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Abstract

Purpose With conventional MRI, it is often difficult to effectively differentiate between contrast-enhancing brain tumors,
including primary central nervous system lymphoma (PCNSL), high-grade glioma (HGG), and metastasis. This study aimed
to assess the discrimination ability of the parameters obtained from DWI and the percentage signal recovery- (PSR-) optimized
protocol of DSC-MRI between these three tumor types at an initial step.

Methods DSC-MRI using a PSR-optimized protocol (TR/TE = 1500/30 ms, flip angle = 90°, no preload) and DWI of 99 solitary
enhancing tumors (60 HGGs, 24 metastases, 15 PCNSLs) were retrospectively assessed before treatment. tCBV, PSR, ADC in
the tumor core and rCBV, and ADC in peritumoral edema were measured. The differences were evaluated using one-way
ANOVA, and the diagnostic performance was evaluated using ROC curve analysis.

Results PSR in the tumor core showed the best discriminating performance in differentiating these three tumor types with AUC
values of 0.979 for PCNSL vs. others and 0.947 for HGG vs. metastasis. The ADC was only helpful in the tumor core and
distinguishing PCNSLs from others (AUC = 0.897).

Conclusion Different from CBV-optimized protocols (preload, intermediate FA), PSR derived from the PSR-optimized protocol
seems to be the most important parameter in the differentiation of HGGs, metastases, and PCNSLs at initial diagnosis. This
property makes PSR remarkable and carries the need for comprehensive DSC-MRI protocols, which provides PSR sensitivity
and CBV accuracy together, such as the preload use of the PSR-optimized protocol before the CBV-optimized protocol.
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Introduction still inconclusive due to similar imaging patterns, particularly
in solitary enhancing lesions. It is more critical to differentiate
The characterization of brain tumors using conventional mag-  between high-grade glioma (HGG), metastasis, and primary

netic resonance imaging (MRI) in the pretreatment period is  central nervous system lymphoma (PCNSL), which show
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similar appearance on a conventional MRI as solitary enhanc-
ing lesions with peritumoral edema. Accurate diagnosis at the
initial step is mandatory due to their different management
settings [1, 2].

Diffusion-weighted imaging (DWI) gives information on
cellular architecture, and several studies have also been ap-
plied to differentiate primary brain tumors [3—7]. DWI pro-
vides quantification of the physiologic alteration of water dif-
fusion in tissue. This diffusion feature can be measured using
an apparent diffusion coefficient (ADC). Malignant primary
brain tumors may show restricted diffusion characterized by
low ADC values due to the high cellularity rate and narrowing
of the intercellular space [3—5]. Today, it is well known that
PCNSLs tend to demonstrate lower ADC values compared
with HGGs and metastases due to their histologic characteris-
tics but with significant overlaps [4, 6, 8]. On the other hand,
ADC measurements of the peritumoral edema of these three
types of tumors revealed conflicting results [3, 6, 9].
Therefore, discrimination of these tumors may be difficult
using ADC only.

Perfusion-weighted imaging (PWI) methods that allow for
the characterization of microenvironmental changes at a cap-
illary level have been used in the characterization of brain
tumors [8]. Dynamic susceptibility contrast (DSC) MRI is
the most widely used perfusion technique based on measuring
T2* signal changes during the initial pass of contrast material
[8, 10]. Relative cerebral blood volume (rCBV) obtained by
dividing the cerebral blood volume (CBV) of the lesion to the
CBYV of normal-appearing white matter NAWM) is the most
commonly used metric in the differentiation of brain tumors
[6-8, 11, 12]. rCBV correlates with tumor vascularity and
relatedly with neoangiogenesis [13, 14], and it has been
shown to increase with the glioma degree [14, 15]. The per-
centage of signal recovery (PSR) obtained from the time-
signal curve is used to a lesser extent in tumor differentiation,
but recent studies have shown that its diagnostic efficacy is not
only higher than rCBV in glioma grading [16] but also in the
differentiation of common intracranial malign lesions (HGG,
metastasis, and PCNSL) [11, 12, 17, 18]. PSR reflects the
combined interaction of blood-brain barrier (BBB) integrity
and vascular permeability related to the tissue’s histologic
characteristics [19]. However, contrast leakage effects cause
a decrease in the T2* signal reduction due to their T1-
shortening effect, which then results in an underestimation
of CBV [20, 21]. This concern has led to the development
of new applications enabling accurate CBV, such as
leakage-correction protocols using contrast preload [21],
adapting image acquisition parameters to balance T1 and T2
sensitivity [22, 23], and postprocessing leakage-correction
methods [15, 20]. However, the addition of a preload dose is
thought to affect the PSR measurements, which have promi-
nent diagnostic ability at initial diagnosis of intracranial tu-
mors, especially in the discrimination of metastasis and
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HGG, which is the most challenging area [24]. Bell et al.
[25] showed that PSR in HGGs decreases with increasing
preload dose, which may reduce the variation between tumor
groups. Boxerman et al. [26] also showed that the T1-sensitive
protocol (high flip angle [FA] and short TE) caused increased
PSR in HGGs, whereas the administration of preload contrast
reduced the variation in PSR measured by different protocols.
Likewise, Lee et al. [24] also suggested that adapting pulse
sequence parameters by decreasing T1 sensitivity and preload
contrast administration may suppress the PSR differences be-
tween these three types of tumors. Although PSR is very use-
ful in distinguishing common intracranial tumors at initial
diagnosis [11, 17, 18], CBV is indispensable, especially in
distinguishing treatment response from residual or recurrent
tumors and guiding surgical interventions [27, 28]. Therefore,
there is a balance between PSR sensitivity and rCBV accuracy
for DSR-MRI acquisition parameters. Recent studies on the
differentiation of intracranial tumors have mostly used DSC-
MRI protocols adapted for rCBV accuracy (i.e., preload con-
trast, intermediate FA, low TE, and postprocessing correction
algorithm) [24] but not for PSR optimization. Although there
are guidelines for implementation [8], the heterogeneity of
inter-institutional protocols makes standardization difficult
and prevents the cut-off value of perfusion parameters to be
used for lesion discrimination.

