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Abstract

Purpose: To quantify the accuracy of amide proton transfer-weighted (APTw) MRI for
identifying active glioma post-treatment via radiographically guided stereotactic tissue validation.

Experimental Design: Twenty-one patients referred for surgery for MRI features concerning
for tumor progression versus treatment effect underwent pre-operative APTw imaging. Stereotactic
biopsies were taken from regions of interest with varying APTw signal intensities. The relationship
between final clinical pathology as well as the histopathology of each of the 64 specimens was
analyzed relative to APTw results. Analysis of confirmed recurrent tumor or treatment effect tissue
was used to perform receiver-operating-characteristic (ROC) analysis.
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Results: Eighteen of 21 patients had recurrent tumor, and 3 had treatment effect on clinical
pathology. In 12 patients, there were multiple histopathologic assignments confirmed within the
same tumor. Of the 64 total specimens, 20 specimens were active glioma, 27 mixed active and
quiescent glioma, and 17 quiescent/no identifiable tumor. APTw signal intensity and
histopathologic assignment, cellularity, and proliferation index had significant positive correlations
(R=10.651, 0.580, and 0.458, respectively; all P<0.001). ROC analysis with a 1.79% APTw
intensity cutoff differentiated active from non-active tumor (AUC of 0.881) with 85.1% sensitivity
and 94.1% specificity. Analysis of clinical pathology showed the mean APTw intensity for each
patient had 94.4% sensitivity and 100% positive predictive value for identifying recurrent glioma
at this cutoff.

Conclusions: APTw imaging hyperintensity may be a marker of active malignant glioma. It is
able to distinguish between regions of heterogeneous abnormality on anatomical brain MRI with
high sensitivity and specificity.
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Introduction

Malignant gliomas, such as glioblastoma (GBM) and anaplastic astrocytoma (AA), are the
most common and deadly primary brain tumors in adults. Limitations in neuroimaging
complicate the clinical management of patients with gliomas and impede efficient testing of
new therapeutics (1, 2). Notably, existing anatomical MRI sequences are not sufficiently
tissue-specific to differentiate the areas of the treatment-related changes from active cancer,
both of which often show indistinguishable MRI features. Given the limitations, post-
treatment patients with suspected recurrence are often referred for repeat surgery to obtain
pathologic confirmation of active cancer (3). However, due to tremendous heterogeneity,
choosing a representative area for tissue sampling can be very challenging, and the most
active tumor tissue may be missed during a diagnostic neurosurgical procedure (4). To
address these unmet clinical needs, many studies have applied advanced imaging techniques
to evaluate treatment response versus active cancer, including diffusion imaging, perfusion
imaging, and MR spectroscopy (5-10), as well as radiomics and machine learning (11-13).
Although promising, the results, to date, have been mixed. Currently, there are no
established, reliable methods with which to distinguish true tumor progression from
treatment-induced changes.

Amide proton transfer-weighted (APTw) imaging, a specific type of chemical exchange
saturation transfer MRI (14-16), is a molecular MRI technique that can provide contrast
based on endogenous cellular proteins and peptides in tissue (17, 18). Since it was first
reported in 2003, the clinical usefulness of APTw MRI has been explored for brain tumors
(19-21) and other cancers (22-24). In the context of newly diagnosed gliomas, numerous
early studies have shown the diagnostic values of APTw MRI in grading tumor (25-27),
differentiating between tumor and peritumoral edema (28), and predicting genomic markers
in gliomas, such as the isocitrate dehydrogenase mutation status and O6-methylguanine-
DNA methyltransferase promoter methylation status (29, 30). Notably, a few recent
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preclinical studies in rats clearly showed that untreated glioma and radiation necrosis
exhibited opposite APTw signals (hyperintense vs. isointense/hypointense, respectively), and
thus, could readily be distinguished by APTw signal intensity (31, 32). In addition, effects of
treatment could be detected within days with APTw imaging (32, 33).

Despite the potential clinical value of APTw MRI in identifying active malignant glioma and
in assessing intratumoral histopathologic heterogeneity (27), APTw-based radiographic-
histopathologic validation in the post-treatment glioma setting has not been reported. This is
required to advance APTw MRI as a reliable non-invasive diagnostic tool for widespread
clinical use. In this study, we performed a radiopathologic correlation study via APTw
image-guided stereotactic biopsy, in multiple regions of interest (ROIs) with varying APTw
signal intensities in patients with suspected recurrent malignant glioma after initial treatment
with chemoradiation. We hypothesized that APTw MRI would specify regions of active
glioma in a heterogeneous background after chemoradiation treatment.

