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Dynamic contrast-enhanced susceptibility-
weighted perfusion imaging of intracranial 
tumors: a study using a 3T MR scanner

Senem Şentürk, Kader Karlı Oğuz, Ayşenur Cila

M odern magnetic resonance imaging (MRI) techniques facili-
tate the acquisition of physiological and biochemical maps, 
which complement the anatomic information provided by 

conventional techniques. MR perfusion imaging techniques are becom-
ing important clinical tools in the diagnosis, follow-up, and treatment 
of patients with brain tumors, cerebrovascular disease, and other brain 
disorders (1–5). 

Although conventional magnetic resonance imaging (cMRI) is a well-
established tool for the evaluation of brain tumors, contrast enhance-
ment has limited specificity (6). Precise delineation of tumor margins, 
and discrimination between tumors and nonneoplastic processes, and 
between low-grade and high-grade tumors, are all required for preopera-
tive evaluation of space-occupying lesions in the brain. 

Astrocytoma is graded according to the following histopathologic cri-
teria: nuclear atypia, mitotic rate, extent of necrosis, and endothelial 
proliferation (7). Studies of human brain tumors have revealed that in-
creased malignancy is generally associated with increased vascularity. 
High grade astrocytomas often contain new vessels (neovascularization), 
irregular vascular networks, and arteriovenous shunts (8, 9). 

Since treatment and prognosis depend on the histopathologic type and 
grade of the tumor, noninvasive preoperative assesment of tumor vascu-
larization can assist in treatment, provide guidance to optimize biopsy 
yield, and refine prognosis. Previous studies have shown that cerebral 
blood volume (CBV) measurements provided by perfusion-weighted im-
aging (PWI) correlate not only with histopathologic measurements, but 
also with conventional angiographic measurements of tumor vascular 
density (10–12). These features have facilitated the use of CBV measure-
ments clinically for initial evaluation and follow-up of brain tumors. PWI 
was found to be useful in guiding stereotactic biopsy, and in delineating 
exact tumor margins (11, 13). It is also useful in differentiating neoplas-
tic from nonneoplastic processes such as radiation necrosis, tumefactive 
demyelinating lesions, and inflammatory or infectious lesions (1, 14–17), 
and in differentiating primary brain tumors from solitary metastases (18–
20); as well as in preoperative tumor grading (10–12, 21, 22). 

In this study, we sought to determine whether there is a statistically 
significant difference in the CBV and cerebral blood flow (CBF) of con-
secutive brain tumors of various histopathologic types—either primary 
or secondary, benign or malignant—as well as of the peritumoral paren-
chyma. We also sought to learn whether these measurements are related 
to tumor grade.

Materials and methods
The study group consisted of 45 consecutive patients (15 females, 30 

males) referred to the radiology department with intra- or extra-axial 
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PURPOSE
To determine whether there are statistically significant 
differences in cerebral blood volume (CBV) and cer-
ebral blood flow (CBF) of brain tumors of different his-
topathologic types including primary and secondary 
benign and malignant lesions. To determine whether 
these measurements relate to tumor grade.

MATERIALS AND METHODS
Forty-five patients with brain tumors, age 2 to 79 
years, underwent dynamic contrast-enhanced sus-
ceptibility-weighted echo-planar perfusion magnetic 
resonance imaging (MRI) using a 3T MR scanner. The 
lesions were evaluated by measurements of relative 
cerebral blood volume (rCBV) and relative cerebral 
blood flow (rCBF). The Mann-Whitney U test was used 
to compare rCBV and rCBF measurements of tumor 
groups—13 low-grade and 13 high-grade neuroepi-
thelial (NE) tumors, five metastases, 10 meningiomas, 
and four others. Peritumoral rCBV and rCBF measure-
ments of high grade NE tumors and metastases were 
also compared. The relationship between rCBV and 
rCBF measurements was evaluated by Spearman rank 
correlation.

RESULTS
Measurements of rCBV and rCBF were statistically sig-
nificantly higher (P < 0.05) in high-grade NE tumors 
than in low-grade NE tumors. The difference was not 
statistically significant in comparing high-grade NE tu-
mors with metastases and meningiomas. Peritumoral 
rCBV of high-grade NE tumors was significantly higher 
than peritumoral rCBV of metastases (P < 0.05). There 
was a strong correlation between rCBV and rCBF val-
ues.

CONCLUSION
CBV and CBF measurements provided by 3T perfusion 
MRI can help to predict NE tumor grading preopera-
tively, and differentiate between primary brain tumors 
and metastases.

Key words: • brain neoplasms • magnetic resonance 
imaging • 3 Tesla • perfusion weighted imaging
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brain tumors. Patients ranged in age 
from 2 to 79 years. Except for three pa-
tients with postoperative gross residual 
or recurrent tumors [a residual primi-
tive neuroectodermal tumor (PNET), a 
residual meningioma, and a recurrent 
glial tumor of the contralateral hemi-
sphere] all patients were evaluated prior 
to any medical and surgical treatment. 
Study approval was obtained from the 
institutional review board, and written 
informed consent was obtained from 
all patients. 

