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Abstract
Purpose

Studies have evaluated the application of perfusion MR for predicting survival in patients
with astrocytic brain tumors, but few of them statistically adjust their results to reflect the
impact of the variability of treatment administered in the patients. Our aim was to analyze
the association between the perfusion values and overall survival time, with adjustment for
various clinical factors, including initial treatments and follow-up treatments.

Materials and methods

This study consisted of 51 patients with astrocytic brain tumors who underwent perfusion-
weighted MRI with MultiHance® at a dose of 0.1 mmol/kg prior to initial surgery. We measured
the mean rCBV, the 5% & 10% maximum rCBYV, and the variation of rCBV in the tumors. Com-
parisons were made between patients with and without 2-year survival using two-sample t-test
or Wilcoxon rank-sum test for the continuous data, or chi-square and Fisher exact tests for cat-
egorical data. The multivariate cox-proportional hazard regression was fit to evaluate the asso-
ciation between rCBV and overall survival time, with adjustment for clinical factors.

Results

Patients who survived less than 2 years after diagnosis had a higher mean and maximum
rCBV and a larger variation of rCBV. After adjusting for clinical factors including therapeutic
measures, we found no significant association of overall survival time within 2 years with
any of these rCBV values.

Conclusions

Although patients who survived less than 2 years had a higher mean and maximum rCBV
and a larger variation of rCBV, rCBV itself may not be used independently for predicting 2-
year survival of patients with astrocytic brain tumors.
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Introduction

The survival time of patients with astrocytic brain tumors is quite variable. For decades histo-
logical grade was the best predictor of survival [1-3]. With standard treatment, the median
survival for patients with an anaplastic astrocytoma (AA) is approximately two to three years
from the time of diagnosis and about one year for patients with the more aggressive glioblas-
toma (GBM). By contrast, patients with a low-grade astrocytoma (AST) may survive a decade
or more [4,5]. However, histological tumor grade is not always consistent with the tumor prog-
nosis. Low grade gliomas may have an aggressive course and the median survival time may be
as short as three years. Some high grade gliomas behave less aggressively than expected and
3-5% of patients with GBM may survive for more than three years [4,6]. The addition of
genetic and molecular classification using IDH mutation, 1p19q codeletion, MGMT promoter
methylation, ATRX expression loss and epidermal growth factor receptor has improved prog-
nostic precision [7,8]. However, due to sampling errors, histological grading, genetic classifica-
tion, and molecular classification may not be accurate. There is also inter- and intrapathologist
variability in pathology analysis [9]. Furthermore, neurosurgical tumor sampling carries the
risks of death (0.9%), major morbidity (4%) and some deep-seated lesions are not readily
accessible [9]. Given these limitations, it is a goal of neuroimaging to find non-invasively
obtained indicators of survival.

Conventional anatomic MRI findings of gliomas are not always predictive of tumor grade,
a non-enhancing lesion might represent a high-grade glioma rather than a low-grade glioma,
and additional physiologic imaging parameters could be useful [10]. Dynamic susceptibility-
weighted perfusion imaging of brain tumors can provide physiologic information about vascu-
lar endothelial proliferation, vascular density, and angiogenesis in terms of the relative CBV
(rCBV) [11-14]. The degree of neovascularization in gliomas correlates with the degree of
malignancy and can indicate the prognosis of these patients [15,16]. Perfusion MRI with rCBV
should potentially be able to predict survival time in patients with astrocytic brain tumors.
Studies conducted to analyze the relationship between rCBV and overall survival time have
not demonstrated conclusive results. Some studies [17-22] have shown rCBV as a useful bio-
marker and others have not demonstrated rCBV as a useful biomarker for predicting survival
[23-28]. Few of these studies statistically adjust their results to reflect the impact of the vari-
ability of treatment administered in the patients [25-29]. Also, there is no study taking into
account the additional follow-up treatments the patients received. Treatment factors are
potentially very important when analyzing survival and might greatly influence the survival
analysis. We therefore retrospectively reviewed perfusion MR studies in patients with pure
astrocytic brain tumors. The purpose of our study is to evaluate the association between rCBV
values and patients’ 2-year overall survival times. To minimize the bias related to various clini-
cal factors, patient age at diagnosis, sex, histopathologic grade, extent of surgery, tumor vol-
ume, and therapeutic measures were considered as potential covariates statistically. Our
hypothesis was that rCBV may be used independently for predicting 2-year survival in astro-
cytic brain tumors.

