Journal of Nuclear Medicine, published on July 9, 2020 as do0i:10.2967/jnumed.120.247411

Voxel-Wise and Patient-Wise Correlation of '8 F-FDOPA PET, rCBV, and ADC in

Treatment-Naive Diffuse Gliomas with Different Molecular Subtypes

Authors:
Hiroyuki Tatekawa'?, Akifumi Hagiwara'?, Jingwen Yao"??, Talia C. Oughourlian'*, Issei Ueda?, Hiroyuki
Uetani?, Catalina Raymond'?, Albert Lai>°, Timothy F. Cloughesy>®, Phioanh L. Nghiemphu>, Linda M. Liau®’,

Whitney B. Pope?, Noriko Salamon?, Benjamin M. Ellingson!23%3

Affiliation:

1. UCLA Brain Tumor Imaging Laboratory, Center for Computer Vision and Imaging Biomarkers, David Geffen
School of Medicine, University of California Los Angeles

2. Department of Radiological Science, David Geffen School of Medicine, University of California Los Angeles
3. Department of Bioengineering, Henry Samueli School of Engineering, University of California Los Angeles

4. Neuroscience Interdepartmental Program, David Geffen School of Medicine, University of California Los
Angeles

5. UCLA Neuro-Oncology Program, David Geffen School of Medicine, University of California Los Angeles

6. Department of Neurology, David Geffen School of Medicine, University of California Los Angeles

7. Department of Neurosurgery, David Geffen School of Medicine, University of California Los Angeles

Corresponding Author:

Benjamin M. Ellingson

924 Westwood Blvd., Suite 615, Los Angeles, CA 90024
Phone:(310)481-7572/Fax:(310)794-2796

bellingson@mednet.ucla.edu

Reprints are not available.

First Author:
Hiroyuki Tatekawa

924 Westwood Blvd., Suite 615, Los Angeles, CA 90024



Phone:(310)481-7572/Fax:(310)794-2796

HTatekawa@mednet.ucla.edu

Funding/Disclosure:
SNMMI(Tatekawa); ACS Research Scholar Grant(RSG-15-003-01-CCE:Ellingson); ABTA Research Collaborators
Grant(ARC1700002:Ellingson); NBTS Research Grant(Ellingson,Cloughesy); NIH/NCI UCLA Brain Tumor

SPORE(1P50CA211015-01A1:Ellingson,Lai,Cloughesy,Nghiemphu); NIH/NCI(1R21CA223757-01:Ellingson)

Words:

Abstract: 251/350; Total: 5738/5000

Correlation of FDOPA and MRI for gliomas



ABSTRACT

PURPOSE To identify correlations of gliomas between '8F-fluorodihydroxyphenylalanine (FDOPA) uptake and
physiological magnetic resonance imaging (MRI) including relative cerebral blood volume (rCBV) and apparent
diffusion coefficient (ADC) with different molecular subtypes, and to evaluate their prognostic values.

METHODS Sixty-eight treatment-naive glioma patients who underwent FDOPA positron emission tomography
(PET) and physiological MRI were retrospectively selected (isocitrate dehydrogenase wild-type [IDHy,], 36; mutant
1p/19q non-codeleted [IDHm-non-codet], 16; mutant codeleted [IDHm.-codel], 16). Fluid-attenuated inversion recovery
hyperintense areas were segmented and used as regions-of-interest. For voxel-wise and patient-wise analyses,
Pearson’s correlation coefficients (#voxel-wise and Fpatient-wise) between the normalized standardized uptake value
(nSUV), rCBV, and ADC were evaluated. Cox regression analysis was performed to investigate the associations
between the overall survival (OS) and ryoxel-wise, max/median nSUV, median CBV, or median ADC.

RESULTS For IDH,« and IDH-non-codel gliomas, nSUV demonstrated significant positive correlations with rCBV
(Pvoxel-wise = 0.25 and 0.31, and patient-wise = 0.50 and 0.70, respectively), and negative correlations with ADC (7yoxel-wise
=—0.19 and —0.19, and rpatient-wise = —0.58 and —0.61, respectively) in both voxel-wise and patient-wise analyses.
IDHm-codet gliomas only demonstrated a significant positive correlation between nSUV and ADC in voxel-wise
analysis (Fvoxel-wise = 0.18). In Cox regression analysis, only 7yoxel-wise between nSUV and rCBV (hazard ratio [HR] =
28.82) or ADC (HR = 0.085) had significant associations with OS for IDH, gliomas.

