Neuro-Oncology Advances

4(1), 1-16, 2022 | https://doi.org/10.1093/noajnl/vdac027 | Advance Access date 01 March 2022

Diagnostic performance of DSC perfusion MRI to
distinguish tumor progression and treatment-related
changes: a systematic review and meta-analysis

Rongwei Fu, Laszlo Szidonya, Ramon F Barajas Jr., Prakash Ambady, Csanad Varallyay, and
Edward A. Neuwelt

Oregon Health & Science University-Portland State University, School of Public Health, Portland, Oregon, USA (R.F);
Department of Medical Informatics & Clinical Epidemiology, Oregon Health & Science University, Portland, Oregon,
USA (R.F); Department of Radiology, Oregon Health & Science University, Portland, Oregon, USA (L.S., R.FB.);
Neuro-Oncology Program, Oregon Health & Science University, Portland, Oregon, USA (L.S., PA., E.A.N.); Heart

and Vascular Center, Diagnostic Radiology, Semmelweis University, Budapest, Hungary (L.S.); Advanced Imaging
Research Center, Oregon Health & Science University, Portland, Oregon, USA (R.FB.); Knight Cancer Institute
Translational Oncology Program, Oregon Health & Science University, Portland, Oregon, USA (R.FB.); Department of
Radiology, EPIC Imaging, Portland, Oregon, USA (C.V.); Department of Neurosurgery, Oregon Health and Sciences
University, Portland, Oregon, USA (E.A.N.); Office of Research and Development, Department of Veterans Affairs
Medical Center, Portland, Oregon, USA (E.A.N.)

Corresponding Author: Edward A. Neuwelt, MD, Oregon Health and Science University, Mail code L 603, 3181 SW Sam Jackson Park
Road, Portland, OR 97239, USA (neuwelte @ohsu.edu).

Abstract

Background. In patients with high-grade glioma (HGG), true disease progression and treatment-related changes
often appear similar on magnetic resonance imaging (MRI), making it challenging to evaluate therapeutic response.
Dynamic susceptibility contrast (DSC) MRI has been extensively studied to differentiate between disease progres-
sion and treatment-related changes. This systematic review evaluated and synthesized the evidence for using DSC
MRI to distinguish true progression from treatment-related changes.

Methods. We searched Ovid MEDLINE and the Ovid MEDLINE in-process file (January 2005-October 2019) and the
reference lists. Studies on test performance of DSC MRI using relative cerebral blood volume in HGG patients were
included. One investigator abstracted data, and a second investigator confirmed them; two investigators independ-
ently assessed study quality. Meta-analyses were conducted to quantitatively synthesize area under the receiver
operating curve (AUROC), sensitivity, and specificity.

Results. We screened 1177 citations and included 28 studies with 638 patients with true tumor progression, and
430 patients with treatment-related changes. Nineteen studies reported AUROC and the combined AUROC is 0.85
(95% ClI, 0.81-0.90). All studies contributed data for sensitivity and specificity, and the pooled sensitivity and speci-
ficity are 0.84 (95% Cl, 0.80-0.88), and 0.78 (95% Cl, 0.72-0.83). Extensive subgroup analyses based on study, treat-
ment, and imaging characteristics generally showed similar results.

Conclusions. There is moderate strength of evidence that relative cerebral blood volume obtained from DSC im-
aging demonstrated “excellent” ability to discriminate true tumor progression from treatment-related changes,
with robust sensitivity and specificity.
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In patients with high-grade glioma (HGG), imaging eval-
uation of therapeutic response following chemoradiation
therapy based on the Stupp protocol® can be challenging.
True disease progression and treatment-related changes
often appear similar onT1-weighted gadolinium-enhanced
magnetic resonance imaging (MRI).22 The development
of treatment-related changes is a hallmark of effective
therapy. Therefore, its misdiagnosis as true progression
and subsequent cancelation of effective therapy may have
adverse implications for patient outcomes. On the other
hand, in the case of true progression, the patient should
be offered a second-line therapy. It follows that the reli-
able differentiation between true disease progression and
treatment-related changes is of the utmost clinical im-
portance. In the literature, treatment-related changes are
often described as radiation necrosis, radiation injury, or
pseudoprogression. Radiation necrosis is histopathologic-
ally characterized as chemoradiotherapy-induced injury
to the central nervous system with fibrinoid necrosis of
blood vessel walls and adjacent perivascular parenchymal
coagulative necrosis, and pseudoprogression refers to
new or increasing contrast enhancement that eventually
subsides without any change in therapy. However, such
terms are not well distinguished and often used inter-
changeably in the published HGG articles. Based on a re-
cent systematic review and meta-analysis, the incidence
of pseudoprogression is 36% in patients with HGG after
standard of care chemoradiation.* An increase in the inci-
dence of pseudoprogression has been observed with the
introduction of immunotherapy. This diagnostic uncer-
tainty is not only emotionally draining for patients and
their families, but also can halt administration of effec-
tive therapy or delay enrollment into potentially beneficial
clinical trials.

