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PURPOSE: The goal of the present study was to determine the utility of continuous arterial spin labeling
(CASL) for characterization of meningioma by MR perfusion imaging and to compare these results with
those obtained from the T2 dynamic susceptibility contrast (T2DSC) method and from histopathologic
examination.

METHODS: Twenty-one cases of meningiomas were examined at 1.5T. CASL perfusion imaging was
implemented on the basis of multisection single-shot echo-planar imaging with velocity-driven adia-
batic spin-inversion preparation. T2DSC perfusion imaging was also performed by using a double-echo
spoiled gradient echo sequence in a section containing the tumor. By focusing on the regions of
interest, maps of % signal intensity change and cerebral blood flow (CBF) were determined from CASL
and cerebral blood volume (CBV). CBF and mean transit time (MTT) were obtained from T2DSC. The
microvessel area (MVA) was determined from specimens immunostained with anti-CD31 in 14 cases
by measuring the total amount of staining in each histologic section. Linear regression analysis was
performed for rCBF values from both perfusion methods and for % signal intensity change and MVA.

RESULTS: There was a significant correlation between CBF values determined from both perfusion
methods (r2 � 0.73; P � .001); however, the slope from T2DSC to CASL was less than unity, likely
because of the different vascular weighting used for each method. There was also a significant
correlation between CASL-% signal intensity change and MVA determined by histopathology (r2 �
0.91; P � .00001). Perfusion values were the greatest for angiomatous meningioma and lowest for
fibrous meningioma when using either perfusion method.

CONCLUSIONS: CASL and T2DSC perfusion methods are comparable in the characterization of me-
ningiomas. Further, CASL is of use in assessing tumor microcirculation.

The degree of angiogenesis is a key determinant of the ma-
lignant potential of a brain tumor. Although conventional

MR imaging with gadolinium contrast is useful for the detec-
tion and structural characterization of brain tumors, enhance-
ment after gadolinium reflects disruption of the blood brain
barrier rather than a true assessment of tumor vascularity.

Recent advances in dynamic MR imaging have facilitated
quantitative assessment of tumor microcirculation. For exam-
ple, perfusion MR imaging typically uses T2 dynamic suscep-
tibility contrast (T2DSC), which yields information regarding
cerebral blood volume (CBV), cerebral blood flow (CBF), and
mean transit time (MTT) from the time course of signal in-
tensity change after contrast injection. Use of an appropriate
input function also allows for absolute quantification based on
the adequate tracer kinetic model.1,2 As a result, T2DSC per-
fusion imaging has been used in the characterization of tu-
mors,3-5 acute strokes,6,7 and dementia.8,9 Despite these uses,
the need for exogenous contrast agent is a significant limita-
tion to the routine clinical use of this method.

Perfusion MR imaging can also be performed by using ar-
terial spin-labeling (ASL) in which electromagnetically labeled

arterial blood water is used as a freely diffusible intrinsic tracer
for cerebral blood flow. Because of the constant exchange of
water between tissue and capillary blood, continuous arterial
spin labeling (CASL) alters the total magnetization in the tis-
sue, which is dependent on the amount of perfusion. Subtrac-
tion of a control image without prior labeling produces a per-
fusion-weighted image. In clinical application, this technique
has proved reliable and reproducible in the assessment of CBF
in various disease states, including cerebrovascular dis-
ease,10-12 degenerative disease,13 and temporal lobe epilepsy.14

There is, however, relatively little data regarding the use of ASL
for characterization of human brain tumors,15,16 thereby lim-
iting its use in the clinical setting.

Thus, the goal of the present study was to determine the
utility of CASL for characterization of meningioma by perfu-
sion MR imaging and to compare these results with those ob-
tained from the T2 dynamic susceptibility contrast (T2DSC)
method and from histopathologic examination. Evaluation of
patients with meningioma, which has a relatively homogenous
histologic composition, was used to determine the utility of
each type of perfusion signal intensity.