Materials and Methods

Human Subject Recruitment

This prospective study was approved by the Institutional Review Board and conducted in
accordance with the U.S. Common Rule, and informed written consent was obtained from
each subject. Between April 2010 and October 2015, 81 patients were initially recruited
according to the inclusion criteria: 220 years old; initial diagnosis of pathologically proven
primary malignant glioma; status-post initial surgery and chemoradiation (34); and
suspected recurrent malignant glioma. Exclusion criteria were: non-removable metal in the
body; claustrophobia; pregnant women; moderate to advanced kidney failure; and inability
to give informed consent. All subjects were evaluated for study eligibility and invited to
participate by two co-investigators (L.B. and J.0.B.) prior to study entry. Sixty other patients
were excluded due to no repeat surgery (n = 31); surgery suspended because of the operative
complication (n = 1); the interval between APTw MRI and surgery longer than one week (n
= 18); no APTw MRI guidance (n = 8); and no tissue available for research (n = 2). Twenty-
one patients (16 men, five women; mean age, 54.6 + 17.0 years old; 16 GBMs, two
gliosarcomas, and three AAs; see Table 1) were included in the analysis. All patients
underwent the maximum feasible surgical resection, followed by radiotherapy with
concomitant and adjuvant temozolomide chemotherapy (34); had a question of recurrent
tumor vs. treatment effect after chemoradiation and were then referred to repeat surgery; as
well as completed APTw scanning within six days prior to follow-up surgery and had full
histopathologic data.

MRI Data Acquisition

Studies were performed on a 3T human MRI scanner (Achieva; Philips Medical Systems,
Best, The Netherlands) using a body coil excite and a 32-channel phased-array coil for
reception. An optimal volumetric APTw imaging sequence developed recently (25) was used
in this study. Briefly, this sequence consists of radiofrequency saturation (four block pulses
of 200 ms duration and 2 T amplitude, the best situation that we can achieve with the
current hardware (35)), lipid suppression, and three-dimensional gradient- and spin-echo
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image acquisition. Other imaging parameters were: field of view (FOV), 212x186 mm?;
resolution, 2.2x2.2 mm?; 15 slices; thickness, 4.4 mm; sensitivity-encoding acceleration
factor in the right-left direction, 2; repetition time (TR), 3 sec; and specific absorption rate,
1.1 W/kg. APTw imaging was acquired with a six-offset protocol (Sg, £3, 3.5, £4 ppm
from water; 1, 1, 4, 1 averages, respectively) (19), which was acquired twice and averaged
during data processing. More acquisitions at £3.5 ppm were obtained to increase the APTw
signal-to-noise ratio. The total scan time was 8 min 6 sec. The water saturation shift
referencing method (36) was used to determine By maps (range, —1.5 to 1.5 ppm; interval,
0.125 ppm; saturation power, 0.5 UT; saturation time, 200 ms; TR, 1.25 sec; scan time, 1 min
43 sec).

Several standard anatomical and advanced MR images were acquired for reference,
including fluid-attenuated inversion recovery (FLAIR; TR, 11 sec; echo time or TE, 120 ms;
inversion recovery time, 2.8 sec; 60 slices; thickness, 2.2 mm); T,-weighted and gadolinium-
enhanced Tq-weighted (Tqw and Gd-T4w; three-dimensional magnetization-prepared-rapid-
gradient-echo sequence; TR, 3 sec; TE, 3.7 ms; inversion recovery time, 843 ms; flip angle,
8°; 150 slices; isotropic voxel, 1.1 mm3); as well as dynamic susceptibility-contrast (DSC)
MRI (gradient-echo, echo-planar imaging sequence; TR, 1.5 sec; TE, 40 ms; 15 slices;
thickness, 3.4 mm; gap, 1 mm; 40 dynamics). The injection rate for Gd contrast agents (0.2
mL/kg body weight; Magnevist; Berlex, Montville, NJ, USA) was 5 mL/sec. The Gd-T,w
imaging was the last sequence acquired.

MRI Data Processing

The APTw image analysis was performed using interactive data language (IDL, Version 7;
Exelis Visual Information Solutions, Inc., Boulder, CO, USA). To reduce possible motion
artifacts during the scanning, the acquired APT image series was registered to the saturated
images at 3.5 ppm (37), using a rigid-body transformation with six degrees of freedom.
After correcting for the By inhomogeneity-based frequency shifts using the determined By
map from the water saturation shift-referencing method (36), the APTw image was
constructed with the magnetization transfer-ratio asymmetry at the offsets of £3.5 ppm with
respect to the water signal (19): MTRasym(3.5 ppm) = Sat(=3.5 ppm)/Sp - Sgat(+3.5 ppm)/Sp,
where Sgg; and Sg are the imaging signal intensities with and without selective
radiofrequency irradiation, respectively. To account for the presence (mixing in) of nuclear
Overhauser enhancement (NOE) effects at —3.5 ppm from various mobile and semisolid
biomolecules to MTRagym(3.5ppm), the calculated MTRagym(3.5ppm) image is generally
called the APTw image (19). The APTw intensity is a continuum and is reported as a
percentage change in the bulk water signal intensity. DSC perfusion data were processed
using FDA-approved software (Olea Sphere; Olea Medical Solutions, La Ciotat, France),
and leakage-corrected cerebral blood volume (CBV) maps were obtained.

