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Background: Amide proton transfer (APT) MRI has the potential to demonstrate antitumor effects by reflecting biologically active
tumor portion, providing different information from diffusion-weighted imaging (DW1I) or dynamic susceptibility contrast (DSC)

imaging.

Purpose: To evaluate whether a change in APT signal intensity after antiangiogenic treatment is predictive of early treatment re-

sponse in recurrent glioblastoma.

Materials and Methods: In this retrospective study, APT MRI, DWI, and DSC imaging were performed in patients with recurrent
glioblastoma from July 2015 to April 2019, both before treatment and 4—6 weeks after initiation of bevacizumab (follow-up).
Progression was based on pathologic confirmation or clinical-radiologic assessment, and progression patterns were defined as local
enhancing or diffuse nonenhancing. Changes in mean and histogram parameters (fifth and 95th percentiles) of APT signal inten-
sity, apparent diffusion coefficient, and normalized cerebral blood volume (CBV) between imaging time points were calculated.
Predictors of 12-month progression and progression-free survival (PES) were determined by using logistic regression and Cox pro-

portional hazard modeling and according to progression type.

Results: A total of 54 patients were included (median age, 56 years [interquartile range, 49—64 years]; 24 men). Mean APT signal
intensity change after bevacizumab treatment indicated a low 12-month progression rate (odds ratio [OR], 0.36; 95% confidence
interval [CI]: 0.13, 0.90; P = .04) and longer PFES (hazard ratio: 0.38; 95% CI: 0.20, 0.74; P = .004). High mean normalized CBV
at follow-up was associated with a high 12-month progression rate (OR, 20; 95% CI: 2.7, 32; P = .04) and shorter PES (hazard ra-
tio, 9.4; 95% CI: 2.3, 38; P = .002). Mean APT signal intensity change was a significant predictor of diffuse nonenhancing progres-
sion (OR, 0.27; 95% CI: 0.06, 0.85; P = .047), whereas follow-up 95th percentile of the normalized CBV was a predictor of local

enhancing progression (OR, 7.1; 95% CI: 2.4, 15; P = .04).

Conclusion: Early reduction in mean amide proton transfer signal intensity at 4-6 wecks after initiation of antiangiogenic treatment
was predictive of a better response at 12 months and longer progression-free survival in patients with recurrent glioblastoma, espe-

cially in those with diffuse nonenhancing progression.
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lioblastoma is typically characterized by marked angio-
Ggenesis mediated by vascular endothelial growth factor,
and there has therefore been much interest in treatment
focused on targeting this protein. Although antiangiogenic
agents that target vascular endothelial growth factor sig-
naling (eg, bevacizumab) have been increasingly used in
recurrent glioblastoma, the precise quantification of radio-
logic response to antiangiogenic treatment is challenging
because of the treatment’s unique effects on the tumor
vasculature (1,2). Specifically, reduced contrast material
enhancement on conventional contrast material-enhanced
MRI scans may not necessarily correspond to a reduction
in viable tumor after antiangiogenic treatment. Although

the Response Assessment in Neuro-Oncology criteria (3)
were specifically designed to better assess radiologic re-
sponse in patients with glioma treated with antiangiogenic
agents, they are not sufficient for early prediction of re-
sponse because they require late confirmatory scans to rule
out pseudoresponse. Therefore, the development of novel
and reliable imaging biomarkers for assessing the response
to antiangjogenic treatment addresses a major unmet clini-
cal need to improve disease management.

Clinical studies of patients with recurrent glioblastoma
have shown that diffusion-weighted imaging (DWI) is
helpful for stratifying patients before bevacizumab treat-
ment, with a low apparent diffusion coeflicient (ADC)
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Abbreviations

ADC = apparent diffusion coefficient, APT = amide proton transfer,
CBV = cerebral blood volume, CI = confidence interval, DSC = dy-
namic susceptibility contrast, DWI = diffusion-weighted imaging,
FLAIR = fluid-attenuated inversion recovery, OR = odds ratio, PFS =
progression-free survival, ROI = region of interest

Summary

Early reduction of amide proton transfer signal intensity at MRI 4-6
weeks after initiation of bevacizumab treatment from baseline imag-
ing was associated with a favorable 12-month outcome in recurrent
glioblastoma and was superior to the apparent diffusion coefficient.