As far as we know, there are only a few studies based on the
differentiation between all three tumor types together (HGGs,
PCNSLs, and metastases) using DSC-MRI [6, 17, 18, 24] but
with different imaging algorithms. We aimed to determine
whether using high FA values and low TE values for PSR
optimization may provide better diagnostic performance in
the differentiation of HGGs, PCNSLs, and metastases on the
basis of the evaluation of both the enhancing tumor core and
the surrounding T2-hyperintense edema at the initial diagnos-
tic step, without using time-consuming protocols for CBV
accuracy. Our second aim was to evaluate the contribution
of DWI to the differentiation of these three types of tumors
in the same aforementioned areas.

Materials and methods
Patient population

This retrospective study was made up of 99 consecutive pa-
tients with solitary enhancing brain tumors who underwent
multiparametric MRI, including DWI and DSC-PWTI prior to
biopsy or surgery between March 2015 and June 2019. None
of the patients have prior treatment history for brain tumors.
We derived data from the institutional archive and included 60
HGGs (50 years £ 16), 24 metastases (57 years = 12), and 15
PCNSLs (61 years + 15), all being biopsy or surgery proven.
Twelve metastases originated from lung cancer, 7 from breast
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cancer, 2 from rectal cancer, 1 from thyroid cancer, 1 from
gastric adenocarcinoma, and 1 from malign melanoma. All of
the PCNSLs in the study were of diffuse large B cell type.
HGGs consisted of 40 glioblastomas (GBs) (16 IDH-wild, 6
IDH-mutant, 18 NOS) and 20 anaplastic astrocytomas (8
IDH-wild, 8 IDH-mutant, and 4 NOS). All tumors were soli-
tary enhancing lesions with surrounding edema. A local ethics
committee approved this single-center retrospective study,
and the requirement for informed consent was waived.

DWI and DSC-MRI acquisition

All examinations were performed at a 3T MR system
(Magnetom Verio, Siemens Healthinieers, Erlangen,
Germany) using an 8-channel head matrix coil. DSC-MRI
was performed using a fast echoplanar T2-weighted gradi-
ent-echo sequence. The perfusion imaging parameters were
as follows: 5 mm slice thickness with 1.5 mm intersection
gap, 1500 ms for TR, 30 ms for TE, 90° FA, 23 cm FOV,
1.0 NEX, 128 x 128 matrix size, and 60 phases (25 axial
slices). Image acquisition was obtained during a 10-s delayed
bolus injection of Gadobutrol formula (0.1 mL/kg) (Gadovist,
Bayer Health Care, Germany), followed by a 20 mL saline via
a 20-gauge catheter placed in the antecubital vein with an
automatic injector at a rate of 5 mL/sn. The total examination
time was ~ 1 min 23 s, with a 1.38-s temporal resolution.

DWI was performed before DSC-MRI in the axial plane
using a single-shot echoplanar imaging sequence with the fol-
lowing parameters: 3-mm slice thickness with no gap,
15,000 ms for TR, 90 ms for TE, 23 cm FOV, 2.0 NEX,
128 x 128 matrix size, diffusion gradient encoding in three
orthogonal directions, b = 1000 s/mm?, and scanning time 90
.

