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AIM: To evaluate the ability of arterial spin labelling (ASL) magnetic resonance imaging
(MRI) in differentiating primary central nervous system lymphoma (PCNSL) from atypical
high-grade glioma (HGG), as well as exploring the underlying pathological mechanisms.
METHODS AND MATERIALS: Twenty-three patients with PCNSL and 17 patients with atyp-

ical HGG who underwent ASL-MRI were identified retrospectively. Absolute cerebral blood
flow (aCBF) and normalised cerebral blood flow (nCBF) values were obtained, and were
compared between PCNSL and atypical HGG using the ManneWhitney U-test. The perfor-
mance in discriminating between PCNSL and atypical HGG was evaluated using receiver-
operating characteristics analysis and area-under-the-curve (AUC) values for aCBF and nCBF.
The correlation between microvessel density (MVD) and aCBF was determined by Spearman’s
correlation analysis.
RESULTS: Atypical HGG demonstrated significantly higher aCBF, nCBF, and MVD values than

PCNSL (p<0.05). The diagnostic accuracy of discriminating PCNSL from atypical HGG showed
AUC¼0.877 (95% confidence interval [CI] 0.735e0.959) for aCBF, and AUC¼0.836 (95% confi-
dence interval [CI] 0.685e0.934) for nCBF. There was a moderate positive correlation between
aCBF values of region of interest (ROI >30 mm2) in the enhanced area and MVD values
(rho¼0.579, p¼0.0001), and a strong positive correlation between aCBF values MVD based on
“point-to-point biopsy” (rho¼0.83, p¼0.0029). Interobserver agreements for aCBF and nCBF
were excellent (ICC >0.75).
CONCLUSIONS: ASL perfusion MRI is a useful imaging technique for the discrimination be-

tween atypical HGG and PCNSL, which may be determined by the difference of MVD between
them.
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Introduction

High-grade glioma (HGG) is the most common primary
malignant brain tumour in adults with high lethality and
recurrence rate. Gross surgical resection followed by che-
moradiation using temozolomide or anti-angiogenesis
therapy is needed for the treatment of HGG. In contrast,
primary central nervous system lymphoma (PCNSL) is less
common than HGG, and is usually diagnosed by a targeted
biopsy and treated with chemotherapy and radiotherapy.1,2

It is clear that pretreatment differentiation between HGG
and PCNSL is essential for therapeutic decision-making.

Routine morphological contrast-enhanced (CE) T1-
weighted imaging (WI) has been used to differentiate
PCNSL from HGG in many cases as HGG typically shows a
heterogeneous enhancement and necrosis, but PCNSL typi-
cally shows homogeneous enhancement3,4; however, atyp-
ical HGG lesions showing no necrosis may complicate the
discrimination of HGG from PCNSL on conventional mag-
netic resonance imaging (MRI).5 Histologically, the tumour
vascular microenvironments of PCNSL and HGG differ.
Decreased tumour blood perfusion and increased vascular
permeability aremore often observed in PCNSL in contrast to
HGG.6e8 Information on tumour haemodynamics can be
determined with various MRI techniques. Numerous studies
have applied dynamic susceptibility CE (DSC) and dynamic
CE (DCE) imaging, both of which are gadolinium-based
contrast agent (GBCA)-enhanced MRI perfusion techniques,
to differentiate PCNSL from HGG7e14; however, an associa-
tion between GBCA-enhanced MRI results and nephrogenic
systemic fibrosis was observed in patients with normal or
impaired renal function.15,16 Additionally, a series of reports
have confirmed long-term gadolinium retention in the cen-
tral nervous system and skin of patients who underwent
GBCA-enhanced examinations.17e20 Patient safety concerns
regarding the use of GBCAs should be noted when per-
forming CE examinations. Finally, perfusion parameters can
be biased differently on T1and T2* images due to contrast
agent leakage from the tumour vasculature.