Materials and methods
Patients

We searched the medical records and imaging database from our institution between March
2007 and August 2013. Fifty-one consecutive patients with pathologically proven astrocytic gli-
omas who underwent pretreatment MR studies, including perfusion-weighted MRI, were
enrolled in this study. Entry criteria included: (1) availability of digital MR data for image
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processing; and (2) the presence of solid tumor components available for rCBV analysis. The
exclusion criteria were: (1) evidence of systemic malignancy, metastatic disease or immune sta-
tus compromise; (2) prior stereotactic biopsy; (3) death unrelated to astrocytic glioma; (4) low
quality MRI due to artifact; and (5) loss to follow up within 2 years. The pathologic diagnosis
was determined with specimens removed at surgical resection or stereotactic biopsy by a
board-certified neuropathologist utilizing the 2007 World Health Organization Classification
II-IV [30]. The interval between the preoperative MRI studies and the pathologic diagnosis
was 0-36 days (mean, 4 days). We recorded patient age at diagnosis, sex, histopathologic
grade, and extent of surgery. Karnofsky performance scales in a number of patients were not
available so the scales were not included in the analysis.

The treatment protocols patients received until death if before 2 years or up to 2 years from
diagnosis were recorded from our database. In patients treated at other institutions, we
obtained the treatment information from their physicians and/or healthcare providers. In
patients who died within 2 years, overall survival time was calculated as the numbers of days
between the pretreatment MRI study and the date of death. Patients who died after 2 years or
remained alive were considered censored on the date at the end of 2 years.

Institutional review board approval from University of Nebraska Medical Center was
obtained, and informed patient consent was not required for the retrospective review of the
medical records or the MR images in our database for this study. For patients who were not
followed in our hospital, we contacted them or their families for confirming patients’ survival
status and obtained the written informed consent from the patients who were alive. If patients
were deceased consent was not required by the IRB.

MRI technique

The MRI examinations are summarized as follows: 24 patients on Achieva (3T, Philips Medical
Systems, Best, The Netherlands), 5 patients on Intera (1.5T, Philips Medical Systems, Best, The
Netherlands), 18 patients on Signa HDx (3T, GE Healthcare, Milwaukee, WI), and 4 patients on
Signa HDxt (1.5T, GE Healthcare, Milwaukee, WI). On all MR systems, dynamic susceptibility-
weighted perfusion contrast-enhanced MR images were acquired with echo-planar imaging
sequence during the first pass of a standard-dose (0.1 mmol/ kg, MultiHance Bracco, Milan,
Italy) bolus at a rate of 5 mL/s. This was followed by a 20mL IV saline flush at a rate of 5 mL/s.

Perfusion imaging was conducted on the Philips MR scanners (both 1.5 and 3T) using the
following parameters: TR/TE, 15-17ms/23-25ms; field of view, 220mm x 220mm; slice thick-
ness, 3.5mm; slice gap, 3.5mm; NEX, 1; matrix, 128 x 128 x 16; time points, 60; flip angle, 7.
This is PRESTO (principle of echo shifting with a train of observations; Philips Medical Sys-
tems, Best, The Netherlands) technique.

The perfusion parameters on the GE MR scanners (both 1.5 and 3T) were as follows:
TR/TE, 1500-2200ms/19.6ms on 3T and 1900-2150mm/20.5 or 80ms on 1.5T; field of view,
260mm x 260mm on 3T and 300mm x 300mm on 1.5T; slice thickness, 5mm; slice gap, 5mm;
NEX, 1; matrix, 128 x 128 x 16; time points, 50; flip angle, 60 on 3T and 90 on 1.5T.

The conventional anatomic MR study included the following sequences: T1-weighted,
T2-weighted, FLAIR, gradient-recalled echo, and post-gadolinium axial, coronal and/or sagit-
tal T1-weighted sequences. All patients underwent contrast enhanced high spatial resolution
3D T1-weighted imaging, and transverse images were reformatted from that data set.

MR imaging analysis

The MR images of these patients were analyzed in conference by a neuroradiologist (M.L.Y.
certified neuroradiologists for 19 years) and a radiologist (Y.Z. over 10 years of experience in
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neuroimaging) with knowledge of the diagnosis of glioma but without knowledge of the histo-
logic grade. The radiologists reached a consensus regarding the imaging findings and ROI
determination. Tumor components evaluated were designated as enhanced tumor, none-
nhanced tumor, and whole tumor which included both enhanced and nonenhanced tumor.

