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Abstract

Purpose Pseudoprogression is an atypical imaging pattern of response to immunotherapy in patients with brain tumors. MR
perfusion studies in this field are limited. The purpose of our study is to compare the perfusion features between pseudopro-
gression lesions in malignant gliomas and brain metastases treated with immunotherapy (iPsP) and the pseudoprogression
after chemo-radiation therapy and radiation necrosis after radiation treatment (ChR-PsP & RN).

Methods We retrospectively reviewed 25 iPsP lesions in 16 brain tumor patients and 48 ChR-PsP & RN lesions in 35
patients. The cerebral blood volume (CBV) of MR dynamic susceptibility contrast (DSC) perfusion weighted imaging (PWI)
was analyzed, and the mean and maximal values of the ratio of CBV (rtCBV,.,, and rtCBV .. ) of iPsPs and ChR-PsP & RNs
were calculated and compared between these two groups using the Mann-Whitney U test. A receiver operating characteris-
tic curve analysis was conducted, and the optimal cutoff of perfusion parameters were determined using the area under the

curve, sensitivity, and specificity.

Results The medians of rtCBV,,,, and rCBV ..

in iPsP group were significantly higher (0.94 and 1.39 respectively) than

ChR-PsP & RN group (0.67, p<0.01 and 1.1, p=0.01 respectively). The rtCBV,,,, value of 0.69 can differentiate the iPsP
from ChR-PsP & RN with the area under the curve of 0.71, sensitivity of 0.72, and specificity of 0.56.
Conclusion These findings may suggest immunotherapy-induced higher perfusion in the iPsP lesions compared to ChR-PsP

& RN lesions in primary and metastatic brain tumors.
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Abbreviations

iPsP Immunotherapy induced
pseudoprogression

TP Tumor progression

GBM Glioblastoma

PWI Perfusion-weighted imaging

ChR-PsP & RN The pseudoprogression after
chemo-radiation therapy and
radiation necrosis after radiation
treatment

ICI Immune checkpoint inhibitor

BM Brain metastases

DSC Dynamic susceptibility contrast

CBV Cerebral blood volume

RN Radiation necrosis

ROC Receiver operating characteristic

AUC Area under curve

ChR-PsP & RN-BM

BM patients with ChR-PsP & RN
(ChR-PsP & RN-BM)

T2WI T2-weighted

DWI Diffusion-weighted imaging

ADC Apparent diffusion coefficient

T1-BRAVO T1-weighted brain volume imaging
with optimized gradient echo

T1-FLAIR T1-weighted fluid-attenuated inver-
sion recovery

ATRX Alpha-thalassemia/mental retarda-
tion syndrome X-linked

DCE Dynamic contrast-enhanced

ASL Arterial spin labeling

CBF Cerebral blood flow

Introduction

The pseudoprogression is defined as a phenomenon of the
appearance of new lesion(s) or an increase in contrast-
enhancing areas, but these changes gradually fade or sta-
bilize without changing the treatment [1-5]. And the
pseudoprogression refers to treatment-related clinic-radio-
logic changes instead of tumor progression (TP). The inci-
dence of pseudoprogression is high (up to 30-40%) in the
first 12 weeks after chemoradio-therapy for glioblastomas
(GBM) [1], and it is difficult to differentiate between pseu-
doprogression and TP given the similarity of conventional
MRI [1-5]. MR perfusion-weighted imaging (PWI), is an
advanced MRI technique to evaluate hemodynamic status
in brain tumors. Neoangiogenesis in malignant brain tumors
results in elevated perfusion in TP. In contrast, the necrotic
tissue and treatment-related damage in the pseudoprogres-
sion after chemoradio-therapy and radiation necrosis after
radiation treatment (ChR-PsP & RN), leads to the decreased
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perfusion in these regions of malignant brain tumors. Thus,
MR PWTI has been used as an important tool to distinguish
ChR-PsP & RN from TP [6-14].