Key Results

= Early reduction in mean amide proton transfer (APT) signal inten-
sity 4—6 weeks after initiation of bevacizumab treatment indicated
lower odds of 12-month progression (odds ratio [OR], 0.36; P =
.04) and was associated with long progression-free survival (hazard
ratio, 0.38; P = .004).

m According to the progression pattern, the mean APT signal in-
tensity change (OR, 0.27; P = .047) was a predictor of a diffuse
nonenhancing type of progression.

being associated with shorter progression-free survival (PES)
(4-6). The main advantage of using DWI with ADC is its abil-
ity to enable assessment of viable tumor cellularity, a feature con-
sidered independent of the status of tumor-related angiogenesis
and vascularity. However, posttreatment ADC decreases include
not only cell death, but also decreased Brownian motion due to
reduced permeability, chronic hypoxia, and coagulative necrosis
(6-8). An association between cerebral blood volume (CBV) re-
duction and longer survival has been shown (9,10), but this may
be limited because recurrence after antiangiogenic treatment is
not caused solely by neo-angiogenesis, but also by vascular co-
option with nonenhancing recurrence (8).

Amide proton transfer (APT) MRI depicts the exchange-
able amide protons in the backbone of mobile proteins (11,12)
and has been shown to demonstrate the active tumor portion
that has high cellularity and proliferation at histopathologic
correlation (13). We speculated that antitumor effect measured
with APT MRI may be more specific for tumor physiologic
features and less confounded by changes in tumor vascularity
and permeability. The hypothesis of this study was that early
changes in parameters obtained with APT MRI are different
from those obtained with DWI and perfusion-weighted im-
aging and could be helpful in stratifying patient response for
antiangiogenic therapy. The purpose of this study was therefore
to evaluate whether a change in the APT MRI signal inten-
sity after antiangiogenic treatment is predictive of early treat-
ment response in recurrent glioblastoma. We further explored
whether early changes in imaging biomarkers differed accord-
ing to progression patterns and compared with DWT and per-
fusion-weighted imaging,.

Materials and Methods

Patients
This retrospective data evaluation was approved by the institu-
tional review board of Asan Medical Center (approval number:

2019-0473), and the requirement to obtain informed patient
consent was waived. The study lasted from July 26, 2015, to
April 1, 2019. Patients were retrospectively selected from the
neuro-oncology databases of Asan Medical Center. Inclusion
criteria for recurrent glioblastoma were as follows: (2) patients
had histologically confirmed glioblastoma with progression di-
agnosed on the basis of clinical data and MRI after standard
treatment consisting of surgery, concurrent chemotherapy and
radiation therapy (hereafter, chemoradiotherapy), and adju-
vant temozolomide; (4) patients were more than 3 months
from chemoradiotherapy, to avoid the confounding factor of
radiation necrosis (pseudoprogression); (¢) patients were not
subject to therapies other than antiangiogenic treatment, in-
cluding repeat surgery, repeat irradiation, or immunotherapies,
because of the patient’s clinical status and indication; and ()
availability of pretreatment (before bevacizumab treatment)
and first follow-up images from MRI with DW1I, dynamic sus-
ceptibility contrast (DSC) imaging, and APT MRI after beva-
cizumab treatment. Of 156 potentially eligible patients, 70
patients who did not undergo two consecutive DWI, DSC, or
APT MRI acquisitions; 23 patients who were within 3 months
from chemoradiotherapy; and six patients whose treatment was
confounded by gamma knife radiosurgery or immunotherapy
at the same time as bevacizumab treatment were excluded.

At the time of progression, imaging patterns were determined
according to whether the increased enhancement or high fluid-
attenuated inversion recovery (FLAIR) signal intensity change
included the primary site. This criterion was adopted from pre-
vious studies in which the radiologic patterns were described as
local, diffuse, distant, and/or multifocal progression (14-16).
Because these reports did not include quantitative imaging
parameters, modification for application to region of interest
(ROI)-based imaging analysis was deemed necessary. The three
main patterns of progression recorded were (2) local enhancing
progression (focus of contrast enhancement at or within 3 cm
of the primary site), (4) diffuse nonenhancing progression (local
contrast-enhancing tumor remains stable, but an area of abnor-
mal FLAIR hyperintensity is not concordant and extends more
than 3 cm from the primary site), and (¢) distant progression
(new focus of contrast enhancement or area of abnormal FLAIR
hyperintensity extending more than 3 cm from the primary site
with intervening normal-appearing white matter). The progres-
sion pattern was classified by two neuroradiologists (J.E.P. and
H.S.K., with 5 and 20 years of experience in neuro-oncologic
imaging, respectively) in consensus, on the basis of the imag-
ing findings at the time of progression. Patients with distant-
type progression (7 = 3) were further excluded because this was
mainly caused by multifocal gliomagenesis. Figure E1 (online)
demonstrates cases of local enhancing and diffuse nonenhancing
progression types.