Image processing and analysis

Data were transferred to a dedicated workstation and analyzed
two neuroradiologists with more than 15 years of experience,
blinded to the histologic data using in-house software. CBV
values were obtained by placing ROIs (60-80 mm?) on mul-
tiple hot spots (3—7) of the tumor core. T2-weighted, post-
contrast T1-weighted images, and SWI images overlaid on
CBV maps were used to ensure the correct position of the
tumor core and also to exclude any hemorrhage, necrosis,
calcification, or large vessels within ROIs. The highest values
of CBV were selected, and the mean value of three measure-
ments was recorded for analysis. Then, the measurement of
CBYV of the peritumoral area was applied in the same fashion.
For normalization, ROIs with a similar size were placed in the
contralateral NAWM, excluding gray matter. Finally, the
rCBV was calculated by dividing the CBV of lesion or
perilesional area to the CBV of NAWM.

To obtain PSR measurements, ROIs (60-80 mmz) were
drawn on the grayscale perfusion maps overlaid on
postcontrast T1-weighted images. PSR values were calculated
from the acquired perfusion curve of the tumor core and con-
tralateral NAWM based on the following formula: PSR =
(Spost-Smin) / (Spre-Smin) X 100% where Spre represents
baseline signal intensity at the initial non-contrast fase, Smin
the maximal drop value of signal intensity, and Spost the peak
value after the signal recovery. The PSR of the tumor core was
normalized to the values from the NAWM of the contralateral
hemisphere in order to obtain relative PSR (rPSR). For all
measurements, hemorrhagic, necrotic, and calcified regions
were tried to exclude depending on T2-weighted, T1-weight-
ed, and SWI images.

Measurements of ADC from the tumor core and
peritumoral edema were performed on ADC maps. The mean
ADC was obtained from the darkest areas with the ROI size in
the range of 40-80 mm?. Similar to perfusion evaluation,
fused images were used to outline hemorrhage, necrosis, or
calcification. After measuring the ROIs three times, the aver-
age value of the three measurements was taken.

Statistical analysis

All statistical analysis was performed using SPSS, version 23
(IBM, Chicago), and a p value less than 0.05 was accepted as
the criterion of significance. All values are specified as mean =
standard deviation (SD). The differences in perfusion and dif-
fusion parameters among HGGs, PCNSLs, and metastases
were assessed using one-way analysis of variance
(ANOVA), followed by the post hoc Tamhane test used for
dual group comparisons. Student’s ¢ test was used for pairwise
comparisons. The area under the curve (AUC) from receiver
operating characteristic (ROC) analysis was used for each
parameter to evaluate the diagnostic performance of parame-
ters between groups. Optimal cut-off value was determined by
Youden index. For evaluating the diagnostic performance of
combination of parameters, logistic regression analysis was
performed, if available.

Results

The mean values of perfusion metrics and the results of one-
way of ANOVA are summarized in Table 1. The discriminat-
ing performances of PCNSL vs. HGG and metastasis and
HGG vs. metastasis are summarized in Table 2. PSR came
forward as the best discriminating parameter between these
three types of tumors, including high levels in PCNSLs, inter-
mediate levels in HGGs, and low levels in metastases
(Table 2; Figs. 1, 2, and 3).
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Table 1 Mean values, standard deviations, and ranges (in parentheses) of perfusion and diffusion parameters and comparisons of groups using
ANOVA test

Parameter HGG Metastasis PCNSL P values (ANOVA)
rCBV 4.01 £2.51 (1.56-13.89) 4.25+3.05 (1.87-15.71) 1.51 +0.45 (0.65-2.37) 0.001"
rCBV-edema 1.61 +0.99 (0.49-6.60) 0.77 £ 0.31 (0.22-1.52) 0.89 +0.32 (0.36-1.64) <0.001"
PSR 95.30 £20.12 (65.91-197.22)  59.83 + 15.21 (34.41-94.17)  164.05 +37.0 (113.16-243.78) <0.001"
PSR 1.16 £ 0.59 (0.59-3.5) 0.71 +0.20 (0.43-1.34) 1.81+0.39 (1.36-2.56) <0.001"
ADC (x 107> mm?%s)  0.930 +0.212 (0.502-1.464)  0.981 +0.231 (0.550-1.414)  0.656 = 0.127 (0.481-0.894) <0.001"
ADC-edema 1.230 £ 0.256 (0.594-1.835)  1.518 £0.513 (0.713-2.565)  1.617 £0.321 (1.191-2.324) <0.001"