In the past decades, immunotherapy including immune
checkpoint inhibitors (ICIs), cancer vaccines, oncolytic
viruses, adoptive cell therapy, and cytokines, has revolu-
tionized the treatment of multiple aggressive solid tumors
[15—17]. Recently, immunotherapy has emerged as a poten-
tial treatment option for primary and metastatic brain tumors
with varying degrees of success [18]. Subsequently, immu-
notherapy induced pseudoprogression (iPsP), the atypical
imaging pattern of response to immunotherapy, has been
increasingly recognized in patients with malignant gliomas
and brain metastases (BM) treated with immunotherapy.
MR PWI studies of iPsP in brain tumors are limited. The
purpose of this study is to evaluate the perfusion features of
iPsPs in brain tumors, with a focus on the comparison to the
ChR-PsP & RN.

Methods and materials

This retrospective study was approved by the ethics com-
mittees of our hospital, and the requirement for informed
consent was waived. We reviewed MRI of 861 cases in both
institutions with malignant gliomas and BM who received
immunotherapy or chemo-radiation treatment or radiation
therapy, from January 2015 to October 2023.

Patient selection

Based on the RANO criteria, the enrollment criteria of pseu-
doprogression and radiation necrosis included [1, 5, 19]: (1)
the initial post-treatment MR examinations were performed
within the first 6 months after the completion of immu-
notherapy, chemo-radiation therapy, or radiation therapy;
(2) transient enlargement of primary lesion(s) size or the
appearance of new lesion(s); (3) these lesions decrease in
size or stabilize without additional treatments in the follow-
up examinations, or histopathology diagnosis of resected
lesions.

Patients were included in the study based on the follow-
ing MRI enrollment criteria: (1) MR dynamic susceptibil-
ity contrast (DSC) PWI examination was acquired at the
time of increasing lesion size; (2) pseudoprogression and
radiation necrosis were diagnosed by surgical/histopathol-
ogy diagnosis or follow-up MRI examinations which were
performed with time interval 24 weeks and follow-up MR
examinations confirmed stabilization or decrease of lesion
size. Patients with unsatisfactory preoperative images, or
incomplete MRI examination were excluded. The workflow
chart was seen in Fig. 1.
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Cases in both institutions with malignant glioma and brain metastases who received
immunotherapy or chemo-radiation treatment or radiation therapy from January 2015 to
October 2023 (N=861)

therapy;
lesion(s);

up examinations;
(iv) Cases with DSC PWI;

ﬁ:lusion criteria:
(i) Cases with the initial post-treatment MR examinations acquired within the first 6
months after the completion of immunotherapy, chemo-radiation therapy, or radiation

(ii) Cases with transient enlargement of primary lesion(s) size or the appearance of new
(iii) These lesions decrease in size or stabilize without additional treatments in the follow-
(V) Cases with pseudoprogression or radiation necrosis diagnosed by

surgical/histopathology diagnosis or follow-up MRI examinations were performed with
time interval = 4 weeks and follow-up MR examinations confirmed stabilization or
wcrease of lesion size.

~

/

Exclusion criteria:

(i) Cases without MR PWI examination acquired at the time of increasing lesion size;

(ii) Cases with bevacizumab treatment;

(iii) Cases with unsatisfactory preoperative images;

(iv) Cases with incomplete MRI examination.

(N=51)

[ Eligible for analyze ]

iPsP Group
(N=16)

Fig. 1 The workflow chart of patient enrollment

The tumor size was assessed using two-dimensional
tumor measurement based on RANO 2.0 criteria [1].

MR DSC-PWI scan and post-processing analysis

The MRI examinations were acquired using five MRI
scanners (GE Signa HDxt, GE Discovery MR750w, GE
Discovery MR750, Siemens Symphony, and Siemens
MAG-NETOM Vida).