CONCLUSION IDHj-codel gliomas showed distinctive patterns of correlations between amino acid PET and
physiological MRI. Stronger correlations of nSUV and rCBV or ADC may result in worse prognosis for IDHy

gliomas.
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INTRODUCTION

Magnetic resonance imaging (MRI) is the imaging modality of choice for clinical evaluation of gliomas
due to its high spatial resolution, significant contrast in soft tissues, and a lack of ionizing radiation. Various
advanced sequences to evaluate physiological status, such as perfusion imaging, diffusion-weighted imaging (DWI),
spectroscopy, and functional MRI, can be readily acquired during clinical examinations. Amino acid positron
emission tomography (PET), such as '*F-fluorodihydroxyphenylalanine (FDOPA) and '*F-fluorethyltyrosine (FET),
is often used in neuro-oncological practices to identify metabolically active tumor tissues. These amino acid PETs
provide information that complement MRI, and the combination of PET and MRI metrics were reported to be useful
for clinical management of gliomas (/,2). Hybrid examinations of PET and MRI have recently been performed for
evaluating gliomas in clinical practice (3). Hence, knowledge of their imaging features and association of their
findings is instrumental for clinical treatment and predicting prognosis.

Although some previous studies have correlated amino acid PET and physiological MRI such as perfusion
imaging or DWI (4,5), most studies demonstrated complementary and partially congruent information in PET and
physiological MRI. These correlation studies often evaluated representative MRI features, including the maximum,
mean, median, or minimum values, within a specific tumor region such as the contrast-enhanced or focal
hypermetabolic area. However, only a few studies have evaluated the voxel-wise correlations between amino acid
PET and physiological MRI within a whole tumor, the evaluation of which is unbiased. Previous voxel-wise
analyses have reported a positive correlation between the FET uptake and relative cerebral blood volume (rCBV)
(6), and a negative correlation between the FDOPA uptake and apparent diffusion coefficient (ADC) in grade III and
IV gliomas (7). Hence, amino acid PET and physiological MRI may depict partially overlapping pathophysiological
features.

In 2016, the World Health Organization (WHO) classification of tumors of the central nervous system was
modified to include molecular subtypes, such as isocitrate dehydrogenase (IDH) gene mutation and chromosomal
1p/19q co-deletion, for brain tumor classification (8). These molecular subtypes have proven to be essential for
treatment decision and prognosis. However, there have been no studies evaluating the correlations of amino acid
PET with physiological MRI in different molecular subtypes, or the associations of their correlations with patient
prognosis. We hypothesize that these correlations may differ among different tumor subtypes and affect prognosis.

The objectives of this study were to reveal the correlations between FDOPA uptake, rCBV, and ADC in treatment-



naive gliomas with different molecular subtypes, especially IDH mutation and 1p/19q codeletion status; and to

evaluate the associations of their correlations and patient prognoses.

MATERIALS AND METHODS
Patient Selection

Sixty-eight treatment naive and histologically confirmed glioma patients who underwent FDOPA PET and
MRI scans between 2007 and 2019 were retrospectively selected. The selected MRI were acquired within 2 months
of the corresponding PET images. The MRI scans consisted of at least pre- and post-contrast T1-weighted images
and T2-weighted fluid-attenuated inversion recovery (FLAIR) images. Perfusion imaging for 61 subjects, and DWI
for 63 subjects were obtained. The median date between PET scan and surgery or biopsy was 16 days (range, 1-505
days). No patients underwent stereotactic biopsy prior to FDOPA PET or MRI. Patients were classified by IDH
mutational status and 1p/19q codeletion status, which were detected by conventional techniques (9). When available,
0O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation status and epidermal growth factor
receptor (EGFR) amplification status were obtained as supplementary information. The overall survival (OS) was
measured from the time of the PET scans until death or the censored dates (median interval, 721 days), with 18
subjects who had deceased at the time of analysis. The study has been approved by the institutional review board,
and all subjects signed an informed consent form. TABLE 1 summarizes the patient demographics and molecular

information, while SUPPLEMENTAL TABLE 1 describes each patient in more detail.

