paren-
chymal invasion. Tumor extension was assessed by corre-
lation of hematoxylin and eosin images with both T2WI
and contrast-enhanced T1WI. Analysis of the brain adja-
cent to tumor shows that the actual tumor cell invasion
area is greater than the area showed by contrast-enhanced

6 cell implantation. (a) T2-weighted images (T2WI). (b) Contrast-
) Hematoxylin and eosin-stained image (�50). Tumor invasion

I at later stages of tumor growth. There was extensive heteroge-
evidence of central necrosis.
ter C
y. (d
d T W
T1WI at later stages of tumor growth.
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DWI Versus Histopathology
On DWIs (b � 0, 1000), the signal intensity in the solid

portion of the tumor was hyperintense with respect to the
white matter (Fig. 3). The averaged ADC values for the
solid tumor component ranged from 0.35 to 1.43 �
10–3 mm2/second (mean, 0.891 � 0.313 � 10–3 mm2/sec-
ond) and for white matter from 0.71 to 1.32 �10–3 mm2/
second (mean 0.936 � 0.171 � 10–3 mm2/second).

Figure 3. Magnetic resonance imaging (MRI) of C6 gliomas 3 we
enhanced T1-weighted images. (c) diffusion-weighted MRI (DWI). (d
solid portion of the tumor was hyperintense on DWI (b � 1,000) an

Table 1
ADC Values Comparison of C6 Gliomas With

Postimplantation Cases Solid Tumoral Reg

1 week 9 1.27 � 0.14
2 weeks 10 0.97 � 0.17
3 weeks 9 0.72 � 0.10*
4 weeks 8 0.52 � 0.11*

Data are mean � standard deviation.

*Statistical significance (P � .01).
The averaged ADC values of solid portion of tumor
gradually fell over the 4-week postimplantation period
(Table 1). No significant change of averaged ADC values
in both the solid portion of tumor and the peritumoral
area was observed within 3 weeks of tumor implantation
(P � .05); in contrast, significant change was present
only 4 weeks after tumor implantation (P � .05). In addi-
tion, significant change of averaged ADC values in both

fter C6 cell implantation. (a) T2-weighted images. (b) Contrast-
parent diffusion coefficient (ADC) map. The signal intensity in the
pointense on ADC map with respect to the white matter.

tralateral White Matter (�10�3 mm2/second)

Peritumoral Area Contralateral White Matter

1.15 � 0.16 0.98 � 0.16
1.06 � 0.18 0.97 � 0.17
0.69 � 0.13* 0.99 � 0.14
0.79 � 0.07* 1.00 � 0.17
eks a
) Ap
Con

ion
645



FAN ET AL Academic Radiology, Vol 12, No 5, May 2005
solid tumoral area and peritumoral area was present when
tumors of 1–2 weeks’ growth and tumors of 3–4 weeks’
growth were compared (P � .01).

The relationship of tumor cellularity with the averaged
ADC value of solid portion of tumor is showed in Fig. 4;
the averaged ADC value correlated well with tumor cellu-
larity (r � –0.682, P � .01).

PWI Versus Histopathology
The signal intensity of tumors was homogeneous on

rCBV map within 2 weeks of tumor implantation.
However, slight increases of signal intensity were ob-
served in peritumoral area for nine cases of 1-week’s
growth tumors and six cases of 2-weeks’ growth tu-
mors (Fig. 5), suggesting dilated host blood vessels. In
contrast, all rCBV maps for tumor of 3– 4 weeks’
growth were inhomogeneous, with various increases of
the solid portion of tumor signal intensity (Fig. 6,
Fig. 7).

Table 2 summarizes the measurements of maximum
rCBV. Measured maximum rCBV in the solid portion of
tumor varied from 0.56 to 10.65, with a mean of 3.92 �
2.94 (�SD); whereas, in peritumoral area, maximum
rCBV varied from 0.76 to 3.15, with a mean of 1.76 �
0.83 (�SD). Measured values of maximum rCBV in the
solid portion of tumor for the four groups (1–4 weeks)
are plotted in Fig. 8. Statistically significant difference of
measured values of maximum rCBV in the solid portion
of tumor was present when 1 week’s tumor growth and
2–4 weeks’ growth tumors were compared (P � .01).
Meanwhile, in early tumor stage (1–2 weeks), measured

Figure 4. Tumor cellularity versus the apparent diffusion coeffi-
cient values of solid portion of C6 tumors. There is a negative
correlation between them (P � –.87, simple regression analysis).
values of maximum rCBV in peritumoral area were ele-
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vated when compared with the contralateral white matter,
making this difference statistically significant (P � .05).