Materials and Methods
Patient Population. A total of 21 patients, 14 with histologically

confirmed meningiomas and 8 with meningioma as demonstrated by

the typical findings on conventional MR imaging, were studied. In-

formed consent was obtained from all patients.
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Continuous Arterial Spin Labeling (CASL). Structural and per-

fusion imaging were performed on a SIGNA 1.5T unit (GE Medical

Systems, Milwaukee, Wisc) by using a standard quadrature head coil.

Conventional T1- and T2-weighted fast-spin-echo images were ob-

tained in axial planes for structural imaging. The perfusion imaging

was based on multisection single-shot spin-echo planar imaging with

parameters of 64 � 64 imaging matrix, 22-cm field of view (FOV),

7-mm section thickness, 3-mm section gap, and 4100/21-millisecond

TR/TE. Multisection image acquisition was performed without wait

time between sections (7 sections each with 60-millisecond acquisi-

tion), resulting in a total acquisition time of 420 milliseconds. For the

ASL of the perfusion imaging, the velocity-driven adiabatic spin-in-

version method was employed. The radiofrequency (RF) pulse trains

consisted of rectangular shapes of 98-millisecond duration that were

applied continuously for 2.4 seconds with a duty cycle of 89% and a

gradient strength of 0.3 Gauss/cm. An RF amplitude of 0.35 mG was

used, which was based on the maximum inversion demonstrated in

previous studies.17 The label plane was located at the level of the

pons/medulla junction to avoid the curvature of the petrous portion

of the internal carotid artery (ICA) and to select the end portion of the

ascending portion of the ICA, which typically runs straight in the

inferior to superior direction. Sine wave (125 Hz) RF was used in

control scans for the elimination of magnetization transfer effect un-

der multisection acquisitions.18 The label and control scans were tem-

porally interleaved. Thirty pairs of tagged and control images were

subtracted and summed on an off-line workstation. Perfusion signal

intensity was normalized by local signal intensity on a pixel-by-pixel

basis to allow comparisons between different examinations.

T2*-Weighted Dynamic Susceptibility Contrast-Enhanced MR

Imaging (T2 DSC). First-pass bolus MR imaging was performed sub-

sequent to the acquisition of CASL imaging. The section of the dy-

namic imaging was determined at the center of tumor level, which

corresponded to the same section of one of 7 CASL perfusion images.

To avoid the T1-shortening effect, the T1-effect was corrected by

using a double echo-spoiled gradient echo (SPGR) sequence.19 After

the acquisition of conventional images and CASL, the contrast-en-

hanced dynamic studies were performed by using a pulse sequence as

described elsewhere.20 After 24 images were acquired for T1 measure-

ments and precontrast baseline images, gadolinium diethylenetri-

amine penta-acetic acid (Gd-DTPA; 0.1 mmol/kg body weight) was

rapidly injected via an intravenous route at a rate of 3 mL/s by using a

MR imaging-compatible power injector (MR spectroscopy-50;

Nemoto, Tokyo, Japan) followed by a 20-mL saline flush. During and

after contrast injection, single-section double-echo SPGR sequence

was run with the parameters of TR/TE1/TE2, 33.3/7/23; flip angle,

10°; NEX, 0.75; matrix size, 256 � 128; section thickness, 7 mm; and

FOV, 22 � 16 cm. A set of approximately 50 images was obtained for

dynamic studies with a temporal resolution and a total acquisition

time of approximately 2.4 seconds and 3 minutes, respectively.

Histologic Specimens. All tumor specimens were routinely fixed

with formalin and embedded in paraffin. In brief, sections were

deparaffinized with xylene and alcohol, and immunohistochemical

staining was performed by the labeled streptavidin biotin method.