Stereotactic Biopsy

At pre-surgical planning, a neurosurgeon selected two-to-five ROIls, based on APTw and
other acquired MR images. When possible, the pre-determined ROIs included both APTw
hyperintense and iso-intense portions within Gd-enhancing regions. These ROls, deemed
feasible for sampling within the surgical field, were typically located in different slices.
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Areas of large liquefactive necrosis, hemorrhages, or large vessels evident on standard MRI
sequences were excluded. At the time of surgery, patients were placed in a Mayfield three-
point head fixation device, and the BrainLab neuro-navigation system (BrainLab
VectorVision2, Heimstten, Germany) was used to label and locate the biopsy targets
accurately. To minimize contributions from sampling error, specimens from ROIls were
always obtained prior to resection. Each specimen was 1 mm in diameter X 7.5 mm in
length, a size that is routinely achieved in stereotactic biopsies. For 14 patients, the exact de
facto sites of sampling were further confirmed by a screenshot image in real time via the
BrainLab system.

Histopathologic Analysis

Hematoxylin and eosin (H&E)-stained and immunohistochemically stained biopsy
specimens were reviewed, both semi-quantitatively and quantitatively, for tumor cellularity,
degree of necrosis, and cell proliferation. This was performed by an experienced
neuropathologist (C.G.E.) who was blinded to the imaging features. The whole H&E-stained
slide was first inspected to determine the specimen-based cellularity and necrosis (Cellgpec
and Necgpec). Cellularity was scored as high, moderate, low, very low, or no tumor,
according to the relative density of all tumor cell nuclei. The degree of necrosis was scored
as an area percentage: 0 (no necrosis); 1-25%; 26-50%; 51-75%; and 76—-100%. Similar to
those previously described (3, 38), multiple histopathologic features (nuclear pleomorphism,
proliferation, vascular changes, and patterns of necrosis) were evaluated to assign each
specimen as (Pathgpec): o identifiable tumor; quiescent (inactive); “mixed” (up to 50%
active tumor cells); or “active” (more than 50% active tumor cells). At the level of the
patient, the integrated clinical pathologic results based on more extensive sampling of the
tumor were obtained from the electronic medical record system.

For the quantitative histopathologic analysis, three hotspots were selected for each specimen,
and digital images were captured by a microscope. Digital pictures for cellularity analysis
were captured in a 200x magnification field on H&E-stained slides, and digital pictures for
proliferation analysis were captured in a 400x magnification field on Ki-67-stained slides
(MIB-1 antibody anti-Ki-67, 1:50; Dako, Hamburg, Germany). Cellularity (cells per FOV)
and proliferation (% of Ki-67 positively stained nuclei) were semi-automatically counted by
an “analyze particle” function in the open-source, image-processing software, ImageJ
(\Version 1.48; NIH, Bethesda, MD, USA). The mean values over three hotspots were
recorded as quantitative parameters (Cellgoynt and Ki-67). Finally, the more common
terminology of recurrent tumor (i.e., active and mixed tissues) or treatment effect (i.e.,
quiescent and non-tumor tissues) was also used to perform a receiver operating characteristic
(ROC) analysis.

Quantitative APTw Image Analysis

To obtain the APTw signal intensity for each biopsy location, the structural MR images used
in the BrainLab neuro-navigation system were co-registered to the APTw images and
saturated (Ssyt) images at 3.5 ppm (37). After this, each sampling site was transferred from
the clinical anatomical MR images (including the intraoperative screenshot images with the
exact sampling site) to the identical site on the co-registered saturated S¢;; image at 3.5 ppm.
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The ROIs were drawn manually around the biopsy site (five-to-six voxels each) by an
experienced neuroradiologist (S.J.) on these co-registered Sq,¢(3.5ppm) images. A
contralateral normal-appearing white mater (CNAWM) ROI in the same slice was drawn for
reference. Based on the choice of acquisition parameters, malignant glioma is associated
with APTw hyperintensity (displayed as red to orange) in the APTw image, while
contralateral normal-appearing white mater (CNAWM) has about zero intensity (green to
blue; similar to ventricles) (39). The difference between APTw intensity values from lesion
and a similar sized CNAWM region in the same slice were reported (lesion APTw -
CNAWM APTw). In addition, FLAIR hyperintensity-based tumor volume (Molg aIR), Gd-
enhancing tumor volume (Volgg), and APTw-based recurrent tumor volume (according to
the cutoff APTw signal intensity in differentiating between recurrent tumor and treatment
effect; Vol apmyy) Were calculated for each patient.