Measured values of MVD of tumor for the four groups
(1–4 weeks) are plotted in Fig. 9. Measured values of
microvessel counts varied from 1.33 to 17.95, with a
mean of 6.41 � 4.56 (�SD). To determine whether max-
imum rCBV of solid portion of tumor was predictive of
MVD, simple linear regression analysis was implemented
(Fig. 10). The results indicated that maximum rCBV of
tumor correlated well with MVD (r � 0.724, P � .01).

DISCUSSION

Numerous experiments in which the C6 rat glioma
implantation model has been used have demonstrated
characteristics consistent with human glioblastoma multi-
forme (10). Experimental glioma tumor model is promis-
ing for preclinical studies on human cerebral glioma; the
feasibility to image these tumors was examined using
morphologic, DWI, and PWI. These MRI methods also
gain importance when investigating gliomas in patients.

Examination of rats by using conventional MRI pro-
vides numerous opportunities to develop our understand-
ing of these malignant glial neoplasms. This study shows
that these neoplasms can be followed with serial MRI,
which allows for quantitative growth estimates in vivo.
MRI demonstrated the gradually increase in tumor size
over the 4-week postimplantation period. However, the
tumor growth was nonproportional: the tumor grew rela-
tively slowly in the early stage (1–2 weeks after tumor
implantation), whereas it grew rapidly and became more
infiltrative in late stages (3–4 weeks after tumor implanta-
tion). Signal characteristics of experimental tumors were
similar to gliomas in humans: the tumor tissue exhibited
typical hyperintense on T2WI and hypointense on T1WI.
In the early stage of tumors (1–2 weeks; n � 19), the
signal intensity of the tumor was homogeneously in-
creased. The tumor margin appeared well demarcated
from the adjacent normal brain and there was no evidence
of central necrosis or peritumoral edema. In contrast, in
late tumors (3–4 weeks; n � 17), there was extensive
heterogeneity on both T1WI and T2WI, with irregular rim
enhancement and clear evidence of central necrosis. Our
results also showed that the diameters on T2WI were
more extensive than on contrast-enhanced T1WI in the
late stage of tumors. Comparison studies of MRI signal
abnormality areas and histologic tumor areas also were

performed. Analysis of the brain adjacent to tumor shows
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that the actual tumor cell invasion area is greater than the
area showed by contrast-enhanced T1WI and slightly
smaller than that by T2WI in the late stages of tumor.
Therefore, the true margin of a late-stage tumor is not
defined only by the region of T1 contrast enhancement;
often, it is also not defined by the margin of T2 signal
abnormality because T2 signal abnormality may reflect
both infiltrating tumor and tumor-induced brain edema,
and thus may overestimate the actual size of tumor. The
true peritumoral region is commonly found in normal-
appearing brain parenchyma at conventional imaging (11).

Diffusion-weighted MRI has been used by some to
evaluate intra-axial tumors (12). Diffusion-weighted imag-
ing and calculation of ADC values have been used to dis-
tinguish the normal white matter areas from necrosis, cyst
formation, edema, and solid enhancing tumor. In the cur-
rent study, DWI could improve the preoperative diagnos-

Figure 5. Perfusion-weighted magnetic resonance imaging of C6
T1-weighted images. (b) Relative cerebral blood volume map. (c) S
(�400). A slight increase of signal intensity was observed in the pe
histochemical image of CD34 showed dilated host blood vessels.
tic effectiveness of MRI in patients with brain tumors,
and calculated ADC values were statistically significant
and useful in the grading of malignant tumors (13). Our
result showed that calculated ADC values from tumoral
core added more information to MRI in the differentiation
and grading of different stage of tumor, these results sup-
port the use of ADC value in human brain tumors.