DSC-PWI was then performed with single-shot gra-
dient-recalled echo-planar imaging (GRE-EPI) sequence

|

ChR-PsP & RN Group
(N=35)

(TR/TE=1,525 ms/minimum, 250 Hz/pixel bandwidth,
FOV=24%x24 cm, 1.0x1.0x5 mm voxel size, flip
angle=90°, matrix=128x 128, slice thickness=5 mm,
slice gap=1 mm, NEX =1). Fifty images were obtained for
each slice. After ten phases, 0.1 mmol/kg Gd-DTPA (Bayer
Schering Pharma AG, Berlin, Germany) was injected at a
rate of 5 ml/sec, immediately followed by a 20 ml bolus of
saline at the same injection rate.

Functool software (AW 4.6, GE Healthcare, Milwau-
kee, WI, USA) was used for the post-processing analysis of
MR DSC-PWI. After the generation of the cerebral blood
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Table 1 rCBYV values of iPsP and ChR-PsP & RN

Group iPsP (n=16) ChR-PsP & RN P, P, Py P,
Total (n=35) BM(n=18) Glioma (n=17)

Age(mean + SD) 60.63+10.84 58.43+11.63 62.83+£8.42 53.76+12.92 0.53 0.51 0.11  0.02

Size(median [IQR]) 1.43[0.89,3.46] 2.64[1.14,6.60] 2.11[1.14,5.94] 3.23[1.19,7.18] 0.045 0.08 0.08 0.76

rCBV can(median [IQR])  0.94[0.65,1.61] 0.67[0.35,0.97] 0.73[0.52,0.95] 0.48[0.28,0.99] <0.01 003 <001 025

CBV,, (median [IQR])  1.39[0.97,3.25]  1.11[0.53, 1.54]

1.05[0.52, 1.30]

1.11[0.51, 2.02] 0.01 0.01 0.08 0.54

iPsP: Immunotherapy induced pseudoprogression; ChR-PsP & RN: Pseudoprogression after chemoradio-therapy and radiation necrosis after
radiation treatment. P;: p-value for the difference in parameters between iPsP and ChR-PsP & RN. P,: p-value for the difference in parameters
between iPsP and ChR-PsP & RN-BM. P;: p-value for the difference in parameters between iPsP and ChR-PsP & RN-Glioma. P,: p-value for
the difference in parameters between ChR-PsP & RN-BM and ChR-PsP & RN-Glioma

volume (CBV) map, semi-quantitative perfusion evalua-
tion was obtained as the following process. First, four to
six regions of interest (ROIs), each ranging from 38 to 45
mm? in size, were placed in the enhancing tumor to record
the CBV value. An additional ROI was placed in the contra-
lateral normal-appearing white matter as a reference. Two
neuroradiologists, each with over 20 years of experience,
conducted the placements of ROIs. The mean and maxi-
mal ratios of CBV (rCBV,.,, and rCBV_,,) were calcu-
lated using mean and maximal CBV values of enhancing
tumor divided by CBV values of reference white matter,
respectively.

Statistical analysis

In this study, we first used the Shapiro-Wilk test to assess
the normality of the data. Data that followed a normal dis-
tribution were described using the mean + standard devia-
tion (Mean + SD) and analyzed for group differences using
the Independent Samples t-test. Data that did not follow a
normal distribution were described using the median and
interquartile range (Median [IQR]), with group differences
evaluated using the Mann-Whitney U test. A receiver oper-
ating characteristic (ROC) curve analysis was conducted for
each perfusion parameter. The area under the curve (AUC),
sensitivity, and specificity were used to determine the opti-
mal cutoff for differentiating iPsP from the ChR-PsP & RN.
In all statistical analyses, a p-value of less than 0.05 was
considered statistically significant. All statistical analyses
were performed using IBM SPSS Statistics version 27.0
(IBM Corporation, Armonk, NY, USA).