Statistical Analysis

Results

Statistical calculations were performed using SPSS software (Version 23; SPSS Inc.,
Chicago, IL, USA) or R software (Foundation for Statistical Computing, Vienna, Austria).
The data were reported as mean + standard deviation. Pearson’s, Spearman’s, or Kendall’s
rank correlation analysis was applied to determine the reciprocal relationships between
APTw and each pathologic index, between two pathologic indices, or between APTw and
relative cerebral blood volume (rCBV, defined as lesion CBV/CNAWM CBYV), depending on
the variable type (between continuous variables, between continuous and categorical
variables, or between categorical variables, respectively). The Mann-Whitney U test was
used to compare the tumor volumes for different patient groups. Generalized linear mixed
model (GLMM) was used to compare APTw levels among different histopathologic
categories and patient groups (fixed effects). Random intercept of patient was used where all
observations from the same patient were treated as one cluster. The GLMM was fitted twice
using “N” and “Q” categories as reference histopathologic categories, respectively, to get
two-sided p-values. The same analysis was repeated with rCBV as the response variable. To
predict cancer recurrence using APTw and/or rCBYV, leave-one-out cross-validation of
GLMM with logic link function was used. In this GLMM model, the fixed effects were
APTw and/or rCBV while the random effect was the intercept of patient. The prediction
accuracy was assessed using an area under the ROC curve (AUC). Significance levels were
set at A= 0.05 (two-sided).

Histopathologic Results

A total of 64 biopsy specimens with identifiable sampling sites were obtained from Gd
contrast-enhancing regions of interest with varying APTw signal intensities in 21 patients.
Ki-67 labeling was successfully performed in 60 specimens (Table 2). Based on the
histopathologic analysis, 20 specimens (31%) were assigned as active tumor, 27 (42%) as a
mixture of active and quiescent tumor, and 13 (20%) as quiescent tumor, and four (6%)
contained no identifiable tumor. Two or more histopathologic categories (active, mixed,
quiescent, or no tumor) were found within the same tumor in 12 of 21 patients (57%).

Clin Cancer Res. Author manuscript; available in PMC 2020 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiang et al.

Page 7

APTw Image and Histopathologic Qualitative Features

All 64 biopsied regions of interest shared similar radiographic characteristics on the routine
anatomical MR images, showing heterogeneous hyperintensity on FLAIR images,
polymorphic heterogeneous Gd enhancement on Gd-T,w images, and variable degrees of
mass effect. In contrast, APTw images revealed different characteristics among the ROIs
with different histopathologic assignments (Fig. 1). For example, in an ROI that harbored
active tumor (Fig. 1A), the APTw image was characteristically nodular and heterogeneous
with substantial hyperintensity, compared to the CNAWM. Histopathologic section revealed
extremely high cellularity and proliferation, with mitotic activity. In contrast, in an ROI that
corresponded to quiescent tumor (Fig. 1B), the APTw image exhibited relatively
homogeneous iso-intensity with a minimal amount of scattered punctate hyperintensity,
compared to the CNAWM. The histopathology corresponding to these ROIs revealed
extensive necrosis, and scattered quiescent tumor cells with a low level of cellularity.

Notably, heterogeneity was often observed across biopsies from different ROIs within a
single patient. Figure 2 shows an example of a patient with a pathologically proven
glioblastoma after craniotomy, chemoradiation, and adjuvant temozolomide. The lesion
showed extensive FLAIR hyperintensity, with a centrally necrotic, peripherally enhancing
component on the Gd-T;w images, as well as heterogeneous hyperintensity on the APTw
images. Three specimens were sampled from ROIs with iso-intense, intermediate, and
hyperintense APTw intensities within Gd-enhancing areas. The corresponding
histopathologic diagnosis was “quiescent,” “mixed,” and “active,” respectively. This patient
was clinically diagnosed as having tumor recurrence, as reported in the electronic medical
record system.

Correlation Analysis between APTw and Pathologic Indices

Based on the bivariate correlation analysis (Fig. 3A and B, and Supplementary Table S1),
APTw intensity showed a statistically significant positive correlation with the
histopathologic assignment for each specimen (R = 0.651; £< 0.001), suggesting that APTw
signal intensity increased with increasing pathological evidence of active tumor (also see
Supplementary Results: Regression Analysis between APTw and Pathologic Indices). In
addition, APTw intensity showed significant positive correlations with Cellgpe. (R = 0.616; P
< 0.001), Cellgount (R=10.580; £<0.001), and the Ki-67 index (R = 0.458; P< 0.001). As
the cellularity and proliferation of the specimen increased, the corresponding APTw
intensities increased. In contrast, there was a weak (but significant) negative correlation
between APTw intensity and treatment necrosis (/R = —0.255; £< 0.05).

