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BACKGROUND AND PURPOSE: Our aim was to determine whether the degree of intratumoral suscep-
tibility signal intensity (ITSS) on high-resolution susceptibility-weighted imaging (HR-SWI) correlates
with maximum relative cerebral blood volume (rCBVmax) and to compare its diagnostic accuracy for
glioma grading with that of dynamic susceptibility-weighted contrast-enhanced perfusion MR imaging
(DSC).

MATERIALS AND METHODS: Forty-one patients with diffuse astrocytomas underwent both non-con-
trast-enhanced HR-SWI and DSC at 3T. We correlated the degree and morphology of ITSS with
rCBVmax within the same tumor segment. The degree of ITSS and rCBVmax were compared among
3 groups with different histopathologic grades. Spearman correlation coefficients were determined
between the degree of ITSS, rCBVmax, and glioma grade. Receiver operating characteristic (ROC)
curve analyses were performed to determine the diagnostic accuracy for glioma grading.

RESULTS: The degree of ITSS showed a significant correlation with the value of rCBVmax in the same
tumor segments (r � 0.72, P � .0001). However, the areas of densely prominent ITSSs did not
accurately correspond with those of rCBVmax. Spearman correlation coefficients between ITSS
degree and glioma grade were 0.88 (95% confidence interval, 0.79–0.94). In the ROC curve analysis
of histopathologic correlation by using the degree of ITSS, the optimal sensitivity, specificity, positive
predictive value, and negative predictive value for determining a high-grade tumor were 85.2%, 92.9%,
95.8%, and 76.5%, respectively.

CONCLUSIONS: The degree of ITSS shows a significant correlation with the value of rCBVmax in the same
tumor segments, and its diagnostic performance for glioma grading is comparable with that of DSC.

High-resolution susceptibility-weighted imaging (HR-
SWI) has been recently reported to demonstrate magnetic

susceptibility differences of various tissues that use blood ox-
ygen level-dependent (BOLD) signal-intensity-induced phase
differences between venous blood and surrounding brain pa-
renchyma.1-3 HR-SWI can increase the sensitivity to suscepti-
bility effects of microvenous structures and blood products.
Therefore, this novel imaging technique can be used in non-
invasive visualization of normal or pathologic vascular struc-
tures that are not visible in conventional MR imaging.4

So far, HR-SWI has mainly been used in the assessment of
various vascular and hemorrhagic brain disorders, such as ar-
teriovenous malformations, occult low-flow vascular lesions,
and cavernous malformations.4-6 The clinical application of
this novel technique with a 1.5T MR imaging scanner, how-
ever, has been limited by long acquisition times related to rel-
atively long TEs, which are required for the BOLD-induced
phase effect. This long acquisition time can lead to motion
artifacts, and the use of HR-SWI at 1.5T can be time-consum-
ing in a routine MR imaging protocol. Recently, the develop-

ment of a 3T MR imaging scanner and parallel imaging tech-
niques made it possible to increase the speed, coverage, and
signal intensity–to-noise ratio of MR imaging. Therefore, this
novel technique is now suitable for the examination of pa-
tients with various brain disorders to obtain both a high spatial
resolution and a reasonable acquisition time. Moreover, HR-
SWI can provide much additional information compared with
a conventional gradient-echo imaging.

In gliomas, angiogenesis has been shown to be associated
with tumoral viability and aggressiveness. Currently dynamic
susceptibility-weighted contrast-enhanced perfusion MR im-
aging (DSC) provides information about neovascularity and
angiogenesis in gliomas.7-9 Relative cerebral blood volume
(rCBV) and vascular permeability measurements (Ktrans) cor-
relate significantly with glioma grading, as determined by his-
topathology.7-9 On the other hand, Mittal et al10 proposed that
high rCBV values on perfusion imaging in tumors go hand in
hand with evidence of blood products detected within the tu-
mor matrix on HR-SWI. However, larger comparative studies
of perfusion imaging and HR-SWI are needed to determine a
more precise role of HR-SWI in the grading of cerebral neo-
plasms. Pinker et al11 reported that the intratumoral suscepti-
bility signal intensity (ITSS) on HR-SWI correlated with tu-
mor grade as determined by positron-emission tomography
(PET) studies and histopathology; therefore, this imaging
technique seems to be a promising tool for noninvasive glioma
grading.12