Arterial spin labelling (ASL) is a promising perfusion MRI
technique that quantifies blood flow in tissues by magnet-
ically labelling arterial water as an endogenous diffusible
tracer.21 Compared with DCE and DSC perfusion, ASL-MRI is
a contrast-independent technique, avoiding the safety
concerns of GBCAs and has an increased resistance to
contrast medium leakage effects. ASL scans can be acquired
in 4.5 minutes with high reliability and reproducibility,
allowing widespread clinical application.22,23 Several
studies have demonstrated the ability of ASL-MRI to
differentiate HGG from PCNSL24e26; however, most of these
studies enrolled patients with HGGs or PCNSLs as a single
study cohort, regardless of their findings on conventional
MRI. Additionally, a correlation between ASL-MRI perfusion
values and the microvascular environment of histological
specimens in atypical HGG and PCNSL has not been deter-
mined to the authors’ knowledge.

This retrospective study focused on atypical HGGs and
PCNSLs showing no macroscopic necrosis in the enhanced
tumour. The aims were to determine the potential of ASL-
MRI in the differentiation of atypical HGG and PCNSL and
explore the pathological mechanism by comparing ASL
absolute cerebral blood flow (aCBF) andmicrovessel density
(MVD).

Materials and methods

Patients

This retrospective study was approved by the institu-
tional review board, which waived the requirement for
informed consent. A total of 156 cases with HGG (anaplastic
astrocytoma¼85 and glioblastoma multiforme ¼71) and 31
cases with PCNSL who underwent preoperative ASL-MRI
from August 2015 to June 2018 were reviewed retrospec-
tively. The inclusion criteria for atypical HGG and PCNSL
were: (1) enhancing lesions showing no visual necrosis on
CE T1WI, (2) no prior biopsy or pre-treatment or history of
primary tumour of other organs, and (3) preoperative ASL-
MRI with no motion artefacts. Finally, a total of 40 intra-
axial brain tumour patients with 17 atypical HGGs
(anaplastic astrocytoma, n¼12; glioblastoma, n¼5) and 23
cases with PCNSL (diffuse large B-cell lymphoma) were
analysed.

MRI techniques

MRI was performed using a 3.0T MRI system (Discovery
MR750, GE Medical Systems, Milwaukee, WI, USA) with an
eight-channel phased-array coil. The preoperative MRI
protocol included an acquisition of T1WI (repetition time
[TR]¼1,980 ms, echo time [TE]¼19 ms, field of view [FOV]¼
24�24 cm, section thickness¼4 mm, number of excitations
[NEX]¼1, matrix¼256�256), T2WI (TR¼8,200 ms, TE¼90
ms, FOV¼240 mm, section thickness¼4 mm, NEX¼2,
matrix¼256�256), and T2 fluid-attenuated inversion re-
covery (FLAIR) images (TR¼9,000ms, TE¼135ms, FOV¼240
mm, section thickness¼1.5 mm, NEX¼1, matrix¼256�256).
ASL scans were obtained by using a pseudocontinuous
pulse sequence with background-suppressed three-
dimensional (3D) gradient and spin-echo readout
(FOV¼24�24 cm, TR¼4527 ms, TE¼10.5 ms, section
thickness¼4 mm, NEX¼3, post-label delay¼1,525 ms, and
scan time¼4 minutes 23 seconds). When the ASL scans
finished, 3D T1BRAVO Cþ images (TR¼6.3 ms, TE¼3.1 ms,
FOV¼240 mm, section thickness¼1 mm, NEX¼1,
matrix¼256�256) were acquired after a bolus of 0.1 mmol/
kg of Gd-DTPA (Omniscan; GE Healthcare, Cork, Ireland)
was injected at a rate of 3.5 ml/s using a power injector via
an intravenous catheter placed in the left or right ante-
cubital vein, followed by a 15 ml saline flush.

Point-to-point biopsy

Nine cases (atypical HGG¼4, PCNSL¼5) underwent
point-to-point stereotactic biopsy based on real-time
intraoperative MRI (iMRI). During this procedure, firstly,
preoperative 3D T1Cþ images were loaded onto a Mei De
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medical workstation (SINORAO; Shenzhen, China), and the
cannula entry point, trajectory, and biopsy target
(size¼10�10 mm) were established. Then, the 3D T1Cþ
images labelled with the pre-planned biopsy target were
sent to the workstation of the neuro-navigation system
(StealthStation TREON; Medtronic, Minneapolis, MN, USA).
Under the guidance of iMRI, a ferromagnetic, passively
navigated, 2.2�9 mm side-cut biopsy needle (Medtronic)
was used to obtain samples within the targeted regions of
interest (ROI) using the navigation system (Medtronic
StealthStation i7 Integrated Navigation System, Canada).
After completing the biopsy core sampling, the biopsy
needle was left in place for at least 5 minutes to promote
haemostasis. The biopsy procedure was considered com-
plete after the biopsied tissue provided a definitive
diagnosis.