A total of 54 consecutive patients met the aforementioned
criteria and were enrolled. All patients experienced a first recur-
rence after standard treatment. The included patients (@) re-
ceived regular treatment every week with bevacizumab (Avastin;
Roche, Welwyn Garden City, England; 10 mg per kilogram body
weight) for tumor progression; () had undergone pretreatment

DWI and APT MRI; (¢) had undergone first follow-up DWI
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and APT MRI within 6 weeks after bevacizumab treatment; and
(d) were available for follow-up MRI for up to 12 months.

Response Assessment, PFS, and Progression Pattern

Patients were assessed with MRI at 2—-3-month intervals. A diag-
nosis of tumor progression at 6 months was based on pathologic
confirmation following second-look surgery or clinical-radio-
logic assessment. Clinical-radiologic diagnosis was conducted by
an experienced neuroradiologist (H.S.K.) and a neurosurgeon
(J.H.K., with 30 years of experience in neuro-oncology practice),
who reviewed the imaging data and medical records to establish
a diagnosis by using the Response Assessment in Neuro-Oncol-
ogy criteria (3). An objective response was defined as a complete
or partial response at two consecutive MRI examinations with
reduced or stable doses of corticosteroids.

PFES was defined as the time from antiangiogenic treatment
until death (ascertained by means of an institutional linkage to
the national health care system) or the first imaging report indi-
cating worsening or progression. Patients were censored at the
date of medical record abstraction or at the date of last imaging
report, whichever came first.

Twelve-month progression after bevacizumab treatment and
PFES from initiation of bevacizumab therapy, until disease pro-
gression or death, were analyzed.

Image Acquisition and Processing
‘The brain tumor imaging protocol was performed with a 3-T
unit (Ingenia 3.0 CX; Philips Healthcare, Best, the Nether-
lands) and included conventional and advanced sequences,
including T2-weighted, T2-weighted FLAIR, and precontrast
and postcontrast T1-weighted images. Parameters for conven-
tional MRI are described in Appendix E1 (online). Advanced
imaging included DWI, APT-weighted imaging before injec-
tion of contrast material, and DSC imaging after injection of
contrast material. Parameters for DWT1 included repetition time
msec/echo time msec, 3000/56; diffusion gradient encoding, & = 0
and 1000 sec/mm?; field of view, 250 X 250 mm; matrix, 256
X 256; slice thickness, 5 mm; and gap, 2 mm. ADC images
were calculated from the DWI images obtained with & values
0f 1000 and 0 sec/mm?. The parameters for DSC MRI were as
follows: 1808/40; flip angle, 35°; field of view, 240 X 240 mm;
slice thickness, 5 mm; gap, 2 mm; and matrix, 128 X 128. The
total acquisition time for DSC MRI was 1 minute 54 seconds.
APT-weighted images were acquired with a three-dimensional
turbo spin-echo sequence by applying an off-resonance radiofre-
quency pulse with an overall duration of 2 seconds (50 msec X
40 elements) and amplitude of 2 WT. The acquisition parameters
were as follows: 5000/6; field of view, 250 X 250 mm; matrix,
224 X 224; and slice thickness, 5 mm. The z-axis coverage was
75 mm with 15 slices, with an imaging time of 7 minutes 5
seconds. The centric elliptical k-space ordering scheme was used,
which enabled rapid three-dimensional image acquisition (17).
The APT signal intensity was calculated on the MRI console
from the magnetization transfer ratio (magnetization transfer
ratio = 1 — §_/§,, where S and S, are the image signal in-
tensities measured with and without radiofrequency saturation,
respectively) asymmetry analysis reflecting water signal changes
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(11). APT maps (defined as APT = magnetization transfer ratio
[+3.5 ppm] — magnetization transfer ratio [—3.5 ppm]) were
calculated on the MRI console based on the 8B0 point-by-point
corrected interpolated images.

Data from two consecutive brain tumor imaging sessions
were chosen: the examination performed before bevacizumab
treatment (pretreatment) and the examination performed at
the first follow-up after bevacizumab treatment and at least
4 weeks apart from the pretreatment examination (initial
response). The last-visit MRI used either the brain tumor
imaging protocol (including conventional and advanced se-
quences) or conventional imaging parameters. Advanced se-
quences were not available for all patients because either the
patient’s clinical status did not allow long-duration follow-up
imaging or the patient underwent imaging with routine con-
ventional sequences.