MR images were transferred to a personal Linux workstation and processed with a series of
imaging software packages, including FMRIB’s Software Library (FSL) v5.0 and Image], and
in-house built tools [31,32]. In each case, all imaging modalities were registered to the
T1-weighted post-contrast image using the brain extractions (FSL’s BET tool) [33]. Perfusion
data was analyzed with the Image] package (v1.42) [34] producing rCBV maps corrected for
contrast leakage with the DSCoMAN plugin applied to the motion-corrected (FSL’s mcflirt)
image set [35,36]. Standard deviation (SD) maps of rCBV that reflect the variation of rCBV
were also created for each tumor component with in-house built software.

On rCBV measurements, we drew ROIs as large as possible to cover a maximum of the
tumor components: enhanced, nonenhanced, or whole. We primarily used the T1-weighted
post-contrast image to designate the tumor components and ROI delineation. We also
inspected T1-weighted, T2-weighted, FLAIR images, as well as dynamic perfusion series to
verify the ROI placements and to verify that the ROIs did not include hemorrhage, blood ves-
sels, necrosis or cystic changes. The T2/FLAIR hyperintensity surrounding the tumor, the so-
called peritumoral edema, was not counted as a tumor component. The mean rCBV
(rCBV mean) represents averaged rCBV values from all image sections that contained the tumor
component.

The 5% and 10% maximum rCBV values (rCBV 5¢;max and rCBV ;gosmax) Of the whole tumor
were computed respectively [25,37]. Additionally, two to five ROIs measuring 30-50 mm®
were placed on the rCBV maps in the areas with the highest visually identifiable perfusion
without regard to whether the ROIs were in enhanced or non-enhanced tumor. The averaged
rCBV value from these areas was chosen to represent the maximum of rCBV (rCBVpigh_perfu-
sion) Of a tumor.

The rCBV ratio was calculated by comparing the rCBV with a measurement of the contra-
lateral normal white matter, i.e., the ipsilateral value was divided by the contralateral value.
The mean and maximum values of rCBV variation (rCBVyasiation_mean ad TCBVariation_max)
which reflect histologic heterogeneity of tumor, were calculated for each tumor component
respectively via SD map of rCBV. The SD map was created utilizing a three-dimensional
sphere with a radius of 3 mm centered on each voxel of the rCBV map within each tumor com-
ponent (enhanced, nonenhanced and whole tumor). From the rCBV values within that sphere
the SD was calculated for the central voxel. Tumor volume, which was defined as all tumor
components including necrosis and cystic changes, was recorded (Fig 1).

Statistical analysis

Comparisons were made between the patients with and without 2 year survival using two-sam-
ple t test or Wilcoxon rank sum test for the continuous data, or chi-square test and fisher exact
test for categorical data when appropriate. Kaplan-Meier curve was used to describe the sur-
vival data. Cox proportional hazard regression can model association between continuous
and/or categorical predictors with survival outcome with adjustment for confounding effects
of various clinical factors. Therefore, two Cox proportional hazard regressions were used to
assess association between the perfusion values and overall survival time, with account for con-
founding effects of patient’s age at diagnosis, sex, histopathologic grade, extent of surgery,
tumor volume, and baseline therapeutic measures in one regression, and an additional adjust-
ment of the receipt of any follow-up therapeutic measures in the second regression. To assess
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Fig 1. Patient with GBM. Axial (a) contrast-enhanced T1-weighted image shows the right frontal GBM. rCBV maps at the same axial
level show (b) lesion with high perfusion in solid component, (c) manually drawn region of interest including contrast-enhanced tumor
avoiding any cystic necrotic part to measure rCBV, and (d) standard deviation (SD) map of rCBV reflecting the variation of lesion
rCBV. The variety of colors in SD map (d) represent the differences in rCBV values, where pink represents a higher value and blue
represents a lower value.

https://doi.org/10.1371/journal.pone.0244275.9001

the validity or the Cox regression model, collinearity was assessed between rCBV measure-
ments and tumor grade using regression and variance inflation factor (VIF) to assess intercor-
relation and existing of collinearity between rCBV measurements and tumor grade depending
on whether a large VIF value (i.e. >4) was observed [38]. In addition, supremum test was
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conducted to check the proportion hazard assumption of the considered Cox regression mod-
els [39]. In secondary analyses, similar Cox proportional hazard regression was conducted
with restriction to patients with GBM grade. All Data analysis was performed by biostatistician
(F.Y. and A.K.A) by using SAS (Version 9.4, Cary, NC).