After endogenous peroxidase was deactivated with 3% H2O2 solution,

sections were immunostained with anti-CD31 (DAKO, Botany, New

South Wales, Australia) but not counterstained with hematoxylin. To

quantify and evaluate the vascularity of the tumor, microvessel area

(MVA) was determined by capturing digital images of the immuno-

stained specimen at 200� magnification with a charge-coupled de-

vice color camera. MVA values were defined as a percentage of the

total area in each field, respectively. The images were then analyzed

with MAC Scope software (Mitani Co., Fukui, Japan) to measure the

MVA by quantifying the total amount of staining in each section.

Four fields were evaluated in each slide. The histologic analyses were

performed by at least 2 observers (H.T. and H.A.) who were unaware

of the results of the perfusion MR imaging techniques. Histologic

comparison was conducted in 14 of 21 cases to determine whether

there was any correlation with the perfusion parameters from the MR

imaging methods.

Data Processing. All images were transferred to a personal com-

puter workstation and analyzed by in-house software written by IDL

(Research System, Boulder, Colo).

Quantification of Perfusion by Using CASL. ASL data were ac-

quired by using a delayed acquisition method.21 A modified 2-com-

partment model was used to describe the blood flow with intra- and

extravascular water in perfect exchange under a continuously labeled

condition. The perfusion (f) was calculated by using the following

equation.12,21

1) f � exp� W

T1app
� � exp��� 1

T1a
�

1

T1app
�� �

��Mb
cntrl – Mb

tagg�

2�Mb
cntrlTlapp

�W � ��

where Mb is the equilibrium of tissue magnetization, Mb
cntrl: is the

equilibrium of tissue magnetization in control scan, Mb
tagg is the equi-

librium of tissue magnetization in labeling scan, d is the tissue transit

time from labeling to the tissue compartment of imaging plane, l is the

brain/blood partition coefficient of water, a is the labeling efficiency

of inversion pulse, W is the postlabel wait time, and T1app is the lon-

gitudinal relaxation time of brain tissue with perfusion. The defini-

tion of T1app is (1/T1 � f/�)�1, and T1 is brain tissue relaxation time

without perfusion contribution. T1a is the T1 of arterial blood. Values

of � � 1200 milliseconds, � � 0.9 mL/g, T1a � 1.4 seconds,22 and � �

0.89, which was the nominal duty cycle of the inversion pulse train,

were assumed, and a 1.4-second postlabel wait time (W � 1.4 sec-

onds) was used.

T2*DSC Perfusion. Dynamic susceptibility contrast MR images

were analyzed by the deconvolution theory previously reported by

Ostergaard et al1 The T1-shortening effect (due to the leakage of con-

trast material into tumor tissue) was corrected by the dual-echo tech-

nique.23 Measured signals of the first and second echo, S1(t) and S2(t),

were converted to a relative concentration time curve, �R*
2(t) on a

pixel-by-pixel basis by using the following equation:

2) �R*2�t� � �kln	s2�t�/s1�t�
/�TE2 � TE1� � R*2,pre

where TE1 and TE2 are the first and second echo time, and k is the

coefficient of normalization from signal intensity change to contrast

media concentration. The prebolus value R*
2,pre was obtained from the

images before arrival of the contrast bolus. The arterial input function

was tentatively determined in the same section of tumor (preferably

larger vessels in plane, which was selected as 10 pixels with peak max-

imum �R*
2(t) change). No calibration to absolute value was per-

formed; however, the coefficient of k in Equation 2 was determined to

correspond to a white matter blood flow of 22 mL/min/100 g.2 Sin-

gular value deconvolution was performed on a pixel-by-pixel basis by

using the arterial input function and the first pass concentration time

curves. This process used a threshold of 0.05 to 0.15 for the singular

values, depending on the data signal intensity–to-noise ratios.

Region of Interest Selection and Statistical Analysis. Tumors

were included within region of interest in CASL-perfusion images
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and T2* dynamic-perfusion images. Four typical regions of inter-

est were selected by one of the authors (H.K.), who was aware of

the diagnosis. These regions of interest consisted of mean tumor

region, total section with tumor region, and normal-appearing

gray matter and white matter. The averaged value of the total

section, including the tumor region, was used for calculation of the

tumor CBF ratio relative to the total section CBF. Five images of

perfusion parameters were also sampled, including the absolute

rCBF (CASL-rCBF) and percent signal intensity change (CASL

perfusion weighed image: CASL-PWI) determined with the CASL

method, and the rCBV, rCBF, and MTT, obtained from T2DSC

perfusion images.