Our hypothesis is that the detection of ITSS in higher grade
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gliomas not only reflects tumor vascularity but also indicates
considerable susceptibility in areas of macro- and microne-
crosis in higher grade gliomas. In the present study, we as-
sessed whether the ITSS on HR-SWI correlates with qualita-
tive and quantitative rCBV values on DSC and compared the
diagnostic accuracy for glioma grading between HR-SWI and
DSC.

Materials and Methods

Study Patients
Forty-one consecutive patients with histologically proved diffuse as-

trocytomas were enrolled in this study. All study patients underwent

HR-SWI, DSC, and conventional MR imaging before surgical biopsy

and/or resection. There were 19 male and 22 female patients, with

ages ranging from 19 to 70 years and a mean age of 47 years. An

experienced neuropathologist performed the histopathologic evalua-

tions. Pathologic specimens had been obtained by means of either

stereotactic resection (n � 29) or stereotactically guided biopsy (n �

12) and were classified in accordance with the revised WHO system of

brain tumors.13 In our study, we excluded oligodendrogliomas,

which could confound the correlation between the degree of ITSS and

the maximum rCBV value (rCBVmax). The local institutional review

board approved our study, and informed consent was obtained from

all patients or members of their families.

MR Imaging Protocol
MR imaging was performed by using a 3T MR imaging scanner

(Achieva; Philips Medical Systems, Best, the Netherlands) with a ded-

icated 8-channel sensitivity encoding head coil. Standard MR imaging

included the following sequences: axial fast spin-echo T2-weighted

imaging (TR/TE, 3000/80 ms), axial spin-echo T1-weighted imaging

(TR/TE, 495/10 ms), and contrast-enhanced axial and coronal T1-

weighted imaging. The contrast-enhanced axial and coronal T1-

weighted sequences were performed after administering 0.1 mmol/kg

of gadopentetate dimeglumine (Magnevist; Schering, Berlin, Ger-

many) per kilogram of body weight.

HR-SWI was performed according to the technique described

previously.4,5,14,15 The detailed imaging parameters for HR-SWI were

as follows: flow-compensated 3D gradient-echo sequence; TR/TE,

24/34 ms; flip angle, 10°; FOV, 200 � 200 mm; matrix, 332 � 332;

section thickness, 3 mm; slab thickness, 135 mm; total acquisition

time, 4 minutes 2 seconds.

DSC was performed with a gradient-echo echo-planar sequence

during the administration of a standard dose of 0.1 mmol/kg of gado-

pentetate dimeglumine (Magnevist) per kilogram of body weight at a

rate of 4 mL/s with an MR imaging�compatible power injector

(Spectris MR injector; MedRad, Indianola, Pa). The bolus of contrast

material was followed by a 20-mL bolus of saline, which was admin-

istered at the same injection rate. The detailed imaging parameters for

DSC were as follows: TR/TE, 1407/40 ms; flip angle, 35°; FOV, 24 cm;

matrix, 128 � 128. Total acquisition time for DSC was 1 minute 30

seconds. DSC was performed by using the same section orientations

and coverage as those used for conventional MR imaging and HR-

SWI. All imaging data were transferred from the scanner to an inde-

pendent PC for quantitative analysis. Perfusion parametric maps

were obtained by using a dedicated software package (nordicICE;

NordicImagingLab, Bergen, Norway). After eliminating recirculation

of contrast agent with gamma-variate curve fitting, we computed the

rCBV by means of a numeric integration of the curve.