Before examination, an 18- or 20-
Gauge intravenous catheter was in-
serted into the antecubital vein in 
each patient over 7 years of age for ad-
ministration of contrast. Imaging was 
performed on a 3T MR scanner (Mag-
netom Allegra; Siemens Medical Sys-
tems, Erlangen, Germany). After cMRI 
(axial T1W, T2W, and FLAIR; coronal 
T2W images), dynamic contrast-en-
hanced T2*W gradient-echo (GRE) 
echo-planar imaging (EPI) was per-
formed during the first pass of a bolus 
of gadopentetate dimeglumine (Mag-
nevist; Schering, Berlin, Germany). Fi-
nally, postcontrast axial, coronal, and 
sagittal T1W images were obtained.

PWI was performed by using a fat-
suppressed T2*W EPI with the follow-
ing parameters: repetition time (TR), 
1430 ms; echo time (TE), 46 ms; field 
of view (FOV), 230 x 230 mm; section 
thickness, 5 mm; section gap, 10 mm; 
matrix, 128 x 256. The location and 
size of the tumor, and the scan area of 
perfusion MRI were determined from 
T2W MR images. A series of 50 multi-
section acquisitions with 15 slices was 
acquired. The first five acquisitions 
were performed to establish a baseline 
prior to administration of contrast. 
On the fifth acquisition, the contrast 
material (0.1 mmol/kg) was injected 
with a power injector (Medrad, Pitts-
burgh, Pennsylvania, USA) at a rate 
of 5 mL/s in patients over age seven, 
and a at rate of 1–2 ml/s in those un-
der seven. Finally, a bolus of the same 
volume of saline was injected with 
the same rate of administration as the 
gadolinium-based contrast material in 
each group.

Study groups
Thirty-nine patients who underwent 

either volumetric resection or biopsy 
had histopathologically proven tu-
mors. Six patients were followed for 
two to four years without surgery. 

Their diagnoses were obtained by MRI, 
and clinical follow-up.
 1. High-grade neuroepithelial (NE) 

tumors (n = 13): The pathologic 
diagnosis was obtained in all pa-
tients by either total resection or 
by biopsy (eight glioblastoma mul-
tiforme, two grade 3 glial tumors, 
one grade 3 oligodendroglioma, 
and two PNETs). 

 2. Low-grade NE tumors (n = 13): 
Twelve patients had pathological-
ly proven tumors diagnosed either 
by resection or by biopsy (seven 
low-grade astrocytomas, one solid 
pilocytic astrocytoma, three grade 
2 oligodendrogliomas, one DNET 
[dysembryoblastic neuroectoder-
mal tumor], and one ganglioglio-
ma). The tumor of the remaining 
patient did not show clinical and 
radiologic progression during the 
4-year follow up. Thus, it was in-
cluded in low-grade group.

 3. Meningiomas (n = 10): The patho-
logic diagnosis was obtained in 
nine of the patients (seven grade 
1, two grade 2). The remaining pa-
tient was diagnosed with clinical 
and radiologic findings and fol-
low-up.

 4. Metastases (n = 5): All patients had 
pathologically proven primary tu-
mors; however, only two of them 
underwent surgery for metastases. 
Four patients had multiple le-
sions.

 5. Miscellaneous (n = 4): One he-
mangioblastoma and two medul-
loblastomas diagnosed by pathol-
ogy were not included in the oth-
er tumor groups because of their 
discrete biologic properties. One 
patient had a cystic lesion with 
a mural nodule consistent with a 
pilocytic astrocytoma. This tumor 
was not included in low-grade 
glial tumors because differen-
tiation from hemangioblastoma 
was not possible. Miscellaneous 
tumors were not excluded from 
study groups because the informa-
tion obtained from these tumors 
was used not only in morphologic 
analysis, but also in correlation 
analysis. 

Data processing
Data processing in this study was 

performed by commercial software on 
a workstation provided by the vendor 
(perfusion software, Leonardo work-

station, Siemens, Germany). The CBV 
map was derived on a pixel-by-pixel 
basis from the dynamic image sets. 
A representative number of baseline 
points were selected, and their aver-
age was calculated for each pixel as a 
baseline measure for signal intensity 
(S0). The concentration of the contrast 
agent (gadopentetate dimeglumine) is 
proportional to the change in relaxa-
tion rate (∆R2*), which can be calcu-
lated from the signal by using the 
following equation (23): ∆R2* = [-ln 
(St/S0)/TE], where St is the pixel signal 
intensity at time t, S0 is the precon-
trast signal intensity, and the TE is the 
echo time. The CBV map was gener-
ated by the integration of the relative 
concentration (∆R2*) of the fist-pass 
bolus through each voxel on the basis 
of tracer kinetics principles (24–26). 
The beginning and end of the first-
pass bolus is determined by time-sig-
nal activity curve of manually selected 
referance voxels. 