Tumor angiogenesis mediated though various genetic
and pro-angiogenic growth factors, such as vascular endo-
thelial growth factors, is a characteristic feature of HGGs.
This poorly regulated tumor neo-angiogenesis results in
disrupted endothelial tight junctions with increased fen-
estrations. This results in a leaky blood brain barrier and
is associated with the heterogeneous pattern of contrast
enhancement seen on MRI. The presence or absence of
florid microvascular proliferation is an integral part of the
WHO grading system used in HGG.® However, currently
used Response Assessment in Neuro-Oncology (RANO)
criteria, updated to include brain metastases (RANO-BM)®
and immunotherapy (iRANO) focus on changes in ap-
parent tumor size over time and do not include functional
changes such as vascularity or inflammation.

Although histopathology remains an important tool, a re-
liable technique to assess tumor vascularity can help distin-
guish progressive tumors that are expected to have a higher
degree of vascularity from treatment-related changes.
Noninvasive evaluation of tumor vascularity based on per-
fusion MRI techniques has been utilized as an approach to
improve the clinical diagnostic utility of clinical response
assessment of HGG. Dynamic Susceptibility Contrast
Enhanced (DSC) T2*-weighted MRI is the most extensively
studied perfusion technique.” DSC MRI allows for the esti-
mation of relative cerebral blood volume within brain tu-
mors; and it has demonstrated potential for determining
prognosis, predicting therapeutic response, and assessing

early treatment response of gliomas.® Several recent sys-
tematic reviews and meta-analyses have demonstrated
the diagnostic performance of DSC MRI.*'2 However, each
reviews only included a small number of studies, and a
paucity of reporting critically important imaging sequence
parameters such as flip angle, the use of “contrast pre-
load” or leakage correction in these pooled analyses hin-
ders interoperability and clinical adoption. To this end, the
objective of this review is to systematically evaluate and
synthesize the evidence for using DSC MRI to distinguish
true progression from treatment-related changes (including
pseudoprogression (PsP) and radiation necrosis (RN)) in pa-
tients with HGGs after tumor resection and standard of care
therapy, with specific considerations on how study and clin-
ical characteristics, and imaging parameters impact the di-
agnostic performance of DSC MRI.

Materials and Methods

This review followed the systematic review methodology
and procedures developed by the Agency for Healthcare
Research and Quality (https:/www.ncbi.nlm.nih.gov/
books/NBK98241/) that were in accordance with current
guidance for systematic reviews.'*The reporting of this re-
view followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses statement.™

Literature Search

A research librarian searched Ovid MEDLINE and the Ovid
MEDLINE in-process file. The dates of coverage for the
searches were January 2015 through October 31, 2019
to cover the published literature after the searches con-
ducted for the publication of the systematic review and
meta-analysis by Patel et al. (2017).'° Published literature
before 2015 was retrieved based on the search done by
Patel et al. and other identified systematic reviews and
meta-analyses. Search details are provided in the online
Supplementary Materials. Additional references were
obtained by searching reference lists.

Eligibility Criteria and Study Selection

The inclusion and exclusion criteria and selection of
studies followed the PICOTS format:

e Participants/Population: Eligible Patients were those
with HGG (grade Il and IV) that had been treated with
surgery and chemotherapy or chemoradiotherapy, or
other accepted treatments during the time of the study,
and received DSC MRI perfusion imaging. If a study en-
rolled both high- and low-grade gliomas and grade I
glioma patients accounted for < 25% of the patient pop-
ulation, it remained eligible to be included.

¢ Intervention/Exposure: The index test was based on
DSC perfusion MRI. Relative cerebral blood volume
(rCBV), i.e., CBV normalized to the normal appearing
white matter, was needed to be quantitatively meas-
ured at the time of lesion enhancement.
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e Comparator/Control: Reference standard were histopa-
thology or repeated image/clinical follow-ups.

e Outcomes: Disease progression (vs. treatment-related
changes).

e Timing: All follow-up intervals were considered.

e Setting: All settings were considered.

We considered all studies that provided valid data to eval-
uate sensitivity, specificity, and the area under the receiver
operating curve (AUROC) regardless of study design.
Systematic reviews were considered to search for relevant
studies.

Not considered were animal studies, studies that did
not report or did not report adequate data to calculate
sensitivity, specificity or AUROC, or studies where rCBV
was only visually or qualitatively assessed. Results pub-
lished only in abstract form were not included because
inadequate details were available for quality and risk of
bias assessment and it is not clear whether the results
would be valid. Only English language articles were
included.

Two reviewers (authors RF and LS) assessed titles
and abstracts for citations identified through literature
searches, and full-text articles of potentially relevant cit-
ations were retrieved and assessed for inclusion. We also
retrieved and assessed full-text papers that evaluated DSC
perfusion MRI from the prior systematic reviews for in-
clusion. All full-text papers were dually assessed and dis-
agreements were resolved by consensus.