Results

A total of 25 iPsP lesions in 16 patients and 48 ChR-PsP
& RN lesions in 35 patients were enrolled in this study.
All 16 iPsP patients had BMs from melanoma, lung can-
cer, and breast cancer. In the iPsP group, the mean age was
60.63 + 10.84. Within the 35 patients with ChR-PsP & RN,
17 had malignant gliomas, and the other 18 patients had
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rCBVmean rcBVmax
Fig. 2 Box-plots of median values of rCBV ., and tCBV, . in iPsP
and ChR-PsP & RN groups. The median values of rtCBV ., and rCB-

Vmax i the group of iPsP were significantly higher than the median
values of rtCBV ., and rtCBV_ .. in the group of ChR-PsP & RN

BMs. The mean age of these 35 patients in the ChR-PsP &
RN group was 58.43 +11.63, Table 1. The median value of
tumor sizes in the iPsP group was 1.43, which was poten-
tially significantly lower than the ChR-PsP & RN group
(2.64, p=0.045). There were no significant differences in
tumor sizes between the iPsP group, the iPsP group and BM
patients with ChR-PsP & RN (ChR-PsP & RN-BM), and the
ChR-PsP & RN lesions in patients with malignant gliomas
(ChR-PsP & RN-glioma).

The medians of rCBV,,, and rCBV,. values in iPsP
and ChR-PsP & RN groups and the results of the Mann-
Whitney U test were summarized in Table 1. The median
values of tCBV ., and rCBV_, in the group of iPsP were
0.94 and 1.39 respectively, which were significantly higher
than the median values of rCBV ., and rCBV . in the
group of ChR-PsP & RN (0.67, p<0.01, and 1.11, p=0.01,
respectively), Fig. 2.

The comparison of the rCBV,,.,, and rtCBV_,  values
between the iPsP group and BM patients with ChR-PsP &
RN (ChR-PsP & RN-BM) showed significantly higher val-
ues of the iPsP group (p=0.03, and p=0.01, respectively).
In contrast, compared to the ChR-PsP & RN-glioma group,
the median rtCBV ., values of the iPsP group were signifi-
cantly increased (0.94 versus 0.48, p<0.01). The median
rCBV,_,, values of the iPsP group were higher than the rCB-
Vmax values of ChR-PsP & RN-glioma, but there was no
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statistical significance (1.39 versus 1.11, p=0.08), Supple-
mentary Fig. 1.

In addition, there was no statistical significance of the
median rtCBV ., and rtCBV_,. values between sub-groups
of ChR-PsP & RN-BM and ChR-PsP & RN-glioma (rCB-
V mean Values of 0.73 and 0.48 respectively, p=0.25; rCB-
Vnax Values of 1.05 and 1.11 respectively, p=0.54). The
illustrative cases of iPsP and ChR-PsP & RN are in Figs. 3
and 4, both of which presented enlarged mass on the post-
treatment conventional MRI.

The optimal cutoff of the rCBV,.,, value was 0.69,
which can differentiate the iPsP from ChR-PsP & RN with
an AUC of 0.71, sensitivity of 0.72, and specificity of 0.56.
The optimal cutoff value of the rCBV,,, was 0.69 with an
AUC of 0.683, sensitivity of 0.6, and specificity of 0.54.

Discussion

Our preliminary study showed that the rtCBV ., and rCB-
Vax Values in the group of iPsP significantly increased
compared to the group of ChR-PsP & RN. In the sub-group
analysis, the iPsP rCBV ., value was significantly higher
than the rCBV_,, values of ChR-PsP & RN-BM and ChR-
PsP & RN-glioma respectively. Compared to the ChR-
PsP & RN-BM, the iPsP rCBV,,,, value was significantly
increased. The rCBV . value of iPsP was higher than the
ChR-PsP & RN-glioma lesions, but the difference was not
statistically significant. The optimal cutoff of the rCBV
value was 0.69, which can differentiate the iPsP from ChR-
PsP & RN with an AUC of 0.71, sensitivity of 0.72, and
specificity of 0.56.

