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Differentiation between True Tumor Progression of Glioblastoma and
Pseudopr ogr ession using Diffusion-weighted imaging and Perfusion-weighted

imaging: A Systematic Review and Meta-analysis.
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Abstract

Background: On brain magnetic resonance imaging (MRI), baffusion-weighted

imaging (DWI) and perfusion-weighted imaging (PVele used to evaluate cerebral
tumors. The purpose of this meta-analysis was atuate and compare the diagnostic
performance of DWI and PWI in differentiating beemepseudoprogression and true

tumor progression of glioblastoma.

Methods. We performed a systematic review of the PubMeadlisse from January
2000 to December 2019 for relevant studies. Affgliaation of specific inclusion

and exclusion criteria, the eligible articles wekaluated for methodological quality
and risk of bias using the updated Quality Assessnoé Diagnostic Accuracy

(QUADAS-2) tool. From the published study resuttse pooled sensitivity, pooled
specificity, positive likelihood ratio (LR), nega#i LR, and diagnostic odds ratio
(DOR) and their corresponding confidence inter@tsCl), and the area under the

curve (AUC), were calculated individually for DWha& PWI.

Results: The meta-analysis included 24 studies, with a wit&00 patients. DWI was
found to be slightly superior in terms of sensitivand specificity, 0.88 (% CI 0.83-
0.92) and 0.85 (% CI 0.78-0.91) respectively, cormpavith the respective values of
PWI, 0.85 (% CI1 0.81-0.89) and 0.79 (% CI 0.74-0.&4n comparison of the overall
diagnostic accuracy of the MRI modalities usingrtihespective AUC values (0.9156
for DWI, 0.9072 for PWI), no significant differenseas demonstrated between the

two.
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Conclusion: Both DWI and PWI provided optimal diagnostic perf@ance in
differentiating pseudoprogression from true tumorogpession in cerebral

glioblastoma, and neither technique proved to lpesar.

Keywords. Tumor progression; pseudoprogression; recurrengégblastoma;

diffusion-weighted imaging (DWI); perfusion- weiglt imaging (PW1)
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I ntroduction

Glioblastoma is a highly malignant brain tumor, lwitigh mortality rates. Its poor
prognosis is attributed mainly to its inevitableugence. [1] The 5-year survival rate
is <10%, with a mortality rate of close to 100% [2je current standard care for the
management of glioblastoma includes complete sailrgiesection, when possible,
followed by radiotherapy with concurrent and adjivatemozolomide-based

chemotherapy. [3]

After the addition of chemotherapy to the treatmplain, the incidence of
detection of progressively enhancing lesions onmetig resonance imaging (MRI)
after the completion of the concurrent chemoradi@phy (CCRT) increased
significantly. Although the MRI of these patientgpaared to be deteriorating after
treatment, some presented spontaneous clinicabieprent, without modification of
the therapeutic approach. [4] This treatment-rdigthenomenon, which is named
“pseudoprogression”, typically occurs within 3-6 miws of the completion of
treatment. [5] Radiologically, pseudoprogressiopesgps as a new contrast-enhancing
lesion on T1-weighted MRI or growth of the high FRAIR area, thus mimicking
early progressive disease (ePD). [6] It is eviddwatt misdiagnosis of gliolastoma
recurrence alters the treatment plan dramatickdfding potentially to non-effective

second line treatment or unnecessary repeat sulggry

The underlying mechanism behind pseudoprogressitargely unknown, but
it has been suggested that the combination of ctiesrapy and radiation induce
inflammation of epithelial cells and tissue, witlleena and anomalous vessel
permeability. [8,9] The clinical definition of ps#oprogression is unclear, as the

authors of some series propose that the lesion noisthow signs of progression for
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at least 6 months, while others propose a 2-mantémial after the initial scan for the
diagnosis of pseudoprogression to be establisi®dHis discrepancy might explain
the wide variation in the reported incidence ofstphenomenon. A recent meta-
analysis showed that the pooled incidence of ps@odoession in newly diagnosed
glioblastoma was 36 % (95 % CIl 33—-40) while tumorgpession occurred in 60%.