Image Analysis
For qualitative image analysis, conventional MR images and HR-

SWIs were assessed by 2 experienced radiologists. Intratumoral calci-

fications or macrohemorrhages, which could cause susceptibility sig-

nals on HR-SWI, were excluded on the basis of low signals in

conventional MR imaging, including gradient-echo images, and sus-

ceptibility artifacts detected on diffusion-weighted images (DWIs)

and DSC images. We detected several microbleeds that were not re-

lated to tumor, in the bilateral basal ganglia and thalami, associated

with small vessel disease in 2 patients. However, we did not detect any

lobar microbleeds, small cavernoma, or incidental calcification on

HR-SWI, conventional gradient-echo, DWI, and DSC images.

ITSS was defined as low signal intensity and a fine linear or dotlike

structure, with or without conglomeration, seen within the tumor on

HR-SWI. We assessed the presence or absence of ITSS in each tumor

and compared the incidence of ITSS between high- and low-grade

gliomas. We also determined the specific morphology of the ITSS and

reached a consensus as to which type was predominantly seen in each

high- or low-grade glioma. The morphology of the ITSS was classified

into 3 categories: conglomerated dots, conglomerated fine linear

structures, and dots mixed with fine linear structures (Fig 1).

For the quantitative or semiquantitative analysis, the degree of

ITSS was divided into 4 grades: grade 0, no ITSS; grade one, 1–5

dotlike or fine linear ITSSs; grade two, 6 –10 dotlike or fine linear

ITSSs; and grade 3, �11 dotlike or fine linear ITSSs in the continuous

area within a tumor. Normalized rCBV maps were calculated on a

Fig 1. The morphology of ITSS. A, Conglomerated fine linear (arrows) ITSSs. B, Mixed dots
(arrows) and fine linear (arrowheads) ITSSs.
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pixel-by-pixel basis by dividing pixel rCBV values by the mean rCBV

value of the contralateral normal-appearing white matter of the cen-

trum semiovale. The size of the region of interest in the contralateral

normal white matter was kept constant (diameter, 3 mm). Coregis-

tration between the HR-SWIs and the normalized rCBV maps was

performed on the basis of geometric information stored in the respec-

tive datasets. The normalized rCBV maps were displayed as color

overlays on the HR-SWIs. Four separate regions of interest were des-

ignated in the region of maximum abnormalities within the same

tumor segments, including maximum degree of ITSSs as determined

visually on the coregistered HR-SWI and rCBV map. The size of the

region of interest was kept constant (diameter, 1.5 mm), and the

rCBVmax value among the 4 regions of interest was recorded. This

maximum value of the region of interest analysis has been reported to

provide the highest intraobserver and interobserver reproducibility in

MR perfusion measurements.16

We assessed the level of interobserver variability for the degree of

ITSS and rCBVmax measurements and calculated the correlation co-

efficient between the degree of ITSS and the rCBVmax obtained from

DSC. The degree of ITSS and rCBVmax was compared among WHO

grades II, III, and IV, and the correlation coefficients between the

ITSS degree or rCBVmax and glioma grade were determined. Finally,

the sensitivity, specificity, positive predictive value (PPV), and nega-

tive predictive value (NPV) of HR-SWI were calculated for the correct

identification of high-grade (WHO grades III and IV) and low-grade

(WHO grade II) gliomas. The sensitivity and specificity were esti-

mated by using standard statistical formulas and were based on the

consensus data from the quantitative measures.

