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Background and purpose: Conventional magnetic resonance imaging (MRI) is sometimes difficult to distinguish
primary central nervous system lymphoma (PCNSL) from other malignant brain tumors effectively. The study
aimed to evaluate the diagnostic performance of arterial spin labeling (ASL) and dynamic contrast-enhanced
(DCE)-derived permeability parameters to differentiate PCNSL from high-grade glioma (HGG) and brain me-
tastasis.

Materials and methods: Eight patients with PCNSL, twenty one patients with HGG and six brain metastasis un-
derwent preoperative 3.0-T MR imaging including conventional, ASL and DCE. Quantitative parameters in-
cluding relative cerebral blood flow (rCBF), extravascular extracellular volume fraction (V) and the volume
transfer constant (K™") among PCNSL, HGG and metastasis were compared with a one-way analysis of var-
iance. In addition, the area under the receiver-operating characteristic (ROC) curve (AUC) was constructed to
evaluate the differentiation diagnostic performance of each parameter and the combination.

Results: The PCNSL demonstrated significantly lower rCBF, higher K™ and V. compared with HGG and me-
tastasis. For the ROC analyses, both K™ and rCBF had good diagnostic performance for discriminating PCNSL
from HGG and metastasis, with the AUC of 0.880 and 0.889. With the combination of rCBF and K", the
diagnostic ability for PCNSL was improved with AUC of 0.986.

Conclusion: TCBF and K" are useful parameters for differentiating PCNSL from HGG and brain metastasis. The
combination of rCBF and K™ further helps to improve the diagnostic performance of PCNSL.

1. Introduction permeability due to the architectural distortion of the vessels, whereas

neovascularization and vascular permeability varies in HGG and me-

Primary central nervous system lymphomas (PCNSL) account for
3-5% of all primary brain tumors [1]. The differentiation of PCNSL,
high-grade glioma (HGG) and brain metastasis could be sometimes
challenging with conventional magnetic resonance imaging (MRI) al-
though PCNSL demonstrate some characteristic MRI findings [2]. Aty-
pical features such as necrosis, hemorrhage or heterogeneous en-
hancement in PCNSL could make it more difficult to diagnose [3].
Diagnose of PCNSL is clinically important, as the clinical outcomes and
treatment for those three tumors are completely different [4].

PCNSL, HGG and metastasis are different histologically. The PCNSL
generally shows little neovascularization but increased vascular

tastasis [5]. Previous published data indicate that advanced imaging
techniques could help to distinguish PCNSL, HGG and metastasis such
as diffusion-weighted, susceptibility weighted, and dynamic suscept-
ibility contrast-enhanced perfusion-weighted imaging [2,4,6]. They
could provide some information not provided by conventional MRI.
Arterial spin labeling (ASL), a perfusion imaging technique that
utilizes electromagnetically labeled arterial blood water as an intrinsic
tracer, could be used to assess cerebral blood flow (CBF) in tumor.
Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is
a useful MR perfusion imaging technique. It could reflect quantitively
for vascular microenvironment by measuring several permeability
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parameters such as the volume transfer constant (K"™") and the frac-
tional volume of the extravascular and extracellular space (V.) [7].
Those two methods have been used for glioma grading and predicting
therapeutic response or prognosis [8-10]. Prior studies also have suc-
cessfully characterized PCNSL, glioma and brain metastasis with DCE-
MRI [5,11]. Therefore, the combination of ASL and DCE-MRI is pro-
mising to reflect the nature of PCNSL and has the potential to increase
the accuracy for discrimination from PCNSL to HGG and metastasis. To
our knowledge, only few studies have focused on the clinical utility of
ASL and DCE to differentiate HGG, brain metastasis and PCNSL [12,13].
The aim of this study was to compare ASL perfusion and DCE-MR
imaging-derived permeability parameters to assess the diagnostic per-
formance for differentiation of PCNSL from HGG and metastasis.