Fig 1. Multisection images obtained in a 60-year-old patient with meningioma (patient 8). Echo-planar images (4100/20 milliseconds), perfusion-weighted images, T1 maps, and quantitative
CASL-rCBF maps are shown from the top to bottom rows. Values in rightmost column were expressed as milliseconds and mL/min/100 g in T1 maps and rCBF maps, respectively. The
left parietal parasagittal meningioma is revealed as hyperperfusion in perfusion-weighted images and rCBF maps.

Table 1: Individual clinical information, conventional MRI, and histological subtypes of tumors

Patient No./
Age (y)/Sex Location of Tumor MRI findings on T2WI* Histological subtype of Meningioma

1/82/F Right frontal convex, en. plaque type (��), Edema (�) Atypical meningioma
2/58/F Adjacent to the meninges of left Sylvian fissure (���) Angiomatous/microcystic meningioma
3/67/F Left sphenoid ridge NA Meningothelial meningioma
4/35/F Suprasellar (�) Meningothelial meningioma
5/69/M Frontal falx (��), edema (�)
6/49/M Frontal fax (��) Fibrous type
7/78/M Right frontal convex (��) Angiomatous meningioma
8/60/M Parietal parasagittal (��)
9/60/F Left cerebellar tentorial (�) Fibrous type

10/32/M Right ventricle, trigonal region (��)
11/49/M Right frontal convex (�) Atypical meningioma
12/79/M Right frontal meninge, adjacent to Sylvian fissure (�)
13/50/F Right cerebellar tentorial (�) Meningothelial meningioma
14/77/F Left frontal falx (�)
15/53/F Left parietal parasagittal (�)
16/55/F Left sphenoid ridge (��) Meningothelial meningioma
17/38/M Left parietal convex (�), Edema (�) Atypical meningioma
18/33/F Left temporal fossa, cystic portion (�) (��) Meningothelial meningioma
19/76/F Right temporal fossa (�), Edema (�) Clear cell meningioma
20/63/F Right frontal parasagittal (��)
21/54/F Right parietal convex (��) Meningothelial meningioma

*Signal intensity of meningioma is evaluated as high or low relative to cortical signal. The degree of hyperintensity in the tumor is divided into four groups: (�), (�), (��), and (���)
denote low to iso, iso to slightly high, high, and very high, respectively.
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Statistical analysis was performed by using Microsoft Excel (Mi-

crosoft, Redmond, Wash). Linear regression analysis was performed

by using CASL-rCBF and T2DSC-rCBF in 19 patients in whom both

perfusion images were successfully obtained (Table 2).

Results
Patient clinical information, meningioma description, and

the results of T2-weighted spin-echo imaging are summarized
in Table 1. Histologic examination of 14 specimens showed
meningothelial (n � 6), fibrous (n � 2), angiomatous (n � 2),
atypical (n � 3), and clear cell (n � 1) types.

Figure 1 shows a typical set of perfusion images performed
by using the CASL method in a patient with meningioma, and Fig
2 shows the corresponding T2DSC perfusion images along with
the conventional T1- and T2-weighted and post-Gd images.

Table 2 summarizes the measured CBF values in tumors
and total section by using CASL and T2DSC methods. CBF
was largest in the angiomatous meningiomas (Tables 1 and 2,
patients 2 and 7), as demonstrated by a hyperintensity lesion
on CASL and T2DSC CBF maps (Fig 3, patient 7). In contrast,
CBF was lowest in the fibrous-type meningioma (Tables 1 and
2, patients 6 and 9), as demonstrated by a signal intensity with
the same intensity as the neighboring cortical region on the
CASL-rCBF map and a hyperintensity lesion on the T2DSC map
(Fig 4, patient 6). The CASL-calculated CBF in the 6 meningo-
thelial cases ranged from low to moderately high (Fig 5).