Quantitative Analysis

Imaging data were transferred to an independent workstation
and processed with software (nordicICE, version 4.0.6 [Nor-
dicNeuroLab, Bergen, Norway] and Matlab, version R2017b
[MathWorks, Natick, Mass]). The whole-brain relative CBV
was calculated from the DSC images by using numeric inte-
gration of the time-concentration curve after correcting for
leakage of contrast material. Leakage correction was performed
by using the Weisskoff-Boxerman method (18). We then nor-
malized the relative CBV images with the mean signal inten-
sity of the contralateral normal-appearing centrum semiovale
(diameter of ROI, 4 mm), which was manually selected by
a researcher with 2 years of experience in neuroimaging pro-
cessing. FLAIR, ADC, normalized CBV, and APT maps were
coregistered to the anatomic and FLAIR images, which acted
as a reference. An experienced neuroradiologist (J.E.P), who
was blinded to the clinical data and any other imaging data
except the FLAIR images, drew ROIs over the areas with a high
signal intensity on each slice of the FLAIR images. The ROI
was carefully checked to ensure it included active tumor tissue
but excluded cystic, necrotic, or hemorrhagic areas and APT-
weighted signal intensity that was falsely increased (19) owing
to mobile proteins and peptides.

The average ADC, normalized CBV, and APT were calcu-
lated for the entire ROI. Cumulative ADC, normalized CBV,
and APT histogram parameters were generated for the entire
segmented volume of interest by using a bin size of 100. After
removal of the highest and lowest values beyond 3 standard de-
viations, the fifth percentile of the ADC and the 95th percentile
of the APT and normal CBV were calculated, with these being
considered to be representative of the lowest and highest robust
values, respectively (20).

Changes in the ADC, normalized CBV, APT-weighted pa-
rameters, and volume of the FLAIR high-signal-intensity vol-
ume of interest were analyzed. Changes in within-patient mean
ADC, normalized CBV, and APT-weighted parameters; fifth
percentile of the ADC and 95th percentile of the normalized
CBV and the APT; and FLAIR volume of interest between pre-
treatment imaging and imaging performed at the first follow-
up were further calculated by subtracting the value at baseline
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Achieved data of patient: pathologically
confirmed glioblastoma diagnosed with
progression based on the clinical data and MRI,
and treated with anti-angiogenic treatment from
July 2015 to April 2019
N =156

i

model was used to explore the relationship between
overall PFS and the imaging parameters.

Because there was no known imaging biomarker
found to be associated with the pattern of progres-
sion, we further conducted an exploratory analysis
to find imaging biomarkers by using the mean sig-
nal intensity value and the histogram parameters

Assessed for eligibility

N =156 Excluded (n = 99):
1) Lack of any of multi-parametric MRI before or after
anti-angiogenic treatment (n=70)
—> - Amide proton transfer MRI
- Diffusion-weighted imaging
- Dynamic susceptibility contrast imaging
2) Less than 3months from chemoradiotherapy (n=23)
Tota'llinc;l;ded 3) Gamma-knife radiosurgery or immunotherapy (n=6)

(fifth percentile of the ADC, 95th percentile of the
APT and normalized CBV) according to the pat-
tern of progression. Both logistic regression and
Cox proportional hazard regression models were
applied separately to patients with local enhanc-
ing progression and diffuse nonenhancing progres-
sion. Receiver operating characteristic curve analy-

Excluded (n=3):
Distant type of progression (n = 3)

Data available for analysis
N=54

Figure 1:

Flowchart shows inclusion and exclusion process of our study.

imaging from the value at first follow-up; these results were in-
cluded in the analysis.

Reproducibility of APT Measurements

To ensure the stability of the APT signal intensity across the
longitudinal analysis, circular ROIs of a uniform 7-mm di-
ameter were drawn on the APT images in the opposite-side
normal-appearing white matter by a neuroradiologist (S.C.].,
with 8 years of experience in neuroradiology). These ROIs were
drawn on the corona radiata to avoid leukoaraiosis or dilated
perivascular space, and the mean APT values were calculated
for the pretreatment and first follow-up acquisitions.

Statistical Analysis
All described results are reported as medians with ranges or
95% confidence intervals (Cls) for continuous variables and
as frequencies or percentages for categorical variables. All im-
aging parameters were checked for normality by using the
D’Agostino-Pearson test. All parameters were normally distrib-
uted. The longitudinal reproducibility of APT measurements
was evaluated by calculating the intraclass correlation coefhi-
cient with a two-way random effects model. Paired # tests were
used to determine the significance of changes in imaging pa-
rameters between the first follow-up and pretreatment exami-
nations. Student # tests were used to determine differences be-
tween the 12-month progression and nonprogression groups.
‘The primary purpose of this study was to determine whether
APT MRI has predictive value for antiangiogenic treatment.
With use of mean ADC, normalized CBV, APT, and change
in mean signal intensity value, a multivariable logistic regres-
sion model was constructed to find significant pretreatment and
first follow-up imaging parameters for predicting progression at
12 months, in addition to changes between baseline and first
follow-up examinations. A Cox proportional hazard regression

sis was performed for each imaging parameter to
determine the optimal cutoff point for predicting
12-month progression. The areas under the receiver
operating characteristic curve were calculated.
Isocitrate dehydrogenase 1 and 2 mutation
status was further tested for association with PES.
For significant imaging parameters in the Cox pro-
portional hazard model, the optimal cutoff for the
predictor was estimated by using the maxstat (21)
function in R statistical software (R, version 3.4.3; R Founda-
tion for Statistical Computing, Vienna, Austria), with 2 < .05
considered to indicate a statistically significant difference.