Accuracy of APTw MRI in Identifying Recurrent Tumor

For all 64 biopsied specimens (Fig. 3C), the mean APTw intensities of the biopsied sites that
corresponded to active tissues (3.15 + 0.55%; hyperintensity), mixed tissues (2.60 + 0.94%),
and quiescent/no tumor tissues (1.30 + 0.54% / 1.42 + 0.22%; iso-intensity to minimal
hyperintensity) were significantly different between groups (all < 0.05). Such a decreasing
trend (active to quiescent or no tumor) in APTw signal intensity was similar to that observed
in previous animal studies (31-33).
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Based on the commonly used dichotomous histopathologic assignment (Fig. 3D), the mean
APTw intensities in ROIs that represented active tumor (i.e., active and mixed tissues; 2.84
+ 0.84%) were significantly different from ROIs that represented non-active tumor (i.e.,
quiescent and no tumor tissues; 1.32 = 0.48%; P < 0.001). The ROC curve analysis (Fig. 3E)
showed that APTw MRI for the differentiation of active tumor from non-active tumor had a
high AUC of 0.881 (95% confidence interval: 0.776-0.985), with an 85.1% sensitivity and a
94.1% specificity at the cutoff APTw signal intensity of 1.79%. In the same cohort of
patients, the rCBV based on DSC MRI in differentiating active tumor from non-active tumor
had an AUC of 0.733 (95% confidence interval: 0.591-0.876; sensitivity, 76.2%; specificity,
80.0%); cutoff, 1.56; see Supplementary Fig. S1). There was no significant correlation
between these two modalities for individual specimens (R = 0.214, £=0.110). In addition,
combined the APTw and rCBV in differentiating active tumor from non-active tumor had an
AUC of 0.933 (95% confidence interval: 0.869-0.998; sensitivity, 88.1%; specificity,
93.3%).

Clinical Results

The integrated clinical pathologic results from the electronic health record showed that
18/21 patients (86%) had recurrent tumor, and 3/21 (14%; patients 6, 17, and 18) had
treatment effect (Table 1). Notably, analysis of the 12 specimens collected across these three
treatment effect patients (Table 2) showed that 11 specimens were true negative, and one
was false positive (APTw = 1.86%). APTw MRI performed better than DSC perfusion MRI
(showing that nine specimens were true negative, and three were false positive). As shown in
Fig. 4, the mean APTw signal intensity for the treatment effect patient group was
significantly lower than that for the recurrent tumor patient group (1.24% = 0.29% vs. 2.71%
+ 0.91%; P < 0.05). In this small cohort of patients, the mean APTw signal intensity >1.79%
for each patient corresponded to a sensitivity of 94.4%, a specificity of 100.0%, a positive
predictive value of 100.0%, and a negative predictive value of 75.0% for identifying
recurrent malignant glioma.

Finally, according to the cutoff APTw signal intensity (1.79%) in differentiating between

active tumor and non-active tumor, it was found (Supplementary Figs. S2 and S3) that the
relative APTw-based recurrent tumor volumes (with respect to the FLAIR hyperintensity-
based tumor volumes) were significantly lower for the treatment effect patient group than
the recurrent tumor patient group (0.07 £ 0.03 vs. 0.31 £ 0.25; £< 0.05).

Discussion

We investigated the radiographic-histopathologic correlation of volumetric APTw image-
directed stereotactic biopsy in patients with suspected recurrent malignant glioma after
initial maximal therapy. Our results indicate that APTw imaging can identify areas with the
most malignant biological behavior, consistent with active tumor, within heterogeneous
brain lesions. The histopathologic differentiation between recurrent tumor (active and mixed
tissues) and treatment effect (quiescent and non-tumor tissues) achieved by APTw MRI was
not readily feasible with several conventional anatomical MRI sequences (1), consistent with
several early pre-clinical and clinical studies (31-33, 40, 41). It is particularly notable that
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APTw MRI hyperintensity (defined as >1.79% in this study) had a AUC of 0.881, with an
85.1% sensitivity and a 94.1% specificity, in differentiating between recurrent glioma and
treatment effect, which is similar or slightly improved diagnostic accuracy compared to
other advanced MRI methods (9, 41). For example, Wang et al. (9) found that maximum
rCBV had an AUC of 0.727 and a combination of diffusion tensor imaging fractional
anisotropy and maximum rCBV had an AUC of 0.807 in distinguishing true progression
from mixed response and pseudoprogression. Park et al. (41) reported the 90t percentile
normalized CBV histogram parameter for differentiating tumor progression from the
treatment-related effects had AUCs of 0.80 for the expert and 0.77 for the trainee. APTw
MRI is now commercially available (42). The technique, with no need for exogenous
contrast, can be incorporated into standard brain tumor MRI exam protocols on 3T MRI
systems, which are widely clinically available.

The APT effect is based on the concentration of endogenous maobile proteins and peptides
(associated predominantly with cellularity) and exchange rate (associated with tissue pH)
(17, 18). Currently, understanding the mechanism behind APTw contrast in tumor remains
an interesting research topic in the field (43, 44). As discussed previously (45), the
intracellular pH of active malignant glioma is near neutrality, or a little alkaline (with a
slight increase of 0.05-0.08 pH unit reported). Thus, the large APT effect observed in tumor
is usually dominated by the increased amide proton concentration. All patients in our study
had a question of active tumor versus treatment effect after having completed standard
chemoradiation (34). Although the precise mechanism of radiation and alkylating agent-
induced neurotoxicity remains to be elucidated, several possibilities have been postulated,
including vascular endothelial damage (46), white matter injury due to radiation damage to
glial cells (38), and cytotoxicity and mutagenicity of alkylating agents through modification
of the bases of DNA (47), all of which may lead to regional, perivascular, parenchymal
coagulative necrosis and loss of core cellular components (48). Under these circumstances, a
focal reduction in the concentration of APT-detectable mobile proteins and peptides is an
ineluctable outcome (17). Based on our data, the quiescent tumor tissue, histopathologically
characterized by necrosis and low proliferation, did, indeed, show significantly lower APTw
intensities than the tissue representing active glioma, consistent with the preclinical results
(31-33). The fact that only a moderate correlation existed between APTw and cellularity
supports our notion that the APTw signal is associated with cellularity, but affected by
additional factors.