2. Materials and methods
2.1. Subjects

Our institutional review board approved this retrospective study,
and the requirement for informed consent was obtained from all of the
patients. From January 2015 to December 2017, thirty five patients
with histologically confirmed HGG, PCNSL and metastasis were re-
viewed. All the tumors were confirmed by histopathological examina-
tion after surgical resection or biopsy and classified according to the
new WHO Classification of Tumors of the Central Nervous System. All
of the patients underwent conventional MRI, ASL and DCE MRI pre-
operatively. Finally, twenty one HGG (12 men, 9 women, mean age 54
years, range 32-80 years), eight PCNSL (5 men, 3 women, mean age
60.5 years, range 42-82 years) and six metastasis (3 men, 3 women,
mean age 50 years, range 42-57 years) were enrolled. The patients’
histological types of gliomas were as follows: two anaplastic astro-
cytoma (NOS), three oligodendrogliomas (IDH-mutant and 1p/19q-
codeleted), and sixteen glioblastoma (GBM, NOS). Pathologically, all of
the PCNSL in our study were diffuse large B-cell lymphomas. We ex-
cluded PCNSL patients with (1) systemic lymphoma, (2) non-par-
enchymal PCNSL, (3) those who had received therapy prior to PCNSL
diagnosis, and (4) known history of testing positive for human im-
munodeficiency virus. In the 6 patients with brain metastases, the
primary sites of the tumors were lung (n = 4), gastric (n = 1) and
cervical cancer (n = 1).

2.2. MR imaging acquisition

An 8-channel head-matrix coil obtained MRI images on a 3.0 T MR
System (Discovery MR750, GE Healthcare, Milwaukee, Wisconsin,
USA). Our conventional MRI protocol included the following sequences:
axial TIWI (TR, 1750 ms; TE, 24 ms; section thickness, 4 mm; inter-slice
gap = 0 mm; field of view (FOV), 240 x 240 mm?; matrix, 320 X 256);
T2WI (TR, 3976 ms; TE, 92ms; section thickness, 5mm; inter-slice
gap = 1.5mm; FOV, 240 x 240 mm?; matrix size, 512 x 512); FLAIR
(TR, 8400 ms; TE, 145 ms; section thickness, 5 mm; inter-slice gap =
1.5 mm; FOV, 240 x 240 mm?; Matrix size, 160 X 256); and DWI (TR,
3300 ms; TE, 65.8 ms; matrix, 256 X 256; slice thickness, 5 mm; FOV,
240 x 240 mm?; scan time, 26s; b values, 0 and 1000sec/mm?).

The ASL perfusion imaging was performed using a pseudo-con-
tinuous ASL pulse sequence. ASL images were acquired with a back-
ground-suppressed 3-dimensional gradient and spin echo single-shot
readout (TR, 4632 ms; TE, 10.5 ms; section thickness, 4 mm,; inter-slice
gap = 1.5mm; FOV, 240 x 240 mm?; spatial resolution, 3.64 mm; in-
plane matrix, 128 x 128, bandwidth = 62.6 kHz; number of slices =
36; number of excitations, 3; acquisition time, 4 min 27 s).

Axial DCE MR imaging was performed with volume interpolated
gradient echo (VIBE) sequence. Firstly, five non-enhanced datasets
were acquired using TIWI VIBE (TR, 4.1 ms, TE, 2.0 ms, slice thickness,
4 mm, FOV, 240 mm?, matrix, 256 x 192) with flip angles of 3°, 6°, 12°
and 15° respectively to obtain the T1 map. Secondly, the dynamic
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sequence started after five baseline acquisitions. An intravenous injec-
tion of 0.2 mmol/kg gadodiamide (Omniscan, GE Healthcare, Ireland)
was carried out at an injection rate of 4ml/s via a power injector,
followed by a flush of 20 mL of normal saline. The parameters were as
follows: TR 4.1ms, TE 2.0ms, slice thickness 4 mm, FOV 240 mm?2,
Matrix 256 x 192, flip angle 15°. Fifty dynamic phases were obtained
in total and the temporal resolution was 7 s. Another contrast-enhanced
T1WI was acquired after the completion of DCE MR imaging.