Contrary to previous findings, one of the major find-
ings in our study was that averaged ADC values in peri-
tumoral area were significantly different when early-stage
and late-stage tumors were compared (P � .01). It is as-
sumed that malignant gliomas are not strictly focal le-
sions, but rather are characterized by intracerebral dissem-
ination of malignant glial cells along the myelinized ax-
ons and blood vessels or through the subarachnoid space
(14). We postulate this may result in the difference of
ADC values in peritumoral area; thus, we think that ADC
value in peritumoral area is valuable for demarcation of

as 2 weeks after C6 cell implantation. (a) Contrast-enhanced
-intensity time curve. (d) Immunohistochemical image of CD34
oral area, signal-intensity time curve fell slightly, and the immuno-
gliom
ignal
ritum
glial original tumor though a partial volume effect con-
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taminated by surrounding edema may affect the accurate
outcome.

Our study also showed that the averaged ADC value
from tumoral core correlated well with histologic cellular-
ity. Tissue water diffusion is characterized by complexity.
Its magnitude and direction depend on the permeability
and spacing of diffusion barriers, as well as viscosity of
the suspending medium (15). Characterization is also
complicated by bulk flow within capillaries and by tissue
water active transport processes. The protons in the brain
included in the diffusion characterization are contained in
water, whereas protons within macromolecules and mem-
branes themselves make no contribution to this character-
ization because they are relatively immobile and have
extremely short T2 values (16). Therefore, the water diffu-
sion in gliomas may be affected mainly by tumor cellular-
ity, because the motion of water in the interstitium is the
main contributor to increased ADC values. However,

Figure 6. Perfusion-weighted magnetic resonance imaging of C6
T1-weighted images. (b) Relative cerebral blood volume (rCBV) ma
CD34 (�400). Measured values of maximum rCBV in the solid port
when visual inspection of the scatter of points for linear
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correlation between ADC value and cellularity was made,
we also found that not all points fit very well, and there
appear to be relatively few points above or below the
line, which also deviate even further though the points
plotted appear to scatter randomly either side of the line
of best fit. Because statistical difference between ADC
value and cellularity was assessed by one-way analysis of
variance to correlate between two variables, these features
in a scatter diagram suggest that there are many determi-
nants except cellularity affecting ADC values in brain
tissues, which needs further investigation using multivari-
ate analysis.

New blood vessel growth is a critical phase of solid
tumor growth. The growth of a solid tumor mass at 1–
2 mm3 depends on simple diffusion for oxygen, nutrients,
and other essential materials. However, tumor mass
growth larger than 1–2 mm3 cannot grow and metastasize
without angiogenesis (17). PWI techniques now have

as 3 weeks after C6 cell implantation. (a) Contrast-enhanced
Signal-intensity time-curve. (d)Immunohistochemical image of

f tumor were increased; the signal-intensity time curve fell.
gliom
p. (c)
been used to assessment of tumor vascularity in vivo.
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rCBV maps and measurements have been shown to corre-
late reliably with tumor grade and histologic findings of
increased tumor measurements of MVD, the current stan-
dard for assessing the degree of angiogenesis (18).

Our findings of experimental study confirm those of
previous studies of humans showing a strong positive cor-

Figure 7. Perfusion-weighted magnetic resonance imaging of C6
volume map (rCBV). (b) Signal-intensity time curve. (c) Hematoxylin
CD34 (�400). Measured values of maximum rCBV in the solid port

Table 2
Maximum Relative rCBV in Both Tumoral and Peritumoral
Areas of C6 Gliomas

Postimplantation Cases

Solid
Tumoral
Region

Peritumoral
Area P Value

1 week 9 0.99 � 0.14 2.88 � 0.21 �.05
2 weeks 10 2.07 � 0.28 2.08 � 0.20 �.05
3 weeks 9 5.96 � 0.45 0.98 � 0.17 �.001
4 weeks 8 7.24 � 0.86 0.96 � 0.15 �.001
Data are mean � standard deviation.
relation between the degree of rCBV elevation and tumor
stage: gradual increases in maximum rCBV values from
tumoral core were demonstrated 1 week after implantation
(P � .01). Maximum rCBV values of 1.67 � 0.36 and
6.11 � 0.59 in early and late stage of tumors, respec-
tively, suggest that rCBV measurements may improve
tumor grading.