Results

Patients, Bevacizumab Regimen, and Responses

A flowchart for the inclusion process is shown in Figure 1. The
patient demographics, bevacizumab regimens, and responses
are summarized in Table 1. Thirty women and 24 men were
enrolled, with a median age of 56 years at initial diagnosis. All
patients were treated with concurrent chemoradiotherapy and
six cycles of adjuvant temozolomide. The median time from
concurrent chemoradiotherapy to diagnosis of recurrence was
10 months (range, 6-35 months). The patients were classified
as having recurrence for the first time (7 = 37), second time (7
= 14), or third time (7 = 3). Pretreatment images were obtained
at a median of 10 days (range, 0-30 days) before treatment.
The first follow-up images were obtained 4-6 weeks after the
first bevacizumab treatment (median, 36 days; range, 27-57
days).

Bevacizumab was continued either as monotherapy (7 = 42)
or in combination with other chemotherapies with irinotecan
(n = 1) or temozolomide (7 = 11). There was no significant dif-
ference in the treatment regimen between the progression and
nonprogression groups (P = .16). The median number of beva-
cizumab cycles was nine (range, 4-24 cycles), with most patients
(42 of 54 [78%]) receiving bevacizumab monotherapy. The
median follow-up period after bevacizumab treatment was 12.7
months (range, 2.6-37.6 months). Until the time of censoring
(August 20, 2019), 43 of the 54 patients (80%) had developed
disease progression or had died, whereas 11 (20%) were alive
without disease progression. Through 12 months, 38 patients
showed progression, which was confirmed with pathologic
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Table 1: Baseline Patient Demographics, Bevacizumab Regimens, and Responses

Parameter

Clinical data
Median age (y)
Sex
M
F
Median Karnofsky performance status score at recurrence
Isocitrate dehydrogenase mutation status
Wild
Mutant
MGMT promoter methylation status
Methylated
Unmethylated
Not available
Extent of resection at pretreatment surgery
Biopsy
Partial or subtotal resection
Gross total resection
Recurrence
First
Second

Third

Bevacizumab regimen
Bevacizumab alone
Bevacizumab plus chemotherapy
Median no. of bevacizumab cycles
Agent started with bevacizumab
Temozolomide
Irinotecan
Response
Median follow-up period after bevacizumab treatment (mo)
No. of patients with disease progression at last visit*
Median progression-free survival (mo)
Progression pattern
Local enhancing
Diffuse nonenhancing

Median time from chemoradiation therapy to diagnosis of recurrence (mo)

* Number in parentheses is the percentage.

Note.—Unless otherwise specified, data are numbers of patients (7 = 54) and numbers in parenthe-
ses are the interquartile range. MGMT = oxygen 6-methylguanine-DNA methyltransferase.

or ADC values or tumor volume
between the 12-month progres-
Value sion and nonprogression groups
at either pretreatment imaging or
56 (49-64) first follow-up imaging, although
mean normalized CBV values
24 were higher at first follow-up in
30 the progression group (P = .04).
80 (70-90) Multivariable logistic regres-
sion analysis was performed to
49 identify MRI parameters for
5 stratifying 12-month progression
(Table 2). Mean APT change
15 significantly stratified patients
21 according to 12-month progres-
18 sion (P = .04); a large decrease in
mean APT (mean APT change:
1; odds ratio [OR], 0.36; 95% CI:
5 0.13, 0.90) indicated lower odds
for 12-month progression. High
37 posttreatment mean normalized
14 CBV (OR, 20; 95% CI: 2.7, 32;
3 P = .04) was associated with a
10 (6-35) higher probability of 12-month
progression.
42 In the Cox proportional hazard
12 modeling, only mean APT change
9 (6-20) was a significant predictor of PFS,
with a large decrease in mean APT
11 being associated with long PFS
1 (mean APT change: hazard ratio,
0.38; 95% CI: 0.20, 0.74; P =
12.7 (5.6-33.8) .004). High posttreatment mean
43 (80) APT (OR, 1.8; 95% CI: 1.1, 3.1;
8.3 (5.0-30.1) P = .02) and normalized CBV
(OR, 9.4; 95% CI: 2.3, 38; P =
20 .002) were associated with short
23 PES. The optimal cutoff for mean
APT change for stratifying lon-
ger- and shorter-PES groups was
0.073. Figure 2 shows the Kaplan-

examination in five patients and with clinical-radiologic assess-
ment in 33. The mean APT signal intensity (*=standard devia-
tion) in the normal-appearing white matter was 0.31% = 0.27
on pretreatment images and 0.29% = 0.25 on the first follow-
up images. The intraclass correlation coefficient for APT signal
intensity between the pretreatment and first follow-up images

was 0.86 (95% CI: 0.81, 0.94).