2.3. Image processing and analysis

Two neuroradiologists with 10 years of experience who were
blinded to the diagnosis analyzed lesion number, enhancing pattern,
hemorrhage and necrosis. The enhancing patterns were classified into
two types: (1) homogeneous pattern: well-defined nodular lesions
without hemorrhagic components or necrosis and homogeneously en-
hanced; (2) heterogeneous pattern: lesions with a presence of hemor-
rhage and/or necrosis and heterogeneous enhancement [3]. The two
readers made final decisions by consensus. In cases of disagreement, a
senior neuroradiologist with 20 years of experience helped to make the
final decision.

The data were transferred to an off-line workstation for post-
processing (Advantage Workstation, AW4.5; GE Medical Systems;
Omini-Kinetics, Version V. 2.08) supplied by the vendor and respec-
tively post-processed CBF maps and DCE maps using GE FuncTool
software. To define the tumor localization and extension, the T1 post-
contrast was used. These images were then assigned to coregistered
Pulsed ASL (PASL) images. To approximate the whole tumor volume,
tumor regions of interest (ROI) were manually drawn, at two con-
tinuous imaging slices, by an experienced neuroradiologist who was
blinded to the tumor histopathology. Areas with necrosiswas attempted
to be spared. The mean signal intensity value of each slice of one tumor
was used to calculate the average mean signal intensity of the tumor
regions of interest. A ROI of equal size was positioned at each slice
exactly in the contralateral healthy hemisphere to calculate the average
mean signal intensity of the contralateral normal brain tissue. In ad-
dition, we calculated the relative CBF values (rCBF) by normalizing to
the contralateral normal-appearing gray matter.

Preprocessing of perfusion data included noise correction and mo-
tion rectification. For the purpose of the vascular input function (VIF), a
ROI was placed in the superior sagittal sinus according to the previous
report. The VIF curve was approved by a senior neuroradiologist to
ensure its accuracy. The modified Tofts model was used to calculate
pharmacokinetic parameter maps, including K*** and V. maps. ROIs
encompassing the entire contrast-enhancing tumor were manually
drawn from the DCE images of the last dynamic phase without necrosis
and then transferred to the matching parametric maps (K"", V. maps)
to obtain the average mean value of the pharmacokinetic parameters.

2.4. Statistical analysis

All values are expressed as mean =+ standard deviation (SD).
Interobserver agreement for the tumor CBF, K™ and V., values from
the 2 readers was analyzed by calculation of the intraclass correlation
coefficient (ICC). ICCs are considered to be excellent if greater than
0.74 [14]. The measurements by the two observers for each patient
were averaged for further analysis. Demographic information was
analyzed using student’s t-test and Fisher’s exact test. One-way analysis
of variance (ANOVA) test was used to compare the CBF, rCBF K™ and
V. values among HGG, PCNSL and metastasis. When statistical differ-
ences existed, the post-hoc test was further performed using Dunnett
tests treating PCNSL as the control and comparing all other groups
against it. To minimize inter-individual differences in perfusion, signal
intensities of intratumoral ROIs for each subject were normalized by
dividing the values by those of contralateral normal gray matter (cCBF).
Using the permeability parameters with rCBF and K"™" values, a



Y.-b. Xi et al.

Table 1
Clinical characteristics of patients.

PCNSL HGG Brain metastasis
(n=28) (n=21) (n=26)

Age (years) 60.5 54.0 50.0

Sex (male: female) 53 12: 9 3:3

Number of lesions
Single lesion 5 14 1

Multiple lesions 3 7 5
Enhancing pattern

Homogeneous 4 0 0

Heterogeneous 4 21 6
Necrosis 3 21 6
Hemorrhage 1 8 0

multivariate logistic regression model was built. The area under the
curve (AUC) from receiver operating characteristic (ROC) analysis was
used to evaluate the diagnostic performance of the ASL-determined CBF
and DCE determined K" for differentiating the three brain tumors. In
addition, cross-validated AUC was performed with a leave-oneout
method to prevent overfitting. Statistical analyses were performed with
SPSS (SPSS v. 19.0, Chicago, IL) and GraphPad Prism (GraphPad Prism
v. 5.0, San Diego, CA). P values of less than 0.05 were considered to be
statistically significant.
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3. Results
3.1. Patients demographics and conventional MRI features