Early-stage tumors often showed low homogeneous
rCBV. Instead of a traditional MRI, which can only
identify breakdown of the blood-brain barrier in the
form of contrast enhancement, rCBV maps can most
accurately identify increase of pathologic blood supply
in the presence of an either disrupted or intact blood-
brain barrier (19). Meanwhile, our study also showed
that elevated rCBV levels in peritumoral normal brain
regions, without MVD in early stage of tumor, espe-
cially 1 week after implantation, are attributed to a

as 4 weeks after C6 cell implantation. (a) Relative cerebral blood
eosin-stained image (�50). (d) Immunohistochemical image of

f tumor were increased; the signal-intensity time curve fell.
gliom
and
generally increased overall vessel density resulting
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from increased vessel length or tortuosity of nearby
preexisting vessels without increased MVD. This shows
that PWI-derived rCBV may be elevated because of
expansion of the existing vascular network or forma-
tion of new capillary sprouts, or both. And the growth
of tumor in an early stage may be supplied mainly by
redistribution of blood flow from dilation and tortuosity
of the existing vascular network of surrounding normal
tissues (7). Therefore, elevation of rCBV levels in peri-

Figure 8. Measured values of maximum relative cerebral blood
volume (rCBV) in the solid portion of tumor 1–4 weeks after C6
cell implantation. A statistically significant difference of maximum
rCBV was present when tumors of 1 week’s growth and those of
2–4 weeks’ growth was compared.

Figure 9. Measured values of microvascular density for tumors
of 1–4 weeks’ growth after C6 cell implantation.
tumoral normal brain regions may provide important
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clue for determination of expansion of the existing vas-
cular network in early stage of tumor.

Late-stage tumors often demonstrated significant heter-
ogeneity and areas of high rCBV. Contrary to early-stage
tumors, maximum rCBV values of late-stage tumors were
significantly increased. However, there was no significant
statistical difference of maximum rCBV values when tu-
mors of 3 weeks’ growth and tumors of 4 weeks’ growth
were compared (P � .05), which was slightly different
from the result of MVD counting. Maximum rCBV val-
ues can reflect true regional blood volume of tumors
when blood-brain barriers are intact; late-stage tumors,
especially those 4 weeks after implantation, are often
combined with destruction of the blood-brain barrier. The
first pass of contrast material may leakage into extravas-
cular space, and thus the produced susceptibility effects
are decreased between intravascular and extravascular
space near the disrupted blood-brain barrier, which is
considered to cause the underestimation of the true rCBV
(20). In our study, elevated rCBV levels were also present
in peritumoral brain regions in late-stage tumors (ie, more
than in normal white matter), which suggests increased
peritumoral perfusion from tumor infiltration. In late-stage
tumors, peritumoral areas demonstrate not only altered
capillary morphologic findings and interstitial water, but
also scattered tumor cells infiltrating along newly formed
or preexisting but dilated vascular channels (17). In early-
stage tumors, on the other hand, the peritumoral region
contains less infiltrating tumor cells.

Although outleakage of contrast medium and expan-
sion of the existing vascular network may affect measure-
ment of true rCBV, our results still showed that the maxi-

Figure 10. Maximum relative cerebral blood volume of solid C6
tumors versus microvascular density counts. There is a positive
correlation between them (P � .72, simple regression analysis).
mum rCBV values from tumoral core correlated well with



Academic Radiology, Vol 12, No 5, May 2005 DIFFUSION/PERFUSION-WEIGHTED MRI IN RAT GLIOMAS
histologic MVD. Therefore, PWI maximum rCBV value
may be a powerful tool in assessing tumor angiogenesis
in vivo.

In summary, MRI rCBV of brain tumors not only is
feasible, but also offers clinically relevant physiologic
data not obtainable by conventional MRI. Many MRI pa-
rameters—including CBV, cerebral blood flow, mean
transit time, and permeability—can, in principle, be de-
rived by following the injection of a compact bolus of
contrast media. Among them, blood vessel permeability in
tumors is another such a marker that is thought to reflect
the rate of angiogenesis except for CBV. However, most
previous studies of blood vessel permeability in humans
have typically been performed using T1-weighted tech-
niques (21). Permeability measurements of glial tumors
using T2-weighted dynamic susceptibility technique are
still controversial and remain under investigation because
of T1-weighted effects (22). In addition, although several
studies suggest that permeability is correlated well with
malignancy, this suggestion does not establish a link be-
tween angiogenesis and permeability or angiogenesis and
malignancy (22). Therefore, use of CBV rather than a
permeability map to investigate angiogenesis of gliomas
model in our study is because of the previously discussed
potential limitations of permeability.
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