MRI data analysis

The AW4.6 workstation (GE Healthcare, Milwaukee, WI,
USA) was used to perform CBF measurements. For each
tumour, a mean aCBF was measured in a circular ROI (area
Figure 1 MRI images of (aeb) anaplastic astrocytoma located in the left fro
right frontal lobe of a 50-year-old male patient. Both masses show solid en
ROIs of >30 mm2 were placed within the most intense area in the ASL-der
and the aCBF values were measured (b, d).
>30 mm2) that was placed on the CBF maps within the area
that corresponded to the enhancing area on the CE T1WI
images. Regions with relatively high CBF were targeted,
while careful attention was paid to avoid contamination of
blood vessels, calcification, necrosis, and haemorrhage for
ROI placement (Fig 1). For tumours with point-to-point
biopsy, a ROI was first manually drawn on the contrast-
enhanced T1 WI images according to the biopsy target
area, and then co-registered onto the ASL derived CBF maps
to obtain CBF values (Figs 2 and 3). In addition, to minimise
variances in the aCBF value in an individual patient, the
normalised CBF (nCBF) was calculated by dividing the aCBF
values fromROI of the tumour by themean CBF value from a
ROI (>30 mm2) in the contralateral unaffected white mat-
ter. Each aCBF or nCBF was measured by three different
neuroradiologists; the mean of three measurements
determined the final aCBF or nCBF values.

Histopathological evaluation

Biopsy and surgically removed tissues were fixed in 10%
formalin, embedded inparaffin, and cut into 4-mmspecimens
ntal lobe of a 39-year-old male patient and (ced) PCNSL located in the
hancement with no visual necrosis and on axial 3D T1Cþ (a, c) images.
ived CBF maps corresponding to the enhancing portion of the tumour
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for histopathological analysis. All specimens were examined
under a light microscope. Sections for CD34 staining
(Changdao, Shanghai, China) did not require antigen
retrieval, but were incubated for 26 minutes. Visualisation
was completed with a streptavidinebiotinehorseradish
peroxidase system, with diaminobenzidine as a chromogen.
Sections were counterstained in haematoxylin. MVD was
determined on the basis of CD34 immunostaining. Briefly,
3e5 areas with high microvascular attenuation on CD34-
stained sections were identified at �200 magnification.
MVDs consisting of endothelium and vessel lumen were
quantified in the selected area. The criteria established by
Weidner were used for counting vessels.27 Results were
expressed as the mean of the 3e5 areas of MVD for each
sample.
Statistical analysis

The BlandeAltman analysis and the intraclass correlation
coefficient (ICC) were used to assess the relative agreement
between the aCBF and nCBF values of every two observer s.
ICC values of �0, 0e0.39, 0.40e0.59, 0.60e0.74, and >0.75
indicated negative, poor, fair, good, and excellent agreement,
respectively. The ManneWhitney U-test was performed to
Figure 2 A 63-year-old male patient with anaplastic astrocytoma located i
enhancement and defined as the biopsy target from 3D T1Cþ image (ar
navigation system. (c) The co-registered ROIs show a high CBF on the ma
(magnification �200).
compare the aCBF, nCBF, and MVD values between PCNSL
and atypical HGG. The diagnostic accuracy of aCBF and nCBF
for differentiating PCNSL from HGG was determined by the
receiver-operating characteristics (ROC) analysis with calcu-
lation of area under the ROC curve (AUC) values, sensitivity,
specificity, optimal cut-off value. AUC values were compared
with each other using a non-parametric approach. The cor-
relation between aCBF and MVD was determined by Spear-
man’s correlation coefficient analysis. All statistical analyses
were performed using Medcalc, version 15.10. A p-value
<0.05 was considered statistically significant.