Results
Patient data

Among 51 patients with astrocytic gliomas, 23 were male and 28 were female. The median age
was 52.46 years, ranging from 16.91 to 84.32. Twenty patients underwent total tumor resec-
tion, 8 patients underwent subtotal resection, 1 underwent partial resection, and 22 patients
underwent biopsy. The 51 astrocytic gliomas included 30 GBMs (WHO grade IV), 14 AAs
(grade III), and 7 ASTs (grade II).

Treatment

Following pathological confirmation, 35 patients (10 AA and 25 GBM) received concurrent
chemoradiation therapy with temozolomide (CCRT), 1 patient (GBM) had chemotherapy
alone, 10 patients (2 AST, 4 AA, and 4 GBM) underwent radiation alone, and 5 patients (AST)
received no treatment. After these initial therapies, 42 patients (2 AST, 10 AA, and 30GBM)
received the subsequent treatments during the time of this study as follows: adjuvant temozo-
lomide (1 AST, 9 AA, and 23 GBM), bevacizumab (5 AA and 15 GBM), other chemotherapy
agents (1 AST, 2 AA and 13 GBM), and/or radiation (3 AA and 4 GBM).

Survival outcome

Kaplan Meier curve was plotted to describe 2 year survival from disease diagnosis in Fig 2.
Events occurred evenly and there was no censoring during the two-year follow-up. At the end
of 2 years from the pretreatment MRI study, 30 out of 51 patients had died with the median
overall survival time of 337 days (range, 70-669 days). The clinical factors and patients’ sur-
vival status are summarized in Table 1. Compared to the patients who survived more than 2
years, the patients who died within 2 years were older (mean 62.07 vs 43.86 y/o at diagnosis,

P =0.001) and had bigger tumor volumes (29.91 vs 9.70 cm®, P = 0.016). Different two year
survival rates existed for patients with different pathological diagnosis (P < 0.001). Specifically,
the survival rate was 100% (7 out of 7) in patients with AST, 64.29% (9 out of 14) in patients
with AA, and only 16.67% (5 out of 30) in patients with GBM. The extent of surgery and sex
were not significant factors related to 2-year survival.

Patients receiving CCRT showed a relatively higher 2-year survival rate than those receiving
chemotherapy or radiation alone in the groups with AA (7 out of 10 (70%) vs 2 out of 4 (50%),
P =0.58) and with GBM (5 out of 25 (20%) vs 0 out of 5 (0%), P = 0.556). There was no signifi-
cant survival difference related to follow-up treatment between patients with and without adju-
vant temozolomide, bevacizumab, other chemotherapy agents, or radiation (Table 1).

Patients who died within 2 years had a higher mean & maximum rCBV and a larger variation
of rCBV than patients who survived for more than 2 years, with a statistical significance in
rCBV ean Of nonenhanced & whole tumor, rCBV symax TCBV109%maxs TCBVhigh_perfusions and
rCBVariation_max Of enhanced tumor (Table 2). The VIF values were estimated for regressions
between rCBV measurements and tumor grade. The resulted VIF values ranged around 1, indi-
cating no collinearity between rCBV measurements and tumor grade. The rCBV values were fur-
ther analyzed via two Cox proportional hazard regressions with adjustment for patient age at
diagnosis, sex, histopathologic grade, extent of surgery, tumor volume, and therapeutic measures.
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Fig 2. Kaplan Meier curve from MRI diagnosis to the end of 2 year follow-up.
https://doi.org/10.1371/journal.pone.0244275.9g002

Supremum tests showed that the proportional hazard assumption was met for all considered Cox
regression models. However, different from the results in Table 2, we found no significant associa-
tion of overall survival time within two years with any of these rCBV values (Table 3).

Discussion

In our study, patients who died within 2 years had a higher rCBV in tumor than patients who
survived more than 2 years. This difference was more apparent in the maximum rCBV (i.e.
1CBV50maxo TCBV 10%max a0d TCBVhigh perfusion) (Table 2). Using higher percentage values of
rCBYV to evaluate the maximum rCBV of a tumor has been reported in previous studies
[25,37]. This methodology minimizes the effect of possible outlier values encountered when
choosing a single pixel ROI or ROI with only a few pixels [19] to calculate the maximum CBV
value across all tumor sections. Another approach for measuring maximum rCBV in previous
studies is to place an ROI in the area with the highest visually identifiable perfusion [19,23].
However, due to the limitations of visual recognition, it is not always easy to select the single
best ROI from all tumor sections, especially when there are multiple regions showing similar
elevated perfusion. In our study, we averaged rCBV values from several (2-5) ROIs for
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Table 1. Comparison of clinical factors between patients with different statuses of 2-year survival.