The clinical characteristics of subjects were summarized in Table 1.
There was no statistical difference in male-to-female ratio or age be-
tween the three groups. The conventional MRI manifestations are also
summarized. The representative MRI of a patient with PCNSL, HGG or
metastasis was shown in Fig. 1. Several atypical features were observed
in PCNSL: heterogeneous enhancement and necrosis, without elevated
diffusion-weighted signal, as shown in Fig. 3.

3.2. Differences in CBF, K™ and V, among PCNSL, HGG and metastasis

Supplementary Table 1 shows the ICCs of the measurements by the
two observers. Excellent agreement was observed for CBF, K™ and V,
values.

Absolute CBF, as well as rCBF, was significantly lower in the pa-
tients with PCNSL than in those with HGG or metastasis. The K"*" and

V. values of PCNSL were significantly higher than those of HGG and
metastasis. Detailed differences of quantitative analyses were sum-
marized in Table 2 and Supplementary Table 2 and representative ASL
and DCE images were shown in Fig. 1.

Fig. 1. Comparison among PCNSL (A-D), HGG (E-H) and metastasis (I-L). Upper row: A 43-year-old male with PCNSL in the left frontal lobe shows remarkable
enhancement on a contrast-enhanced T1-weighted image (A). The matching ASL map shows iso-perfusion in the region of tumor compared with the contralateral
brain. K" map (C) and V. (D) shows obviously elevated signals in the enhancing region of the tumor, respectively. Middle row: A 49-year-old female patient with
GBM beside the left posterior lateral ventricle shows irregular enhancement on a contrast-enhanced T1-weighted image (E). ASL perfusion map shows hyperperfusion
in the mass compared with the contralateral brain (F). The K"*" (G) and V. map (H) shows increased signals to the normal brain tissue, but significantly lower than
those in PCNSL. Lower row: A 42-year-old female with metastatic tumor in the right parietal lobe with irregular and peripheral enhancement (I). ASL map shows
hyperperfusion in the mass (J). On K™ map (K) and V. map (L), the signals are lower than those in PCNSL. Absolute color scheme is used to generate the color maps.
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Table 2
DCE and ASL imaging-derived parameters for PCNSL, HGG and metastasis.
PCNSL HGG Brain metastasis P values
(n=28) (n = 21) (n=6)
CBF 42.78 + 7.48 96.60 + 44.17 81.98 + 32.13 0.0065
rCBF 0.99 = 0.11 2.01 = 0.81 1.72 = 0.77 0.0068
K™ (min~1) 0.50 = 0.18 0.25 = 0.08 0.29 = 0.10 < 0.001
Ve 0.83 = 0.19 0.68 = 0.25 0.47 = 0.31 0.0469

P value represents the comparison results
Mean =+ standard deviations. rCBF = relative cerebral blood flow.

Table 3

of all the HGG, PCNSL and metastasis using the one-way analysis of variance analyzation. Values are presented as

Diagnostic performance of rCBF, K™ and the combinations for differentiating PCNSL from HGG and metastatic tumors.

Model AUC Cutoff value Sensitivity Specificity Cross-validated AUC
rCBF 0.880 (0.765-0.995) 1.202 0.815 1.000 0.879
K'ans 0.889 (0.736-1.000) 0.429 0.750 0.963 0.890
Multivariate 0.986 (0.954-1.000) 0.631 0.889 1.000 0.984

Data in parentheses are 95% confidence intervals. AUC = area under the receiver operating characteristic curve. rCBF = relative cerebral blood flow.