Data Abstraction

The data were abstracted from included studies by one re-
viewer and checked by a second reviewer. Disagreements
were resolved by consensus. Evidence table was con-
structed to show the population and study characteris-
tics, including study design, patient demographics, initial
tumor histology, treatment regimens, reference standard,
time to diagnosis of postsurgery enhancing lesion, MRI
acquisition details and parameters, sample size, and diag-
nostic performance data.

Risk of Bias/Quality Assessment

All studies were independently assessed by two reviewers
(authors RF and LS). Risk of bias and applicability were
assessed using the Quality Assessment of Diagnostic
Accuracy Studies -2 (QUADAS-2) tool and the approach re-
commended in the AHRQ Methods Guide for Medical Test
Reviews.'315

Quantitative Data Synthesis

We assessed the clinical and methodological diversity
of the included studies (Table 1) in addition to statistical
heterogeneity in order to determine appropriateness of
pooling data. We conducted meta-analysis only if the in-
cluded studies were deemed similar enough to produce a
meaningful combined estimate and there were adequate
data from included studies.

We performed random effects meta-analysis to calcu-
late the combined AUROC using the profile likelihood (PL)
method.** When a study only reported the point estimate
of AUROC without providing a 95% Cl or a standard error,
we calculated the standard error using the numbers of pa-
tients with true tumor progression and treatment-related
changes.*® The following classification was used to guide
the interpretation of AUROC: <0.50 no discriminative
ability; 0.70-0.80 acceptable discriminative ability; 0.80-
0.90 excellent discriminative ability; >0.90 outstanding
discriminative ability.*® To obtain combined sensitivity
and specificity, we used a bivariate logistic mixed effects
model, incorporating the correlation between sensitivity
and specificity. The model assumed random effects across
studies for sensitivity and specificity, and heterogeneity
among the studies was measured based on the random
effect variance. We also assessed statistical heterogeneity
using the standard y? test and P statistic.*” We calculated
positive likelihood ratio (LR+) and negative likelihood ratio
(LR-) using the summarized sensitivity and specificity.849

Included papers used different measures of relative cere-
bral blood volume (rCBV). We grouped the rCBV measures
into two categories:

1

p—

Mean rCBV: the studies generally used the mean rCBV
of the sampled or entire enhancing lesion.

2) Maximum rCBV: the studies used the maximum, or 90th
percentile of rCBV of the enhancing lesion, or the mean
of the hot-spot areas.

In the primary analysis, we combined studies using
either Mean or Maximum rCBVs given the similar per-
formance of the two measures. If a study reported re-
sults using both measures, results from the Mean
rCBV were used in the primary analysis and results
from the Maximum rCBV were used in the sensitivity
analysis. Subgroup analyses were conducted by com-
bining studies using Mean rCBV or Maximum rCBV
only. We combined all eligible studies in the primary
analysis regardless of the variation in acquisition and
postprocessing parameters since they were all rea-
sonable to use in practice, and such analysis produced
one overall combined estimate. Nevertheless, we con-
ducted extensive subgroup analyses to qualitatively
evaluate how the study characteristics (e.g., study de-
sign, country, funding source, reference standard) and
clinical and imaging characteristics including acquisi-
tion and postprocessing parameters (e.g., time of image
evaluation, histology, reference standards, sequence
and flip angle, leakage correction) impact the diagnostic
performance.Time of image evaluation was categorized
as early if rCBV data were acquired within 6 months of
chemoradiation therapy, late if after 6 months, and both
if rCBV data were acquired within 6 months in some pa-
tients and after 6 months in others. Treatment-related
changes observed during early time period were more
likely associated with pseudoprogression and late
treatment-related changes were more likely associated
with radiation necrosis. For gradient echo sequence, flip
angle was categorized as low if <40, intermediate if 60;
and high if 90. If the flip angle was between 35 and 90, it
was categorized as “mixed” In terms of chemoradiation
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therapy, if all or the majority of patients in a study re-
ceived concurrent chemoradiation therapy (CCRT), it
was categorized as CCRT; otherwise, non-CCRT.

All analyses were conducted using Stata/IC
(StataCorp LP, College Station, TX).