Prediction of 12-month Progression and PFS

The imaging parameters from pretreatment and first follow-up
examinations are summarized in Table E1 (online). ADC and
APT values decreased significantly from pretreatment to first
follow-up (all 2 < .001 with paired # test), whereas normal-
ized CBV values did not show a significant change (P > .05).
There was no statistically significant difference in mean APT
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Meier survival curves and risk
table based on the mean APT change. No definite association
was found between isocitrate dehydrogenase 1 and 2 mutation
status and PFS.

Differences in Imaging Parameters according to Type of
Progression
Table E2 (online) shows the differences in imaging parameters
according to the type of progression. Both ADC and APT val-
ues decreased significantly in patients with no progression, local
enhancing progression, and diffuse nonenhancing progression.
We further explored whether the imaging parameters could
help predict the different types of progression, especially predic-
tion of local enhancing progression and diffuse nonenhancing
progression. The significant results of this analysis are summa-
rized in Table 3, and the complete results are shown in Table



Identification of Early Response to Anti-Angiogenic Therapy in Recurrent Glioblastoma

Table 2: Imaging Parameters for Stratifying 12-month Progression and Progression-free Survival in Patients Treated with
Bevacizumab
12-month Progression Progression-free Survival

Imaging Parameter Odds Ratio  95% CI P Value Hazard Ratio 95% CI P Value
Before treatment

Mean ADC (X 10> mm?*/sec) 1.0 1.0, 1.0 .55 1.0 0.9,1.0 .10

Mean APT-weighted signal intensity (%) 0.7 0.4,1.4 .36 1.0 0.6,1.7 .96

Mean nCBV 10 0.6, 20 .16 9.8 0.8, 39 12

FLAIR volume (mL) 1.0 1.0, 1.0 .18 1.0 1.0, 1.0 42
First follow-up

Mean ADC (X1072 mm?/sec) 1.0 0.9, 1.0 .38 1.0 0.9,1.0 .06

Mean APT-weighted signal intensity (%) 1.4 0.7,3.2 .38 1.8 1.1, 3.1 .02

Mean nCBV 20 2.7,32 .04 9.4 2.3,38 .002

FLAIR volume (mL) 1.0 1.0, 1.0 .67 1.0 1.0, 1.0 75
Change between pretreatment and first follow-up imaging

Mean ADC (X10 > mm?/sec) 1.0 1.0, 1.0 .90 1.0 1.0, 1.0 95

Mean APT-weighted signal intensity (%) 0.4 0.1, 1.0 .04 0.4 0.2,0.7 .004

Mean nCBV 0.3 0.0, 1.8 23 0.6 0.1, 3.0 49

FLAIR volume (mL) 1.0 1.0, 1.0 .20 1.0 1.0, 1.0 46
Note.—Stratification was performed by using multivariate logistic regression and Cox hazard analysis. Odds and hazard ratios indicate rela-
tive change in odds and hazard incurred by each imaging parameter per 1-unit increase, respectively. ADC = apparent diffusion coefficient,
APT = amide proton transfer, CI = confidence interval, FLAIR = fluid-attenuated inversion recovery, nCBV = normalized relative cerebral
blood volume.

1.00
> 075
E
©
.g —— High risk
& 050 — Low risk
™
2
e
@ 025
p value <.001
0.00
0 250 500 750 1000
Time
Number at risk
g High risk{ 15 (0) 1(1) 0(0) 0(0) 0 (0)
P Lowrisk] 39(1) 17(5) 8(5) 1(0) 1(0)
0 250 500 750 1000
Time (days)

Figure 2: Graph shows Kaplan-Meier estimates of progression-free survival
[PFS) based on change in mean amide proton transfer (APT)-weighted signal
intensity before and dfter bevacizumab treatment. Cohort is strafified into shorter
(high risk) and longer (low risk) PFS groups based on cut-off value of 0.073 mean
APT-weighted signal intensity change. Numbers in parentheses are numbers of
censored data.