In this study, arterial input function 
(AIF) was obtained by manually posi-
tioning a 20 x 20 pixel region-of-inter-
est (ROI) box on the area covering the 
M2 portion of middle cerebral artery. 
AIF was calculated automatically from 
the manually-selected pixels that con-
tained the earlier and larger relaxation 
after contrast injection (27). The ear-
lier and larger signal change, consist-
ent with the higher concentration of 
contrast material in the arteries than 
in the capillaries of gray matter, was 
found to be the most suitable AIF (22). 
To obtain tissue response function, 
AIF was deconvolved from measured 
tissue concentration-time curve. Maps 
of mean transit time (MTT) were ob-
tained by dividing area under the tis-
sue response function by its height 
(28). CBF was measured by dividing 
the CBV, obtained from the area below 
the tissue concentration-time curve, 
by MTT. With the numeric integration 
of CBF values, CBF maps were consti-
tuted. Examples of CBV and CBF maps 
are shown in Figs. 1 and 2.

The highest color levels of the solid 
portion of a tumor, representing a high 
index of microvascularization, were 
determined from these semi-automati-
cally obtained CBV and CBF maps. 
Measurements were then performed 
by manually positioning a round ROI 
in the highest color levels (Fig. 3). The 
size of the ROI was dependent on the 
size and heterogeneity of the tumor; 



Perfusion imaging of intracranial tumors • 5Volume 15 • Issue 1

Figure 1. a–c. Left temporal glioblastoma multiforme in a 69-year-old man. Transverse post-contrast T1-weighted MR image (a) demonstrates 
a heterogenously enhancing mass with central necrosis.  On relative cerebral blood volume (rCBV) (b) and relative cerebral blood flow (rCBF) 
(c) maps, there are high CBV and CBF color values in the solid portion, and very low values in the necrotic portion of the tumor. Note the 
mismatch area (white arrows) between perfusion map (b, c) and contrast-enhanced T1-weighted MR image (a). 

ba c

Figure 2. a–c. Right temporal low-grade glial tumor in a 72-year-old man. Transverse post-contrast T1-weighted MR image (a) demonstrates 
a nonenhancing mass. On color relative cerebral blood volume (rCBV) (b) and relative cerebral blood flow (rCBF) (c) maps, there are 
correspondingly low CBV and CBF color values. 

ba c

Figure 3. a–d. For relative cerebral blood volume (rCBV) (a, b) and relative cerebral blood flow (rCBF) (c, d) measurements, highest color levels 
are determined on color rCBV and rCBF maps (a, c), and region of interests (ROIs) (within high color values of tumor and contralateral white 
matter) are selected (b, d). 

ba c d
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however, each ROI contained at least 
18 pixels.

Because CBV and CBF maps provid-
ed by dynamic contrast-enhanced T2* 
PWI yield a relative rather than abso-
lute value of CBV and CBF, compari-
sion between patients was facilitated 
by reference to an internal standard 
in this study. Normal white matter of 
the contralateral hemisphere was used 
as the internal standard. To calculate 
relative CBV (rCBV) and relative CBF 
(rCBF), the ratio of the measurement 
of tumor ROI to the measurement of 
white matter ROI was obtained. The 
highest value of three calculations 
from the highest color levels of the tu-
mor was taken as the final rCBV and 
rCBFs because the goal was to deter-
mine the most highly perfused portion 
of the tumor.

Measurements were repeated in peri-
tumoral regions of both high-grade glial 
tumors and metastases. Peritumoral re-
gion was defined as the nonenhancing 
T2W hyperintense area adjacent to the 
enhancing portion of the tumor.

The Mann-Whitney U test was used 
to compare rCBV and rCBF measure-
ments of low- and high-grade NE tu-
mors, high-grade NE tumors and men-
ingiomas, and high-grade NE tumors 
and metastases. Peritumoral rCBV and 
rCBF measurements of high-grade NE 
tumors and metastases were also com-
pared. The relationship between rCBV 
and rCBF measurements of all 45 tu-
mors was searched by Spearman rank 
correlation.

Results
There were no side effects related to 

either the rapid injection of contrast 
material or to the contrast agents used 
in the study. Although T2*W GRE EPI 
technique is affected by susceptibility 
artifacts, we were able to obtain images 
of sufficient quality to calculate the 
rCBV and rCBF of all lesions including 
posterior fossa tumors. 

Of the 45 patients, 39 underwent 
surgery, while six were diagnosed by 
clinical and radiologic follow-up up to 
four years after imaging. 

 rCBV and rCBF measurements of all 
tumors are listed in Table 1 with age 
and gender of patients. 

