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Abstract
Introduction Our purpose was to evaluate the diagnostic
performance of arterial spin labeling (ASL) perfusion imag-
ing, diffusion-weighted imaging (DWI), and 18F-fluoro-
deoxyglucose positron emission tomography (FDG-PET)
in differentiating primary central nervous system lympho-
mas (PCNSLs) from glioblastoma multiformes (GBMs).
Methods Fifty-six patients including 19 with PCNSL and
37 with GBM were retrospectively studied. From the ASL
data, an absolute tumor blood flow (aTBF) and a relative
tumor blood flow (rTBF) were obtained within the enhanc-
ing portion of each tumor. In addition, the minimum appar-
ent diffusion coefficient (ADCmin) and the maximum
standard uptake value (SUVmax) were obtained from DWI
and FDG-PET data, respectively. Each of the four parame-
ters was compared between PCNSLs and GBMs using

Kruskal–Wallis test. The performance in discriminating be-
tween PCNSLs and GBMs was evaluated using the
receiver-operating characteristics analysis. Area-under-the-
curve (AUC) values were compared among the four param-
eters using a nonparametric method.
Results The aTBF, rTBF, and ADCmin were significantly
higher in GBMs (mean aTBF ± SD091.6±56.0 mL/100 g/
min, mean rTBF ± SD02.61±1.61, mean ADCmin ± SD0
0.78±0.19×10−3 mm2/s) than in PCNSLs (mean aTBF ±
SD037.3±10.5 mL/100 g/min, mean rTBF ± SD01.24±
0.37, mean ADCmin ± SD00.61±0.13×10−3 mm2/s) (p<
0.005, respectively). In addition, SUVmax was significantly
lower in GBMs (mean ± SD013.1±6.34) than in PCNSLs
(mean ± SD022.5±7.83) (p<0.005). The AUC for aTBF
(0.888) was higher than those for rTBF (0.810), ADCmin
(0.768), and SUVmax (0.848), although their difference was
not statistically significant.
Conclusion ASL perfusion imaging is useful for differenti-
ating PCNSLs from GBMs as well as DWI and FDG-PET.

Keywords Arterial spin labeling . Glioblastoma . Primary
CNS lymphoma

Introduction

Primary central nervous system lymphoma (PCNSL) is less
common than gliomas, the incidence of which is increasing
in both immunosuppressed and immunocompetent individ-
uals [1–5]. PCNSLs are usually treated by chemotherapy
and whole brain radiotherapy, without extended surgical
mass reduction. Target biopsy is sufficient for pathological
diagnosis in most cases.
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On the other hand, glioblastoma multiforme (GBM) is
the most common primary malignant brain tumor in adults
with a rapid and highly infiltrative growth. In the vast
majority of cases with a clinically and radiographically
suspected GBM, gross surgical resection is attempted. Once
the pathological diagnosis of GBM is made, it is most often
followed by a chemoradiotherapy using temozolomide [6,
7]. Therefore, pretreatment differentiation between PCNSL
and GBM is essential for therapeutic decision-making.

The magnetic resonance (MR) imaging characteristics of
PCNSL and GBM have been well-documented in the liter-
ature [1, 8]. Although conventional MR techniques includ-
ing postcontrast T1-weighted images are useful in the
discrimination of these tumors, there is a considerable over-
lap in their features: both are usually manifested as strongly
enhancing masses, often accompanied by surrounding ede-
ma. Previous reports have shown that several functional
imaging parameters are useful for this purpose, including
the apparent diffusion coefficient (ADC) derived from
diffusion-weighted MR imaging (DWI), tumor blood vol-
ume (TBV) calculated from the dynamic susceptibility con-
trast (DSC) perfusion MR imaging, and the standardized
uptake value (SUV) from 18F-fluorodeoxyglucose positron
emission tomography (FDG-PET) [2, 3, 9–16].

Arterial spin labeling (ASL) is an emerging MR
perfusion imaging technique that utilizes magnetically
labeled arterial blood as an intrinsic tracer. It is increas-
ingly recognized as a noninvasive method for quantita-
tive cerebral blood flow (CBF) measurement in the
assessment of stroke, neurodegenerative diseases, and brain
tumors [17–26]. At present, the gold standard of regional CBF
analysis is 15O-PET study.

However, in cerebral gliomas, Tyler et al. reported that
measurements of CBF using 15O-PET may be inaccurate
due to low spatial resolution and quantitative artifacts [27].
We hypothesized that perfusion imaging with ASL could be
useful in discriminating PCNSLs from GBMs. To test our
hypothesis, we evaluated the diagnostic performance of
ASL compared to those of DWI and FDG-PET.