Pre-operative
MRI

Follow-up
MRI at 10
months later

Fig.3 An illustrative case of “iPsP”” in BM. A patient with brain metas-
tasis of melanoma was treated with Pembrolizumab and Ipilimumab.
Figure a and Figure g are post-contrast 3D black blood Cube images.
Figure b and Figure h are T2WI images. Figure ¢ and Figure i are
DWI images. Figure d and Figure j are ADC images. Figure e and
Figure k are gradient recalled echo (GRE) images. Figure f and Figure
1 are CBV maps. MRI images in the first row are pre-immunotherapy
treatment images. There was a small enhancing lesion (yellow arrow)

Similar to the high incidence of ChR-PsP, the overall
incidence of iPsP ranges from 6% to 14.8% [20, 21], vary-
ing with the type of tumor treated with ICIs. One study
noted iPsP in 17.9% of pembrolizumab treated patients [22].

In the present study, all 16 iPsP patients were treated with
ICIs, which is consistent with the association of iPsP with
the use of ICIs in previous studies [2, 3, 22].

There are three MR PWI techniques, including DSC,
dynamic contrast-enhanced (DCE), and arterial spin label-
ing (ASL). Compared to DCE, MR DSC, and ASL are
more commonly used in the neuro-oncology practice. ASL
measures cerebral blood flow (CBF) noninvasively using
magnetically labeled endogenous blood instead of contrast
agents. MR DSC-PWI estimates the rCBV based on T2*
signal intensity changes from the first passage of paramag-
netic contrast agents through the cerebrovascular system.

There are few studies using DSC-PWI in the treatment
response assessment of brain tumors following immuno-
therapy [23-28]. Their major findings are summarized in
Table 2.

Cuccarini et al. [25] analyzed 18 TP and 8 iPsP lesions
in 22 patients with newly diagnosed GBM treated with den-
dritic cell immunotherapy. They found that the difference
of rCBV (ArCBV,,,,,) could effectively differentiate tumor
recurrence from iPsP, with a sensitivity of 67% and speci-
ficity of 75% (p=0.004), suggesting that the rCBV modifi-
cations over time might be more helpful in distinguishing
iPsP from TP. Vrabec et al. [24] reviewed 32 follow-up
MRI examinations in 8 recurrent GBM patients treated
with dendritic cell immunotherapy in a retrospective study;
they found the highest rCBV . value (9.25+2.68) was
observed in the contrast-enhancing area of TP lesions, and

the rCBV,,,, value was higher even at time points before

in the left frontal lobe, with hypointensity (red arrow) on the GRE
image. There was no elevated tCBV within this lesion. The MRI
images of the second row are post-immunotherapy treatment images.
There was a nodular enhancing mass (yellow arrow) in the left frontal
lobe, with mildly increased rCBV (white arrow). This lesion was sur-
gically removed, and “necrosis and treatment related changes” were
diagnosed

@ Springer
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Pre-operative
MRI

st
Histopathology
images

MRI at 8
months after
chemo-
radiation
treatment

Follow-up
MRI at 6
months later

2nd
Histopathology
images

Fig.4 An illustrative case of “ChR-PsP & RN”. MRI images and histo-
pathology images in a case of glioblastoma. Figures a, j, o, t and y are
the post-contrast TI-BRAVO images. Figures b, k, p, u, and z are the
T2WI images. Figures ¢, i, q, v, aa are the DWI images. Figures d, n, r,
w, ab are the ADC map. Figures e, m and s are the CBV maps. Figure x
and Figure ac are coronal and sagittal post-contrast T1-FLAIR images.
Preoperative  MRI images showed inhomogeneous nodular-ring
enhancement (yellow arrow) with high rCBV (white arrow). After the
first surgical resection, the histopathology images (Figure f and g of
Hematoxylin-eosin staining, HEX100, h of the immunohistochemistry
of ATRX (Alpha-thalassemia/mental retardation syndrome X-linked),
and i of Ki-67). The lesion shows a high degree of cellular and nuclear
polymorphism with numerous multinucleated giant cells. Microvascu-
lar proliferation is prominent. The expression of ATRX was strongly
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positive in tumor cells, and the Ki-67 index was about 50%. The
follow-up MRI images after the standard chemo-radiation treatment
showed nodular enhancements in the medial and poster walls of the
surgical cavity, which raised the suspicion of TP. The CBV maps didn’t
demonstrate increased perfusion within the nodular enhancements (red
arrow), suggesting the possibility of “pseudoprogression”. Another
MRI examination was performed 6 months later, revealing a large
mass with heterogeneous peripheral enhancement resembling a “soap
bubbles sign” (red arrow). The histopathology images of re-resected
mass (HE, Figures ad-ag) showed extensive coagulative necrosis, the
hyperplasia of glial cell, and accompanied by Fe-containing hemosid-
erin deposits, the vascular proliferation with vitelliform degeneration,
and the foam cell and lymphocyte infiltration. The histopathology
diagnosis was “necrosis and treatment related changes”
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Table 2 Major MR DSC-PWI findings in the assessment of post-immunotherapy treatment response of brain tumors