There was a significant correlation between CASL-rCBF
and T2DSC-rCBF (r 2 � 0.73, P � .001), as demonstrated on

the 2D plots in Fig 6. There was also a significant correlation
between CASL and T2DSC in tumor rCBF/total-CBF ratios
(r 2 � 0.77, P � .001), but the slopes of the correlation (0.47
and 0.74) were both less than unity in the value of CBF and the
ratios relative to total blood flow, respectively (Fig 6).

Figure 7 displays a typical example of microvessel immu-
nostaining by using CD31 and the extraction process of MVA
on a histologic specimen from a patient with meningioma.
There was a significant correlation between the signal intensity
of meningiomas on CASL–% signal intensity change and
MVA on histologic specimens (r 2 � 0.91, P � .00001), as
demonstrated by the 2D plots in Fig 8, however, the correla-
tion between CASL-rCBF and MVA was weaker (r2 � 0.61,
P � .01) than that between CASL–% signal intensity change
and MVA. Data describing the correlation between MVA and
other perfusion parameters are summarized in Table 3.

Discussion
The spin-tagging and T2DSC methods differ in terms of

tracer characteristics. For example, CASL uses a diffusible
tracer to yield measurements of CBF, whereas T2DSC uses
intravascular nondiffusible contrast media to yield measure-
ments of CBV. Previous studies suggest that characterization
of cerebral perfusion by flow-sensitive alternative inversion
recovery (FAIR) and T2DSC were comparable in normal pa-
tients and in patients with stroke.24,25 This is consistent with
results from the present study, which demonstrated compara-

Fig 2. Conventional T2-weighted images and axial T1 images with and without Gd-DTPA. The perfusion maps obtained with T2DSC in a 60-year-old patient with parietal falx meningioma
(patient 8, same as Fig 1). A, Sagittal T2-weighted image. B, T1-weighted image. C, Post-Gd-DTPA T1-weighted image. D, T2DSC perfusion image (rCBF map). E, T2DSC perfusion image
(rCBV map. F, T2DSC perfusion image (MTT map). The tumor shows higher signal intensity than the cortex as well as enhancement on T2-weighted and post-Gd T1-weighted images. Dural
tail sign is apparent in the anterior aspect of tumors. Note that the tumor protrudes into bone through the dura matter and cortical layers. The hyperperfusion signals are apparent on
perfusion maps obtained with T2DSC, rCBF, and rCBV. Note that the MTT of tumor region has a slightly longer transit time relative to the parenchyma region.
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ble results in terms of meningioma CBF measurements when
using either CASL or T2DSC.

Perfusion imaging is of use in the diagnosis and treatment

of brain tumors. Indeed, previous studies have demonstrated
that the T2DSC characterization of CBV could differentiate
between low-grade and high-grade gliomas,4,5,26 whereas oth-

Table 2: Measurements of perfusion values determined with CASL and T2DSC

Patient
No.

CASL Perfusion T2DSC Perfusion

Tumor CBF
(mL/min/100 g)

Tumor
(% Si)

Total CBF
(mL/min/100 g)

Tumor CBV
(mL/100 g)

Tumor CBF
(mL/min/100 g)

Tumor MTT
(s)

Total CBF
(mL/min/100 g)

1 91 1.33 26 ND ND ND ND
2 180 4.05 33 67 342 12 55
3 110 1.07 38 22 205 7 76
4 72 0.97 41 4 44 6 49
5 197 1.79 63 59 356 10 81
6 59 0.55 47 13 135 6 76
7 191 2.83 50 68 279 15 70
8 116 1.23 49 33 177 11 71
9 48 0.57 45 ND ND ND ND