Materials and methods

Subjects

This study was approved by the institutional review board of
our hospital. Informed consent for study participation was
waived due to the retrospective nature of this study.

MR imaging data of the consecutive patients obtained
between January 2008 and September 2011 were retrospec-
tively analyzed. A total of 56 patients including 19 with
PCNSL (mean age 64.8±10.5 years; age range 42–79 years)
and 37 with GBM (mean age 58.5±16.7 years; age range 8–

83 years) were identified. Among them, ASL was per-
formed in 12 patients with PCNSL and 35 with GBM,
DWI was performed in 17 with PCNSL and 37 with
GBM, and FDG-PET was performed in 16 with PCNSL
and 24 with GBM. Fifteen patients with PCNSL were his-
tologically diagnosed by stereotactic biopsy or surgical re-
section. The remaining four cases were recurrent PCNSLs
that were diagnosed based on clinical and radiological in-
formation. All GBMs were histopathologically diagnosed.
In all subjects, both MR imaging and FDG-PET were
obtained before treatment. The mean time interval between
MR imaging and FDG-PET was 1.5 days (range 0–6 days).

MR imaging

All images were obtained using a 3.0-T MR imaging unit
(Achieva Quasar Dual, Philips Medical Systems, Best,
Netherlands) and an eight-channel head array receiving coil
for sensitivity encoding (SENSE) parallel imaging.

Arterial spin labeling

ASL was performed by using Quantitative STAR labeling of
Arterial Region (QUASAR), a pulsed ASL technique devel-
oped by Petersen et al. [28]. QUASAR was designed to
allow for quantitative measurement of CBF by minimizing
the effect of arterial transit delay of labeled blood. To
achieve this goal, multi-inversion delay sampling based on
the Look-Locker technique is implemented so that the time
course of post-labeling perfusion-related signal intensity
change in each imaging voxel can be estimated [29]. Our
QUASAR protocol consisted of 84 dynamics or 42 pairs of
labeled and nonlabeled image acquisitions. Out of these, 24
pairs were acquired with crusher gradients (velocity
encoding0[∞, 4 cm/s]) and 12 pairs were acquired without
crushers. These 36 pairs were acquired at a flip angle of 35°.
An additional six pairs were acquired at a lower flip angle
(11.7°) without crushers to estimate the actual flip angle that
might vary across the brain due to inhomogeneity of B1.
Other imaging parameters were as follows: labeling slab
thickness0150 mm, gap between the labeling and imaging
slabs015 mm, SENSE factor02.5, TR/TE04,000/22 ms,
sampling interval0300 ms, sampling time points013, field
of view (FOV)0240 mm, matrix size064×64, and imaging
time05 min 52 s. Seven 6-mm-thick transverse slices (gap0
2 mm) were placed to cover the tumor.

Diffusion-weighted imaging

DWI was performed using a single-shot spin-echo (SE)
echo-planar sequence with the following parameters: TR/
TE03,421/62 ms, 90° flip angle, NEX01, 22 transverse
sections, SENSE factor02.5, slice thickness/gap05 mm/
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1 mm, FOV0230 mm, 126×160 matrix, and imaging time of
44.5 s. Diffusion sensitizing gradients were applied sequen-
tially in the x, y, and z directions with b factors of 0 and
1,000 s/mm2.

Conventional MR imaging

Postcontrast transverse T1-weighted SE images (TR/TE0
400/10 ms, 75° flip angle, NEX01, 22 sections, slice thick-
ness/gap05 mm/1 mm, FOV0230 mm, 256×173 matrix)
were obtained. A standard dose (0.1 mmol/kg body weight)
of a Gd-based contrast agent (Magnevist, Bayer Schering
Pharma AG, Berlin, Germany) was injected intravenously.
Precontrast T1-weighted SE, T2-weighted turbo SE images,
and fluid-attenuated inversion recovery images were also
obtained.

FDG-PET

Data acquisition was performed with a PET/CT Dis-
covery STE system (GE Healthcare, Milwaukee, WI,
USA) for 8 cases with PCNSL and 11 with GBM, and
with a Biograph mCT system (Siemens AG, Erlangen,
Germany) for 8 cases with PCNSL and 13 with GBM.
Both systems produce transverse, coronal, and sagittal
reconstructions of CT, PET, and fusion PET/CT data for
interpretation.

Patients fasted for at least 4 h before FDG adminis-
tration, and 185 MBq of FDG (FDG Injectable; Nihon
Medi-Physics, Tokyo, Japan) was intravenously admin-
istered to each patient. Images were acquired 1 h after
FDG administration.