2-year survival P value
< 2 year (n = 30) > 2 year (n =21)
age (yr) 62.07 43.86 0.001
Sex
Female 14 14 0.158
Male 16 7
Pathologic Diagnosis
AST 0 7 <0.001*
AA 5 9
GBM 25
Tumor volume (median) (cm?) 29.91 9.7 0.016
Surgical Intervention
Biopsy 14 8 0.210
Subtotal or partial resection 7
Total resection 9 11
Initial Treatment
AA
CCRT 3 7 0.580*
Chemotherapy or radiation alone 2 2
GBM
CCRT 20 5 0.556"
Chemotherapy or radiation alone 5 0
AA+GBM
CCRT 23 12 0.695*
Chemotherapy or radiation alone 7 2
Follow-up Treatment
Adjuvant Temozolomide
yes 20 13 0.726
no 10 8
Bevacizumab
yes 14 6 0.193
no 16 15
other chemotherapy agents
yes 12 4 0.113
no 18 17
Radiation
yes 4 3 1.000"
no 26 18

Note: Values are number of patients unless otherwise indicated. P values were calculated by using Chi-square test unless specified.
* Fisher-exact test was used for comparison. AST, astrocytoma; AA, anaplastic astrocytoma; GBM, glioblastoma multiforme; CCRT, concurrent chemoradiation therapy

with temozolomide.

https:/doi.org/10.1371/journal.pone.0244275.t001

evaluating the maximum rCBV to avoid outlying rCBV values affecting the data. Of course,
due to the averaging effect, the method we used will to some extent lower these values and
result in a lower maximum rCBV (rCBViygh_perfusion)- We noticed that the average rCBVygp, -
perfusion We measured was less than the average of rCBVsomax and rCBV gg,max (Table 2).

PLOS ONE | https://doi.org/10.1371/journal.pone.0244275  January 6, 2021 8/16


https://doi.org/10.1371/journal.pone.0244275.t001
https://doi.org/10.1371/journal.pone.0244275

PLOS ONE Perfusion MR and survival in astrocytic brain tumors

Table 2. Comparison of perfusion values between patients with different statuses of 2-year survival.

Perfusion values 2-year survival P value
< 2 year (n = 30) > 2 year (n =21)

rCBV can Of nonenhanced tumor (ratio) 2.55 +/- 1.07 1.69 +/- 0.72 0.01
rCBV ,can of enhanced tumor (ratio) 3.78 [3.09-4.7] 3[1.4-4.75] 0.206
rCBV ;ican Of whole tumor (ratio) 3.54 [2.13-4.24] 1.87 [1.46-2.8] 0.013
rCB Vs, max (ratio) 9.18 [6.36-11.22] 4.75 [3.99-7.74] 0.002
rCBV gy max (ratio) 7.78 [5.96-9.91] 4.1 [3.51-6.64] 0.002
rCBVhigh_perfusion (ratio) 6.75 [4.73-10.39] 2.7 [2.1-3.94] <0.001
rCBV,ariation_mean Of Nonenhanced tumor 13.55 +/- 7.82 11.21 +/- 5.93 0.344
rCBVariation mean Of enhanced tumor 17.22 [12.17-22.95] 7.32[6.16-10.69] 0.109
rCBV,ariation_mean Of whole tumor 14.59 +/-9.01 11.97 +/- 7.38 0.59
rCBVariation_max Of Nonenhanced tumor 41.27 [29.32-72.04] 41.95 [30.97-62.42] 0.917
rCBVariation_max Of enhanced tumor 59.38 +/- 32.60 32.58 +/- 18.51 0.026
rCBV,yariation max Of whole tumor 55.35 [34.32-79.94] 42.77 [34.08-57.85] 0.227

Note: values are the mean +/- standard deviation or the median and [first quartile—third quartile]. rCBV ;,ean, mean rCBV; rCBV s¢may 5% maximum rCBV;

rCBV p9max 10% maximum rCBV; rCBVygn_perfusion maximum rCBV; rCBV ariation_mean, mean rCBV variation; rCBV ariation_max Mmaximum rCBV variation.