Results

BlandeAltman plots and ICC demonstrated excellent
reliability and reproducibility of aCBF and nCBF measure-
ments between observers 1 and 2, observers 1 and 3, and
observers 2 and 3. Correspondingly, the mean biases were
e4.6, e3.7, and 0.6 (ml/100 g/min) with 95% limits of
agreement of e21 to 11.7, e22.5 to 15.1, and e28.6 to 29.9
(ml/100 g/min) for the aCBF value. For nCBF value, the mean
biases were 0.21, 0.09 and e0.1 (ml/100 g/min) with 95%
limits of agreement of e1.02 to 1.43, e1.35 to 1.53 and e2.1
to 1.8 (ml/100 g/min; Fig 4). Meanwhile, the ICC was
n the right temporal lobe. (a) One ROI is pre-established by the hyper-
row). (b) Biopsy sample within the ROI is obtained using the neuro-
p (arrow). (d) The corresponding biopsy specimen shows high MVD



Figure 3 A 62-year-old male patient with PCNSL located in right basal ganglia. (a) One ROI is pre-established by the hyper-enhancement and
defined as the biopsy target from 3D T1Cþ image (arrow). (b) Biopsy sample within the ROI is obtained using the neuro-navigation system. (c)
The co-registered ROIs show relative low CBF on the map (arrow). (d) The corresponding biopsy specimen shows low MVD (magnification
�200).
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observed to be 0.97 (95% confidence interval [CI]: 0.945 to
0.984), 0.962 (95% CI: 0.93 to 0.979), and 0.948 (95% CI:
0.906 to 0.972) for aCBF, and 0.901 (95% CI: 0.823 to 0.949),
0.838 (95% CI: 0.726 to 0.906), and 0.768 (95% CI: 0.555 to
0.896) for nCBF, respectively.

The aCBF, nCBF, and MVD values tended to be distributed
in significantly higher values in atypical HGG than in PCNSL:
100.53�35.15 versus 55.49�26.61 (p¼0.0001), 3.73�1.25
versus 2.35�1.02 (p¼0.0003), 58.43�16.48 versus
28.01�11.00 (p<0.0001). These results are summarised in
Table 1 and Fig 5. Representative cases of CBF maps and
MVD of PCNSL and atypical HGG are presented in Figs 1e3.

The results of the diagnostic performance of the aCBF
and nCBF values for differentiating PCNSL from atypical
HGG are summarised in Table 2 and Fig 6. Based on ROC
analysis, the AUCs were 0.877 (95% CI: 0.735 to 0.959) for
aCBF and 0.836 (95% CI: 0.685 to 0.934) for nCBF. The aCBF
cut-off value of <62.3 indicated PCNSL with a specificity of
90.48% and sensitivity of 68.82%, and the nCBF cut-off value
of <2.396 indicated PCNSL with a specificity of 88.24% and
sensitivity of 69.57%. No significant difference in AUC values
was found between aCBF and rCBF measurements (p>0.05).

A moderate correlation was found between the ASL-
derived aCBF and MVD values (rho¼0.579; p¼0.0001;
Fig 7a). Interestingly, based on the “point-to-point biopsy”
subsequent study, a strong positive correlation was found
between aCBF and MVD (rho¼0.83; p¼0.0029; Fig 7b).
Discussion

The present study evaluated the diagnostic performance
of ASL MRI-derived aCBF and nCBF values in preoperative
differentiation of atypical HGG and PCNSL and explored the
pathological mechanism by comparing ASL-derived aCBF
values with the microvascular marker, MVD. These results
demonstrated that ASL-MRI could be a useful imaging
technique for discriminating atypical HGG from PCNSL,
which may be determined by the difference of MVD be-
tween them.

MR perfusion imaging plays an important role in the
differentiation between PCNSL and HGG owning to their
differing haemodynamics. Two major perfusion MRI tech-
niques using gadolinium-based contrast agents, DSC-MRI
and DCE-MRI, have been widely used to differentiate the
two tumours. It has reported that CBV based on DSC-MRI in
the enhancing portion of PCNSL had a significantly lower
value than that of HGG and showed a high diagnostic