The Discovery STE scanner consists of a 16-slice multi-
detector CT and bismuth germinate oxide crystal. The unen-
hanced CTwas performed first at 120 kVp and 150 mA, and
then, the PET images were obtained in 3D mode for 8 min
on a single bed position with an axial FOV of 30 cm in a
128×128 matrix. Based on the CT data, transmission maps
were created and used for attenuation correction of the PET
images. The PET data were reconstructed using the iterative
ordered subsets expectation maximization algorithm (VUE
Point Plus) with 2 iterations and 28 subsets. The Biograph
mCT scanner is equipped with a 128-slice multidetector CT
and lutecium silicate oxide crystal. The noncontrast-
enhanced CT was performed at 120 kVp and 160 mA. The
PET images were obtained in 3D mode for 10 min on a
single bed position with an axial FOV of 40 cm in a 400×
400 matrix. The concomitant CT data were used for atten-
uation correction. The PET data were reconstructed using a
3D ordered subset expectation maximization algorithm with
8 iterations and 21 subsets. TOF and point spread function
techniques were also used for the image reconstruction
(ultra HD-PET).

Image analysis

The ASL data were analyzed on a desktop computer (Pana-
sonic Corporation, Osaka, Japan). Maps of CBF were
obtained by using dedicated software running on IDL (Re-
search Systems, Boulder, CO, USA), which was developed
and provided by Petersen (National Neuroscience Institute,
Singapore). Measurement of blood flow was performed
using a region-of-interest (ROI) analysis by the consensus
of the two neuroradiologists (KYand OT) who were blinded
to the clinical and pathologic information. A free software
package (MRIcro, Chris Rorden) was used to draw ROIs on
the CBF maps. For each tumor, a mean absolute tumor
blood flow (aTBF) was measured in a ROI that was drawn
over the enhancing area on the single slice with the largest
cross-sectional area. Pre- and postcontrast-enhanced T1-
weighted images were used as anatomical references [30].
Careful attention was paid to avoid contamination of blood
vessels, calcification, necrosis, and hemorrhage. In addition,
a relative tumor blood flow (rTBF) was obtained by nor-
malizing the aTBF by a blood flow measurement from the
reference region based on previous reports [30–33]. Specif-
ically, a cluster of more than 10 voxels was selected in the
normal appearing cortical gray matter in the contralateral
hemisphere as a reference region on the same slice as the
ROI for the tumor in all cases.

Maps of ADC were calculated using the following for-
mula: ln(S/S0)0−b×ADC, where S0 and S are the signal
intensities when the b values are 0 and 1,000 s/mm2, re-
spectively, and b itself is 1,000 s/mm2. For ADC measure-
ments, one author (KY) performed the ROI analysis using a
picture archiving and communication system (Rapideye,
Toshiba, Tochigi, Japan). Ten or more circular ROIs
(area010 mm2) were placed on ADC maps within the area
that corresponded to the enhancing area on postcontrast T1-
weighted images, and the mean ADC value was obtained for
each ROI. Regions with relatively low ADC were targeted,
while blood vessels, calcification, necrosis, and hemorrhage
were strictly avoided for ROIs placement. The lowest ADC
value chosen from all placed ROIs was determined as the
minimum ADC (ADCmin).

Reconstructed PET data were converted to SUV data
using the following equation: SUV 0 activity at a pixel
(kBq/cm3)/injection dose (MBq)/weight (kg). The maxi-
mum standardized uptake value (SUVmax) of the tumor
was identified by establishing a volume of interest over the
enhancing area on the MR image. Pre- and postcontrast T1-
weighted images were used as anatomical references.

The aTBF, rTBF, ADCmin, and SUVmax values were
compared between PCNSLs and GBMs using the Kruskal–
Wallis test at the significance level of p<0.05. The sensitiv-
ity, specificity, and accuracy for the discrimination between
PCNSLs and GBMs were calculated with each parameter
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using an optimal cut-off value determined by the receiver-
operating characteristics (ROC) analysis. Area-under-the-
ROC curve (AUC) values for the discrimination were cal-
culated for the four parameters. AUC values were compared
with each other using a nonparametric approach [34].

In addition, a logistic analysis was used to determine
whether any pair-wise combination of the four parameters
could increase the diagnostic performance. For this analysis,
only patients who underwent both of the two modalities of
interest were taken into account: 12 PCNSLs and 35 GBMs
for ASL versus ADC, 7 PCNSLs and 26 GBMs for ASL
versus FDG-PET, and 12 PCNSLs and 26 GBMs for ADC
versus FDG-PET. Statistical analyses were performed using
JMP 8 software (SAS Institute, Cary, NC, USA).