[10]

It is important to underline the differences betw@seudoprogression and radiation
necrosis, as they represent distinct clinical EstitTheir main difference is the time
of presentation, as pseudoprogression typicallyeapgp 3 to 6 months after the
completion of chemoradiotherapy, whereas radiatiearosis presents 6 months to
several years after treatment. [11] The time irdebetween treatment and detection
of radiation necrosis differs depending on the atirapy technique, being longer
when associated with carbon ion therapy than wititgm or photon therapy.[12]
Specifically, Miyawaki and colleagues reported aameatency time between
treatment and brain necrosis injury onset rangnognf6 to 49 months for proton
therapy and 11 to 41 months for carbon ion thefay Although histopathology is
considered the gold standard for the diagnosis RiD,eit has many limitations.
Melguizo-Gavilanes and colleagues reported thataircohort of 34 cases, the
histological diagnosis and radiological interprietatof pseudoprogression matched in
only 11/34 (32%) of cases (95 %CIl 19-49%). Biopsgdmgnosis highlights the
importance of the radiological identification ofntor recurrence. Biopsy sampling
has significant limitations; it is an invasive medh and sampling errors may occur. In
resection specimens, areas of residual tumor mixath minor areas of
pseudoprogression could be misinterpreted as sigownedominantly ePD. [14]

Because of the drawbacks of histopathological dagn several imaging modalities
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have been developed for the differentiation of triuemor progression from
pseudoprogression. MRI techniques, including diffnsveighted imaging (DWI)
and perfusion- weighted imaging (PWI), and nuclesdicine techniques such as
positron emission tomography (PET) and single phmotemission computed
tomography (SPECT) have been used [7], but thendstg performance of these

imaging modalities has not been systematicallywatald to date.

To the best of our knowledge, although many studaase evaluated the radiological
differentiation of recurrence from the broad catgguf “treatment related changes”,
none has focused on the identification of the eainlgnomenon of pseudoprogression.
Here, we conducted a meta-analysis to evaluatelidgnostic performance of DWI
and PWI in differentiating glioblastoma pseudopesgion from true tumor

progression.

MATERIALSAND METHODS

Literature selection

This systematic review and meta-analysis adoptedPtieferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) dinde [15], and was written
according to the Meta-analysis of Observationab®tiin Epidemiology (MOOSE)
proposal.[16] Eligible studies provided both sewtit and specificity measures of
DWI, PWI and PET, compared with the reference sah&l in the diagnosis of
pseudoprogression. A literature search, as showhkignre 1, was made in the
PUBMED database up to December 10, 2019 by twopidiegent reviewers (T.S and

C.T), using the key words “pseudoprogression” ANDigh-grade glioma” OR
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“glioblastoma” AND “MRI” OR “PET”". In addition, thereference lists of all the
included articles were manually examined to idgngiigible reports that might have

been missed in the initial search.

Inclusion criteria

Studies that met the following criteria were inadd (1) Patients with a newly
diagnosed high-grade glioma, (2) standard careeafrnent with first-line CCRT with
temozolomide, followed by adjuvant temozolomideeafsurgical resection, (3)
average interval between CCRT and the emergencesigpfs of radiological

progression on MRI scan did not exceed 6 months¢l{dico-radiological diagnosis
(RANO criteria) and/or histopathology as a refeeerstandard to differentiate
between pseudoprogression and true tumor progres&p use of PWI and DWI or
PET, (6) sufficient data to generate 2x2 tablesstmsitivity and specificity, and (7)

studies published as original articles.

Exclusion criteria

The exclusion criteria were: (1) non-English or esttspecies articles, (2) case
reports/case series and reviews, (3) use of othemging techniques (PET,
Conventional MRI) giving an insufficient sample ool data, (4) insufficient data
for obtaining 2x2 tables, (5) use of other theraigestrategies, (6) average interval
between CCRT and the emergence of signs of pragressy MRI scan or on

histopathology exceeding 6 months, and (7) low grad recurrent gliomas. The

details of the main studies that were excludediem@ayed in Table 1. [17-22]