Reference Tumor type Case number of pseudo- Immunother- Evaluation Perfusion features (distinguishing pseudoprogres-
progression (treatment apy category  parameters sion from true progression)
response)
Song J, et Glioblastoma 7 cases/ total 19 patients immune relative Interval change in rCBV was not indicative of treat-
al. [26] (recurrent) checkpoint cerebral blood ment response within 6 months after ICI treatment
inhibitors volume (rCBV)
(ICIs)
Cuccarini  Glioblas- 8 pseudo-progression Dendritic Cell relative The difference of AArCBV,,,, could effectively dif-
V, et al. toma (newly lesions / 22 patients cerebral blood  ferentiate tumor recurrence from pseudoprogression,
[25] diagnosed) volume (rCBV) with a sensitivity of 67% and specificity of 75%
Vrabec M, Glioblastoma 5 patients (stable) /8 Dendritic Cell relative Maximum lesional rCBV ratios were highest in
etal. [24] (recurrent) patients cerebral blood  group 1b (at or after progression) and were higher in
volume (rCBV) group la (at time points before definite progression
in progressive-tumour patients) compared to group
0 (stable during the follow-up period)
Stenberg  Glioblastoma  No information about No detailed relative No differences of TCBV values were observed
L,etal pseudo-progression inforamtion of cerebral blood between the six immunized patients and the two
[23] (treatment response) immunization volume (rCBV) non-immunized control patients.

in six surgically and
immunogene-treated
patients

therapy

definite progression (4.87 +1.61) compared to the rtCBV .
value of stable lesions (1.22+0.47). They suggested that
the rCBV,,,,, value was a potential radiological indicator to
distinguish between immunotherapy-induced inflammatory
response and recurrent GBM tumor growth. In a study that
enrolled 79 examinations with DSC-PWI in 6 surgically/
immunogene-treated GBM patients and two surgically
treated GBM patients, Stenberg et al. showed that elevated
rCBY, corresponding to the contrast-enhancing lesion, sup-
ports the diagnosis of recurrent GBM [23].

In a study conducted by Song et al. [26] 12 of the 19
recurrent GBM patients treated with ICIs were determined
to have TP, and 7 had treatment responses after 6 months of
ICI treatment (suggesting iPsP). They found that there was
no significant difference in the absolute rCBV value and
interval change in rCBV between the TP group and the treat-
ment response group. The authors thought that the absolute
rCBV value or interval change in rCBV was not indicative
of treatment response within 6 months. A possible reason
for the absence of significant difference in rCBV parameters
between the TP group and the treatment response group may
be associated with the confounding effects of anti-angio-
genesis treatment [27]. In Song et al.’s study, there were 5
patients (26.3%) treated with bevacizumab before the com-
mencement of ICIs and remained on this therapy throughout
the entire period of study follow-up. Bevacizumab can alter
perfusion characteristics by reducing angiogenesis, which
may lead to perfusion changes without a statistically sig-
nificant difference between TP and the treatment response
groups.

Based on the literature review of Table 2, our study is the
first study focusing on the comparison of perfusion features

between the iPsP and ChR-PsP & RN in brain tumors. Our
study is also the MR PWI study with the largest iPsP cohort.