Results

Figure 1 shows plots of aTBF, rTBF, ADCmin, and SUV-
max in PCNSLs and GBMs. The aTBF, rTBF, and ADCmin
values were significantly higher in GBMs (mean aTBF ±
SD091.6±56.0 mL/100 g/min, mean rTBF ± SD02.61±

1.61, mean ADCmin ± SD00.78±0.19×10−3 mm2/s) than
in PCNSLs (mean aTBF ± SD037.3±10.5 mL/100 g/min,
mean rTBF ± SD01.24±0.37, mean ADCmin ± SD00.61±
0.13×10−3 mm2/s) (p<0.005, respectively). In addition, the
SUVmax value was significantly lower in GBMs (mean ±
SD013.1±6.34) than in PCNSLs (mean ± SD022.5±7.83)
(p<0.005). Figures 2, 3, and 4 show illustrative cases.

The optimal cut-off value was 46 mL/100 g/min for
aTBF with 83.3 % sensitivity, 82.9 % specificity, and
83.0 % accuracy. For rTBF, the optimal cut-off value was
1.25 with 58.3 % sensitivity, 82.9 % specificity, and 76.6 %
accuracy. For ADCmin, the optimal cut-off value was 0.62×
10−3 mm2/s with 58.8 % sensitivity, 86.5 % specificity, and
77.8 % accuracy. Finally, the optimal cut-off value was 19.0
for SUVmax with 92.3 % sensitivity, 79.2 % specificity, and
83.8 % accuracy. The AUC values for the aTBF, rTBF,
ADCmin, and SUVmax were 0.888, 0.810, 0.768, and
0.848, respectively. No significant difference in AUC values
was found among the four measurements. Figure 5 shows
the ROC curves for the four measurements. No pair-wise
combination of the four measurements resulted in an in-
creased AUC value (Table 1).

Fig. 1 Plots of aTBF (a), rTBF (b), ADCmin (c), and SUVmax (d) in
PCNSLs and GBMs. The aTBF, rTBF, and ADCmin values are sig-
nificantly higher in GBMs in comparison with PCNSLs (p<0.005,

respectively). In addition, SUVmax value is significantly lower in
GBMs in comparison with PCNSLs (p<0.005)
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Discussion

Several previous reports have shown that PCNSL is associ-
ated with lower ADC than GBM [9–12], and our result was
consistent with those reports (Fig. 1). Histologically,
PCNSL has high cellularity and the tumor cells infiltrate
the brain parenchyma either as individual diffusely infiltrat-
ing cells or as compact aggregates of tightly packed cells
[3], which may result in low ADC on DWI. Doskaliyev et
al. [11] and Calli et al. [12] reported that PCNSL can be
discriminated from GBM based on ADCmin with a high
level of accuracy.

Our FDG-PET result showed higher SUVmax in
PCNSLs than in GBMs, which is consistent with previous
reports [15, 16]. The higher SUVmax in PCNSLs than in
GBMs may correspond to the higher cell density and/or
higher glucose consumption rate of tumor cells in the former
[15, 16, 35].

Vascularity is another parameter that is known to distin-
guish PCNSLs from GBMs. Previous studies based on DSC

perfusion imaging have shown that GBMs are associated
with higher TBV than are PCNSLs [12–14]. Pathophysio-
logically, this may be attributed to the blood–brain barrier
destruction with neovascularization in GBMs, while without
neovascularization in PCNSLs [2, 12–14]. ASL is an alter-
native method of MR perfusion imaging that has been used
to assess the vascularity of brain tumors. It has been
reported to be useful in evaluating vascularity in meningio-
mas, in differentiating hemangioblastomas from metastatic
brain tumors, and in evaluating high- versus low-grade
gliomas [17, 23–25, 30, 36]. However, ASL findings in
PCNSLs have rarely been reported. Our study demonstrated
that ASL blood flow measurement is useful for distinguish-
ing PCNSLs from GBMs. Both aTBF and rTBF were sig-
nificantly higher in GBMs than in PCNSLs (Fig. 1), which
is consistent with the TBV results from DSC perfusion
imaging studies [12–14].