(x 1072 mm?s)
Pairwise comparison with post hoc Tamhane test—P values

Parameter HGG vs MET HGG vs PCNSL
CBV 0919 <0.001"
rCBV-edema <0.001" 0.010"
PSR <0.001" <0.001"
PSR <0.001" 0.001"
ADC 0.731 <0.001"
ADC-edema 0.041" 0.001"

PCNSL vs MET
0.001"
0.894
<0.001"
<0.001"
<0.001"
0.847

ADC apparent diffusion coefficient, HGG high-grade glioma, MET metastasis, PCNSL primary cranial nervous system lymphoma, »CBV relative
cerebral blood volume, PSR percentage signal recovery, *PSR relative percentage signal recovery

* Significant

PCNSL vs. metastasis and HGG

Compared with metastases and HGGs, PCNSLs showed sig-
nificantly lower values of rCBV and ADC, as well as signif-
icantly higher PSR and rPSR values in the tumor core
(Table 1; Figs. 1, 2, and 3). PSR in the tumor core had the
best discriminating performance with an AUC of 0.979, and
the rCBV was the second one with an AUC of 0.970 in the
differentiation of PCNSLs from others (Table 2, Fig. 4). The
accuracy rates were 0.95 at the cut-off value of 112 for PSR
and 0.94 at the cut-off value of 1.94 for rtCBV (Table 2). The

combination of PSR and rCBV did not improve diagnostic
accuracy (0.94), sensitivity (0.97), or specificity (0.93) value.
ADC in the tumor core showed slight overlaps between
PCNSLs vs. HGGs and metastases; thus, the AUC value
(0.879) was lower compared with PSR and rCBV. In the tu-
mor core, the combination of PSR and ADC, as well as TCBV
and ADC slightly increased the diagnostic performances, with
AUC values of 0.986 (95% CI, 0.968-1.00) and 0.990 (95%
CI, 0.973-1.00), respectively (p < 0.001), compared with the
individual evaluation of each parameter alone. On the other
hand, none of the ADC and rCBYV values obtained from the

Table 2  Diagnostic performance of each perfusion parameter in differentiation of PCNSL versus MET and HGG, and HGG versus MET

Parameter HGG vs MET PCNSL vs others
AUC (95% CI) Pvalue Cut- SEN SPE Accuracy AUC (95% CI) Pvalue Cut- SEN SPE Accuracy
off off

rCBV 0.501 (0.359-0.643) 0988 - - - - 0.970 (0.936-1.0) <0.001" 1.94 0.94 093 094
rCBV-edema 0.873 (0.795-0.950) < 0.001" 1.13 0.75 0.87 0.77 0.691 (0.573-0.809)  0.019" 0.99 0.64 0.67 0.64
PSR 0.947 (0.893-1.0) <0.001° 7425 092 085 092 0.979 (0.953-1.0) <0.001" 112 1.00 0.93 0.95
rPSR 0.861 (0.794-0.962) <0.001" 0.82 0.85 0.83 0.86 0.907 (0.842-0.961) <0.001" 135 1.00 0.87 0.89
ADC 0.566 (0.426-0.705) 0349 - - - - 0.879 (0.797-0.961) <0.001" 0.758 0.76 0.80 0.77
ADC-edema  0.670 (0.525-0.814)  0.015" 1258 0.75 0.57 0.62 0.763 (0.644-0.883)  0.001° 1381 0.73 0.69 0.72

ADC apparent diffusion coefficient, HGG high-grade glioma, MET metastasis, PCNSL primary cranial nervous system lymphoma, AUC area under the
curve, CI confidence interval, SEN sensitivity, SPE specificity, *CBYV relative cerebral blood volume, PSR percentage signal recovery, »PSR relative

percentage signal recovery

* Significant
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Fig. 1 A 58-year-old woman with histologically proved glioblastoma
(isocitrate dehydrogenase wild type). The T2-weighted FLAIR image
(a) shows oval-shaped mass in the right temporo-occipital region and
thalamus with extensive perilesional edema. The contrast-enhanced T1-
weighted image (b) demonstrates heterogeneous dense contrast
enhancement. The ADC map (¢) shows peripherally scattered
hypointense areas representing high cellularity (0.988 x 107> mm?s).

peritumoral zone had an efficient discriminating characteristic
between similar groups (Table 3). Furthermore, in pairwise
analysis, the mean rCBV of HGGs in the peritumoral zone
was significantly higher than the mean value of PCNSLs (p =
0.010), whereas the values of metastasis and PCNSLs did not
show any significant differences (p > 0.05) (Table 1).