E3 (online). According to logistic regression, high posttreat-
ment 95th percentile of the normalized CBV (OR, 7.14; 95%
CI: 2.40, 15.05; P = .04) was a significant predictor of local
enhancing progression, with an area under the receiver operat-
ing characteristic curve of 0.78 (95% CI: 0.62, 0.94); low mean
APT change (OR, 0.27; 95% CI: 0.06, 0.85; P = .047) was a
significant predictor of diffuse nonenhancing progression, with
an area under the receiver operating characteristic curve of 0.70
(95% CI: 0.52, 0.88). Figure 3 shows images from conventional
MRI, APT MRI, DSC imaging, and DWT of example cases of
nonprogtession, local enhancing progression, and diffuse nonen-
hancing progression.

Discussion

Early imaging biomarkers of tumor response, especially those
reflecting an antiglioma effect, may correlate with survival and
may be useful in customizing antiangiogenic therapy in pa-
tients with recurrent glioblastoma. In this study, we examined
early changes in diffusion-weighted, perfusion-weighted, and
amide proton transfer (APT) MRI findings between pretreat-
ment and follow-up imaging performed within 6 weeks of
commencing bevacizumab treatment and evaluated their use-
fulness in predicting progression and identifying response in
patients with recurrent glioblastoma. The results demonstrated
that a large decrease in the mean APT signal intensity between
pretreatment imaging and 4—6-week follow-up imaging indi-
cated early effective treatment until 12 months (odds ratio
[OR], 0.36; P =.04) and may predict longer progression-free
survival (PFS) (hazard ratio = 0.38; P = .004). Interestingly,
the imaging parameters showed different predictive values ac-
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Table 3: Imaging Parameters Associated with Progression in Patients with Bevacizumab-treated Recurrent Glioma

Enhancing Progression (7 = 20) vs
No Progression (7 = 7)

Nonenhancing Progression (7 = 23) vs
No Progression (7 = 7)

Imaging Parameter

OR 95%CI PValue AUC 95% CI

OR 95%CI PValue AUC 95% CI

nCBV 95th percentile at first follow-up 7.1
Mean change in APT between 0.6
pretreatment and first follow-up

2.4,15 .04
0.2,2.0 .46

0.78 0.62,0.94 3.1

0.93,7.5 .20

03 0.1,0.9 .047 0.70  0.52,0.88

tive cerebral blood volume, OR = odds ratio.

Note.—ORs indicate relative change in odds incurred by each imaging parameter per 1-unit increase. APT = amide proton transfer—
weighted signal intensity, AUC = area under the receiver operating characteristic curve, CI = confidence interval, nCBV = normalized rela-

cording to the pattern of progression. A smaller decrease in the
mean APT signal intensity was more predictive of diffuse non-
enhancing progression (OR, 0.27; P = .047), whereas a high
normalized cerebral blood volume (CBV) at initial follow-up
after antiangiogenic treatment may be predictive of future local
enhancing progression (95th percentile of normalized CBV:
OR, 7.1; P = .04).

Decreasing CBV after bevacizumab treatment has been shown
to be a predictor of overall survival in recurrent glioblastoma
(9,10). Our results were similar; posttreatment high normalized
CBV was associated with a high probability of 12-month pro-
gression. On the other hand, vascular normalization has been
documented as occurring as early as 1-14 days after antiangio-
genic treatment (22), and this can act as a confounding factor on
the response assessment with Brownian motion—based diffusion-
weighted MR In general, reduced permeability decreases ADCs,
and a previous longitudinal study in patients with recurrent glio-
blastoma showed that ADC decreased in all lesions except one af-
ter 2 weeks of bevacizumab treatment (23). Moreover, low ADC
in bevacizumab-treated tissue included tissue damage from coagu-
lative necrosis (7,23). This complex mechanism limits the useful-
ness of ADC for predicting treatment response after bevacizumab
therapy, even though high ADC before bevacizumab treatment is
correlated with elongation of PES and overall survival (4-6,23).

After antiangjogenic treatment, an antitumor effect has been
shown (24); a decrease in choline-to-creatinine ratio occurs be-
tween days 28 and 56, a period similar to the period of 46 weeks
after treatment that was used for follow-up imaging in our study.
The APT signal intensity has also been shown to be moderately
correlated with the choline-to-creatinine ratio at imaging (25),
and a recent imaging-guided stereotactic biopsy study in post-
treatment gliomas demonstrated that high APT signal intensity
correlated with the proliferation index of Ki-67 (26), allowing
determination of the active tumor region. This supports that the
decrease in APT signal intensity is a direct indication of a de-
crease in active tumor proliferation. We found that an antitumor
effect at the initial follow-up indicated stability in 12-month
progression and was predictive of PFS in recurrent glioblastoma.
APT MRI has been used to demonstrate the antitumor effects
of radiation (27) and chemoradiation therapies (28) in patients
with glioblastoma, but to our knowledge this is the first longitu-
dinal study to show such effects after antiangiogenic treatment.