Statistical Analysis
Intraclass correlation coefficient (ICC) was used to determine the

levels of interobserver variability in quantitative analysis of ITSS on

HR-SWI and MR perfusion parameters. Analysis of variance

(ANOVA) and the Kruskal-Wallis test were performed to compare

the mean ITSS degree and rCBVmax among 3 groups with different

histopathologic grades. Spearman correlation coefficients were used

to show the relationships between the degree of ITSS or rCBVmax and

histopathologic grades. Receiver operator characteristic (ROC) curve

analyses were performed to determine optimum thresholds and diag-

nostic accuracy of HR-SWI and DSC for ascertaining high-grade tu-

mor. This analysis permitted the calculation of the sensitivity, speci-

ficity, PPV, and NPV associated with each parameter of HR-SWI and

DSC as a function of the threshold value used to identify high-grade

and low-grade gliomas. We analyzed the ROC curve by using Med-

Calc for Windows (MedCalc Software, Mariakerke, Belgium). The

areas under the ROC curves (AUCs) were compared between the

HR-SWI and DSC parameters. All P values were 2-tailed, with .05 as

the criterion for statistical significance.

Results
Of the 41 tumors, 12 were low-grade astrocytomas (WHO
grade II), 7 were anaplastic astrocytomas (WHO grade III),
and 22 were glioblastoma multiformes (WHO grade IV).

In the qualitative analysis, the ITSSs were seen in 22 (100%)
of 22 glioblastoma multiformes (WHO grade IV) and in 3
(43%) of 7 anaplastic astrocytomas (WHO grade III). There
was no evidence of ITSS in low-grade astrocytomas (WHO
grade II). On HR-SWI, these ITSSs were usually located in the
inner portion of the contrast-enhancing rim on contrast-en-
hanced T1-weighted images. Regarding the morphology of the
ITSSs, conglomerated mixed fine linear and dotlike ITSSs
were most frequent in glioblastomas, and the fine linear ITSSs
were seen in all anaplastic astrocytomas. The fine linear or
dotlike ITSSs partly corresponded with the regions of visual
rCBVmax on coregistered images of HR-SWI and normalized
rCBV maps. However, densely prominent ITSSs did not cor-
respond with the regions of visual rCBVmax.

In the quantitative analysis, interobserver agreement for
the degree of ITSS and rCBVmax was excellent for determin-
ing the degree of ITSS (ICC � 0.93) and for measuring
rCBVmax (ICC � 0.82). The degree of ITSS showed a signif-
icant correlation with the value of rCBVmax in the same tu-
mor segments (r � 0.72, P � .0001; Figs 2–5). The Kruskal-
Wallis test showed that the degree of ITSS was significantly
different among all 3 grades (P � .005). Tables 1 and 2 list the
sensitivity, specificity, PPV, and NPV of ITSS degree and
rCBVmax for differentiating among the 3 groups with various
histopathologic grades. The Spearman correlation coefficient
between the degree of ITSS and the glioma grade was 0.88
(95% [CI], 0.79 – 0.94). In the ROC curve analysis with his-

Fig 2. MR images of a 39-year-old woman with left frontal low-grade astrocytoma (WHO grade II). A, The axial T2-weighted image shows an ill-defined mass with high signal intensity
in the left frontal lobe. B, HR-SWI demonstrates no evidence of the ITSS. C, Corresponding rCBV map shows relatively low rCBVmax values of 1.31.
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topathologic correlation, optimal sensitivity, specificity, PPV,
and NPV to determine a high-grade glioma by using the ITSS
degree and rCBVmax were 85.2%, 92.9%, 95.8%, and 76.5%,
respectively, listed in Table 3, and 92.6%, 85.7%, 92.6%, and
85.7%, respectively, listed in Table 4, (Fig 6).