Data extraction and Quality assessment
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The methodological quality of the included studiess evaluated independently using
the Quality Assessment of Diagnostic Accuracy Siskl (QUADAS-2) tool [23] by
two reviewers (T.S and C.T). In the case of disagwent, consensus was reached
under consultation with a third reviewer (G.A). Tiesults of the quality assessment
are presented ifigure 2. With regards to patient selection, consecutive lensnt
was reported in nearly all of the included studiegerms of the index test domain, a
prespecified threshold was reported in none ofitictuded studies. This could be
attributed mainly to the lack of consensus in mh#d literature about a specific cut-
off value to differentiate pseudoprogression fraoetprogression. In many cases, it
was unclear whether the imaging findings were etald blinded to the reference
standard. Regarding the reference standard domaras largely unclear whether the
results of the reference standard were assessetedlio the imaging findings. In the
flow and timing domain section, a high risk of biaas reported several studies, as
the diagnosis was not based on the histopathologixamination for all of the
included patients, but also on radiological findingy clinical deterioration (RANO

criteria).

RESULTS

Quantitative Analysis

The final sample consisted of 24 studies (9 DWI a6BdPWI) comprising a total of

900 patients with a mean age of 53.2 years. The toalemale ratio was 1.7/1. The
characteristics of the patients in the studiesshoavn in Table 2. [24-45] In addition,

4 PET studies were evaluated, but no pooled estsnatere generated, due to
insufficiency of the samples. The details of thetedies are shown in Table[36-

49.
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Due to high heterogeneity of the studies includethe meta-analysis, all the pooled
parameters, namely sensitivity, specificity, likelod ratio (LR), negative LR, and
diagnostic odds ratio (DOR), were calculated ugimg random effects model. The
pooled sensitivity of DWI was 0.88 (95%CI 0.83-0.9&lightly higher than that of
PWI which was 0.85 (95%CI 085-0.89). Heterogengigs moderately high in the
sensitivity of both DWI and PWI {61.3% and 64% respectively). The pooled
values of the specificity of DWI and PWI were 0.@5%CIl 0.79-0.91) and 0.79
(95%CI 0.74-0.84) respectivelyFigure 3]. Although the specificity of DWI was
higher than that of PWI, the difference did notcteatatistical significance. Similarly,
the DOR of DWI (DOR: 31.45 95%CI: 2.92-76.58) waand to be superior to that
of PWI (DOR= 26.02 95%CI: 10.97-61.72) The AUC \eduvere 0.9156 and 0.9072
for DWI and PWI respectivelyHigure 4], andneither study proved to be superior in
terms of the AUC (p=0.8194). No statistical dilece between DWI and PWI was
demonstrated in any parametdfiqure 5]. The summary estimates, with their
corresponding 95% CI, of the parameters used topaocenthe two techniques are

shown in Table 4.

Subgroup analysis

In the subgroup analysis, we calculated the seitgind specificity individually for
PWI studies using dynamic contrast enhanced (DGt) dynamic susceptibility
contrast (DSC). The 10 DCE studies showed a poséeditivity and specificity of
0.88 (0.83-0.91) and 0.77 (0.79-0.83) respectivelyile in the 5 DSC studies) the

sensitivity and specificity were 0.81 (0.73-0.88)da0.82 (0.74-0.89) respectively.
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Comparing the individual AUCs of each method, radistically significant difference

was found between the two (p=0.4645).

Discussion

The aim of this meta-analysis was to evaluate dtetive effectiveness of DWI and
PWI in the distinction between early tumor progr@ssand pseudoprogression in
patients with newly diagnosed glioblastoma. The DANd PWI diagnostic accuracy
according to the DORs were 31.45 and 26.2 resmgtivshowing that both

techniques were highly efficient in identifying psi®progression. The LR+ values of
4.15 and 4.69 for DWI and PWI, respectively, reedalhat patients with abnormal
imaging findings were roughly 4 times more likely have true progression of

glioblastoma.