Figure 4 BlandeAltman plots of the difference between aCBF and nCBF measured by every two observers. aCBF1/nCBF1, aCBF2/nCBF2, and
aCBF3/nCBF3 represent aCBF/nCBF values measured by observers 1, 2, and 3, respectively. Broken and continuous lines indicate mean difference
and 95% limits of agreement (mean difference �1.96 standard deviation of the paired difference).
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accuracy of AUC¼0.984.9 Based on DCE-MRI, the semi-
quantitative parameter initial AUC (IAUC), or the quantita-
tive parameters including volume transfer constant (Ktrans)
and volume of extravascular extracellular space (Ve) and
volume of vascular plasma space (Vp) also showed good
diagnostic performances in differentiating PCNSL from HGG
(AUC: IAUC¼0.866, Ktrans¼0.847, Ve¼0.785, Vp¼0.728)12e14;
however, DSC and DCE MR perfusion techniques need
gadolinium-based contrast agents. These perfusion param-
eters may be affected by T2* and T1 shortening effect due to
gadolinium-based contrast media leakage.28 As an alterna-
tive to MR perfusion techniques, ASL-MRI requires no
extrinsic tracer or radiation exposure, which is an advantage
over other perfusion imaging techniques. In addition, ASL-
CBF does not need complicated post-processing compared
with DCE-derived quantified parameters, and has a lower
susceptibility artefact score than DSC-MRI.29,30
Table 1
Comparisons of quantitative analysis of absolute cerebral blood flow (aCBF), norm
atypical high-grade glioma (HGG) and primary central nervous system lymphom

HGG

Mean�SD Median (range)

aCBF (ml/100 g/min) 100.53�35.15 92.66
(48.11e180.70)

nCBF 3.73�1.25 3.55
(2.26e6.62)

MVD 58.43�16.48 52.88
(40.73e89.23)
Thereby, ASL-MRI has been reported as a vital tool for
differentiating HGG from PCNSL using varied CBF quantita-
tive analyses.24e26 Bymeasuring tumour blood flow (TBF) on
ASL perfusion maps at five ROIs, randomly selected within
the area corresponding to the enhancing portion of the
tumour, Yoo et al.24 demonstrated the potential of absolute
TBF (aTBF) and normalised TBFcontralateral_WM (nTBFcontralater-
al_GM¼aTBF/TBFcontralateral_GM, TBFcontralateral_GM: the TBF of
contralateral grey matter) in discriminating between HGG
and PCNSL, with a sensitivity (100%, 55.6%) and specificity
(65%, 100%), respectively. In another method, quantifying
ASL-derivedaTBFwithin the entire enhancingportionof each
tumour and the responding nTBFcontralateral_WM (nTBFcon-
tralateral_WM¼aTBF/TBFcontralateral_WM, TBFcontralateral_WM: the
TBF of contralateral white matter), Yamashita et al.25

demonstrated that the AUC for aTBF and nTBF values were
0.888 and 0.810. Recently, You et al.26 measured aTBF,
alised cerebral blood flow (nCBF) and microvessel density (MVD) between
a (PCNSL).

PCNLS p-Value

Mean�SD Median (range)

55.49�26.61 48.79
(16.04e140.29)

0.0001

2.35�1.02 2.16
(1.06e5.26)

0.0003

28.01�11.00 25.65
(12.95e58.72)

<0.001



Figure 5 Plots of aCBF, nCBF, and MVD in atypical HGG and PCNSL. The aCBF, nCBF, and MVD are significantly higher in atypical HGG higher than
PCNSL (p<0.001).

Table 2
Diagnostic accuracy of quantitative analysis of arterial spin labelling (ASL)-driven cerebral blood flow for differentiating atypical high-grade glioma (HGG) from
primary central nervous system lymphoma (PCNSL).

AUC Sensitivity Specificity Cut-off value Youden index p-Value

(95%CI) (%) (%) J

aCBF 0.877
(0.735e0.959)

90.48 68.82 62.30 0.637 <0.001

nCBF 0.836
(0.685e0.934)

88.24 69.57 2.396 0.578 <0.001

Figure 6 ROC curve of the ASL-derived CBF for differentiating be-
tween atypical HGG and PCNSL.
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nTBFcontralateral_GM, and nTBFcontralateral_WM within the most
intense area seen in the ASL map corresponding to the
enhancing portion of the tumour in CE T1WI, showing
diagnostic performancewith AUCs of 0.764, 0.849, and 0.795,
respectively. This confirmed the good diagnostic perfor-
mance of ASL-MRI in differentiating PCNSL from HGG.