Acquisition of MRI

Anatomical MRI consisted of standard T1-weighted pre- and post-contrast images (2D axial turbo spin
echo with a slice thickness of 3 mm and no interslice gap, or 3D inversion prepared gradient echo images with an
isotropic voxel size of 1-1.5 mm), and T2-weighted FLAIR images at a 3-mm slice thickness with no interslice gap
from a 1.5-T or 3-T clinical MRI scanner.

For dynamic susceptibility contrast (DSC) perfusion MRI, a total dose of 0.1 mmol/kg of Gd-DTPA or Gd-
BTDO3A (Magnevist or Gadavist; Bayer HealthCare Pharmaceuticals, Wayne, NJ) was administered with 0.025

mmol/kg of the preload dosage to mitigate T1-based leakage contamination, and the remaining 0.075 mmol/kg was



used for dynamic bolus administration as previously described (/0). A 2-min gap was taken between the preload
dose and the start of the baseline DSC-MRI. The DSC-MRI was acquired with TE/TR =21-23/1250-1290 ms, flip
angle = 60°, matrix size = 128 x 128, slice thickness = 5 mm, with no interslice gap. The number of baseline
acquisitions before contrast agent injection was 10-25, and number of timepoints was 120. First, dynamic time-
series images were motion-corrected using the FSL software (mcflirt; FMRIB, Oxford, UK;
http://www.fmrib.ox.ac.uk/fsl/). Second, rCBV maps were calculated using a bidirectional contrast agent leakage-
correction algorithm, to model the contrast flux into and out of the vasculature. Finally, a normalized rCBV map was
computed by dividing the rCBV map by the median rCBV value of regions of interest (ROIs) placed on the
contralateral normal-appearing white matter.

DWI was performed prior to the injection of the contrast agent using a single-shot echo-planar imaging
sequence in the axial plane for 9 patients, and was acquired with TR/TE = 3000-10400/77-93 ms, matrix size = 128
x 128, and slice thickness = 3 mm with no interslice gap. ADC maps were calculated from the acquired DWI with b
= 1000 s/mm? and b = 0 s/mm? images, and expressed in units of 10° mm?/s. Diffusion tensor imaging (DTI) data
was collected for 54 patients for whom conventional DWI was not obtained. Mean diffusivity maps were used as
estimates of ADC values after motion correction using the FSL software (dfifif). The parameters of the DTI
consisted of 12-64 equidistant diffusion-sensitizing directions with b = 1000 s/mm?, along with a single b = 0 s/mm?

image with TR/TE = 4500-11500/79-93 ms, matrix size = 128 x 128, and slice thickness = 2 mm with no interslice

gap.

Acquisition of FDOPA PET

FDOPA PET images were acquired using a high-resolution full-ring PET scanner (ECAT-HR;
CTI/MIM Vista; Siemens, Knoxville, TN), after the subjects fasted for more than 4 hours. Following previously
established procedures, FDOPA was synthesized and injected intravenously (/7). Computerized tomography images
were acquired prior to the PET for attenuation correction. Three-dimensional FDOPA emission data were acquired
for a total of 30 min, and the data were integrated between 10-30 min following injection to obtain 20-min static
FDOPA images following reconstruction. PET images were reconstructed using an ordered-subset expectation
maximization iterative reconstruction algorithm, consisting of six iterations with eight subsets (/2). Finally, a

Gaussian filter with a full width at a half maximum of 4 mm was applied. The resulting voxel sizes were 1.34 mm %



1.34 mm x 3 mm for the FDOPA PET images. Standardized uptake value (SUV) maps of FDOPA were calculated
based on the radioactivity divided by the decay-corrected injected dose per body mass (/3). The resulting SUV

images were then normalized to the median value of the striatum (nSUV) as previously described (/4).