16.1

Qualitative Synthesis and Grading the Evidence

Qualitative synthesis considered the critical appraisal of
the body of evidence, putting the results of any quantita-
tive synthesis into perspective. We used a GRADE approach
to grading the strength of evidence, which considers risk of

bias, consistency of study results, directness, and precision of
estimates.>®

Results
Included Studies and Study Characteristics

We screened 1177 citations, 67 full-text articles, and
identified five new studies?'32374143 gnd six systematic
reviews.> 125152 From the six systematic reviews and ref-
erence searches, we further retrieved and screened 45
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Figure 1. PRISMA FLOW diagram of the article selection process.
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Imaging Leakage
Author year parameter  Country Histology correction AUROC (95% ClI)
Kim HS, 2010 Max rCBV  South Korea GBM only Yes : B 099(0.93 1.04)
Kong DS, 2011 Max rCBV  South Korea GBM only No '-I' 0.81 (0.70, 0.92)
Baek HJ, 2012 Max rCBV  South Korea GBM only Yes L 0.85 (0.76, 0.93)
Ozsunar, 2010 Max rCBV ~ USA High-grade glioma  Yes —I+ 0.66 (0.34, 0.97)
Dandois V, 2010 Max rCBV  Belgium High-grade glioma  No _'._ 0.83 (0.62, 1.04)
Shin KE, 2014 Max rCBV  South korea  High-grade glioma  Yes —-- 0.74 (0.56, 0.91)
D’Souza MM, 2014 Max rCBV India High-grade glioma  NR —‘I— 0.80 (0.59, 1.01)
Zakhari N, 2019 Max rCBV ~ Canada High-grade glioma  Yes - 0.69 (0.57, 0.81)
Barajas RF, 2009 Mean rCBV  USA GBM only No -.I- 0.80 (0.68, 0.92)
Gasparetto EL, 2009 Mean rCBV USA GBM only No i'.' 0.98 (0.88, 1.08)
Hu XT, 2011 Mean rCBV  USA GBM only NR -l— 0.93(0.79, 1.07)
Young RJ, 2013 Mean rCBV USA GBM only No ':'.' 0.94 (0.83, 1.05)
Cha J, 2014 Mean rCBV  South Korea GBM only Yes —I.— 0.88 (0.74, 1.02)
Kim JY, 2019 Mean rCBV  South Korea GBM only Yes - 0.77 (0.66, 0.88)
Sugahara T, 2000 Mean rCBV  Japan High-grade glioma ~ No —i— 0.87 (0.64, 1.09)
Prager AJ, 2015 Mean rCBV  USA High-grade glioma  Yes - 0.86(0.74,0.98)
Kim TH, 2017 Mean rCBV  South Korea High-grade glioma  Yes '*' 0.86 (0.76, 0.96)
Park JE, 2015 rCBV90 South Korea  GBM only Yes - 0.88 (0.84, 0.92)
Wang S, 2016 rCBV90 USA GBM only Yes il 0.73 (0.55, 0.91)
Overall (I-squared = 59.7%, p = 0.000) ’ 0.85 (0.81, 0.90)
I I
0 5 1

Figure 2. Combined area under ROC across included studies.

full-text papers with 26 meeting our inclusion criteria.
After excluding duplicated papers, we included 28 studies
(Figure 1).

The included studies are predominantly retrospective
(n = 24), grant-funded or no conflict of interest reported
(n = 19) with ten studies conducted in the US. Fifteen
studies included high-grade glioma patients and thir-
teen studies only included GBM patients. All studies in-
cluded newly diagnosed patients, except for one study,'
which included 20 recurrent patients with second, third,
or fourth line treatments. Five studies reported sensi-
tivity and specificity based on both Mean and Maximum
rCBV. Details about the included studies are provided in
Table 1.

Pooled AUROC

Nineteen studies (n = 842 subjects) reported AUROC
and the combined AUROC is 0.85 (95% CI, 0.81-0.90),
indicating “excellent” ability to discriminate true tumor
progression from treatment-related changes (Figure 2).
There is moderate heterogeneity among the included
studies (? = 59.7%, P < .001), with results relatively con-
sistent across studies.

Nine studies reported AUROC based on Mean rCBV
with a combined AUROC of 0.88 (95% Cl, 0.83-0.93)
(Supplementary Figure 1), while the combined AUROC
from the thirteen studies based on Max rCBV is 0.83 (95%
Cl, 0.77-0.88) (Supplementary Figure 2). Both estimates
remain in the range of “excellent” discriminative ability.
Subgroup analyses by country, industry funding, his-
tology, reference standard, and imaging parameters do
not reveal important differences in AUROC by these fac-
tors (Table 2). Among the 19 studies, 11 studies reported
to use 3T scanners, 9 studies reported to use contrast
pre-load bolus and leakage correction and no studies
reported to use a high flip angle. A notable difference
was observed between studies of early image evalua-
tion (6 studies; AUROC 0.87, 95% Cl 0.81-0.90) and late
image evaluation (6 studies, AUROC 0.77, 95% CI 0.71-
0.84), which suggests that rCBV might have “excellent”
and higher discriminative ability in distinguishing early
treatment-related changes (pseudoprogression) from
true progression than distinguishing late treatment-
related changes (radiation necrosis) from true progres-
sion. However, the number of studies was small in each
category and precluded any definite conclusion. A sim-
ilar difference was also observed between prospective (3
studies; AUROC 0.77, 95% Cl 0.66-0.89) and retrospective
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Table2. Subgroup Analysis of AUROC, by Study and Imaging Characteristics