Our study showed that there was no significant difference
in the rCBV .., and rtCBV .. values between ChR-PsP &
RN-BM and ChR-PsP & RN-glioma. The rCBV,,,, and
rCBV,,, values of the iPsP group significantly increased
compared to the group of ChR-PsP & RN. These find-
ings supported the hypothesis that the mechanisms of iPsP
and ChR-PsP & RN may be different. The mechanisms of
ChR-PsP & RN have not yet been fully elucidated, they are
speculated to be associated with the secondary reactions in
the tumor area, including edema and abnormal vessel per-
meability, by the chemoradio-therapy induced tumour-cell
and endothelial-cell killing, cell death, and the infiltration
of inflammatory factors [2, 29, 30]. In contrast, the mecha-
nisms of iPsP may be more complex, Dercle et al. thought
they might be due to delayed activation of the immune
system, local inflammation, and/or infiltration of tumor
lesions and surrounding microenvironment by immune
cells [2]. Our findings of significantly increased perfusion
(rCBV can) Of 1PsP lesions than ChR-PsP & RN-BM and
ChR-PsP & RN-glioma, indicated that this increased per-
fusion may be associated with local inflammation changes
subsequent to restored antitumor immunity. Because of the
distinct mechanisms of immunotherapy to activate the host
immunity (beyond local infiltration of T-cells into the tumor
environment) to treat cancers [3], the perfusion changes
related to the restored antitumor capacity of the immune
system are still unclear. In our study, the rCBV ., values of
ChR-PsP & RN-BM were lower than the rCBV_,, values
of ChR-PsP & RN-glioma without statistically significant
difference. These findings demonstrated the complexity
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of immunotherapy-induced treatment changes. The differ-
ence of rICBV,_,, values between iPsP and ChR-PsP & RN-
glioma may suggest the variance of focal inflammations in
the pseudoprogression lesions of malignant glioma patients.
This difference may be affected by the limitation of our ret-
rospective study in which the iPsP group only collected MR
PWI data of BM patients treated with immunotherapy. In
contrast, the published MR PWI studies of iPsP, summa-
rized in Table 2, enrolled GBM patients. Future MR PWI
studies with large cohorts including both BM and malignant
glioma iPsP lesions may reveal more comprehensive perfu-
sion features of such iPsP lesions [30].

We used the rCBV calculated with GE software as the
hemodynamic biomarker of brain tumors in the present
study. The rCBV was defined as CBV value of enhanc-
ing tumor divided by CBV value of reference white mat-
ter. Compared to other quantitative parameters which are
measured within the enhancing tumors, the application of
the semi-quantitative parameter of rCBV may result in less
variations among different MR scanners. Previous studies
showed that the rCBV results had significant difference
between 1.5T and 3T, and differed from different software
packages [31, 32]. In addition, the accurate rCBV mea-
surement may be affected by the combination treatment of
immunotherapy and anti-angiogenesis therapy [30].

This study has several limitations. Firstly, the sample
size of the present study was relatively small. Secondly,
our study focused on the MR perfusion changes of the iPsP
lesions, however, there was no glioma patient with iPsP
lesion having valid MR perfusion data in this retrospec-
tive study, thus the enrollment of iPsP lesions may have an
inclusion bias. Thirdly, in this study, we found significant
perfusion changes of rtCBV,,,, and rCBV_ ., in addition,
we also noticed interesting biostatistics findings of tumor
size in the iPsP lesions. Future studies with deeper perfusion
features, such as histogram analysis or radiomics analysis,
combined with more MR structural imaging parameters
may be more useful in detecting inherent abnormalities of
iPsP than the ROIs-based perfusion measurements. Finally,
the present study analyzed iPsP lesions of BMs, which often
had an intra-tumoral hemorrhage, which has been shown to
limit the perfusion measurement of DSC-PWI [6—-14].

Conclusion

In this preliminary study, we found that the tCBV ., and
rCBV,,, values of the iPsP group were significantly higher
than ChR-PsP & RN group. These findings may suggest
immunotherapy-induced significantly increased perfusion
changes of iPsP lesions than the ChR-PsP & RN lesions in
primary and metastatic brain tumors.

@ Springer
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