Postprocessing and ROI Analysis

All MRI and PET images were registered to the post-contrast T1-weighted images for each patient using a
6-degree of freedom rigid transformation, and a mutual information cost function using the FSL software (flirf). To
register the ADC maps, we rigidly aligned b = 0 s/mm? images acquired during the DWI or DTI sequence to the
post-contrast T1-weighted images, and applied the transform matrices to the ADC maps. When needed, manual
alignment was performed with the Freesurfer software (thregister2; Massachusetts General Hospital, MA;
https://surfer.nmr.mgh.harvard.edu). A single ROI (FLAIRRror) was segmented based on the hyperintense regions on
the T2-weighted FLAIR by a board-certificated neuroradiologist (H.T. with 13 years of clinical experience) with the
Analysis of Functional Neurolmages (AFNI) software (NIMH Scientific and Statistical Computing Core; Bethesda,

MD; https://afni.nimh.nih.gov) using a semi-automatic procedure as previously described (15).

Statistical Analyses

The maximum nSUV, median nSUV, median rCBV, and median ADC within FLAIRro; were assessed
between the different molecular subtypes by one-way analysis of variance (ANOVA) and Student #-test, or the
Kruskal-Wallis and Mann-Whitney U tests.

For voxel-wise analysis, nSUV, rCBV and ADC within FLAIRror were compared using the Pearson’s
correlation coefficients (yoxel-wise) for each patient. The correlation coefficients were evaluated for each molecular
subtype to determine whether the 95% confidential interval (CI) of mean values included zero. These correlation
coefficients were also compared for the different molecular subtypes using ANOVA and Student ¢-test. In order to
account for inter-individual variation, a linear mixed-effects model (fixed slope and random intercept) was also
employed, given by the following equation.

rCBV,, (or ADCy,) = By + PinSUViy + bom +&m  [1],
where ¥CBViy (or ADCiy) and nSUV;, represents tCBV (or ADC), and FDOPA measurements of voxel i in patient

m. B denotes the fixed effects, by, is the random effect for patient m (i.e. patient/acquisition-specific), and &;, is the



observation error (6). Additionally, area under the curve (AUC) of receiver operating characteristic (ROC) curves,
along with sensitivity and specificity, were analyzed to evaluate the discrimination ability of 7voxel-wise be€tween
different molecular subtypes.

For the patient-wise analysis, Pearson’s correlation coefficients (7patient-wisc) between the median nSUV,
median rCBV, and median ADC were calculated. The Fisher R-to-Z transformation was used to compare the
strength of 7patient-wise between the different molecular subtypes.

Cox multivariate regression analyses controlling for age were performed to investigate the association of
the OS with maximum nSUV, median nSUV, median CBV, and median ADC, as well as for ryoxel.wise DEtWeeEN
nSUV, rCBV, and ADC. Kaplan-Meier curves and log-rank tests were employed to differentiate short- and long-
term survival for gliomas stratified by the median value of the ryoxel-wise-

Statistical analysis was performed using MATLAB (R2019b; MathWorks, Natick, MA) and GraphPad
Prism (Version 8.3; GraphPad Software, La Jolla, CA). Statistical significance was defined at P < 0.05, and no

correction for multiple comparison was performed.

RESULTS

The current study included 68 treatment-naive glioma patients (26 females) with a mean age of 51.7 years
at the time of the PET examination. According to the 2007/2016 WHO criteria, 14 gliomas were grade IV, 25 were
grade 111, and 29 were grade II; 36 gliomas were IDH wild-type (IDH.), 16 were IDH mutant 1p/19q non-codeleted
(IDHm-non-code1), and 16 were IDH mutant 1p/19q codeleted (IDHm-coqe1); 27 gliomas were MGMT unmethylated, 27
were methylated, and the remaining 14 did not have available MGMT status; 38 gliomas were EGFR amplification
negative, 11 were positive, and the remaining 19 did not have available EGFR status.

FIGURE 1 illustrates an example of a segmented FLAIRgo; and a voxel-wise analysis between nSUV and
rCBV or ADC in a 36-year-old male patient. This patient had a WHO grade IV, IDHy;, MGMT unmethylated, and
EGFR amplification positive glioblastoma, and showed a positive voxel-wise correlation between nSUV and rCBV,
and a negative voxel-wise correlation between nSUV and ADC. The median nSUV, rCBV, and ADC within the

FLAIRRror were also calculated for the patient-wise analyses.