HGG vs metastasis

ADC and rCBYV in the tumor core did not show any statisti-
cally significant differences between HGGs and metastases (p
> 0.05) (Tables 1 and 2). Both PSR and rPSR were signifi-
cantly higher in HGGs than those in metastases (95.30 vs
59.83 for PSR; 1.16 vs 0.71 for rPSR, respectively)
(Table 1). Compared with rPSR, PSR showed a higher AUC

PSR = Spost-Smin/Spre-Smin

o

Smin

Time

The cerebral blood volume map (d) demonstrates increased perfusion in
tumor core with rCBV at 6.25 (small black ROI on hot spot). Signal
intensity-time curve (e) shows that the curve returns close to baseline
after the first pass with the percentage signal recovery being 95.92
(pink line represents tumor core, white line represents the automatic
correction of software)

value of 0.947 with an accuracy of 0.92 at the cut-off point of
74.25 (Table 2). In the peritumoral region, compared with
metastases, HGGs showed significantly higher values of
rCBV with slight overlaps (mean values 0.77 £+ 0.31 for me-
tastases, 1.61 + 0.99 for HGGs; AUC of 0.873, and accuracy
of 0.77 at the optimal cut-off value of 1.13) (Tables 1 and 2,
Fig. 5). Moreover, the combination of PSR from the tumor
core and rCBV from the peritumoral region slightly increased
the diagnostic performance with an AUC of 0.971 (95% ClI,
0.929-1.00), accuracy of 0.94, sensitivity of 0.95, and speci-
ficity of 0.91 compared with the evaluation of each parameter
alone (Fig. 5). Although peritumoral ADC values in HGGs
(1.230 x 10> mm?/s) were revelaed to be relatively lower
than the values in metastases (1.518 x 10> mm?/s), there were
significant overlaps between these two groups (AUC =

@ Springer
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PSR = Spost-Smin/Spre-Smin
pre

Smin

Fig. 2 A 52-year-old man with primary cranial nervous system
lymphoma. The T2-weighted axial image (a) shows round shape
hypointense mass in the right basal ganglia with extensive perilesional
edema. The contrast-enhanced axial T1-weighted image (b) demonstrates
ring-like enhancement. The ADC map (¢) shows prominent diffusion
restriction in the tumor core (0.603 x 10> mm?/s). The cerebral blood

0.670). The combination of PSR from the tumor core and
ADC from peritumoral edema did not have an impact on the
diagnostic performance (AUC = 0.945, 95% CI 0.881-1.00).

Discussion

PCNSL, HGG, and metastases may present similar on con-
ventional MRI, but accurate diagnosis at the initial step is
important in regard to treatment planning. Although PCNSL
shows some characteristic findings on conventional MRI, it
may not always be possible to distinguish it from HGG and
metastasis when atypical features, such as necrosis, bleeding,
or heterogeneous enhancement, are present. In this study, we
firstly focused on the utility of diffusion and perfusion metrics
of the tumor core and found statistically significant lower
rCBV and ADC, as well as higher PSR and rPSR values in
PCNSLs, compared with values measured from HGGs and

@ Springer

Time

volume map (d) demonstrates slightly increased perfusion on tumor area
and the measured rCBV value is 1.32 (small black ROI on hot spot).
Signal intensity-time curve (e) shows that the curve of tumor area
markedly exceeds the baseline after the first pass with the percentage
signal recovery being 223.58 (pink line represents tumor core, white
line represents automatic correction of software)

metastasis. Those were in agreement with the previous studies
[4,6,7,12,17, 18, 24, 29, 31, 32], with PSR being the most
predictive among other metrics (AUC of 0.979, sensitivity of
1.0, specificity of 0.93, and accuracy of 0.95). In pairwise
analyses, PSR and rPSR values in the tumor core were also
effective in discriminating HGGs from metastases (AUC of
0.947 and 0.861, respectively), whereas rCBV and ADC did
not show any significant difference.

Lymphomas are characterized as dense cellularity and tend
to grow around the perivascular region and at the outer border
of the vessel wall, which has been shown to be infiltrated and
destroyed by tumor cells without prominent neovasculariza-
tion [8, 33, 34]. Thus, lymphomas show a higher degree of
BBB disruption than HGGs, whereas the basement membrane
integrity of HGGs is preserved [33]. Based on these findings,
although PCNSLs show higher permeability and much more
contrast extravasation to the interstitial space, T1 and T2*
shortening effects are not evident at the time of the first pass
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Fig.3 A 65-year-old woman with a right occipital metastasis from breast
cancer. The T2-weighted FLAIR image (a) shows round shape lesion
with perilesional edema. The post-contrast axial T1-weighted image (b)
demonstrates heterogeneous enhancement. The ADC map (¢) shows
hypointense areas in the tumor area (0.883 x 103 mm?/s). The cerebral