https://doi.org/10.1371/journal.pone.0244275.t1002

Unlike our results, in M Law et al.’s study [23], which consisted of 152 low- and high-grade
astrocytic brain tumors, the maximum of rCBV was not significantly associated with survival.
They used the highest single value recorded from regions of highest perfusion as the maximum
rCBV value. This method increases the risk that the recorded value is higher than the true
maximum value due to the possible existence of a small vessel in the measurement. S.J. Mills
et al. [24], who performed a survival analysis of 27 patients with low- and high-grade gliomas,
also claimed that CBV provides no prognostic information. However, unlike how we mea-
sured rCBV from all the image sections that contained the tumor components, they drew
ROIs only on 3 sections through enhancing tumor components, excluding nonenhancing
areas. Restricting ROI analysis to enhancing tumor may cause a significant bias because the

Table 3. Association between perfusion values and overall survival times *.

Perfusion Values Hazard Ratio Wald Lower Wald Upper P value
rCBV ,can Of nonenhanced tumor (ratio) 1.699 0.754 3.829 0.20
rCBV can Of enhanced tumor (ratio) 0.994 0.805 1.229 0.96
rCBV , can Of whole tumor (ratio) 0.994 0.809 1.220 0.95
rCBVso,max (ratio) 1.076 0.971 1.193 0.16
rCBV gy max (ratio) 1.079 0.959 1.214 0.21
rCBVhigh_perfusion (ratio) 1.010 0.910 1.120 0.85
rCBV,ariation_mean Of Nonenhanced tumor 0.999 0.994 1.005 0.81
rCBVariation_mean Of enhanced tumor 0.999 0.991 1.006 0.77
rCBV,ariation_mean Of whole tumor 0.994 0.988 1.001 0.09
rCBVariation_max Of Nonenhanced tumor 1.000 0.998 1.002 0.75
rCBV,riation_max Of enhanced tumor 0.999 0.998 1.001 0.41
rCBV . riation_max Of whole tumor 1.000 0.999 1.002 0.64

Note: * Association are calculated via Cox proportional hazard regression with adjustment of patient age at diagnosis, sex, histopathologic grade, extent of surgery,
tumor volume, and therapeutic measures. rCBV ;,can, mean rCBV; rCBV sy,max, 5% maximum rCBV; rCBV ggmax 10% maximum rCBV; rCBVyigh_perfusion, Maximum

rCBV; rCBVyariation_mean» mean rCBV variation; rCBVyariation_max» Mmaximum rCBV variation.

https://doi.org/10.1371/journal.pone.0244275.t1003
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maximum CBV might not be detected within the enhancing tumor component [29]. Also,
using only 3 sections would limit sampling for measurement. In other studies, which found no
significant relationship between survival rates and mean or maximum rCBV values in high-
grade gliomas, the measurement of tumor rCBV included tumor necrosis [25,26]. This may
cause the measured values to be inaccurate.

As with our results, some studies [17-22] have also reported that rCBV values are associated
with overall survival time. However, few of these studies evaluated the predictive role of treat-
ment [29]. It has been confirmed that CCRT followed by adjuvant temozolomide improved
the survival in patients with high grade glioma [40]. Our data also showed that this treatment
was correlated with a relatively better 2 year survival (Table 1).

Our patients also received Bevacizumab (n = 20), other chemotherapy agents (n = 16), and
additional radiation (n = 7) during the follow-up after initial treatment. No improvement of
the 2 year survival was found in these patients (Table 1).

It has been reported that the variation of fractional anisotropy values on DTTI is useful for
differentiating low- and high-grade gliomas [41]. To the best of our knowledge, however, there
is no study relating rCBV variation to tumor grade and patients’ survival. In our study, we cre-
ated SD maps of rCBV and calculated rCBV variation. Patients who died within 2 years had
greater variation of rCBV values in tumor than those who survived for more than 2 years,
strongest effect noted with the maximum value of rCBV variation of the enhanced tumor
(59.38 vs 32.58) (Table 2). Compared with low-grade gliomas, increased focal vascularity can
be found in high-grade gliomas. Also, some low-grade gliomas dedifferentiate into more
malignant forms with time [42-45] and potentially related to this process is that high-grade
tumors can present as malignant foci within an otherwise benign-appearing mass. Therefore,
high-grade gliomas are histologically more heterogeneous. This feature is even without consid-
ering macroscopic tumor cystic change, necrosis, and hemorrhage. We speculate that the
tumor components with maximum rCBV variation might reflect regional heterogeneity of his-
topathology and have more malignant foci.