TABLE 2 shows the extracted values of the FDOPA and physiological MRI. The maximum nSUV was
significantly higher in the IDHy, gliomas than in the IDHm-non-codet gliomas (P = 0.007), while the median nSUV was
significantly higher in the IDHm-codel gliomas than in the IDHm-non-codel gliomas (P = 0.004). The median rCBV was
significantly higher in the IDHy, gliomas than in the IDHm-non-codet gliomas (P = 0.009), while the median ADC was
significantly lower in the IDHy, gliomas than both the IDHm-non-codel (P < 0.001) and IDHp.coqel gliomas (P = 0.001).

The IDHyt and IDHp-non-codel gliomas demonstrated significant positive correlations between nSUV and
rCBV (FIGURE 2, 3; IDHut, Fvoxel-wise = 0.25, CI =1[0.17, 0.32], and rpatient-wise = 0.50, CI =[0.19, 0.73]; IDHm-non-codel,
Fyoxel-wise = 0.31, CI =10.23, 0.39], and rpatient-wise = 0.70, CI =[0.33, 0.89]) in both voxel-wise and patient-wise
analyses. They also exhibited significant negative correlations between nSUV and ADC (IDHut, #voxel-wise = —0.19,
CI =[-0.28, —0.10] and 7patient-wise = —0.58, CI = [-0.77, —0.30]; IDHm-non-codel> #voxel-wise = —0.19, CI =[-0.31, —0.06]
and 7patient-wise = —0.61, CI = [—0.85, —0.15]). The IDHm-code1 gliomas demonstrated a significant positive correlation
between nSUV and ADC in the voxel-wise analysis. Other voxel-wise and patient-wise correlations between nSUV
and rCBV or ADC did not show statistical significance (between nSUV and rCBV, ryoxel-wise = 0.07, CI =[-0.03,
0.16] and rpatient-wise = 0.18, CI =[—0.41, 0.66]; between nSUV and ADC, ryoxel-wise = 0.18, CI =[0.04, 0.31] and
Ppatient-wise = 0.17, CI = [-0.38, 0.64]). When comparing ryoxel-wise among different molecular subtypes, the ryoxel-wise
between nSUV and rCBV was significantly lower (p = 0.008 and < 0.001), and the ryoxel-wise between nSUV and
ADC was significantly higher in IDHpy.codel than in IDHy and IDHm-non-codel gliomas (both Ps < 0.001). When
comparing the strengths of the patient-wise correlation coefficient among the different molecular subtypes, there
were no significant differences in the rpatient-wise between the median nSUV and rCBV (all Ps > 0.09). The patient-
wise correlation between the median nSUV and ADC was significantly weaker in IDHm-codel than in IDHy (P =
0.016) and IDHm-non-codet (P = 0.032). Because grade IV gliomas were included only in the IDHy: group, voxel-wise
and patient-wise analyses were performed on only lower-grade IDHy, gliomas (grade II and III; n = 22). The lower-
grade IDH,, cohort exhibited similar voxel-wise trends as the IDHy, group including all grades. However, no
significant patient-wise correlation between nSUV and rCBV was observed (IDHy with lower grade, between
nSUV and rCBV, 7yoxel-wise = 0.22, CI =[0.12, 0.31], and 7patient-wise = 0.35, CI = [-0.11, 0.68]; between nSUV and
ADC, ryoxel-wise = —0.14, CI = [-0.27, —0.01], and rpatient-wise = —0.54, CI = [-0.80, —0.13]). The voxel-wise and

patient-wise analyses between rCBV and ADC are described in SUPPELENTAL FIGURE 1.



In a linear mixed effect model (SUPPLEMENTAL TABLE 2), the mean slope (B) for the prediction of
rCBV by nSUV (fixed effects) were 1.24, 2.52, and 0.76 in IDHyw, IDHm-non-codet, a0d IDHm_codel, respectively. The
mean slope (1) for the prediction of ADC by nSUV were —157, —649, and 187 in IDHy, IDHm-non-codet, and IDH,.
codel, Tespectively. All slopes (B1) of the mixed effect model were consistent with the voxel-wise and patient-wise
analyses.

The ROC analysis differentiated IDH . codel from IDHy and IDHpm-non-codel gliomas with AUC, sensitivity,
and specificity of 0.80, 63%, and 92%, respectively, for 7yoxel-wise between nSUV and rCBV; 0.86, 76%, and 86%,
respectively, for ryoxel-wise between nSUV and ADC; and 0.68, 69%, and 73%, respectively, for ryoxel-wise between
rCBV and ADC (FIGURE 4). The differentiation between IDHy and IDH,, gliomas is shown in SUPPLEMENTAL
FIGURE 2.