3.3. Diagnostic values of rCBF and K™ alone and in combination

The ROC analysis for rCBF showed an AUC of 0.880 with a sensi-
tivity of 81.5% and a specificity of 100%. According to the ROC curve
analyses, the AUC of K™ was 0.889 with a sensitivity of 75% and a
specificity of 96.3%. Moreover, combination of rCBF and K" pre-
dicted PCNSL showed an AUC of 0.986 with a specificity of 100% and
sensitivity of 88.9%. The optimal cutoff values of different parameters
for discriminating PCNSL from HGG and metastasis were summarized
in Table 3. The ROC curves are shown in Fig. 2.

4. Discussion

In the present study, PCNSL exhibited lower CBF values based on
ASL perfusion MRI. PCNSL were also differentiated from HGG and
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Fig. 2. Receiver operating characteristic curves for rCBF, K™ and a combi-
nation of rCBF and K" for differentiating PCNSL from HGG and metastasis.
AUC = area under the receiver operating characteristic curve. rCBF = relative
cerebral blood flow.
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metastatic tumors with significant elevated K™ and V. derived from
DCE MR imaging. Moreover, with the combination of rCBF and K"
value, the diagnostic performance was significantly improved for dif-
ferentiating PCNSL from HGG and metastasis.

Differentiation of PCNSL, HGG and metastasis is important as the
therapeutic approach and prognosis are different clinically. HGG,
especially GBM, is usually a ring-shaped contrast-enhanced mass lesion
with central hypointense necrosis on contrast-enhanced T1-weighted
MR imaging, whereas PCNSL usually present as a solid mass lesion with
homogeneous contrast enhancement in immunocompetent patients
[15]. Meanwhile, in patients with known primary malignancy or mul-
tiple brain lesions, the diagnosis of brain metastasis is without much
difficulty. However, certain typical pattern is not always reliable as
atypical features may mimic each other (Fig. 3), and without certain
clinical history, differentiation of brain metastasis from other brain
tumors becoming challenging with overlapping imaging features.
Therefore, differential diagnose is sometimes difficult among PCNSL,
HGG and metastasis.

In the current study, we firstly focused on the utility of intratumoral
perfusion from ASL. PASL measurements, using low inversion times,
could reflect only arterial vessels without affected by blood products,
necrosis or calcification [1]. We found lower rCBF in PCNSL compared
with HGG and metastasis, which was in agreement with previous stu-
dies [16,17]. Noguchi et al. have proposed that ASL-driven CBF may
predict histopathologic vascular densities of brain tumors [18].
Therefore, our result may be attributed to that both HGG and metastatic
brain tumors could induce angiogenesis, which lead to increased per-
fusion, but the angiogenesis is rare in PCNSL.

Second, we used DCE-derived parameters for the differentiation
diagnose. Compared to dynamic susceptibility contrast-enhanced ima-
ging, DCE perfusion has the advantages of higher spatial resolution,
better quantification of microvascular leakiness and perfusion, and in-
creased resistance to susceptibility artifacts [19]. We observed higher
K" and V. in PCNSL compared with HGG and metastasis. K" is the
volume transfer constant of the gadolinium agent between the blood
plasma and the extracellular extravascular space (EES), which could
reflect tissue leakiness [20]. PCNSL has a greater degree of blood-brain
barrier (BBB) disruption and thus a higher vascular permeability as
compared to HGG and metastasis. Warnke et al. compared the vascular
permeability between PCNSL and GBM and reported higher K" in
PCNSL [21]. Kickingereder et al. studied the DCE-MR imaging-derived
vascular permeability parameters for differentiation of PCNSL and
GBM. And they also observed higher K" in PCNSL [5].
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Fig. 3. A 42-year-old female with PCNSL. A, Axial T2WI shows a mass located in the frontal lobe, with edema. B, Axial contrast-enhanced T1WI shows the mass with
necrosis and heterogeneous enhancement. C and F show the corresponding K™*" map (C) and V. map (F), demonstrating obviously elevated signals in the tumor. D,
the mass appears without hyperintensity on diffusion-weighted imaging. E, no hyperintensity on the ASL map in the region of the tumor could be detected.