The comparison of cMRI findings 
with perfusion maps is shown in Ta-
ble 2. Although contrast-enhanced 
portions of tumors generally showed 
high rCBV and rCBF values, a per-

Table 1. Relative cerebral blood volume (rCBV) and relative cerebral blood flow (rCBF) 
measurements

Patient no. Age Gender Tumor Tumor grade rCBV rCBF

1 42 M GBM High 4.73 3.23

2 54 F GBM High 9.40 5.91

3 56 M GBM High 8.32 2.61

4 69 M GBM High 5.63 3.53

5 55 M GBM High 13.00 4.75

6 37 M GBM High 4.37 3.29

7 62 F GBM High 6.47 6.67

8 49 M GBM High 5.62 7.01

9 64 M Grade 3 glial tumor High 6.02 6.41

10 17 M Grade 3 glial tumor High 3.10 3.37

11 46 M Oligodendroglioma, grade 3 High 3.57 3.76

12 9 F PNET High 5.30 8.66

13 10 M PNET High 12.73 5.16

14 17 M DNET Low 3.69 1.65

15 9 M Ganglioglioma Low 1.87 1.24

16 4 M Pilocytic astrocytoma Low 3.16 1.76

17 49 F Low grade glial tumor Low 1.97 1.28

18 2 M Low grade glial tumor Low 2.30 3.34

19 65 M Low grade glial tumor Low 3.32 3.18

20 49 F Low grade glial tumor Low 1.67 1.74

21 41 M Low grade glial tumor Low 4.22 0.95

22 62 M Low grade glial tumor Low 3.38 3.22

23 72 M Low grade glial tumora Low 0.84 1.01

24 41 M Oligodendroglioma, grade 2 Low 3.24 3.90

25 43 M Oligodendroglioma, grade 2 Low 2.07 1.98

26 45 M Oligodendroglioma, grade 2 Low 1.16 1.36

27 57 M Metastasis, lunga 17.46 6.98

28 69 M Metastasis, lunga 12.73 3.79

29 43 F Metastasis, breasta 6.09 4.30

30 53 M Metastasis, lung 6.38 4.76

31 57 M Metastasis,  lung 8.11 2.25

32 69 M Meningioma 27.71 11.04

33 40 M Meningioma 7.27 4.46

34 54 F Meningiomaa 13.03 8.47

35 79 F Atypical meningioma, grade 2 19.47 7.39

36 77 F Meningioma, grade 2 18.67 7.78

37 55 F Meningioma 2.49 3.52

38 59 F Meningioma 5.73 3.74

39 55 F Meningioma, grade 1 7.35 5.78

40 43 F Meningioma, grade 1 4.13 4.19

41 51 F Meningioma, grade 1 7.27 9.09

42 29 M Hemangioblastoma 3.68 5.87

43 6 F Medulloblastoma 1.67 1.06

44 5 M Medulloblastoma 3.59 1.58

45 18 M Pilocytic astrocytomaa 12.8 6.17

  M, male; F, female; GBM, glioblastoma multiforme; PNET, primitive neuroectodermal tumor; DNET, 
dysembryoblastic neuroectodermal tumor; rCBV, relative cerebral blood volume; rCBF, relative cerebral 
blood flow 

 a Clinical and radiologic diagnosis of patients who did not undergo surgical resection or biopsy
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Table 2. Conventional contrast-enhanced MRI and colored cerebral blood volume (CBV) maps