N of studies N of patients Pooled AUROC (95% Cl) 12, P-value

All studies 19 842 0.85(0.81, 0.90) 59.7%, P< .01
All studies, using Max rCBV first 19 842 0.85(0.81, 0.90) 59.9%, P< .01
Imaging parameter: Mean rCBV 9 648 0.88(0.83, 0.93) 23.1%, P=.23
Imaging parameter: Max rCBV 13 774 0.83(0.77,0.88) 66.1%, P< .01
Country

USA 7 215 0.88(0.79, 0.95) 32.4%, P=.08

Non-USA 12 627 0.84 (0.78, 0.89) 65.3%, P< .01
Study Design

Prospective 3 135 0.77 (0.66, 0.89) 0.8%, P=.23

Retrospective 16 707 0.87 (0.82, 0.91) 53.3%, P< .01
Industry Funded

No, or No COI 15 745 0.85 (0.80, 0.90) 65.5%, P< .01

NR 4 97 0.88 (0.77, 0.96) 0.0%, P=.31
Histology

GBM only 1 590 0.88 (0.83, 0.93) 63.0%, P< .01

High-Grade Glioma 8 252 0.80 (0.73, 0.87) 13.0%, P=.40
Timing of Image Evaluation

Early 6 398 0.87 (0.81, 0.90) 0.0%, P=.20

Late 6 238 0.77 (0.71, 0.84) 0.0%, P=.59

Both 5 151 0.88(0.78, 0.95) 24.8%, P=.16

NR 2 55 0.98 (0.89, 1.00) 0.0%, P= .45
Reference Standard

Histopathology in < 75% of pts 1 575 0.85(0.80, 0.89) 27.6%, P=.12

Histopathology in > 75% of pts 8 267 0.86(0.75, 0.94) 64.8%, P< .01
Risk in Patient Selection

Low 7 502 0.83(0.77,0.88) 39.6%, P=.06

Unclear 12 340 0.88(0.81, 0.93) 51.2%, P< .01
Risk in IndexTest

Low 7 385 0.86(0.76, 0.93) 67.2%, P< .01

Unclear 12 457 0.85(0.79, 0.91) 49.7%, P< .01
Chemoradiation Therapy

CCRT 12 628 0.83(0.78, 0.87) 36.4%, P=.08

Non-CCRT 7 214 0.91(0.82, 0.97) 48.2%, P=.03
Imaging Field Strength

15T 5 124 0.87 (0.74, 0.96) 33.8%, P=.12

3.0T " 641 0.84 (0.77,0.89) 70.1%, P< .01

1.5T or 3.0T 2 61 0.90 (0.80, 1.00) 0.0%, P=.36

NR 1 16 0.93(0.79, 1.00) NA
Preload

Yes 9 418 0.81(0.73, 0.89) 61.7%, P< .01

No 4 162 0.87 (0.80, 0.94) 0.0%, P=.43

NR 6 262 0.89 (0.81, 0.95) 55.6%, P< .01
Leakage Correction

Yes 9 624 0.84 (0.77,0.89) 70.7%, P< .01

No 4 184 0.88 (0.80, 0.95) 33.2%, P=.15

NR 6 34 0.89 (0.71, 1.00) 0.0%, P=.31

Sequence & Flip Angle
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Table2. Continued
N of studies
GRE
Low
Intermediate or Mixed
Low or Intermediate 9

Studyld : SENSITIVITY (95% CI)
Sugahara T, 2000 —{‘l}— 0.83[0.36—1.00]
Gasparetto EL, 2009 —Ll@| 1.00[0.40-1.00]
Barajas RF, 2009 - 0.78 [0.64-0.89]
Ozsunar, 2010 —e 0.71[0.42-0.92]
Matsusue E, 2010 —_— 0.83[0.36—1.00]
Kim YH, 2010 — l@| 1.00[0.40-1.00]
Kim HS, 2010 %. 0.96 [0.79-1.00]
HU LS, 2010 .- 0.81[0.58-0.95]
Dandois V, 2010 — 0.67 [0.35-0.90]
Bobek-billewicz, 2010 #— | 0.80[0.28-0.99]
Kong DS, 2011 —e 0.82[0.65-0.93]
Hu XT, 2011 ;@i 0.88 [0.47-1.00]
Baek HJ, 2012 i@ | 0.93[0.81-0.99]
Young RJ, 2013 4@ | 1.00[0.79-1.00]
Seeger A, 2013 — 0.83[0.61-0.95]
Shin KE, 2014 _51'_ 0.74[0.49-0.91]
D'Souza MM, 2014 o 0.80 [0.52-0.96]
Di Costanzo A, 2014 —e 0.86 [0.64-0.97]
Cha J, 2014 — 0.82[0.48-0.98]
Alexiou GA, 2014 [®| 1.00[0.86-1.00]
Prager AJ, 2015 - 0.88 [0.72-0.97]
Park JE, 2015 e 0.82 [0.71-0.91]
Wang S, 2016 —%')— 0.82[0.65-0.93]
Blasel S, 2016 ) 0.65 [0.47-0.80]
Kim TH, 2017 —+® | 0.91[0.75-0.98]
Boxerman JL. 2017 —e 0.67 [0.30-0.93]
Zakhari N, 2019 —el 0.73[0.56-0.86]
Kim JY, 2019 71%} 0.86 [0.70-0.95]
1
COMBINED ¢ 0.84 [0.80-0.88]
| Q =39.10, df = 27.00, p = 0.06
: 2 = 30.95[0.00-63.01]
03 10
SENSITIVITY