Several limitations to this study should be acknowledged. First, although we obtained 64
specimens, the number of individual participants was relatively small. Second, it is widely
acknowledged that brain shifts at the time of surgery may influence sampling accuracy. This
cannot be fully controlled, and may have affected the spatial accuracy of the radiopathologic
correlations. Our neurosurgeons took precautions to minimize the impact of brain shift from
the pre-operative MRI to the time of tumor sampling, including sampling at the start of the
procedure, sampling the middle of the target ROI, and taking a screenshot image when a
specimen was obtained. Third, the volumetric APTw images in this study were generated at
a 4.4-mm thickness with an in-plane spatial resolution of 2.2 x 2.2 mm?2, which presented a
voxel volume size of approximately 0.02 cm3. To increase the measurement accuracy of the
APTw data with the relatively low signal-to-noise ratio and the association between the
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imaging analysis and the histopathologic review, a reasonably large ROI of five-to-six voxels
(namely, a rough in vivotissue volume of 0.1 cm3) was used to quantify APTw intensity
values. Our data showed that there were correlations between APTw intensities and the
specimen-based, or hotspot, histopathologic measurements (Fig. 3 and Supplementary Table
S1). Therefore, it is anticipated that our quantitative analysis of APTw images and biopsy
specimens yielded a reliable assessment that allows a meaningful interpretation of the
radiographic-histopathologic correlation results. Fourth, the APTw signal quantified from
the magnetization transfer-ratio asymmetry at £3.5 ppm is always contaminated with the
upfield NOE signals from mobile and semisolid proton types (including conventional
semisolid magnetization transfer asymmetry) (19). Fortunately, it has been shown recently
(49) that these additional asymmetry effects contribute symbiotically to the APTw contrast.
Moreover, the relative APTw image signal intensity in the tumor, with respect to the
CNAWM, as used in this study, is dominated by the APT effect for the pulse sequence
parameters used here. Fifth, a few experimental and tissue parameters (such as saturation
duration, saturation power, and T, of water) may affect the APTw signal. The experimental
saturation settings need to be optimized and standardized across scanner manufactures.
Notably, the optimal recommended RF power for APTw MRI is 2 uT (39); otherwise, the
APTw contrast may not be obtained (50). Moreover, the recent results have shown that the
influence of water T, on APT imaging of gliomas at 2 uT was actually small (45). Finally, it
seems that most of APTw images have loss of signal in the frontal portions of the brain. We
are not sure whether this is due to an artifact specific to the scanner type or an innate feature
of APTw imaging. However, it is quite possible that APTw images are heterogeneous in the
normal brain anatomy. This is another reason that we used relative APTw values in the
quantitative analysis.

In conclusion, our data show that the APTw imaging hyperintensity, as a marker of active
malignant glioma, has the potential to more accurately differentiate these two different
outcomes after chemoradiation. In light of the tremendous biologic heterogeneity of post-
treatment gliomas, the ability to identify active glioma may assist in the accurate targeting of
the most malignant regions of tumor during neurosurgical procedures in the short term. As
more validation studies are performed in the long term, APTw imaging may enable the non-
invasive diagnosis of recurrent tumor versus treatment effect in conjunction with standard
and other advanced MRI sequences.
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TRANSLATIONAL RELEVANCE

Distinguishing recurrent tumor from treatment effect following therapy for malignant
gliomas remains a major clinical challenge that often leads to delays in terminating
ineffective therapies or to premature termination of effective therapies. Hence, patients
with suspected recurrence are frequently referred to surgery for pathologic confirmation.
However, even this yields variable results depending on the region of brain sampled.
Amide proton transfer-weighted (APTw) MRI is a newly emerging molecular imaging
technique. Our data show that the APTw imaging hyperintensity is a surrogate marker for
active malignant glioma. Use of APTw MRI, a noninvasive imaging approach that is now
commercially available, may therefore assist with accurate identification of active tumor
in a heterogeneous background. With future large-scale validation, this technology may
obviate the need for surgery done only to confirm diagnosis or allow focal therapies to be
administered only to active tumor regions.
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Fig. 1.
Two examples of anatomical, CBV, and APTw MR images, biopsied sites, and histology