Patient no. Tumor Location Conventional MRI findings CBV maps

1 GBM Right parietal Heterogenous intense enhancement 
and necrosis

Heterogenous high CBV in solid 
portions, very low CBV in necrotic areas

2 GBM Right frontal Heterogenous intense enhancement 
and necrosis

Heterogenous high CBV in solid 
portions, very low CBV in necrotic areas

3 GBM Left frontotemporal Peripheral intense enhancement and 
central necrosis

Peripheral high CBV, central very low 
CBV

4 GBMa Left frontotemporal Peripheral intense enhancement and 
central necrosis

Peripheral high CBV, central very low 
CBV

5 GBM Right occipital Peripheral intense enhancement and 
central necrosis

Peripheral high CBV, central very low 
CBV

6 GBMa Left parietal Mild-moderate enhancement and 
nonenhancing components

Heterogenous moderate CBV

7 GBM Left temporal Heterogenous intense enhancement 
and necrosis

Heterogenous high CBV in solid 
portions, very low CBV in necrotic areas

8 GBMa Right parietal Heterogenous intense enhancement 
and necrosis

Heterogenous high CBV in solid 
portions, very low CBV in necrotic areas

9 Grade 3 glial tumor Left frontal Heterogenous mass, nodular 
enhancement

Low CBV mass with high CBV in the 
nodules

10 Grade 3 glial tumor Third ventricle Peripheral intense enhancement and 
central necrosis

Peripheral high CBV, central very low 
CBV

11 Oligodendroglioma Left frontal Homogenous nonenhancing mass Heterogenous low CBV

12 PNET Cerebellar vermis Heterogenous enhancement and 
cystic-necrotic components

Heterogenous high CBV in solid 
portions, very low CBV in cystic 
component

13 PNETa Left frontotemporal Heterogenous enhancement and 
cystic-necrotic components

Heterogenous high CBV in solid 
portions, very low CBV in necrotic areas

14 DNET Right cerebellar Heterogenous enhancement and 
cystic components

Heterogenous low CBV in solid portions, 
very low CBV in cystic components

15 Ganglioglioma Right temporo-occipital Cystic lesion with enhancing mural 
nodule

High CBV mural nodule in very low CBV 
of cyst

16 Pilocytic astrocytoma Left frontotemporal Heterogenous mild-moderate 
enhancement

Moderate CBV 

17 Low grade glial tumor Right frontal Homogenous nonenhancing mass Homogenous low CBV

18 Low grade glial tumor Left temporal Heterogenous mild-moderate 
enhancement

Homogenous low CBV

19 Low grade glial tumor Left frontotemporal Homogenous nonenhancing mass Homogenous low CBV

20 Low grade glial tumor Left frontal Nonenhancing mass with small cystic 
component

Low CBV in solid portions, very low CBV 
in cystic component

21 Low grade glial tumor Right temporoparietal Nonenhancing mass with multiple 
small cysts

Low CBV in solid portions, very low CBV 
in cystic components

22 Low grade glial tuomr Right perisylvian Heterogenous mild enhancement Homogenous low CBV

23 Low grade glial tumorb Right frontotemporal Homogenous nonenhancing mass Homogenous low CBV

24 Oligodendroglioma Left frontal Heterogenous mild enhancement 
and calcification

Homogenous low CBV

25 Oligodendroglioma Right occipital Homogenous nonenhancing mass Homogenous low CBV

26 Oligodendroglioma Right temporal Homogenous nonenhancing mass Homogenous low CBV

27 Metastasis, lungb Left frontal Heterogenous intense nodular 
enhancement

Heterogenous high CBV, very low CBV 
at peripheral edema

  GBM, glioblastoma multiforme; PNET, primitive neuroectodermal tumor; DNET, dysembrioblastic neuroectodermal tumor; CBV, cerebral blood volume
 a Tumors that showed a mismatch between the area enhancing most intensively on post-contrast T1-weighted MR images and the area of the highest color  

value on the cerebral blood volume (CBV) and cerebral blood flow (CBF) maps
 b Clinical and radiologic diagnosis of patients who did not undergo surgery or biopsy
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fusion abnormality was also found 
in nonenhancing portions of tumors 
(Fig. 1, Fig. 4). Increased perfusion val-
ues were determined in non-enhanc-
ing portions of two high-grade NE 
tumors.

The distribution of rCBV and rCBF 
values of tumor groups is plotted in 
Figs. 5 and 6.

Mean rCBV and rCBF values of all 
tumor groups (high-grade NE tumors, 
low-grade NE tumors, metastases, and 
meningiomas) were calculated for each 
group.

rCBV and rCBF observations are sum-
marized in Tables 3 and 4, respectively. 
Peritumoral rCBV measurements of 
high-grade NE tumors and metastases 
are listed in Table 5.

The difference between rCBV values 
of low-grade NE tumors (mean, 2.53 
± 1.05) and high-grade NE tumors 
(mean, 6.79 ± 3.17) was statistically 
significant (P < 0.05). The rCBF values 
of low-grade NE tumors (mean, 2.05 ± 
1.05) were also significantly lower (P < 
0.05) than rCBF values of high-grade 
NE tumors (mean, 4.93 ± 1.91).

When high-grade NE tumors were 
compared with meningiomas, the 
rCBV and rCBF values of high-grade 
NE tumors (mean rCBV, 6.79 ± 3.17; 
rCBF, 4.93 ± 1.91) were not significant-
ly different from those of meningiomas 
(mean rCBV, 9.37 ± 1.05; rCBF, 6.55 ± 
2.62) (P > 0.05). 

rCBV and rCBF values of high-grade 
NE tumors (mean rCBV, 6.79 ± 3.17; 

rCBF, 4.93 ± 1.91) and metastases 
(mean rCBV, 8.95 ± 2.65; rCBF, 4.42 
± 1.72) did not differ significantly (P 
> 0.05); however, peritumoral rCBV 
values of high-grade NE tumors (mean 
rCBV, 1.52 ± 1.11) were significantly 
higher than rCBV values of metastases 
(mean rCBV, 0.53 ± 0.25) (P < 0.05) 
(Table 5).