Figure 3. Combined Sensitivity and Specificity across included studies.

studies (16 studies, AUROC 0.87, 95% CI 0.82-0.91),
though the small number of prospective studies limited
any reliable interpretation.

Pooled Sensitivity and Specificity

To calculate sensitivity and specificity, the included
studies used different cutoff points and most studies
sought to optimize the diagnostic performance. Given
that 1) the choice of the region of interest for DSC im-
aging and other imaging parameters impacted the rCBV
acquired in each study, therefore the cutoffs from the
different studies were expected to be different; 2) there
is no commonly accepted cutoff points, we deemed it

N of patients Pooled AUROC (95% ClI) 12, P-value

501 0.87 (0.80, 0.92) 69.1%, P< .01
12 0.89 (0.82, 0.96) 0.0%, P=.52
562 0.87 (0.82, 0.92) 61.5%, P< .01

Studyld : SPECIFICITY (95% Cl)
Sugahara T, 2000 —%% 0.80 [0.28-0.99]
Gasparetto EL, 2009 — 0.88[0.47-1.00]
Barajas RF, 2009 ~@IJE 0.75[0.51-0.91]
OzsunarY, 2010 | —@— 0.40 [0.05-0.85]
Matsusue E, 2010 | —@ 0.50 [0.01-0.99]
Kim YH, 2010 —Ll@®| 1.00[0.54-1.00]
Kim HS, 2010 _:@ 0.93[0.68-1.00]
HU LS, 2010 [®| 1.00[0.78-1.00]
Dandois V, 2010 —+t®| 1.00[0.40-1.00]
Bobek-Billewicz B, 2010 —l@| 1.00[0.48-1.00]
Kong DS, 2011 & | 0.77[0.56-0.91]
Hu XT, 2011 @ | 0.88[0.47-1.00]
Baek HJ, 2012 . 0.73[0.56-0.86]
Young RJ, 2013 — 0.75[0.19-0.99]
Seeger A, 2013 —e 0.76 [0.50-0.93]
Shin KE, 2014 _@{_ 0.67 [0.35-0.90]
D’Souza MM, 2014 — +®| 1.00[0.29-1.00]
Di Costanzo A, 2014 —Je- 0.88 [0.47-1.00]
Cha J, 2014 4:5 0.83[0.63-0.95]
Alexiou GA, 2014 —®| 1.00[0.54-1.00]
Prager AJ, 2015 —e- 0.88 [0.47-1.00]
Park JE, 2015 ™ 0.81[0.71-0.88]
Wang S, 2016 —wl 0.63 [0.24-0.91]
Blasel S, 2016 —d— 0.71[0.29-0.96]
Kim TH, 2017 —®r 0.68[0.43-0.87]
Boxerman JL. 2017 —e—1 0.40[0.12-0.74]
Zakhari N, 2019 el 0.64 [0.44-0.81]
Kim JY, 2019 7@: 0.65 [0.44-0.83]
1
COMBINED é 0.780.72 - 0.83]
I Q = 38.48, df = 27.00, p = 0.07
: 12 = 29.84[0.00 — 62.48]
0.0 10
SPECIFICITY

reasonable to combine the studies with different cutoff
points, and the combined estimates provided a clinical
meaningful estimate to demonstrate the general per-
formance of rCBV to distinguish true tumor progression
from treatment-related changes.

Twenty-eight studies reported sensitivity and speci-
ficity and these studies included 638 patients with true
tumor progression and 430 patients with treatment-related
changes. The pooled sensitivity and specificity are 0.84
(95% Cl, 0.80-0.88), and 0.78 (95% ClI, 0.72-0.83), indicating
robust performance to diagnose true tumor progression
(from treatment-related changes) (Figure 3). Results were
almost identical when excluding the one study that in-
cluded 20 recurrent patients’ (sensitivity, 0.84 (95% Cl,
0.81-0.88); specificity, 0.78 (95% Cl, 0.72-0.83)). When only
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combining studies that sought optimal diagnostic perfor-
mance, the pooled sensitivity and specificity are 0.86 (0.82—
0.89), and 0.78 (0.74-0.82).