This study analyzed all tumors, low-grade and high-grade, as a whole. This is because histo-
logical tumor grade is not always consistent with the tumor progression and conventional ana-
tomic MRI appearances of gliomas can be misleading. There have been reports that patients
with GBM may survive for a longer period of time while patients with low-grade glioma may
have a relatively short survival time [4,6]. Moreover, the accuracy of pathological diagnosis
may be affected by sampling. To confirm whether CBV can be used as an independent factor
to predict the survival time of patients, we adjusted the confounding effects of pathologic
grade when assessing the results.

In this study, we also performed a separate analysis of the CBV in the GBM only group.
Between the GBM patients with different statuses of 2-year survival, we did not see any signifi-
cant differences in clinical factors or perfusion values (Tables 4 and 5). As for the association
between perfusion values and overall survival times in GBM patients, we obtained similar
magnitude of hazard ratio and statistical significance to the analysis of all data including both
low- and high-grade tumors (Table 6).

The results of this study do not support our hypothesis. There was no significant association
of 2-year survival with rCBV when the data were further analyzed with adjustment for clinical
factors. Theoretically, rCBV that reflects the degree of neovascularization is related to the
malignancy of the tumor and should in turn greatly affects the survival of patients. However,
there are many factors that can cause inaccurate measurements of rCBV, such as the presence
of small blood vessels and cystic changes in the tumor. Although rCBV was not an indepen-
dent predictor of survival time, when we simply compared tumor rCBV without adjusting for
clinical factors, patients who die within two years did have a higher rCBV and a larger
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Table 4. Comparison of clinical factors between GBM patients with different statuses of 2-year survival.

2-year survival P value
< 2 year (n = 25) > 2 year (n=5)
age (yr) 59.19 59.15 0.697
Sex
Female 11 3 0.642
Male 14 2
Tumor volume (median) (cm®) 36.71 15.92 0.075
Surgical Intervention
Biopsy 9 0 0.061
Subtotal or partial resection 7
Total resection 9 5
Initial Treatment
CCRT 20 5 0.566
Chemotherapy or radiation alone 5 0
Follow-up Treatment
Adjuvant Temozolomide
yes 18 5 0.304
no 7
Bevacizumab
yes 12 3 1.000
no 13 2
other chemotherapy agents
yes 11 2 1.000
no 14 3
Radiation
yes 4 0 1.000
no 21

Note: Values are number of patients unless otherwise indicated. P values were calculated by using non-parametric
Wilcoxon rank sum test on continuous data and Fisher exact test on categorical data. GBM, glioblastoma
multiforme; CCRT, concurrent chemoradiation therapy with temozolomide.

https://doi.org/10.1371/journal.pone.0244275.1004

variation of rCBV than patients who survived for more than two years. Therefore, clinicians
can make a preliminary prediction of the patient’s prognosis to some extent based on the
rCBV of the tumor before surgery and subsequent treatment. The analysis of rCBV still has
important clinical value.

There were limitations to our study. We evaluated a moderate number of patients in a
retrospective manner. We were not able to control the application of therapeutic radiation
dose, cycles of adjuvant temozolomide, and types of additional chemotherapeutic agents
utilized for follow-up treatments but we did adjust our statistical analysis to remove any
confounding treatment effects. Our study did not evaluate genetic and molecular features
that could affect survival. However, previous work has demonstrated that rCBV measure-
ments could be used to predict patient overall survival independent of the molecular sub-
classes of GBM [22,46]. There is potentially some limitation on the analysis due to not all
examinations being performed on the same scanner with the same technique since this is a
retrospective analysis. This was in part overcome by processing the data using the same soft-
ware and normalizing the rCBV values with CBV measurements from the opposite
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Table 5. Comparison of perfusion values between GBM patients with different statuses of 2-year survival.