Discussion
The main finding of this study was that the degree of ITSS
showed a significant correlation with the value of rCBVmax in
the same tumor segments. On the other hand, the direct cor-
respondence between the areas of ITSS and rCBVmax was
variable. The specific morphologic patterns (fine linear and
dotlike) of ITSS partly corresponded with the areas of visual
rCBVmax. However, the areas of densely prominent ITSSs did
not accurately correspond with the areas of visual rCBVmax.
HR-SWI demonstrated the highest degree of ITSS in glioblas-
toma multiformes, suggesting that ITSSs can be a potentially
helpful sign for a correct diagnosis of high-grade gliomas. The
ITSSs were seen in all glioblastomas, though the degree was
somewhat different in each tumor and was never seen in low-
grade gliomas (grade II). In anaplastic astrocytomas, the de-
gree of ITSS was variable. We also found that the diagnostic
performance of HR-SWI for grading gliomas was comparable
with that of DSC. In the ROC curve analysis, the diagnostic
accuracy of HR-SWI for determining high-grade glioma was
relatively high. The specificity and PPV of the high degree
(grade II or more) of ITSS for determining high-grade gliomas
were high.

MR perfusion is currently one of the best imaging tech-
niques for the evaluation of glioma grade. The rCBV and Ktrans

have been reported as reliable parameters in glioma grad-
ing.7-9 Recently, HR-SWI has been described as a useful tool
for noninvasive glioma grading.11,12,17 High rCBV values on
perfusion imaging in tumors go hand in hand with evidence of
blood products detected within the tumor matrix on HR-
SWI.10 On the other hand, probably related to the angiogene-
sis and increased tumor blood supply, high-grade gliomas
contain a relatively large amount of deoxyhemoglobin, which
generates susceptibility effects and causes signal-intensity

loss.11 Pinker et al12 reported that intralesional susceptibility
effects were correlated with tumor grade, as determined by
PET and histopathology, and that by direct comparison of
intralesional susceptibility effects with the histopathology, in-
tratumoral susceptibility effects reflected conglomerates of tu-
mor microvascularity. As described in previous reports,10,11

the detection of ITSS in higher grade gliomas not only reflects
tumor vascularity but also indicates considerable susceptibil-
ity in areas of macro- and micronecrosis in higher grade glio-
mas. In the present study, the degree of ITSS showed a signif-
icant correlation with the value of rCBVmax in the same
tumor segments.10 However, the areas of the highest ITSSs did
not accurately correspond with the areas of visual rCBVmax
on the coregistered HR-SWI and rCBV maps because ITSS can
reflect considerable susceptibility associated with tumor ne-
crosis and microhemorrhage as well as tumor vascularity. The
fine linear or dotlike ITSSs partly corresponded with the re-
gions of visual rCBVmax on coregistered images of HR-SWI
and rCBV map.

With the advent of 3T MR imaging scanners and parallel
imaging techniques, the acquisition time of HR-SWI is not
exhaustive, compared with conventional gradient-echo tech-
niques. As shown previously,4-6,17 HR-SWI can provide valu-
able additional information in pathologic brain disorders.
Moreover, contrary to a previous report,17 HR-SWI, as in-
cluded in our imaging protocol, allowed coverage of the whole
brain within the acquisition time mentioned above. At our
institution, we could acquire HR-SWI with reasonable spatial
resolution within 4 minutes, and our routine brain MR imag-
ing protocol now includes non-contrast-enhanced HR-SWI.

Several previous studies have proposed that HR-SWI
should be performed with contrast enhancement, because the
contrast agent can shorten T1-relaxation times of blood;
therefore, the extra phase shift could improve signal-intensity
cancellation at shorter acquisition times and thus result in a
shorter scanning time.11,12,17 Moreover, Mittal et al10 pro-
posed that hemorrhages can be easily distinguished from veins
if HR-SWI is performed both before and after administration
of contrast agent. Blood vessels will change their signal inten-