10 65 0.70 31 4 59 4 61
11 43 0.44 35 9 63 9 51
12 77 0.68 27 41 258 10 93
13 56 0.66 23 22 126 12 64
14 23 0.28 41 5 178 5 73
15 87 0.71 65 23 54 8 104
16 101 0.72 34 16 190 5 68
17 102 0.75 31 32 183 11 90
18 114 0.47 51 23 127 11 63
19 46 0.41 16 21 157 8 83
20 74 0.56 28 21 153 9 73
21 38 0.36 44 15 76 12 74

Note:—T2DSC indicates T2-dynamic susceptibility contrast; CASL, continuous arterial spin labeling; %SI, percentage signal change relative to local signal intensity; CBF, cerebral blood
flow; CBV, cerebral blood volume; MTT, mean transit time.

Fig 3. Axial conventional images and perfusion maps obtained with CASL and T2DSC in a 78-year-old patient with frontal convex meningioma (patient 7). A, T2-weighted image. B,
T1-weighted image. C, Post-Gd T1-weighted image. D, CASL perfusion-weighted image (rCBF map). E, T2DSC perfusion image (rCBF map), The tumor shows a very high signal intensity
and intense enhancement on T2-weighted and post-Gd T1-weighted images, respectively. The hyperperfusion signal intensity is apparent on perfusion maps obtained with CASL and T2DSC.
F, HE-stained sections (�200) from the same case. The angiomatous subtype of meningioma was confirmed on histologic examination. The large thin-walled vessels in which red blood
cells are contained are found throughout the specimen.
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ers have reported that the response to irradiation therapy
could be assessed by tumor perfusion.27-29 The concordance of

relative rCBF and the ratio relative to the averaged value of the
whole section results when using either CASL or T2DSC (Fig
6) indicates that either technique could be used to assess tu-
mor perfusion in patients with brain tumors. Although con-
ventional MR imaging is adequate for characterization of the
typical forms of meningioma, the technique may not be suffi-
cient for full characterization of the more atypical forms of
meningioma, such as with a large ventricle tumor or cystic
component. In such cases, adjunctive modalities that describe
perfusion parameters may be of particular utility, as meningi-
oma is one of the most frequent hypervascular tumors that
occur in the central nervous system. In fact, the present study
demonstrated that the estimated values of CASL-rCBF were
larger than the cortical CBF values in 18 of 21 cases (Table 2),
provided the average total CBF value in gray matter is consid-
ered as 43 mL/min/100 g.30 In particular, the CASL method
was useful in differentiating the angiomatous subtype of me-
ningioma from the other subtypes (Fig 5).

Determination of the arterial input function is required for
the calculation of the absolute value of T2DSC-rCBF, MTT,
and rCBV. Use of the single-section SPGR acquisition in the
present study, however, made selection of a large-sized vessel
for determination of the input function problematic. Thus,
values were instead corrected to the white matter as a method
of internal standardization. Alternatively, echo-planar imag-
ing (EPI)– based T2DSC could have been used to overcome
the limitation of single-section acquisition. However, this
method would not eliminate the other problems associated
with determination of the arterial input function. These prob-

Fig 5. Tumor blood flow in each histologic group. The plot shows absolute tumor blood flow
determined by continuous arterial spin-labeling in 10 patients with histologically proved
meningiomas in each histologic subtype group. Three atypical and one clear cell subtype
was excluded. Error bars indicate standard deviation. The result of Tukey-Kramer Multiple
Comparisons Test is shown as ns (not significant: P � .05) and ** (significant difference:
P � .01).