Because no patients in IDHpy-non-codel and only one patient in IDH . code1 gliomas had deceased, only the IDHy,
gliomas (n = 36) were included in the Cox regression analysis and log-rank test. The Cox multivariate analysis
controlling for age (TABLE 3) demonstrated significant associations in hazard with the ryoxel-wise between nSUV and
rCBYV (hazard ratio [HR] = 28.82, P =0.017), and between nSUV and ADC (HR = 0.085, P =0.038). The
significant associations did not change when controlling for age and surgical procedure (resection or biopsy) (data
not shown). The Kaplan-Meier curves and log-rank tests showed a significant difference in the OS (P = 0.049) when
IDH, gliomas were stratified by the median value of the ryoxel-wise between nSUV and ADC, with lower ryoxel-wise
associated with worse survival (SUPPLEMENTAL FIGURE 3).

The voxel-wise and patient-wise analyses between different MGMT methylation statuses or between
different EGFR amplification statuses are summarized in SUPPELENTAL FIGURE 4, 5, and SUPPELENTAL

TABLE 3, 4.

DISCUSSION

In this study, voxel-wise and patient-wise correlations between FDOPA uptake, tCBV, and ADC were
evaluated among different molecular subtypes. For IDH, and IDHm-non-codel gliomas, nSUV and rCBV had
significant positive correlations, while nSUV and ADC had significant negative correlations. In contrast, IDHm codel

gliomas demonstrated a significant positive correlation between nSUV and ADC in the voxel-wise analysis, which
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was an inverse relationship identified in IDHy or IDHm-non-codel gliomas. No other correlations in IDH-codel gliomas
showed statistical significance. The 7yoxel-wise could discriminate IDHm-codel from IDHm-non-codel gliomas with high
accuracy (AUC = 0.88 for ryoxe-wise between nSUV and ADC). The Cox regression analysis revealed that the ryoxel-
wise between nSUV and rCBV or ADC had a significant association with OS for IDH, gliomas.

Results from the current study suggest that the physiological features of IDH . codel gliomas may be different
from those of IDHyw or IDHm-non-codel gliomas. In the 2016 WHO classification of tumors of the central nervous
system, oligodendrogliomas are defined by the presence of both IDH mutation and 1p/19q codeletion (8). IDH
mutant 1p/19q codeleted oligodendrogliomas showed higher amino acid tracer uptake, higher rCBV, and lower
ADC, compared with IDH mutant 1p/19q non-codeleted diffuse astrocytomas (/6). These physiological imaging
features are compatible with our results, although some results were not statistically significant. The uptake of
amino acid tracers in oligodendrogliomas is known to reflect transportation mediated by amino acid carriers over the
endothelial cell membrane, and to correlate with microvessel and cell density of the tumor (/7). The presence of a
branching network of delicate capillaries (chicken-wire pattern) or the frequent cortical involvement of
oligodendrogliomas relative to astrocytomas may cause relatively higher rCBV (/8-20). Oligodendrogliomas are
often highly cellular in the central regions with closely packed, relatively small cells (/8), which may result in
relatively lower ADC. These pathological features and anatomical localization may reflect the physiological
imaging features of oligodendrogliomas.

However, in less cellular areas at the periphery of oligodendrogliomas, diffuse infiltrative growth can be
pathologically easily identified, often with prominent secondary structure formation, including clustering of tumor
cells around the perikarya of pre-existing neurons under the pial surface, and surrounding cortical small vessels (/8).
A previous voxel-wise histogram analysis also reported higher vascular heterogeneity in oligodendrogliomas
compared to astrocytomas (/6). Such intra-tumoral, diverse, and heterogeneous pathological features of
oligodendrogliomas may have resulted in an inverse correlation to other gliomas or no correlations between FDOPA
uptake and rCBV or ADC.