In contrast with other published studies on thded#ntiation between treatment
related changes and tumor progression, our metgsamdocused only on studies of
patients presenting pseudoprogression at an inteotaxceeding 6 months after the
completion of CRRT. This restriction is importafiecause the term “treatment-
related-changes” is a broad category that inclumaseral distinct clinical entities,

including pseudoprogression, but also radiationrosgs and mixed-response.
Pseudoprogression occurs predominantly 3-6 moritas the termination of CRRT,

while radiation necrosis emerges typically from @®ntins to several years post-
treatment. The early identification of tumor reemte (within 6 months) enables
clinicians to decide whether repeat surgery andfmnges in chemotherapy are

necessary in an attempt to improve the patientisseo

Conventional MRI has limited utility in identifyingumor progression, as

pointed out by Young and colleagues [44] who showikdt subependymal
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enhancement displayed a sensitivity of just 38.B¥I1 and DWI have therefore been
investigated for their potential role in distinguisg early progression from
pseudoprogression. Several other studies haveseskéne role of MR spectroscopy
or amide proton transfer-weighted (APTW) MRI, intrgating specific imaging
parameters as potential predictors of tumor pragres but due to insufficient
numbers, they were not included in the final sta@ analysis. Specifically, Ma and
colleagues propose the use of APTW for the diffeaéion between early progression
and pseudoprogression, reporting high diagnostcuracy with sensitivity and

specificity of 95% and 91.7% respectively. [23]

PET is also a promising technique, but its resalterms of early progression (within
6 months) are heterogenous. Skvortsova and coksajgr] reported that PET could
identify early tumor progression with a sensitivitly83.5% and a specificity of 97%,
but Brahm and colleagues demonstrated sensitivity specificity of just 29% and

43% respectively. [48]

In conclusion, on meta-analysis of 24 studies, R DWI were found to be equally
effective in differentiating between pseudoprogi@ssnd true tumor progression of
glioblastoma after CRRT. Thus, if certain centass gmphasis on DWI or PWI they
may be better at using this as a diagnostic measbieen that the imaging
differentiation between pseudoprogression andttroer progression continues to be
a challenge, and is crucial to decisions aboutiplesfurther intervention, additional

studies with large samples should be conductedawige more solid evidence.
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Table 1. Differentiation between true tumor progression gifoblastoma and
pseudoprogression using diffusion-weighted imadidgvl) and perfusion-weighted

imaging (PWI). Excluded studies with reasons farlesion

Study Name I maging modality Reason(s) for exclusion

Kebir et.al 2017 [17] PET Interval after completioin
CCRT>6months

Mihovilovic et.al 2019 [18] PET Interval after cofepion of
CCRT>6months

Kebir et.al 2016 [19] PET Interval after completioin

CCRT>6months



~N

Lohmann et.al 2017 [20] PET
Wang 2016 et.al [21] PWI
Ma et. Al 2016 [22] APTW

23

Not published as atéxt

Differentiates ePD fronxed
response (not
pseudoprogression)

Insufficient sample of dias
to generate pooled sensitivity

and specificity

ePD: early progressive
disease, CCRT: concurrent
chemoradiotherapy, PET:
positron emission
tomography, APTW: amide
proton transfer-weighted

imaging

Table 2 Differentiation between true tumor progression diorgblastoma and

pseudoprogression (PsP) using diffusion-weightedging (DWI) and perfusion-

weighted imaging (PWI). Detailed characteristicshaf included studies (n=24)



Study Name Imaging Time Diagnosis of Tumor Patients,jMean Male P
- (N)
Radiation (years)
completed
(days)
Baek et.al 2012 PWIDSC 28 Clinico-radiological 79 50.6 46
[24]
Bulik et.al 2015 DWI 125 Clinico-radiological 24 52.5 17
[25]
Chaet.al 2014 PWIDSC 1235 Clinico-radiological 35 49 18
[26]
Choi et.al 2013 PWIDSC 28 Clinico-radiological 62 49.3 37
[27] Histopathology
Chu et.al 2013 DWI 23 Clinico-radiological 30 50.8 16
[28] Histopathology
Jovanovic et.al PWI 90 Clinico-radiological 31 49 21
2017 [29]
Kazda et.al 2016 DWI 180 Clinico-radiological 39 51 28
[30] Histopathology
Kerkhof et al PWIDSC 120 Clinico-radiological 58 60 41
2017 [31] Histopathology
Kong et.al PWIDSC 90 Clinico-radiological 59 50 35
2011[32]
Lee et.al 2012 DWI 97 Clinico-radiological 22 48.5 14
[33]
Mangla et.al PWIDSC 30 Clinico-radiological 19 61 13
2010 [34]
Martinez et.al PWI DSC 180 ClinicalHistopathology 34 a7.7 14

2014 [35]