images. A, An active specimen obtained from a patient with a histopathologically confirmed
gliosarcoma, who was treated with chemoradiation in the right frontotemporal lobe (Case
14). The biopsied site marked by a screenshot showed a heterogeneous hyperintense APTw
signal (3.42%), with a high rCBV of 2.86, compared with CNAWM. The tissue obtained
showed highly compacted tumor cells, and a rapid proliferation of intimately mixed
neoplastic gliomatous and sarcomatous tumor cells (Celloynt 1301 cells/FOV and
proliferation 45.4%). B, A quiescent specimen obtained from a patient with a treated GBM
in the right frontal lobe (Case 13). The biopsied site showed a homogeneous isointensity to
minimal hyperintensity on the APTw image (0.87%), with an rCBV of 1.34. The specimen
showed massive coagulative necrosis, reactive gliosis, inflammatory cells, and a very low
cell proliferative rate (Cellooynt 230 cells/FOV and proliferation 5.7%).
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Fig. 2.

Agatomical, CBV, and APTw MR images, biopsied sites, and histology images for a patient
with a treated GBM in the right parietal lobe (Case 2). Fifteen APTw slices were acquired.
Three specimens were obtained from three different sites within different slices with distinct
APTw signals, all with strong Gd enhancement. The specimen from Slice 4 was targeted at
an APTw-isointense area (green; 1.62%), with an rCBV of 1.11, compared with CNAWM.
The H&E-stained slice shows necrosis and a thickened vessel wall caused by hyalinization
(Cellcount 677 cells/FOV and proliferation 2.7%). The specimen from Slice 6 is from a
mildly APTw-hyperintense spot (yellow; 1.81%), with an rCBV of 2.12. The specimen
shows predominant necrosis with limited residual tumor cells (Cellggynt 876 cells/FOV and
proliferation 5.1%). The specimen from Slice 8 was obtained from an APTw-hyperintense
spot (yellow to red; 3.29%), with a high rCBV of 1.87. The specimen has obvious anaplasia,
multinucleated tumor cells, and pseudopalisading necrosis (Cellgynt 1673 cells/FOV and
proliferation 11.2%). The use of APTw image-directed biopsy can potentially reduce the
randomness of surgical decisions due to tumor heterogeneity.
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AUC=0.881

APTw cut-off =1.79%
Sensitivity = 85.1%
Specificity = 94.1%

1.0

0.8

0.6 04 02 00
Specificity

Quantitative analysis of APTw imaging intensities. A, Correlation of APTw intensities with
Cellegunt Using simple linear regression: y = 1.19 + 1.14E-3*x. B, Correlation of APTw
intensities with Ki-67 using simple linear regression: y = 1.76 + 0.04*x. C, Quantitative

comparison of APTw imaging intensities using box plots that correspond to quiescent,

mixed, and active specimens, as well as non-tumor specimens. D, Quantitative comparison
of APTw imaging intensities that correspond to treatment effect (non-tumor and quiescent)
and tumor recurrence (mixed and active). * £< 0.05; ** P< 0.01; *** P< 0.001. E, ROC
analysis of APTw imaging intensities as an imaging biomarker with which to distinguish

active glioma from treatment effect.
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Fig. 4.
Quantitative comparison of patient-based APTw imaging intensities using box plots that

correspond to three patients with treatment effect (Cases 6, 17, and 18, 12 specimens) and
other 18 patients (52 specimens) with recurrent tumor. * £< 0.05.
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Basic patient demographic data

Table 1.

Page 19

CaseNo. Age(yr)/Sex LesionLocation Initial Pathologic Diagnosis Timelnterval (day) Operation Procedure Integrated Clinical Diagnosis
1 38/M Left PO GBM 933 B&R Recurrent tumor
2 49/M Right P GBM 1055 B&R Recurrent tumor
3 42/M Right D GBM 225 B&R Recurrent tumor
4 46/M Left T AA 142 B Recurrent tumor
5 33/M LeftT AA 447 B&R Recurrent tumor
6 T0/F Right T GBM 336 B Treatment effect
7 52/F Right T GBM 353 B&R Recurrent tumor
8 41/F LeftO GBM 96 B&R Recurrent tumor
9 61/M Right P GBM 236 B&R Recurrent tumor
10 49/M Left F Gliosarcoma 89 B&R Recurrent tumor
11 78/M Right F GBM 43 B&R Recurrent tumor
12 59/M Right OT GBM 606 B&R Recurrent tumor
13 68/M Right F GBM 181 B&R Recurrent tumor
14 48/M Right F Gliosarcoma 133 B&R Recurrent tumor
15 56/M Right FP GBM 797 B&R Recurrent tumor
16 47/F Left O GBM 584 B&R Recurrent tumor
17 64/M Left FP GBM 218 B&R Treatment effect
18 43/M LeftO AA 396 B&R Treatment effect
19 49/M Left OT GBM 628 B&R Recurrent tumor
20 46/M LeftF GBM 419 B&R Recurrent tumor
21 34/F Left FT GBM 1311 B&R Recurrent tumor