A strong correlation between rCBV 
and rCBF values of all tumors has been 
determined with the high Spearman’s 
rank correlation coefficient of 0.748 (P 
< 0.05) (Fig. 7). 

When morphologic properties of 
tumors were reviewed, variable rCBV 
(ranging from 1.87 to 12.8) and rCBF 
values (ranging from 1.24 to 6.17) were 
found in cystic tumors with a mural 

Table 2 (continued). Conventional contrast-enhanced MRI and colored cerebral blood volume (CBV) maps

Patient no. Tumor Location Conventional MRI findings CBV maps

28 Metastasis, lungb Right frontal Heterogenous intense nodular 
enhancement

Heterogenous high CBV, very low CBV 
at peripheral edema

29 Metastasis, breastb Left temporal Heterogenous intense nodular 
enhancement

Heterogenous high CBV, very low CBV 
at peripheral edema

30 Metastasis, lung Right parietooccipital Peripheral dense enhancement and 
central necrosis

Peripheral high CBV, low CBV at the 
center and peripheral edema

31 Metastasis, lung Left temporal Heterogenous intense nodular 
enhancement

Heterogenous high CBV, very low CBV 
in peripheral edema

32 Meningioma Left parietooccipital 
convexity

Homogenous intense enhancement Homogenous high CBV

33 Meningioma Right frontal base Homogenous intense enhancement Homogenous high CBV

34 Meningiomab Left frontal parafalcian Homogenous intense enhancement 
and calcification

Homogenous high CBV

35 Meningioma, grade 2 Left infratentorial Homogenous intense enhancement Homogenous high CBV

36 Meningioma, grade 2 Right frontal convexity Homogenous intense enhancement Homogenous high CBV

37 Meningioma Posterior fossa, sigmoid 
dura

Homogenous intense enhancement Homogenous high CBV

38 Meningioma Right parafalcian Heterogenous intense enhancement Heterogenous high CBV

39 Meningioma Left sphenoid wing Homogenous intense enhancement Homogenous high CBV

40 Meningioma Left anterior temporal Homogenous intense enhancement 
and punctate calcifications

Homogenous high CBV

41 Meningioma Olfactory groove Homogenous intense enhancement Homogenous high CBV

42 Hemangioblastoma Brain stem and thalamus Cystic lesion with enhancing mural 
nodule

High CBV mural nodule in a cyst with 
very low CBV 

43 Medulloblastoma Cerebellar vermis Heterogenous enhancement and 
cystic components

Heterogenous low CBV with very low 
CBV in cystic components

44 Medulloblastoma Fourth ventricle Heterogenous mild enhancement Heterogenous moderate CBV

45 Pilocytic astrocytomab Left cerebellar Cystic lesion with enhancing mural 
nodule

High CBV mural nodule in a cyst with 
very low CBV

  GBM, glioblastoma multiforme; PNET, primitive neuroectodermal tumor; DNET, dysembrioblastic neuroectodermal tumor; CBV, cerebral blood volume
 a Tumors that showed a mismatch between the area enhancing most intensively on post-contrast T1-weighted MR images and the area of the highest color  

value on the cerebral blood volume (CBV) and cerebral blood flow (CBF) maps
 b Clinical and radiologic diagnosis of patients who did not undergo surgery or biopsy
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Figure 4. a–c. Left parietooccipital high-grade glial tumor in a 37-year-old man. Transverse post-contrast T1-weighted MR image (a) 
demonstrates a mildly–moderately enhancing mass with nonenhancing portions (arrow).  On color relative cerebral blood volume (rCBV) (b) 
and relative cerebral blood flow (rCBF) (c) maps, there are moderate–high CBV and CBF color values, respectively (arrows). Note mismatch 
between perfusion maps (b, c) and contrast-enhanced T1-weighted MR image (a).

ba c

Figure 5. Distribution of relative cerebral blood volume (rCBV) 
(maximum tumor CBV/contralateral white matter CBV values for each 
tumor group). 

nodule. These tumors include one gan-
gliocytoma, one hemangioblastoma, 
one pilocytic astrocytoma, and one tu-
mor without pathologic diagnosis but 
for which the age of patient and radio-
logic findings were suggestive of pilo-
cytic astrocytoma. All necrotic tumors 
were either high-grade NE tumors or 
metastases. The rCBV values of both 
high-grade NE tumors and metastases 
(ranging from 4.73 to 13.0) were high-
er than those of low-grade NE tumors.

Finally, despite their high grade, one 
of two posterior fossa medulloblasto-
mas showed relatively low rCBV and 
rCBF values (rCBV, 1.67; rCBF, 1.06). 
The other case had slightly to moder-
ately increased rCBV and rCBF values 
(rCBV, 3.59; rCBF, 1.58). 