Pathologically, they found the outer border of the vessel wall in PCNSL
was infiltrated by tumor cells and destroyed, while the basal membrane
of vessels in GBM was intact. Moreover, thinner endothelial cells, as
well as the absence of endothelium between the vascular lumen and
basement membrane has been reported in PCNSL [22]. These patho-
logical findings confirm a large disruption of BBB in PCNSL, thus giving
rise to higher K™ value in our study. However, there are some con-
troversial results from other studies. Lin et al. indicated that K™
showed no difference between GBM and PCNSL [23]. The result might
be attributed to the use of different model for calculation the para-
meters. In addition, V. is defined as the volume fraction of contrast
agent transferring from the vessel into the EES. The higher Ve value was
related to the dose of the contrast agent in the tumor interstitium.
Johnson et al. reported the V. of PCNSL was higher than that of HGG
[24], which was in agreement with our study. Recently, Abe et al. also
observed that PCNSL had an extremely high V. [12]. In Lu et al.’s study,
higher V., was observed in PCNSL than in GBM and metastasis as well
[3].

On the other hand, our study showed that no differences were ob-
served between PCNSL and metastasis in CBF and K" with post-hoc
analysis in supplementary materials. Our result also indicated no dif-
ferences between HGG and metastasis in those three parameters.
Previous study proved that ASL perfusion MRI could aid in the differ-
entiation of GBM from brain metastasis [25]. The possible explanation
for the controversial result may due to the limited patients number for
PCNSL and metastasis groups in our study. The difference of vascular
permeability between HGG and brain metastasis in previous reports
also stands out to be controversial. Server et al. found higher micro-
vascular leakage in GBMs than in brain metastasis [26]. In contrast,
Zhao et al. found higher K" in metastasis than in GBM, whereas
Weber et al. found no significant difference between GBMs and me-
tastasis [27]. Liidemann et al. also reported that the permeability of
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metastasis was similar to that of gliomas [28]. We consider that the
permeability parameters in brain metastasis might be greatly influ-
enced by the histopathology of the primary tumors, therefore con-
tributing to their results.

Most importantly, we proved that the combination of rCBF and
K" values could significantly improve diagnostic performance in
differentiating PCNSL from HGG and metastasis. Although some other
methods may offer high accuracy with up to 90% for the differentiation
diagnose, the evaluation is rather single parameters and could only
reflect one characteristic for the brain tumors [2,4,6]. Moreover, pre-
vious study proved that multiple parameters could offer higher sensi-
tivity and specificity [29]. Choi et al. proved that initial AUC derived
from DCE-MRI and ADC could be useful for differentiating between the
PCNSL and atypical GBM [30]. And Lu et al. proved that the combi-
nation of ADC and K" helps to improve the diagnostic accuracy [7].
Bauer et al. have shown that the combination of diffusion and perfusion
matrices in non-enhancing peritumoral T2 hperintense region could
help differentiate GBM over solitary brain metastasis [31]. With the
combination of those parameters from DCE and ASL, the vascular
densities as well as the vascular permeability and leakage were re-
flected at the same time. In our study, ASL and DCE showed somehow
different trends in the perfusion. The possible explanation could be
influenced by the leakage of the contrast agent and the vascular per-
meability. DCE is influenced by T1 effects of extravasated contrast
agents into the interstitial space, while the labeled water proton in the
arterial blood acts as a diffusible tracer in ASL, which is less affected by
a disrupted BBB [32].

Our study has some limitations: First, this was a retrospective study
with a small cohort. A larger number of patients would validate our
results in the future. Secondly, it is reported that several factors, in-
cluding MR sequence parameters, post-processing software, T1 mea-
surement methods, contrast agent may influence on the results.
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5. Conclusion

CBF derived from ASL perfusion MRI, V., and K™ derived from
DCE MRI could differentiate PCNSL from HGG and brain metastasis
noninvasively. The combination of rCBF and K"®* could improve the
diagnostic efficiency.
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