There has been no study that compared diagnostic per-
formance of different imaging modalities in discriminating
PCNSLs and GBMs. We found that ASL performed as well

Fig. 2 A contrast-enhanced
T1WI (a), aTBF map derived
from ASL (b), ADC map
derived from DWI (c), and
FDG-PET (d) of a 83-year-old
female with GBM. High
aTBF (144 mL/100 g/min) and
rTBF (5.02) are demonstrated
in the enhancing tumor. The
tumor shows high ADCmin
(0.83×10−3 mm2/s) and
relatively low SUVmax (11.9)

Neuroradiology (2013) 55:135–143 139



as DWI and FDG-PET. Especially, when aTBF was used,
ASL was associated with a higher AUC value (0.888) than
that of DWI (0.768) or FDG-PET (0.848), although the
difference was not statistically significant.

ASL requires no extrinsic tracer or radiation exposure.
These features are advantages of ASL over FDG-PET and
DSC perfusion imaging. Moreover, the typical imaging time
of ASL is 5 to 6 min. Thus, it can be easily performed along
with other conventional MR imaging techniques. Although
DSC perfusion imaging has been more widely used to assess
brain tumors, Lehmann et al. revealed that ASL provided
similar information to DSC perfusion imaging for relative
CBF measurement in brain tumors [30]. Compared to DSC
perfusion imaging, ASL is less ambiguous regarding the
contribution of permeability and blood flow to the signal
intensity. Results of DSC perfusion imaging can be distorted
by the T2* and T1 effects due to the contrast agent leakage
from the local tumor vasculatures. On the other hand, the
signal intensity of ASL is considered to be directly propor-
tional to the blood flow [37]. This may not be true in tumor

patients due to a different microvascular architecture be-
tween normal and tumor tissue. Nevertheless, our results
indicated that ASL provides valuable diagnostic information
to distinguish PCNSLs and GBMs.

There was a wide variability in aTBF among GBMs,
while the variability among PCNSLs appeared very
small (Fig. 1). This may reflect a true variability in
the vascularity among GBMs, or it may have been
due to the partial volume effect in ASL blood flow
measurement. Typically, the spatial resolution of ASL
is limited, as shown in our study (imaging voxel size0
3.75×3.75×8 mm3). This might have resulted in the
underestimation of aTBF, especially when the enhancing
compartment of the tumor was demonstrated as a thin
ring-like enhancement. It should be noted that differen-
tiation of PCNSLs and GBMs by ASL is difficult in
such cases.

We found no particular benefit of making a pair-wise
combination of the four imaging parameters (Table 1). Ob-
viously, this is at least in some part due to the different

Fig. 3 A contrast-enhanced
T1WI (a), aTBF map derived
from ASL (b), ADCmap derived
from DWI (c), and FDG-PET (d)
of a 43-year-old male with
PCNSL. ASL perfusion demon-
strates relatively low aTBF
(52.0 mL/100 g/min) in the en-
hancing tumor. The tumor shows
low ADCmin (0.66×10−3 mm2/
s) and high SUVmax (35.5)
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number of patients who underwent the respective combina-
tions of modalities (see the description in “Materials and
methods”). Further studies with setting a strict standard for
subjects may reveal combinations of different modalities
that improve the diagnostic performance. Furthermore, it

might result in advancement of the prediction of response
to therapy and the differential diagnosis between tumor
recurrence and necrosis.

Our study had several limitations. First, as mentioned
earlier, not all patients were studied by the three imaging
modalities (ASL, DWI, and FDG-PET). Some cases of
PCNSLs were diagnosed without pathological confirmation.

Fig. 4 A contrast-enhanced
T1WI (a), aTBF map derived
from ASL (b), ADC map de-
rived from DWI (c), and FDG-
PET (d) of a 81-year-old female
with GBM. High aTBF
(151 mL/100 g/min) and rTBF
(5.87) are demonstrated in the
enhancing tumor. However, the
tumor shows low ADCmin
(0.69×10−3 mm2/s) and high
SUVmax (29.2) which are
comparable to those in PCNSL

Fig. 5 The ROC curves for the discrimination between PCNSLs and
GBMs by aTBF, rTBF, ADCmin, and SUVmax

Table 1 Pair-wise combination of aTBF, rTBF, ADCmin, and
SUVmax

Measurements AUC value

aTBF, ADCmin 0.700

aTBF, SUVmax 0.579

rTBF, AUCmin 0.706

rTBF, SUVmax 0.553

AUCmin, SUVmax 0.486

Note: The combination of the aTBF and rTBF was excluded
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PCNSL cases were less than half the number compared to
GBM. Data of DSC perfusion imaging were not available.

Conclusion

Our results suggested that ASL perfusion imaging is useful
for differentiating PCNSLs from GBMs as well as DWI and
FDG-PET.
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