due to the slow and late accumulation of contrast in PCNSLs,
but the T1 shortening effect dominates the T2* shortening
effect immediately after the first pass and causes higher signal
recovery values in the signal time curve exceeding the basal
level when compared with HGGs [32]. Hartman et al. [34]
also suggested that due to the hybrid effect of low CBV, the
signal decline in PCNSL was less in the first pass, and then,
they observed a higher signal recovery due to the higher con-
trast leakage than GBs. In HGG and metastasis, which show
high microvascular density, the T2* effect resulting from the
accumulation of a fast and abundant contrast agent in the
extracellular extravascular space is significantly higher than
the T1 shortening effect during and after the first transition
period, resulting in a lower PSR [18]. Furthermore, metastases
exhibit prominent capillary fenestration, open endothelial
junctions, and a complete lack of BBB, and relatedly, they
are expected to show more and faster contrast extravasation
to the extravascular extracellular space than HGGs. Therefore,

PSR = Spost-Smin/Spre-Smin

Spost

Smin

Time

blood volume map (d) shows ring-like slightly increased perfusion with
rCBV at 2.12 (small black ROI on hot spot). Signal intensity-time curve
(e) shows that the curve ends far to baseline after the first pass with the
percentage signal recovery being 61.25 (pink line represents tumor core,
white line represents automatic correction of software)

signal recovery is expected to be less in metastases. The dif-
ferences in PSR between these three tumor types may be ex-
plained by complex integration of differences in capillary ar-
chitecture, permeability, cellular features, and microvessel
density [19, 34]. On the other hand, studies using leakage-
correction protocols with preload to obtain accurate CBV
value have reported a lower diagnostic ability of PSR [24]
between these three tumor types. The main purpose of the
preloading dosage is to reduce local tissue T1 to an appro-
priate extent so that subsequent contrast injections only
cause minor additional T1 changes and thereby increase
sensitivity to expected T2* changes. As is known, PSR
depends dominantly on contrast leakage effects that cause
T1 shortening. Decreased T1 changes at the cellular level
with preload or adapting pulse sequence parameters (low
TE and intermediate FA) may diminish the PSR values and
diminish the variations in PSR values between tumor
groups [24-26].

@ Springer
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PCNSLs also tend to show little neoangiogenesis, whereas
HGGs and metastases show increased angiogenesis and per-
fusion [17, 28, 29, 32]. Accordingly, rCBV in PCNLSs (1.51
+ 0.45) was significantly lower than those in HGGs (4.01 +
2.51) and metastases (4.25 £ 3.05) and had nearly the same
powerful distinguishing ability with PSR in this study (AUC
0f 0.970). However, a few studies using a preload bolus con-
trast technique or correction of rCBV during postprocessing
reported relatively higher rCBV values for lymphomas [7, 12,
17, 31]. Using these techniques, PCNSLs show hyperperfu-
sion characteristics that hinder differentiation of them from
other hypervascular tumors such as HGGs and metastases.
Of interest, Nakajima et al. [12] and Toh et al. [31] showed
lower diagnostic performance for corrected rCBV compared
with uncorrected rCBV in distinguishing PCNSLs from GBs.

In pairwise analysis, rCBV in the tumor core did not show
any significant differences between HGG and metastasis.
Both had high rCBYV values nearly at the same level, reflecting
increased perfusion consistent with the studies using preload
or no-preload techniques that hinder the discrimination among
tumor types [6, 9, 24, 30]. Contradictory to this assumption,
Mangla et al. [17] showed significantly higher tCBV values in
HGGs than in metastases. Patient groups’ heterogeneity and
differences in the acquisition and analysis protocol may be the
causes of this conflict. In this context, PSR in the tumor core
has come to the front as the best distinguishing parameter,
with an AUC of 0.947, in the differentiation of HGG from
metastasis, which may help to discriminate each group with an
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accuracy rate of 0.92, as seen in the differentiation of PCNSLs
from others in this present study. These findings were consis-
tent with previous results [11, 17, 18], which used a similar
no-preload technique but with different TE and FA values
(Table 3). For example, Vallee et al. [18], who used a similar
DSC protocol, except for a higher TR value (1980 ms), dem-
onstrated statistically significant differences for PSR in the
differentiation of metastasis from PCNSLs and GBs with an
AUC 0f0.969. In addition, the mean PSR values of HGGs and
lymphomas (95.3 and 164.05, respectively) are quite similar
to the results of Liao et al. [29] (93 and 175, respectively), who
used identical imaging parameters (no preload, 1440 TR, 30
TE, 90 FA) to our study. Mangla et al. [17] used a PSR-
optimized acquisition protocol (Table 3) (no preload, high
FA = 80, intermediate TE = 50 ms) and reported PSR to have
a higher AUC value (0.880 for mean PSR) than rCBV (AUC
of 0.759) in the differentiation of PCNSLs from metastases
and GBs, despite the usage of a postprocessing CBV correc-
tion algorithm. In the differentiation of GB from metastasis,
the reported diagnostic ability of PSR was very close (AUC
value 0f 0.938 for mean PSR) to this study [17]. Conversely, a
newer study [24] that used a DSC protocol designed for rtCBV
accuracy (with preload, intermediate FA = 60° and low TE =
40 ms) and a postprocessing leakage-correction algorithm
(Table 3) reported markedly lower diagnostic performance
for both rCBV and PSR (AUC of 0.66-0.83) in the discrim-
ination of PCNSLs from others compared with our study. For
GB vs. metastasis, they reported no significant differences for
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DSC-MR imaging parameters of some studies in literature