Perfusion values 2-year survival P value
< 2 year (n = 25) > 2 year (n =5)
rCBV yean Of Nonenhanced tumor (ratio) 2.70 +/- 1.15 1.32 +/- 1.87 0.152
rCBV ,can of enhanced tumor (ratio) 3.90 [3.15-4.70] 4.75 [3.35-5.19] 0.675
rCBV,,can Of whole tumor (ratio) 3.63 [2.70-4.39] 4.75 [3.35-4.76] 0.436
rCB V5o, max (ratio) 9.44 [6.83-11.22] 10.20 [9.61-10.31] 0.911
rCBV gomax (ratio) 7.91 [6.27-9.91] 9.31 [8.12-9.41] 1.000
rCBViyigh_perfusion (ratio) 7.11 [5.55-10.39] 6.32 [6.04-7.42] 0.578
rCBV,ariation_mean Of Nonenhanced tumor 13.02 [8.58-22.83] 12.65 [12.65-12.65] 1.000
rCBVariation_mean Of enhanced tumor 17.24 [12.17-22.95] 8.82 [7.32-24.34] 0.675
rCBV,ariation_mean Of Whole tumor 18.89 [8.52-20.76] 22.37 [22.37-22.37] 0.335
rCBVariation_max Of nonenhanced tumor 46.87 [24.09-72.13] 22.45 [22.45-22.45] 0.386
rCBV,ariation_max Of enhanced tumor 63.35 +/- 32.30 42.62 +/- 16.83 0.179
rCBV,ariation_max Of whole tumor 61.76 +/- 32.69 42.62 +/- 16.83 0.217

Note: values are the mean +/- standard deviation or the median and [first quartile—third quartile]. P values were

calculated by using two sample t test or non-parametric Wilcoxon rank sum test when normality assmption was not

met. rCBV pean, mean rCBV; rCBVsgmay 5% maximum rCBV; rCBV gymax 10% maximum rCBV; rCBViygh_perfusions

maximum rCBV; rCBV ariation_mean> Mmean rCBV variation; rCBV riation_max Maximum rCBV variation.

https://doi.org/10.1371/journal.pone.0244275.t1005

hemisphere. The MRI sequence perfusion parameters varied from recent ASFNR perfusion
guidelines but these guidelines were published after the patient data was collected [47]. In
addition, the ASFNR guidelines do not apply to the Philips MRI PRESTO technique [47].
Each of our cases was judged to have a good contrast bolus detected by source image analy-
sis. The visualization of the contrast bolus was likely optimized by the utilization of Multi-

hance, which is a high relaxivity contrast agent.

Table 6. Association between perfusion values and overall survival times in GBM patients*.

Perfusion Values Hazard Ratio Wald Lower Wald Upper P value
rCBV can Of nonenhanced tumor (ratio) 2.373 0.603 9.343 0.22
rCBV ean Of enhanced tumor (ratio) 0.943 0.736 1.209 0.65
rCBV can Of whole tumor (ratio) 1.004 0.801 1.257 0.98
rCBV 5o max (ratio) 1.082 0.950 1.233 0.23
rCBV 105max (ratio) 1.077 0.927 1.253 0.33
rCBVhigh_perfusion (ratio) 1.010 0.910 1.120 0.85
rCBV,ariation_mean Of Nonenhanced tumor 0.997 0.991 1.003 0.37
rCBVariation_mean Of enhanced tumor 0.996 0.986 1.006 0.40
rCBV,ariation mean Of whole tumor 0.992 0.984 1.001 0.07
rCBVariation_max Of Nonenhanced tumor 1.000 0.998 1.002 0.82
rCBV,ariation_max Of enhanced tumor 1.000 0.998 1.001 0.75
rCBV,ariation_max Of whole tumor 1.001 0.999 1.002 0.57

Note: * Association are calculated via Cox proportional hazard regression with adjustment of patient age at diagnosis, sex, histopathologic grade, extent of surgery,

tumor volume, and therapeutic measures. rCBV yeqn, mean rCBV; rCBVsg;may, 5% maximum rCBV; rCBVggmax 10% maximum rCBV; rCBVyigh perfusions Maximum

rCBV; rCBVyriation_mean> Mmean rCBV variation; rCBVyariation_max Maximum rCBV variation.

https://doi.org/10.1371/journal.pone.0244275.t1006
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Conclusion

The association between rCBV and 2-year overall survival times in patients with pure astro-
cytic brain tumors were analyzed, adjusting for clinical variables. The additional follow-up
treatments were evaluated for the first time in conjunction with rCBV to assess the impact on
the survival. Although, patients who survived less than 2 years had a higher mean and maxi-
mum rCBV and a larger variation of rCBV, rCBV itself may not be used independently for
predicting the 2 year survival of these patients.
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