Similar to the method described in the study con-
ducted by You et al.,26 the present study measured the
aCBF of the most intense area (ROI >30 mm2) on the ASL-
CBF map and also gained nCBF by dividing aCBF by CBF of
the contralateral white matter. Similarly, good diagnostic
accuracy of aCBF and nCBF for discriminating PCNSL from
HGG was also demonstrated with AUCs of 0.877 and
0.836, respectively; however, previous studies enrolled all
PCNSL and HGG cases, regardless of atypical or typical
cases, which may have confounded conventional MRI
findings. Thus, it was reasonable for this study to focus on
atypical HGG and PCNSL cases to better determine if the
ASL perfusion technique is practical for discriminating
PCNSL from HGG.

In addition, the present study compared aCBF values
with the tumour vascularity marker, MVD, to explore the
pathological mechanistic differences of aCBF between
PCNSL and HGG. The radiologicalepathological correlation
studied here has not been elucidated in previous studies. A
higher MVD was observed in HGG compared with PCNSL,
corresponding to the differing microvascular environments.
Specifically, HGG showed increased angiogenesis activity
compared with PCNSL.7 The positive correlation between
aCBF and MVD was confirmed in this study, implying that
the ASL-derived aCBF value may be directly related to the
MVD in tumours. This was similar to the result of our pre-
vious study which focused on pure gliomas.31 Differently,
the present study enrolled mixed brain tumor (including
HGG and PCNSL). The positive correlation may better
demonstrate the role of MVD in determining ASL-derived
CBF, regardless of tumor pathologic status. Such positive
correlation was supported by the results of Dangouloff-Ros
et al. who found that the tumour area with high aCBF value
tended to show relatively high MVD, regardless of tumour
grade for some cases.32 In another study conducted by
Yamamoto T et al.33, a strong positive correlation between
MVD and TBF in parotid region tumors included Warthin



Figure 7 Scatter plots of correlations between aCBF and MVD. (a) A moderate positive correlation between aCBF on the entire enhanced
proportion and MVD (rho¼0.579, p¼0.0001), and (b) a strong positive correlation between aCBF at the biopsy target and expression of MVD in
the biopsy tissue (rho¼0.83, p¼0.0029).
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tumors mixed with pleomorphic adenomas was revealed,
progressively confirmed the essential role of MVD in
determining tissue blood flow measured by ASL-MRI not
matter what the tumor pathologic status.

Interestingly, when comparing aCBF and MVD based on
matched ROIs, a strong positive correlation was observed.
This correlation was realised by using a real-time iMRI-
guided frameless stereotactic brain biopsy. This stereotactic
brain biopsy technology provided real-time feedback on the
biopsy needle trajectory, creating an adaptive path to the
desired ROI that avoided neural structures such as the
ventricle and corpus callosum. Although there are several
advantages of the methods described, it is important to note
potential sources of error. First, the potential error in
matching centre coordinates of the target region with those
of themanually drawnROI for aCBFmeasurements should be
considered andwas set to<0.7mm in this study. Second, the
meanfiducial error in the desired biopsy targets between the
neuro-navigational image and the anatomical image should
be evaluated and was restricted to <1.4 mm in this study,
which agrees with clinical practice. Third, to guarantee that
the CBF measurements match the location of the desired
biopsy target, the error in the centre coordinates between
the aCBFmeasurement and the desired biopsy targets should
be evaluated and were controlled to be no more than 6e9
mm2 in the present study. Although this resultmay be biased
by the small sample size (five PCNSLs and four HGGs), it
emphasises the importance of tumour heterogeneity and
precise radiologicalepathological correlation.

There are some limitations to the present study. First, the
sample size was small in this retrospective analysis, and
further investigation with more patients is needed to
strengthen the statistical power of the study, especially for
validation of the correlation between aCBF and MVD
determined through the spatial correlation of radiological
and pathological measurements. Second, the assessment of
necrosis for PCNSL and HGG was manually identified on CE
T1WI, making the definition of atypical HGG easily sus-
ceptible to inclusion bias. To overcome this possible error,
the assessment of necrosis was completed through a
consensus decision by three radiologists.
In conclusion, ASL-MRI is a useful non-invasive tech-
nique for discriminating PCNSL from HGG based on aCBF
and nCBF. The correlation between ASL-derived aCBF and
MVD yields further insight into the underlying pathological
mechanism.
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