Table 3

Postprocessing

leakage

FA

TE (ms)

TR (ms)

Preload

Slice

Temporal
resolution

(ms)

Magnet
strength

(M

PCNSL
(n)

MET

(n)

HGG

(n)

Study (year)

(degree)

gadolinium-

thickness

(mm)

correction
for CBV

based contrast

agent

80 NA No

1900

No

1.26

1.5

17

30

27

Neska-Matuszewska (2018)

(6]

Lee et al. (2019) [24]
Cha et al. (2007) [11]

60 Yes
35

40

1290

Yes

1.16
1.25

NA

1.5
1.5
1.5
1.5

20

14

No

54
50
30
30
32
32
40

1000-1250
1500
1440
2000

No

3-5

16
22

27GB
22

11

Yes

80
90
90

No

22

Mangla et al. (2011) [17]
Liao et al. (2008) [29]

No

No

1.5

Yes

No

10

18

Nakajima et al. (2015) [12]
Askaner et al. (2018) [30]
Makino et al. (2017) [7]
Toh et al. (2013) [31]

Yes

NA

1400
1400
1640
1980
1500

No

NA

76

38 GB
54 GB
20 GB
14 GB

No

60
90
90

Yes

1.17
1.28

NA

33

Yes

No

15
28

No

30
30

No

13

Vallee et al. (2018) [18]
Xing et al. (2014) [32]

No

NA

No

NA

1.6

12

HGG high-grade glioma, MET metastasis, PCNSL primary cranial nervous system lymphoma, GB glioblastoma, TR time to repetition, 7E time to echo, FA flip angle, DSC dynamic susceptibility contrast-

enhanced, NA not available

both rCBV and PSR [24]. On the other hand, although it has
been known that rCBV has the ability to differentiate lympho-
ma from others, the reported diagnostic distinguishing ability
of rCBV in some of these publications was even lower than
the one in our own study [12, 17, 24]. Only Neska-
Matuszewska et al. [6], who used a protocol with a weight
of T2 (TR 1900 ms, TE 80 ms, without identifying FA) for a
similar patient group, reported accuracy values that were
slightly higher for rCBV (0.98) and lower for rPSR (0.86)
without identifying AUC values in the differentiation of
PCNSLs from others, but they reported no statistically signif-
icant difference for rPSR between GBs and metastases. In our
study, the use of a T1-weighted protocol probably increased
the PSR variation in tumor groups for particular differentiation
of HGGs from metastasis and provided better results.
However, better results for rCBV in the differentiation of
PCNSLs from others could not be explained depending on
acquisition parameters, since only a small patient number of
other studies may be the cause of this inconsistency.

Furthermore, we also evaluated the rCBV of lesion groups’
peritumoral edema. HGG revealed a significant increase in
rCBV compared with metastases verifying the peritumoral
infiltrative pattern of HGG. Neoangiogenesis characterized
by newly formed, structurally abnormal serpentine vessels
induces leaky capillaries [35] and is the major cause of
rCBYV increase in the peritumoral area of HGGs [6, 9, 30,
36, 37]. Metastases do not show a common infiltrative growth
pattern, and thus, peritumoral edema is thought to be
completely vasogenic [38] and caused by tumor expansion
due to displacement of the parenchyma. In distinguishing
HGG from metastasis, the AUC value of rCBV in the
peritumoral area was 0.873, which is consistent with previous
results [6, 9, 17, 30, 36], but there was a moderate overlap
between two groups. In accordance with these results, when
we combined PSR from the tumor core and rCBV from
peritumoral edema, the diagnostic ability (AUC of 0.971, sen-
sitivity of 0.95, specificity of 0.91, and accuracy of 0.94)
increased slightly, which suggested that the combination
may provide a partial impact for the discrimination of metas-
tases from HGGs.