Results based on Mean rCBV and Max rCBV were sim-
ilar. Eighteen studies reported sensitivity and specificity
based on Mean rCBV. The pooled sensitivity and spec-
ificity are 0.81 (95% CI, 0.75-0.86), and 0.78 (95% CI,
0.71-0.84) (Supplementary Figure 3). Seventeen studies
reported sensitivity and specificity based on Max rCBV.
The pooled sensitivity and specificity are 0.85 (95% ClI,
0.80-0.88), and 0.75 (95% CI, 0.69-0.80) (Supplementary
Figure 4). Again, subgroup analyses by country, study
design, industry funding, histology, reference standard,
and imaging parameters generally do not reveal impor-
tant differences in sensitivity and specificity by these
factors (Table 3). Some notable differences were ob-
served between studies of early vs. late image evalua-
tion, and among studies using different flip angles with
gradient echo sequence. Studies of early image evalu-
ation yielded higher sensitivity (0.87, 95% CI 0.80-0.91)
and specificity (0.76, 95% Cl 0.69-0.82) compared to
studies of late image evaluation (sensitivity, 0.78, 95%
Cl 0.71-0.84; sensitivity, 0.71, 95% Cl 0.61-0.79). In terms
of differences among studies using different flip angles,
studies using a high flip angle (90°) demonstrated lower
sensitivity (0.75, 95% CI 0.67-0.81) and specificity (0.69,
95% Cl 0.57-0.79) compared to studies using low flip
angle (<40°; sensitivity, 0.87, 95% Cl 0.81-0.92; sensitivity,
0.79, 95% CI 0.73-0.84), and intermediate or mixed flip
angle (60°, one study used 35°-90°; sensitivity, 0.90, 95%
Cl 0.80-0.95; sensitivity, 0.86, 95% CI 0.59-0.96), though
the number of studies using intermediate or mixed flip
angle was small (4 studies). A small number of studies
(4) used both a high flip angle (90°) and leakage cor-
rection, yielding a combined sensitivity of 0.75 (n = 88;
95% CIl 0.65-0.83) and specificity of 0.64 (n = 67; 95% CI
0.52-0.75). When combining studies using a low or inter-
mediate angle, the combined sensitivity was 0.87 (95%
C1 0.82-0.91) and the combined specificity was 0.80 (95%
C1 0.74-0.85).

Risk of Bias and Applicability

Figure 4 summarizes the assessment for risk of bias and
applicability based on QUADAS-2. The risk of bias for pa-
tient selection is generally rated as low (n =9), or unclear
(n = 18) due to unclear patient sampling method or exclu-
sion criteria. For index test (rCBV obtained from DSC), over
half of the studies (n = 16) were rated as unclear due to un-
clear blinding of the radiologists to the results of the refer-
ence standards. The cutoff used to calculate sensitivity and
specificity was to optimize the diagnostic performance in
most studies (n = 24) and rarely pre-specified. This was not
downrated since there was no widely accepted threshold
for rCBV. The reference standard was generally histopa-
thology and/or clinic-radiologic follow-up, rated as low
risk since it is the current diagnosis standard. The included
patient populations and reference standards apply well to
the targeted patient population and the research question
in this review. The applicability of index test was rated un-
clear in some studies due to unclear blinding and no use of
the leakage correction.

Discussion

We provide a comprehensive review comprising of 28
studies to synthesize evidence on the diagnostic perfor-
mance of rCBV from DSC imaging to distinguish disease
progression and treatment-related changes. Compared to
the earlier reviews®'25152 this review included the largest
number of eligible studies with 1068 patients and provided
combined estimates for AUROC for the first time in addi-
tion to combined estimates for sensitivity and specificity.
Our results suggest that rCBV provides robust performance
differentiating true tumor progression from otherwise similar
appearing treatment-related changes. Subgroup analysis,
which included relevant DSC sequence parameters, gener-
ally did not reveal important differences in AUROC. Based on
risk of bias, consistency of study results, directness, preci-
sion of estimates, the strength of evidence was graded to be
moderate. That is, while the included studies have potential
for some bias, the deficiencies are not likely to invalidate re-
sults or introduce significant bias.'®%3Taken together, the evi-
dence presented herein suggests that DSC MRI derived rCBV
values may provide additional diagnostic utility in the clinical
response assessment of patients with HGG.

Nineteen studies produced a combined AUROC of 0.85
(95% Cl, 0.81-0.90) for rCBV and demonstrated “excellent”
ability to discriminate true tumor progression to treatment-
related changes. Our combined estimates of sensitivity and
specificity (84% and 78%) were obtained from 28 eligible
studies, and indicated robust diagnostic performance. While
they are slightly lower than those reported in the earlier re-
views,'%"2 our inclusion of studies is more thorough and rig-
orous and we explicitly focused on quantitatively measured
rCBV.The earlier reviews included 11 to 18 studies with inclu-
sion of non-rCBV studies or abstracts in the meta-analysis.