Fig 3. MR images of a 53-year-old man with a right frontal anaplastic astrocytoma. A, The contrast-enhanced axial T1-weighted image shows an ill-defined mass with minimal contrast
enhancement. B, HR-SWI demonstrates a few fine linear and dotlike ITSSs (white circle) in the peripheral area. C, Corresponding rCBV map shows a high rCBVmax value of 2.53 in the
tumor segment, including maximum degree of ITSS.
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sity due to the contrast agent, but signal intensity from hem-
orrhage will not change.10 However, routine MR imaging pro-
tocols for brain tumors usually include contrast-enhancement
studies such as contrast-enhanced T1-weighted imaging and
perfusion MR imaging. Therefore, the combination of HR-
SWI and contrast enhancement does not provide an added
value in diagnostic accuracy or acquisition time for glioma
grading. In the present study, we performed HR-SWI without
contrast administration. If the diagnostic accuracy of noncon-
trast-enhanced HR-SWI for glioma grading was comparable
with that of perfusion MR, currently the best imaging tech-
nique for glioma grading, we would expect that a non-con-
trast-enhanced MR imaging protocol could be performed in
routine brain tumor imaging. In the present study, the diag-
nostic accuracy, including sensitivity and specificity, of non-

contrast-enhanced HR-SWI for glioma grading was compara-
ble with that of DSC.

Our study has several limitations. First, the T2* first-pass
technique is fairly sensitive to minor susceptibility in the tissue
being examined; therefore, the rCBV measurements would be
unreliable in areas of considerable ITSS. In the present study,
the regions of attenuated prominent ITSS that could reflect
considerable susceptibility associated with tumor necrosis and
microhemorrhage did not accurately correspond with the re-
gion of rCBVmax on the coregistered HR-SWI and rCBV
maps. Second, of the 41 patients, 12 underwent stereotactic
biopsy, which might be prone to the sampling error of not
including the most representative part of the tumor. However,
we decided the biopsy site on the basis of information from
both contrast enhancement and foci of rCBVmax values. It has

Fig 4. MR images of a 55-year-old man with a glioblastoma multiforme. A, The contrast-enhanced axial T1-weighted image shows a mass with irregular peripheral rim enhancement in
the right parietal lobe. B, HR-SWI reveals conglomerated fine linear ITSSs just in the inner portion of the enhancing rim on the contrast-enhanced T1-weighted image. C, Corresponding
rCBV map shows high rCBVmax values (4.71) in the tumor segment, including a maximum degree of ITSS. D, Coregistered image of HR-SWI and rCBV shows that the area of attenuated
prominent ITSSs (arrows) does not correspond with the area of visual rCBVmax, and the area of fine linear ITSSs partly corresponds with the area of visual rCBVmax. E, Corresponding
histopathologic specimen (CD34 vessel staining, original magnification �10) demonstrates pseudopalisading necrosis (black arrows) and tumor vessels (white arrows).
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been reported that this approach may offer a more accurate
way of choosing a biopsy site.18

Third, we performed a direct correlation between HR-
SWI�derived ITSS and histopathologic findings in only 3 of
our patients. However, the direct histopathologic correlation
has previously been reported8; therefore, we focused on the
comparison of HR-SWI with DSC. Fourth, we did not have

any guidelines or references for the morphologic classification
of ITSS and the quantification of the degree of ITSS; thus, our
method could be subjective. However, the interobserver
agreement for our measurement of the ITSS degree was excel-
lent. Finally, an uneven distribution of tumor grades was used
for our analysis. The current study included a relatively small
number of anaplastic astrocytomas (WHO grade III). For
practical purposes, we grouped patients with anaplastic astro-
cytomas and glioblastoma multiformes together in our major
analysis. Further studies with larger populations are necessary
to determine the usefulness of HR-SWI in differentiating these
2 tumor groups.

Conclusions
The degree of ITSS showed a significant correlation with the
value of rCBVmax in the same tumor segments. However, the
direct correspondence between the areas of ITSS and
rCBVmax was variable, according to the morphology and de-
gree of ITSSs. The diagnostic performance of HR-SWI for gli-
oma grading is comparable with that of DSC. Therefore, the
ITSS can be a potentially helpful sign suggesting a correct di-
agnosis of high-grade glioma. Our results show the possibility
of a noncontrast brain tumor imaging protocol in patients
who have contraindications for contrast agents or who cannot
tolerate the bolus injection.
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