The results of ADC values in the tumor core between groups
seem to be useful only in the discrimination of PCNSLs from
others, not for HGGs from metastases, in accordance with pre-
vious results [4, 6, 7]. Higher tumor cell density and cellularity
with narrow interstitial space are known to be the major cause of
lower ADC values in PCNSLs compared with those in other
types of tumors. However, the AUC value of 0.879 in this study
revealed slight overlaps between PCNSLs vs. others, which is
consistent with previous results [4, 6]. Thus, the measurement of
ADC in tumor core, which is easily accessible and does not
require a time-consuming procedure, may be used as an adjunct
tool with other perfusion metrics in the differentiation of
PCNSLs from others. Due to the infiltrative growth pattern,
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the peritumoral edema is expected to show lower ADC values in
HGGs compared with those in other tumors, but ADC of
peritumoral edema did not show any impact on the discrimina-
tion of these three types of tumors in this study. Similarly, sev-
eral studies in the literature [3, 6, 9] have reported that the con-
tribution of ADC in the peritumoral region is still limited.
Therefore, it is evident that the utility of ADC of the peritumoral
region in the discrimination of HGGs from other tumors remains
controversial and requires further validation with larger groups.

Although guidelines exist, there is no consensus on the op-
timal DSC-MR imaging methodology for the initial diagnostic
phase of brain tumors. All approaches for the correction of the
contrast leakage effect seem to diminish the PSR differences,
especially between HGG and metastasis, which is the most
challenging area in clinical practice [24]. Based on our findings,
PSR calculation in the tumor core appears to be more effective
than rCBV at the initial step of discriminating HGGs and me-
tastases. PSR is also a parameter that is easier to measure than
rCBYV in perfusion imaging because it does not require sophis-
ticated software or detailed postprocessing procedures [7].
Given that the boot affects of both PSR and CBV, DSC-MR
imaging protocols that maintain rCBV accuracy and PSR sen-
sitivity without preloading may be useful. Of interest,
Semmineh et al. [39] recently reported a protocol providing
very accurate predictions of rCBV without preload or lower
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preload dosage but that requires the use of a low FA (30°) to
reduce T1 weight. However, they did not identify the effects of
the protocol on PSR. Bell et al. [25] also showed that CBV
measurements did not vary between preloading quantities, in-
cluding no-preload option (TR of 2000 ms, TE of 20 ms, and
FA of 60°) with the postprocessing correction of CBV in
HGGs. Comprehensive DSC protocols are still needed to en-
able both PSR optimization and CBV accuracy. The use of
PSR-optimized imaging (low TE, high FA, and no preload)
as the preload of the CBV-optimized protocol (adapting pulse
sequences: low TE, intermediate FA, and preload), including
postprocessing correction algorithms, has been suggested by
some authors [8, 26]. In addition, multi-echo DSC-MRI proto-
cols have been recently launched, which combine simultaneous
spin-gradient-echo acquisitions at different TE levels to elimi-
nate T1 effects without preload for accurate rCBV estimation
and to obtain balanced T1 and T2 weighting for PSR calcula-
tion that may help provide tumor differentiation [22, 40, 41].
There are some limitations to this study. The retrospective
nature of the study may have caused selection bias. Although
this study consists of a higher number of patients than the
studies based on similar issues in the literature, the number
of patients with lymphoma is relatively low compared with
other groups. Comprehensive studies including other MRI
characteristics in larger cohorts may provide a new
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perspective to the diagnostic approach. We also did not dif-
ferentiate metastases by primary tumor type due to unequal
distribution. Further studies that encompass a wider cohort
and equal distribution of tumor groups are warranted.

Conclusion

The analysis of perfusion parameters is essential in differentiating
between HGGs, metastases, and PCNSLs. The diagnostic per-
formance of PSR, an easily measured parameter, seems to be
significantly effective at the time of initial diagnosis. Although
preload contrast administration provides more accurate TCBV
values, due to the suppressing effect on PSR differences in these
three tumor types, it may be more useful to use the protocols that
maintain PSR sensitivity and CBV accuracy in the differentiation
of mostly seen primary brain tumors, especially HGG vs. metas-
tasis. Multi-echo acquisitions or preload administration of the
PSR-optimized protocol before the CBV-optimized protocol
are the suggesting methods for this content. Without sacrificing
PSR, the standardization of the DSC-MRI protocol, combining
PSR optimization and CBV accuracy together, may provide a
great impact on perfusion imaging and tumor characterization.
The diffusion parameters of the tumor area may also provide
additional information, specifically in the differentiation of
PCNSLs from HGGs and metastases.
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