Note. Tumor location: P = parietal; O = occipital; T = temporal; F = frontal; D = diencephalon. Initial pathologic diagnosis: AA = anaplastic
astrocytoma; GBM = glioblastoma. Time interval: between completion of chemoradiation and APTw MRI study. Operation procedure: B = biopsy
only; B&R = biopsy followed by resection. Integrated clinical diagnosis: As reported in the electronic medical record system.
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Semi-quantitative specimen-based pathologic diagnosis results (Pathgpec, Cellspec, and Necspec), quantitative

hotspot pathologic index counting results (Cellount and Ki-67), and the corresponding APTw and rCBV

values for each specimen for all patients

Case SpecimenNo. Pathge Céllgee NeCgee Céllggyn (CEIISFOV)  Ki-67 (%) APTw (%) rCBV
1 2 A 3 1 1649 47.2 3.19
Q 1 1 662 17.9 1.28
2 3 Q 1 2 842 2.7 1.62 1.15
M 2 3 876 51 1.81 1.68
A 3 2 1673 11.2 3.29 2.87
3 2 A 4 1 1561 30.1 4.09
A 3 1 1398 38.8 3.18
4 3 M 3 1 658 6.5 1.82 3.74
M 3 1 1240 4.1 2.57 35
M 3 1 1036 5.2 1.33 5.02
5 3 M 2 1 657 10.5 3.65 0.99
M 2 1 615 8.4 3.77 1.38
M 2 1 748 11.9 3.64 1.08
6 5 Q 1 2 541 3.2 1.20 1.36
Q 2 1 1188 28.6 1.39 1.68
M 3 1 1240 17.8 1.39 1.59
Q 2 1 828 20.5 1.45 1.47
M 1 1 332 9.6 1.26 1.45
7 5 A 4 1 2209 4.36 2.56
M 3 2 2311 47.8 2.75 1.97
M 3 2 2403 47.1 3.90 1.65
M 2 1 2415 13.2 2.59 3.29
A 3 1 1866 49.2 3.52 3.34
8 2 M 2 3 1344 2.55 2.2
M 1 2 605 3.3 221 1.64
9 2 M 3 1 1125 11 3.64 1
M 2 4 1091 13.0 3.89 1.16
10 4 A 3 1 1504 31.3 3.22 2.09
M 3 1 1168 16.1 2.42 2.05
M 3 2 2395 14.3 3.85 2.37
M 2 1 873 14 1.75 1.96
11 3 A 3 1 1251 9.2 3.01
M 2 1 983 11 2.84
N 1 1 237 1.30
12 3 A 3 1 1102 12.9 2.69 1.09
A 2 1 1116 0.4 2.38 3.39
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Case SpecimenNo. Pathge Céllge NeCgee Céllggyn (CEISFOV)  Ki-67 (%) APTw (%) rCBV
M 3 1 1396 5.5 2.32 2.75
13 3 M 2 1 343 6.1 1.05 1.29
Q 2 2 610 8.1 0.87 1.21
Q 1 3 457 5.7 0.88 1.03
14 2 A 4 1 1287 45.4 3.42 3.02
Q 2 4 327 2.89 1.74
15 2 M 3 1 1684 16.1 2.98 2.63
M 2 1 1279 14.3 2.42 2.02
16 2 A 3 1 1855 55.6 3.21 3.51
A 3 1 1408 17.1 2.98 2.55
17 4 Q 1 4 702 0.7 0.99 1.13
Q 2 2 1619 0.9 1.26 1.67
Q 2 1 523 0.8 1.32 1.39
Q 2 3 474 4.0 0.94 1.44
18 3 A 2 1 1402 0.9 1.86 1.16
M 2 3 925 2.2 1.04 11
Q 1 4 529 7.7 0.75 1.03
19 4 N 1 0 372 0.0 1.21 1.09
A 3 0 1394 331 3.54 1.78
M 2 0 875 10.9 3.60 1.71
M 2 0 1248 6.1 3.25 1.64
20 3 N 1 0 508 3.7 1.46 1.25
A 3 1 907 6.8 3.51 1.69
N 1 0 652 0.6 1.70 1.4
21 4 A 2 0 859 14.7 3.08 1.68
A 3 1 1440 2.7 2.72 1.52
A 3 1 1118 2.9 2.68 1.78
A 4 0 1389 8.1 3.05 1.72
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Note: Path = histopathologic assignment (A = active; M = mixed; Q = quiescent; N = no tumor), Cell = cellularity (4 = high; 3 = moderate; 2 = low;
1 = very low; or 0 = no tumor); Nec = necrosis (0 = no necrosis; 1 = 1~25%; 2 = 26~50%; 3 = 51~75%; and 4 = 76~100%). Subscript “spec”
means the specimen-based measurement from the whole slide. Cellgoynt and Ki-67 were quantitatively counted by image process software semi-
automatically. Notably, three ROIs from Case 13 had consistently lower APTw as well as lower rCBV, but was clinically diagnosed as tumor

recurrence.
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