In the current study, the 7voxel-wise between nSUV and rCBV or ADC had a significant association with OS in
IDH, gliomas. Gross tumor heterogeneity shown by histogram and texture analyses of PET have been suggested to
be associated with survival of patients with gliomas (27,22). However, the results of these studies were incongruent

in terms of gross tumor heterogeneity, and it was difficult to understand the microstructural underpinnings: higher
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contrast and busyness, indicating higher heterogeneity, were associated with worse survival; on the contrary, higher
kurtosis and coarseness, indicating less heterogeneity, were associated with worse survival. In contrast, to the best of
our knowledge, our study is the first to show the contribution of voxel-level heterogeneity to survival. Cell
proliferation, development, and maintenance with an adequate blood supply by angiogenesis are essential for tumor
growth and invasion (/7,23,24). Previous imaging pathological correlation studies have shown that rtCBV was
associated with tumor cell density (23), tumor proliferation (25), and vascularization (26). Regions with low ADC
were also reported to reflect a high mitotic index and tumor cell density (7). In these areas, hypermetabolism
indicated by amino acid PET might reflect an accelerated and efficient tumor growth cycle. In contrast, gliomas with
co-existing normal central nervous system cells, large extracellular space, or abundant macro-molecules such as
proteoglycans and adhesion protein, may reflect heterogeneous pathological features (5,27). Gliomas with such
heterogeneous features may be associated with weak correlations between physiological MRI/PET, less efficient
growth, and better prognosis.

The current study had some limitations and future directions. First, not all MRI scans were performed using
the same acquisition parameters and scanners. Further, differences in patient age and sex may also have affected the
FDOPA uptake (28); however, our approach is supported by the results of the mixed effect model, which accounts
for inter-individual variation and demonstrates consistent results with the voxel-wise and patient-wise correlation
analyses. Second, because associations of the imaging correlations and pathological features were not confirmed, a
stereotactic image-histology comparison may be required in a future study. Third, only FLAIR hyperintense ROIs
were used for the voxel-wise and patient-wise analyses, while the ROIs of contrast enhancement were not used. This
is because only one-third of the patients (70% of them were IDH,,) showed contrast enhancement. Furthermore,
only the IDHy group was included in the Cox regression analysis. A study with a larger population including all
subtypes or those other than IDH,, may reveal new biomarkers of gliomas. Fourth, although Karnofsky Performance
Status is an important factor to evaluate survival, the status was not available for all subjects, and thus not analyzed
in this study. Finally, the existence of necrosis, hemorrhage, and calcification were not considered in this study. If
necrosis exists in a tumor, both FDOPA uptake and rCBV are expected to decrease and ADC is expected to increase.
Hence, necrosis may enhance the strengths of correlation coefficients between FDOPA and rCBV or ADC by
increasing the range of these metrics. However, hemorrhage may change ADC values over time due to the change in

ratio of oxy/deoxy-hemoglobin and hemosiderin. Furthermore, hemosiderin deposition and dense calcification lead

12



to very low ADC value. Although no data were excluded in this study, elimination of outliers in ADC values may

increase the prediction performance.

CONCLUSION

In the voxel-wise and patient-wise analyses, IDHy and IDHy.non-codel gliomas showed significant positive
correlations between FDOPA uptake and rCBV, and significant negative correlations between the FDOPA uptake
and ADC. In contrast, IDHun.codel gliomas had either an inverse correlation to other glioma subtypes, or no significant
correlations between FDOPA uptake and rCBV or ADC, which may reflect the unique pathological features of
heterogeneous or diverse oligodendroglial components. A strong correlation of the FDOPA uptake and rCBV or
ADC in IDH,: may contribute to the acceleration of efficient and aggressive tumor growth, resulting in worse

prognosis.

KEY POINTS

Question: The correlation of FDOPA PET and physiological MRI in different molecular subtypes is unrevealed.
Pertinent findings: This cohort study reveals specific correlations patterns between FDOPA PET and physiological
MRI in different molecular subtypes.