Our analysis consisted of patients with high-grade
glioma (grade 3 or 4) with reference standard either using
histopathology or follow-up imaging to determine disease
status. The studies also varied by country of conduct, use
of concurrent chemoradiation therapy, time of image eval-
uation, and choice of DSC sequence parameters. About
half of the included studies applied leakage correction
(15 studies) using various software (most commonly, 6
studies used Nordic Ice software) and preload of contrast
agents; the other studies either did not apply, or did not
report whether or not they were used. Fortunately given
the relatively large number of included studies, we were
able to conduct extensive subgroup analyses to evaluate
the impact of single study and imaging characteristics,
on AUROC, sensitivity, and specificity. These diagnostic
measures were largely consistent across these character-
istics, except for notable differences in a couple of cases.
For example, studies of early image evaluation showed
higher sensitivity (0.87) and AUROC (0.87) than studies
of late image evaluation (sensitivity 0.78; AUROC 0.77).
Nevertheless, the number of studies was not large enough
to evaluate the impact of multiple study characteristics. For
example, preload, flip angle, and type of leakage correc-
tion may interact to affect imaging quality and diagnostic
performance, but the number of studies did not support
subgroup analyses based on the combination of these
characteristics.
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Figure 4. Summary of Risk of Bias and Applicability based on QUADAS-2.

Current consensus recommendations suggest a full dose
gadolinium contrast preload (0.1 mmol/kg) followed by a
full dose contrast bolus administered in the setting of inter-
mediate 60° flip angle.>* However, there is growing clinical
desire to provide only one full dose of gadolinium contrast.
Therefore, consensus recommendations provide for the
use of a low 30° flip angle in this context; obviating the use
of preload technique. Our results suggest that studies with
high flip angle may impact the diagnostic performance of
DSC rCBV with lower sensitivity and specificity. Studies
with low and intermediate flip angles indicated similar
AUROC, sensitivity and specificity, and better performance
than high flip angle. This finding is consistent with current
clinical consensus guideline for the use of DSC perfusion
MRI.2754 On the other hand, the number of patients included
in these studies are still small to clearly delineate the im-
pact of study and imaging characteristics, in particular, the

impact of the combination of imaging characteristics, and
no definitive conclusions on the impact of these character-
istics could be made. Our subgroup analysis highlights the
critical need for reporting of relevant MRI sequence param-
eters and timing of contrast administration in the medical
literature. Variation in MRI sequence parameters, as well
as timing and dosage of MRI contrast administration, may
affect quantitative metrics, and therefore the reliability of
imaging measurements for tumor response assessment.
The adoption of widely reproducible imaging approaches
recommended through consensus guidelines may help to
further improve the medical literature and subsequent sys-
temic reviews.?%5455

The lack of histopathological consensus guidelines
for treatment-related change (vs. true tumor progres-
sion) and prognostics of patient outcomes remains a
limitation for patients with changing imaging features
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following Stupp protocol chemoradiotherapy.®® Indeed,
our study found that utilization of a histopatholog-
ical reference standard in 75% of the cases did not in-
fluence the sensitivity and specificity of rCBV (Table 3).
There are numerous possible etiologies for this observa-
tion, with likely contributing factors including variation
in thresholds for diagnosing tumor progression used
by pathologists and high inter-interpreter discrepancy
in pathological interpretation,® and the use of gado-
linium enhancement as the only metric to target tissue
sampling. Furthermore, the diagnosis is complicated by
the fact that some tissue samples have an admixture of
treatment-related change and recurrent tumor, so it is
not always a dichotomy and the disease may span over
a spectrum.

Other limitations of this review are that the included
studies were generally small and retrospective, and many
studies did not report clear patient sampling method or ex-
clusion criteria, or clear blinding of the radiologists to the
results of the reference standards. While the consistency in
results across the studies might slightly mitigate this lim-
itation, the literature lacks well-designed and prospective
studies, which remains a major limitation. Although pro-
spective studies showed somewhat worse diagnostic per-
formance, in particular, for AUROC (0.77 for prospective
studies vs. 0.87 for retrospective studies), no meaningful in-
terpretation and conclusion could be drawn given the small
number of prospective studies and small sample size. This
highlights the critical need for large prospective studies to
provide reliable evidence.

Similar to earlier reviews, we combined sensitivity and
specificity using different cutoff points, since optimal
cutoff points are expected to be different from included
studies given the differences in DSC techniques and
postprocessing methods. A common optimal cutoff point
could not be obtained from the included studies, which
limited meaningful comparison and direct application of
the study results across settings. Standardization of im-
aging parameters and definitions of true tumor progres-
sion and treatment-related changes will be necessary to
create a common optimal cutoff point.

In conclusion, in this review, we found that there is mod-
erate strength of evidence that rCBV obtained from DSC
imaging demonstrated “excellent” ability to discriminate
true tumor progression to treatment-related changes, with
robust sensitivity and specificity.

Supplementary material

Supplemental material is available at Neuro-Oncology
Advances online.
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