Fig 4. Axial conventional images and perfusion maps obtained with CASL and T2DSC in a 49-year-old patient with frontal falx meningioma (patient 6). A, T2-weighted image. B, T1-weighted image.
C, Post-Gd T1-weighted image. D, CASL perfusion-weighted image (rCBF map). E, T2DSC perfusion image (rCBF map). The tumor shows slightly higher signal intensity than the cortex as well as
good enhancement on T2-weighted and post-Gd T1-weighted-images, respectively. Note that the posterior aspect of tumor revealed very low signal intensity on T2-weighted images, corresponding
to hemorrhagic change, which was also confirmed by CT imaging during the same period. The hyperperfusion signal intensity is apparent on perfusion maps obtained with CASL and T2DSC. F,
HE-stained sections (�100) from the same case. The fibrous subtype of meningioma was confirmed on histologic examination. Microvessels are very scantly scattered in the specimen.
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lems include (1) artificially lowered CBF values due to the
delay and dispersion of tracer bolus during passage from the
large vessel to brain parenchyma, which cannot be corrected
for without knowledge of the vascular network system31; (2) cor-
rection for contrast agent extravasation due to the permeability of
tumor vessels, which may otherwise result in underestimation of
relative CBV values19; and (3) the inability to separate the first
pass from the contribution of extravasated contrast media when
using double-echo SPGR sequences and a gamma variates func-
tion, which may result in obscuration of the bolus peak of �R*2(t)
curve and lead to overestimation of the CBV value.

Arterial transit time is an important variable during CASL
imaging. Because the effective time of labeling is limited, the
perfusion-weighted signal intensity is inversely related to the
transit time. This is problematic in that meningiomas may be
supplied by an external carotid artery when the tumor is lo-
cated in the convex region, meaning that labeling may be per-

formed in both the internal carotid artery and the external
carotid artery in the labeling plane. In fact, the present study
characterized a large frontal convex meningioma as a homog-
enous hyperintensity lesion on CASL perfusion images, de-
spite the redundant vascular contribution through the exter-
nal carotid artery and internal carotid artery, which was
confirmed by selective angiography in case 7 (Fig 3D).

Weighting of perfusion imaging performed with ASL is de-
pendent on parameters of acquisition. In the case of CASL
sequence, there is a shift in the perfusion image from large
vessels toward the microvasculature and tissue signal intensity
as the postdelay time increases, because most labeled spins
may have enough time to diffuse into tissue. Other variables of
vascular weighting include the type of echo and the crusher
gradient used in the sequence. The spin-echo type of acquisi-
tion is considered to be more weighted in the microvascula-
ture of perfusion than that obtained with gradient echo type of

Fig 6. Scatter plots of tumor blood flow between T2DSC and CASL. A, CASL-rCBF versus T2DSC-rCBF. B, Ratio of tumor blood flow relative to whole section values between T2DSC and
CASL. Linear regression analyses reveal high correlation in absolute rCBF values and relative ratios. The equation of the regression line is drawn in panels A and B. r 2 is the square value
of correlation coefficient. Dashed lines indicate 95% confidence bands for the linear regression.

Fig 7. A, Microvessel immunostaining by using CD31 in meningioma (patient 6, same case as in Figs 1 and 2). The microvessel walls are positively stained. B, The microvessel areas are
extracted automatically by the software. Note that the light green areas are overlaid on the immunostained specimen to the areas recognized as the lumen of microvessel structures.
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acquisition.32 Furthermore, the crusher gradient may elimi-
nate the signal intensity from larger vessels.33 Therefore, use of
the spin-echo type with small crusher gradient and a 1.4-sec-
ond postdelay time in the present study may have resulted in a
perfusion signal intensity that was more weighted in the mi-
crovasculature and/or tissue.

Linear regression analysis showed a fairly good correlation
between CASL and T2DSC for the ratio of tumor blood flow to
mean blood flow, with an r 2 value of 0.77. The slope of corre-
lation, however, was less than unity in the regression from
T2DSC-rCBF to CASL-rCBF (Fig 6). A previous study re-
ported a good correlation between ASL and T2DSC perfusion
in brain tumors, with a slope of regression line of 1.04.15 The
reason for this discrepancy may be attributed to differences in
the ASL sequence. For example, the previous report used a
FAIR sequence, in which the acquisition timing is much more
vascular weighted than that of CASL perfusion signal intensi-
ty.21 Alternatively, the difference in blood flow condition be-
tween the 2 studies may result in underestimation of CASL-
based blood flow calculations.34 Indeed, the calculated blood
flow of meningioma in this study was �100 mL/min/100 g,
and tumor blood flow ratios from the present study were
much larger than those from the previous study.15 Finally, the
intravascular nature of tracer in T2DSC technique may also
result in overestimation of tumor blood flow and lower slope
results.