Discussion
Research on human brain tumors 

consistently demonstrates that hyper-
vascularity is associated with tumor 

malignancy. Studies on astrocytomas, 
the most common primary brain tu-
mors, has shown that neovascular-
ity, irregular vascular networks, and 
arteriovenous shunts are common in 
high-grade tumors (8, 9). Therefore, 
preoperative assessment of tumor vas-
cularization of astrocytomas can help 
predict malignancy and proliferative 
potential, and can guide sterotactic 
biopsy as well as treatment planning 
(29, 30). 

Figure 6. Distribution of relative cerebral blood flow (rCBF) 
(maximum tumor CBF/ contralateral white matter CBF values for 
each tumor group).
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Conventional angiographic tech-
niques had been used for years to eval-
uate tumor vascularity. Nevertheless, 
since they are invasive and insufficient 
for assessment of microvascularity, 
they are not appropriate for evaluation 
of tumors. With the introduction of 
ultrafast MRI techniques such as EPI, 
the microvascularity of brain tumors 
has been evaluated by PWI. CBV maps 
provided by perfusion MRI have been 
shown to be informative for tissue mi-
crovascularization. They not only pro-
vide qualitative discrimination of cap-
illary neovascularization, but also ena-
ble relative quantitative measurements 
(23, 31, 32). Aronen et al. showed that 
rCBV values obtained by spin-echo EPI 
technique correlated well with the his-
topathologic vascularity grade of glial 
tumors (10). They also demonstrated 
that none of the cMRI findings in-
cluding tumor enhancement, edema, 
heterogeneity, necrosis, cysts, hemor-
rhage, mass effect, and ill-defined tu-
mor margins was solely associated with 
tumor grade (10). 

In addition to larger neovascular 
structures such as feeding arteries and 
drainage veins, there are larger capil-
laries in malignant tumors. The GRE 
EPI technique produces hemodynamic 
maps by representing the effects of 
total blood volume through the capil-
laries, and weighs all vessels approxi-
mately equally (33). Sugahara et al. 
and Donahue et al. showed that rCBV 
values provided by GRE EPI technique 
correlated well with the histopatholog-
ic and angiographic vascularity grade 
of tumors (12, 34). We preferred gra-
dient-echo imaging to spin-echo imag-
ing in this study. 

Although a statistically significant 
difference was found between rCBV 
and rCBF values of low- and high-
grade glial tumors, there was no such 
statistically significant difference be-
tween grade 3 and grade 4 tumors 
(10–12, 35). In this study, regardless 
of origin, all NE tumors are included 
in the study group. They are divided 
into two groups, low- and high-grade 
NE tumors. Although the significance 
of microvascularization is not clear in 
NE tumors other than astrocytomas, 
in WHO classsification, all NE tumors 
are graded according to several crite-
ria, including microvascularization 
(36). Because the difference between 
rCBV and rCBF values of low- and 
high-grade NE tumors was statistically 

Figure 7. Scatterplot shows high correlation between relative cerebral blood volume (rCBV) 
and relative cerebral blood flow (rCBF) ratios. Line represents linear regression between rCBV 
and rCBF ratios. Spearman’s correlation coefficient, 0.748 (P < 0.05).

Table 5. Peritumoral relative cerebral blood volume (rCBV) measurements

rCBV ratios

Tumor No. of patients Range Mean Standard deviation

High-grade NE tumor 13 0.65–4.32 1.52 1.11

Metastasis 5 0.18–0.88 0.53 0.25

rCBV, relative cerebral blood volume; NE, neuroepithelial

Table 4.  Relative cerebral blood flow (rCBF) measurements

rCBF ratios

Tumor No. of patients Range Mean Standard deviation

Low-grade NE tumor 13 0.95–3.90 2.05 1.05

High-grade NE tumor 13 2.61–8.66 4.93 1.91

Metastasis 5 2.25–6.98 4.42 1.72

Meningioma 10 3.52–11.04 6.55 2.62

rCBF, relative cerebral blood flow; NE, neuroepithelial

Table 3. Relative cerebral blood volume (rCBV) measurements

rCBV ratios

Tumor No. of patients Range Mean Standard deviation

Low-grade NE tumor 13 0.84–4.22 2.53 1.05

High-grade NE tumor 13 3.10–13.00 6.79 3.17

Metastasis 5 6.09–17.46 8.95 2.65

Meningioma 10 2.49–27.71 9.37 1.05

rCBV, relative cerebral blood volume; NE, neuroepithelial
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significant, this study suggests that 
microvascularization also can be im-
portant in NE tumors other than as-
trocytomas. 