The radiologic patterns of treatment failure have been cat-
egorized into local, distant, diffuse, and multifocal patterns of
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progression by using standard-of-care imaging (14,15). Local
progression, which includes the initial ROI, indicates failure of
local disease control and is different from diffuse progression,
which is promoted by continuous blockage of vascular prolifera-
tion and tumor escape through vascular co-option, with change
to a more invasive pathologic phenotype (29). One study found
the results to be heterogeneous, with the pattern of progression
having no impact on PFS and overall survival (15); another pro-
posed that the diffuse subtype demonstrates longer survival (14).
The aforementioned patterns are subject to the limitation that
they are based on FLAIR image hyperintensity; it may be dif-
ficult to differentiate edema from tumor on FLAIR images, and
no study to our knowledge has combined their use with quan-
titative imaging parameters. In our study, a large decrease in the
APT signal intensity was indicative of low probability of diffuse
nonenhancing progression, and low normalized CBV at follow-
up was indicative of low probability of local enhancing progres-
sion. Our exploratory study incorporated the concept of both a
radiologic pattern of treatment failure and physiologic informa-
tion from APT and normalized CBV, which may be helpful for
guiding imaging biomarker—based studies.

'The limitations of this study included the limited number of
patients, the retrospective nature of the study, and the overlap
between patients with and patients without progression. This
can be more problematic in a cross-sectional design study, but we
used longitudinal analysis and demonstrated change over time
within individuals to examine cause-and-effect relationships,
especially before and 4-6 weeks after antiangiogenic treatment.
We believe that future prospective studies are needed to confirm
the relationship between APT reduction and antitumor activ-
ity. Second, overall survival was not assessed, because more than
20% of patients were censored at the time of study, and the treat-
ment regimens applied after progression following bevacizumab
treatment included gamma knife radiosurgery and immuno-
therapy. Third, another important issue is the possible contribu-
tion of tumor pH to APT signal intensity, because the exchange
rate of amide protons is catalyzed with a base within a physi-
ologic pH range (11). Interestingly, in a previous study in which
phosphorus 31 MR spectroscopy was used (30), recurrent glio-
blastoma following antiangiogenic treatment showed increased
intracellular pH at progression (pH: 7.08 = 0.035) compared
with baseline (pH: 7.06 = 0.032) at 3-T imaging. However,
the slight change in pH (0.02 pH unit) may be negligible at
APT MRI (corresponding to about 0.12%) (11). In contrast to
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Pretreatment

_ After 18-month

No progression

Pretreatment

b.
Figure 3: Longitudinal apparent diffusion coefficient (ADC), normalized relafive cerebral blood volume (CBV), and amide proton transfer (APT) images
from T2-weighted fluid-attenuated inversion recovery MRI performed before and after bevacizumab treatment. (@) No progression. Images in 45-year-old
man show decrease in both APT and ADC at initial follow-up. Postireatment normalized CBV is low. Last follow-up images obtained 18 months after treat-
ment reveal no signs of progression. (b) Local contrast-enhancing progression. Images in 55-year-old woman show large decrease in APT in central portion

of the tumor, with decrease in ADC also demonstrated at periphery. Postireatment normalized CBV remained high. Images at 12 months show contrasi-
enhancing progression (Fig 3 continues).
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Diffuse type progression

Figure 3 (confinued). (¢) Diffuse nonenhancing progression. Images in 58-year-old man show slight increase in APT, with decrease in ADC also demon-

strated in central portion of the fumor. Posfireatment normalized CBV is low. Images at 3 months show diffuse nonenhancing type progression.

the progression group, the APT signal intensity declined from
pretreatment to initial follow-up imaging in the nonprogression
group at 12 months, a finding that was presumably related to
fewer cytosolic mobile proteins due to lower cellularity and dis-
rupted cytoplasm (31,32), but further study is required to inves-
tigate the source of the signal. Finally, the radiologist who drew
the ROI was later involved in judging the progression patterns.
Although the evaluator was blinded to any other images other
than those obtained with the conventional MRI sequence and
to clinical data at the time of the ROI drawing, complete inde-
pendence of evaluators involved in image analysis from outcome
measures is more desirable.

In conclusion, we observed that large decreases in amide
proton transfer (APT) MRI signal intensity 4-6 weeks after ini-
tiation of bevacizumab treatment were associated with a better
response at 12 months and longer progression-free survival in pa-
tients with recurrent glioblastoma. Decreases in the APT signal
intensity were predictive of diffuse nonenhancing progression,
whereas high normalized cerebral blood volume at follow-up
was predictive of local enhancing progression. The prediction of
progression after antiangiogenic treatment merits further inves-
tigation with prospectively designed imaging biomarker studies.
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