The present study demonstrated a good correlation be-
tween the CASL-% signal intensity change and the MVA on
histologic specimens (Fig 7), though 2 hypervascular cases
may have produced a relatively large impact on the correlative
significance due to the small number of cases studied. Because
meningioma is more vascular than normal brain tissue, the
labeled arterial spins in the tumor vasculature result in a hy-
perintensity on CASL-PWI; however, a longer MTT was a less
likely cause of high signal intensity on CASL-PWI, because the
coefficient of correlation between MVA and MTT, as deter-
mined by the T2DSC method, was relatively low (r 2 � 0.29,
P � .05). By contrast, the correlation coefficient for MVA with
either rCBV or rCBF, as obtained by T2DSC, was relatively
high (r 2 � 0.83, P � .0001; r 2 � 0.73, P � .001). Therefore, the
hyperintensity on CASL-PW (% signal intensity change) may
be attributed to high CBV and high CBF, which is consistent
with the strong correlation between CASL-% signal intensity
change and MVA on histologic specimen. The hyperintensity
on CASL-PWI may be a characteristic feature of meningiomas
and may correspond to high blood flow and high vascularity.

Gd-DTPA is widely used in the clinical setting for the as-
sessment of tumor perfusion. Although Gd-DTPA is safe, and
perfusion SNR is high, the need for a rapid intravenous bolus
(3–5 mL/s) remains the most significant limitation to use of
T2DSC. By contrast, the advantages of ASL include its nonin-
vasive nature, potential to yield absolute quantification,21 abil-
ity to interrogate separate vascular territories,35 and potential
to achieve repeated measures.36 Few institutions, however, use
this technique routinely, primarily because of the lack of an
available product pulse sequence. In fact, the most significant
argument against using ASL is the lack of SNR. A previous
study suggested that CASL may be of better utility than the
pulsed ASL method when used in a higher magnetic field.37

With the availability of more 3T magnets and the concomitant
increase in T1 effect and perfusion SNR, the case for increased
clinical implementation of ASL is more compelling.

Conclusions
The present study demonstrates that CBF measurements

by CASL or T2DSC yielded comparable results in patients with
meningioma and that these results are correlated with his-
topathologic assessment of vascularity. Further, CASL may be
of use in distinguishing subtypes of meningioma. Differences
in intrinsic contrast generation make CASL-rCBF values less
dependent in the vascular bed, whereas T2DSC imaging can
provide information regarding rCBV and MTT and is depen-
dent on the definition of arterial input function. Absolute
quantification of CASL-rCBF will require generation of an
adequate compartment model to describe the exchange spins
between arterial and tissue spins in the context of tumor tissue.

Fig 8. Microvessel area on histologic specimens (MVA) versus signal intensity change from
CASL perfusion images in all 14 patients with meningioma. Linear regression analyses
revealed high correlation, with an r 2 of 0.9127; 95% confidence bands are indicated by
dashed lines. Regressed linear equation is shown as an inset in the graph.

Table 3: Correlation of microvessel area and perfusion parameters

Perfusion Parameters CASL: % Signal Change CASL: rCBF T2DSC: rCBV T2DSC: rCBF T2DSC: MTT
r2 .91 .61 .83 .73 .29
Significance of correlation P � .00001 P � .001 P � .0001 P � .001 P � .05

Note:—r2: Squared Pearson’s correlation coefficient. Significance of correlation; t test for simple linear regression was performed. The p-value is calculated using the t-distribution.
CASL indicates continuous arterial spin labeling; T2DSC, T2-dynamic susceptibility contrast; rCBF, right cerebral blood flow; rCBV, right cerebral blood volume; MTT, mean transit time.
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