Of the 12 tumors showing a moder-
ate to strong degree of enhancement 
on contrast-enhanced T1W MRI, four 
(33%) displayed a mismatch between 
the area enhancing most intensely on 
post-contrast T1W MR images, and the 
area of the highest color value on the 
CBV and CBF maps. In two of these mis-
matched cases, the area with strongest 
enhancement on post-contrast T1W 
MR images was larger than the high-
est color value area on the perfusion 
maps. This might suggest that the area 
of vascular hyperplasia is less than the 
most strongly enhancing area on con-
trast-enhanced T1W MR examination 
and might be explained by the fact 
that contrast enhancement occurs as a 
result of alteration of the blood-brain 
barrier with or without concomitant 
vascular hyperplasia (6). Increased per-
fusion was determined in non-enhanc-
ing portions of the other two remain-
ing tumors on CBV and CBF maps.

The mean rCBV and rCBF values 
obtained in studies of high- and low-
grade glial tumors with 1.5T MR scan-
ners are compatible with our findings 
(10–12, 22, 35, 37). The mean rCBV 
and rCBF values of low-grade tumors 
in this study are a little higher than 
those in previous studies. Given that 
rCBV values of oligodendrogliomas are 
higher than those of low-grade astro-
cytomas, one may attribute the slightly 
higher values in our study to the inclu-
sion of non-astrocytomas such as oli-
godendrogliomas (38, 39). 

In a study by Law et al. there was no 
statistically significant difference be-
tween rCBV measurements of PNETs 
in adults and high-grade glial tumors 
whereas the rCBV of PNETs was signif-
icantly higher than that of low-grade 
glial tumors (40). The CBV values of 
the two pediatric patients with PNET 
also are high (5.30 and 12.73) in this 
study. The rCBV measurements of an-
aplastic oligodendrogliomas showed 
significantly higher rCBV values than 
low-grade oligodendrogliomas in a 
study performed by Spampinato et 
al. (41). Previously published studies 
and our study demonstrate that PWI 
plays a role in determining the degree 
of microvascularization in some other 
NE tumors, such as oligodendroglio-
mas, in addition to astrocytomas.

Despite their agressive behavior and 
histopathologic grade, one of two pos-
terior fossa medulloblastomas showed 
low rCBV and rCBF values (rCBV, 1.67; 
rCBF, 1.06). The other case had low to 
moderate rCBV and rCBF values (rCBV, 
3.59; rCBF, 1.58). To our knowledge, 
perfusion MRI findings of medulloblas-
tomas have not been reported before.

In this study, we found no statisti-
cally significant difference in either 
rCBV or rCBF when high-grade NE tu-
mors were compared with metastases; 
however, peritumoral rCBV measure-
ments of high-grade NE tumors were 
found to be significantly higher than 
those of metastases. This finding is in 
agreement with findings of other stud-
ies, also performed on 3T MR systems, 
by Law et al. and Chiang et al. (18, 19). 
Therefore, this finding suggests that 
high T2 signal intensity around the 
primary tumor may represent cellular 
infiltration, while it shows fluid accu-
mulation due to changes in capillary 
permeability in metastasis (42). Thus, 
we believe that PWI could be used in 
clinical application to distinguish pri-
mary tumors from metastases. 

PWI was also used in evaluation of 
meningiomas, e.g. for determination 
of pre- and post-embolization vascu-
larization (43, 44). Despite the wide 
range of rCBV values of meningiomas 
in our study (2.49–27.41)—probably 
due to leakage, in the absence of a 
blood-brain barrier—there was no sta-
tistically significant difference between 
rCBV values of high-grade NE tumors 
and those of meningiomas. 

Meningiomas are extraaxial hyper-
vascular tumors that have dual arterial 
supply from branches of the external 
carotid artery and internal carotid ar-
tery. In the absence of a blood-brain 
barrier, permeability of their feeding 
arteries is high. It is not surprising that 
although the difference was not stasti-
cally significant, mean rCBV and rCBF 
values of meningiomas were the high-
est of all tumor groups. 

Our study group includes heterog-
enous histopathologic types of tumors. 
The most important limitations of this 
study are the heterogenous nature of 
the study group, and the absence of his-
topathologic diagnosis and exact grade 
of tumors in six patients. Although 
the study includes a small number of 
tumors other than astrocytomas, the 
numbers of low- and high-grade tu-
mors are equal. 

High Tesla MR systems, which pro-
vide higher resolution and faster imag-
ing, are well-suited for PWI of brain tu-
mors; however, there are few previously 
published studies of brain tumors with 
high Tesla MR scanners. Additional 
studies should include more study sub-
jects, and detailed histopathologic cor-
relation with imaging of NE tumors. 

Dynamic contrast-enhanced PWI 
provides important physiological in-
formation that cannot be obtained 
by cMRI. When compared with other 
imaging techniques such as positron 
emission tomography (PET) and sin-
gle photon emission computed tom-
ography (SPECT), dynamic contrast-
enhanced PWI is a rapid and less 
expensive high-resolution imaging 
modality with greater availability. It 
may become the preferred modality in 
preoperative diagnosis and grading of 
brain tumors, as well as in follow-up 
after treatment. 
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