Implication for patient care: Correlation of FDOPA PET and physiological MRI may predict prognosis
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FIGURE 1 An example of postprocessing and segmentation. A 36-year-old male with treatment-naive WHO grade
IV, IDHy, MGMT unmethylated, and EGFR amplified glioblastoma. ROIs of the FLAIR hyperintense region are
overlaid on the FDOPA, rCBV, and ADC maps. A scatterplot extracted from the ROI is shown with voxel-wise
Pearson’s correlation coefficients between nSUV and rCBV (dots and a solid line in black) or ADC (dots and solid

line in red). Median nSUV, CBV, and ADC (green dot lines) are also shown
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FIGURE 2 Voxel-wise Pearson’s correlation coefficients A) between nSUV and rCBV and B) between FDOPA
uptake and ADC. All comparisons with ANOVA are Ps < 0.002. Bars denote the mean value and 95% confidential

interval. *, ** and *** mean P < (.05, <0.01, and < 0.001, respectively.
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FIGURE 3 Patient-wise Pearson’s correlation coefficients between the median nSUV and rCBYV (black) or ADC

(red) in A) IDHy (all grades), B) IDH.. (grade II and III), C) IDHm-non-codet, @and D) IDHm.-codel. There are no

significant differences in the strength of correlation coefficients of the median nSUV and rCBV among different

molecular subtypes. The correlation coefficient of the median nSUV and ADC is significantly weaker in IDHy-codel

than IDHy (all grades, P = 0.016; grade II and III, P = 0.042) and IDHm-non-codet (P = 0.032).
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FIGURE 4 Receiver operating characteristic curve to differentiate IDHm-codet from IDHy: and IDHm-non-codel gliomas.
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TABLES
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TABLE 1 Patient demographics and molecular information

No. of patients

Female

Age =+ standard deviation (year)
WHO classification grade

IDH mutation and 1p/19q codeletion status

II

111

v

Wild-type

Mutant 1p/19q non-codeleted
Mutant 1p/19q codeleted

68
26 (38.2%)
517+ 149
29 (42.6%)
25 (36.8%)
14 (20.6%)
36 (52.9%)
16 (23.5%)
16 (23.5%)

MGMT-promoter methylation status Unmethylated 27 (39.7%)
Methylated 27 (39.7%)
Unknown 14 (20.6%)
EGFR amplification status Negative 38 (55.9%)
Positive 11 (16.2%)
Unknown 19 (27.9%)
Surgical procedure Biopsy 12 (17.6%)
Subtotal resection 44 (64.7%)
Gross total resection 12 (17.6%)

IDH = isocitrate dehydrogenase; MGMT = O6-methylguanine-DNA methyltransferase; EGFR =

epidermal growth factor receptor



TABLE 2 Values of FDOPA PET and physiologic MRI in IDHwt, IDHm-non-codel, and IDHm-codel gliomas

P value
—
Maximum nSUV 1.64 £0.75 1.15+0.30 1.56 £ 0.92 0.024" 0.007"% 0.46% 0.07%
Median nSUV 0.78 £0.27 0.65+0.15 0.83+£0.19 0.012" 0.08 0.48 0.004*
Median rCBV 1.70 £0.76 1.15+0.37 1.42+0.29 0.014" 0.009" 0.2 0.43
Median ADC (x10°° mm?/s) 1015+ 152 1241 £ 193 1169+ 110 <0.001" <0.001" 0.001" 0.22

Data were mean + standard deviation; * means statistically significant; T uses Kruskal-Wallis test;  uses Mann-Whitney U test

IDH = isocitrate dehydrogenase; wt = wild-type; m-non-codel = mutant 1p19q non-codeleted; m-codel = mutant 1p19q codeleted; nSUV =
normalized standardized uptake value; rCBV = relative cerebral blood volume; ADC = apparent diffusion coefficient
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TABLE 3 Cox multivariate regression controlling for age in IDH wild-type

Hazard ratio  95% confidence interval P value

Maximum nSUV 1.341 [0.737, 2.443] 0.33
Median nSUV 0.83 [0.109, 6.342] 0.86
Median rCBV 1.184 [0.666, 2.104] 0.56
Median ADC (x 10 mm?/s) 0.998 [0.995, 1.002] 0.33
Tvoxel-wise between nSUV and rCBV 28.82 [1.828, 454.4] 0.017"
Tvoxel-wise between nSUV and ADC 0.085 [0.008, 0.874] 0.038"
voxel-wise between rCBV and ADC 0.099 [0.005, 1.970] 0.13

* means statistically significant; nSUV = normalized standardized uptake value; rtCBV =
relative cerebral blood volume (rCBV); ADC = apparent diffusion coefficient