Nam et.al 2017 PWI
[36] DCE

Park et.al 2015 PWI
[37] DCE and
DWI

Prager et.al 2015 DWI and

[38] PWI
Reimer et.al DWI
2017 [39]

Song et.al 2013 DWI
[40]

Suh et.al 2013 PWI
[41] DCE

Thomas et.al PWI
2015 [42] DCE

Yoo et.al 2015 DWI
[43]

Young et.al 2013 PWI DSC
[44]

Yun et.al 2014 PWI
[45] DCE

63

180

60

162

30

84

28

80

60

Clinico-radiological -

Histopathology

Clinico-radiological -

Histopathology

Histopathology

Radiological

Radiological

Clinico-

radiologicalHistopathology

Clinico- radiological

Radiological

Clinico-

radiologicalHistopathology

Radiological

37

54

51

35

20

79

37

42

20

33

58

45.5

54.9

60

50.8

50.1

63

56

58

54.6

26

25

38

26

10

43

25

27

14

22

DSC: dynamic susceptibility contrast imaging, DGfynamic contrast enhanced

imaging
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Table 3 Differentiation between true tumor progression gifoblastoma and

pseudoprogression. Studies using positron emigsmmography (PET) that were not

included in the statistical analysis

Study Name  Tracer

Parameter Cut-off Senstivity (%)  Specificity (%)

Galldiks YF-FET
et al. 2015 [46]
Skvortsova  ''C-MET
et al. 2014 [47]

Brahm [48] FLT

et al. 2018

Grosu et al. *F-FET

2011 [49] UC-MET

TBR max 2.3 100 91
Uptake 1.9 83.5 97
index (UI)
SUV max 0.25 29 43
Uptake 0.84 91 100
value

0.78 91 100

Table 4. Differentiation between true tumor progression gfioma and

pseudoprogression using diffusion-weighted imadingvl) and perfusion-weighted

imaging (PWI).Summary statistics of PWI and DWI.

DWI (n=9)

PWI (n=15)
(95%Cl)




10

11

12

13

14

15

27

(95%CI)
Sensitivity  0.88 (0.83-0.92) 0.85 (0.81-0.89)
Specificity  0.85 (0.78-0.91) 0.79 (0.74-0.84)
DOR 31.45 (12.92-76.58) 26.02 (10.97-61.72)
LR+ 4.15 (2.74-6.28) 4.69 (2.49-8.86)
1/LR- 5.88 (3.44-10) 4.35 (2.94-6.67)
Figure Legends

Figure 1. Differentiation between true tumor progression gifoblastoma and
pseudoprogression using diffusion-weighted imadingvl) and perfusion-weighted

imaging (PWI). Flow chart presenting the selectbbeligible studies

Figure 2. Differentiation between true tumor progression gifoblastoma and
pseudoprogression using diffusion-weighted imadingvl) and perfusion-weighted

imaging (PWI). Quality assessment of the eligililedges
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Figure 3. Differentiation between true tumor progression diolgastoma and
pseudoprogression using diffusion-weighted imadingvl) and perfusion-weighted

imaging (PWI). Forest plots of individual study uéts for DWI and PWI

Figure 4. Differentiation between true tumor progression gifoblastoma and
pseudoprogression using diffusion-weighted imadingvl) and perfusion-weighted

imaging (PWI). Summary SROC plot of the diagnogitetd of DWI (A) and PWI (B)

Figure 5. A 63 year-old female patient presented with atrfgintal space-occupying
lesion suspicious of glioblastoma recurrence. Téiteept was operated 17 months ago
for a right frontal glioblastoma and received ppsi@tive chemoradiotherapg.
Axial T2 and FLAIR B) reveals perilesional oedem@. Contrast-enhanced T1-
weighted magnetic resonance (MR) image demonsteatdsypointense right frontal
lesion. D. Apparent diffusion coefficient (ADC) map showingegularly shaped
lesion with perifocal oedema and areas of resttictéfusion (arrow), indicative of
hypercellularity. E. The co-registered fractional anisotropy (FA) maps diffusion
tensor imaging (DTI)F. Relative cerebral blood volume (rCBV) map revesisas
with increased perfusion (arrow) suggesting thesgmee of recurrent tumor. The

patient was operated on and glioblastoma recurreaseverified.
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