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Background. *H-MR spectroscopy (MRS) and '8F-dihydroxyphenylalanine (DOPA) PET are noninvasive imaging techniques able to
assess metabolic features of brain tumors. The aim of this study was to compare diagnostic and prognostic information gathered
by 8F-DOPA PET and 'H-MRS in children with supratentorial infiltrative gliomas or nonneoplastic brain lesions suspected to be
gliomas.

Methods. We retrospectively analyzed 27 pediatric patients with supratentorial infiltrative brain lesions on conventional MRI
(21 gliomas and 6 nonneoplastic lesions) who underwent T8F_DOPA PET and 'H-MRS within 2 weeks of each other. 'H-MRS
data (choline/N-acetylaspartate, choline-to-creatine ratios, and presence of lactate) and *®F-DOPA uptake parameters (lesion-to-
normal tissue and lesion-to-striatum ratios) were compared and correlated with histology, WHO tumor grade, and patient outcome.

Results. 'H-MRS and 8F-DOPA PET data were positively correlated. Sensitivity, specificity, and accuracy in distinguishing gliomas from
nonneoplastic lesions were 95%, 83%, and 93% for TH-MRS and 76%, 83%, and 78% for *8F-DOPA PET, respectively. No statistically
significant differences were found between the 2 techniques (P > .05). Significant differences regarding *®F-DOPA uptake and *H-MRS
ratios were found between low-grade and high-grade gliomas (P <.001 and P < .04, respectively). On multivariate analysis, *®F-DOPA
uptake independently correlated with progression-free survival (P < .05) and overall survival (P = .04), whereas *H-MRS did not show
significant association with outcome.

Conclusions. *H-MRS and *®F-DOPA PET provide useful complementary information for evaluating the metabolism of pediatric brain
lesions. 'H-MRS represents the method of first choice for differentiating brain gliomas from nonneoplastic lesions.*®F-DOPA uptake
better discriminates low-grade from high-grade gliomas and is an independent predictor of outcome.
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be helpful for differentiating neoplastic from nonneoplastic le-

Conventional MRI represents the backbone of brain tumor iden-
sions and evaluating tumor aggressiveness.’ 3

tification and characterization but has limitations in distin-

guishing tumors from tumor mimics, defining tumor grade,
and predicting patient outcome. Complementary imaging bio-
markers capable of providing a more reliable, and possibly
quantitative, evaluation of biological activity are needed to fur-
ther improve the clinical management of affected patients.
'H-MR spectroscopy (MRS) and positron emission tomography
(PET) are noninvasive imaging techniques providing insight
into the metabolic behavior of brain lesions. *H-MRS estimates
the levels of various metabolites within brain tissue that may

PET imaging provides further complementary insights into
tumor biology and vitality. Depending on the radiotracer
used, various molecular processes can be visualized, and a
growing body of evidence supports the promising role of radio-
pharmaceuticals that target amino acid transport.*~© PET im-
aging of brain tumors with amino acid analogs has proven
advantageous over '8F-fluorodeoxyglucose (FDG) because of
the higher uptake in tumor tissue and lower uptake in normal
brain tissue. Furthermore, as brain tumor uptake of amino acid
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tracers is predominantly determined by expression and activity
of the L-amino acid transporter system, brain tumor visualiza-
tion and characterization does not depend on the status of the
blood-brain barrier, thus allowing amino acid uptake to occurin
both enhancing and nonenhancing tumor components.®’

At present, '*C-methionine (MET) and *®F-FDG are the best-
studied tracers in children.®° However, in the last few years,
18F_dihydroxyphenylalanine (DOPA) has been proposed as an
alternative radiolabeled tracer for characterizing pediatric
brain tumors.'%*!

Although several studies have evaluated the role of *H-MRS
or PET into various aspects of brain tumor imaging including
tumor diagnosis, treatment planning, and posttreatment sur-
veillance, a limited number of investigations have compared
the amount of information obtained by these different imaging
modalities in both adults and children.*~*’ In particular, no
prior studies have examined '8F-DOPA PET and 'H-MRS data
in the same population of patients.

On the basis of these considerations, the overall objective of
this retrospective study was to analyze metabolic information
obtained by ®F-DOPA PET and 'H-MRS in a population of chil-
dren with supratentorial infiltrative gliomas or nonneoplastic
brain lesions that were initially suspected to be gliomas on con-
ventional MRI. Specifically, we aimed (i) to compare sensitivity,
specificity, and accuracy of *H-MRS and *8F-DOPA PET in distin-
quishing brain gliomas from nonneoplastic lesions, (i) to assess
the ability of *H-MRS and '8F-DOPA PET for discriminating
low-grade from high-grade gliomas, and (iii) to evaluate the re-
lationship between these different metabolic biomarkers and
patient outcome in terms of progression-free survival (PFS)
and overall survival (OS).

Materials and Methods

Participants

A retrospective review was conducted on all pediatric patients
referred to our institution between 2009 and 2014 for histo-
logically proven supratentorial gliomas or nonneoplastic brain
lesions, which were initially suspected to be gliomas on conven-
tional MRI, and who underwent MRI (including *H-MRS) and
18F-DOPA PET within 2 weeks of each other. Specifically, we in-
cluded patients younger than aged 18 years in whom the PET
study had been performed due to the presence of an infiltrating
lesion on conventional MRI.

Some of these patients had been enrolled in a prospective
pilot study aimed at evaluating the clinical role of *®F-DOPA
PET/MR image fusion in children with infiltrative astrocytomas.*®

Twenty-seven (15 males and 12 females) participants were
identified. Patient age ranged from 4 to 17 years (average:
10y). The main characteristics of the participants and their
brain lesions (21 infiltrative gliomas and 6 nonneoplastic le-
sions) are summarized in Table 1. Among participants with gli-
omas, 20 of 21 were newly diagnosed and had undergone no
previous treatment except for biopsy; the remaining patient
was a child with a known stable residual ganglioglioma. This
child had been previously treated with surgery, chemotherapy,
and radiotherapy and suddenly developed an infiltrating mass
lesion that turned out to be an anaplastic ganglioglioma.

The diagnosis was histologically confirmed in all but 2 par-
ticipants with nonneoplastic lesions, whose final diagnosis of
postsurgical/posttherapeutic changes was based on imaging
follow-up (24 months) and clinical criteria. These 2 children
(cases 22 and 24, Table 1) had been operated for glioma and
subsequently developed a lesion adjacent to the operative
site that was considered suspicious for tumor recurrence by
conventional MRI (Supplementary material, Figure S1).

Neoplastic lesions underwent molecular analyses to evalu-
ate both of the 2 common mutations (K27M and G34R/V) in
the histone variant H3.3 (H3F3A) and the R132H mutation of
the NADP+-dependent isocitrate dehydrogenase-1 (IDH1)
(see Supplementary Materials and Methods for details). Muta-
tions in H3F3A were evaluated in high-grade lesions. In this
analysis, we also included the participant with gliomatosis
cerebri, WHO grade II, who underwent disease progression
(case 4). Among the 11 high-grade gliomas included in our
study, the biological material from 2 participants was not avail-
able. In all, 9 of 11 high-grade gliomas were tested. IDH1
mutation was tested in 18 of the 21 participants (biological
material of one low-grade and 2 high-grade lesions was not
available) (Table 1).

Written informed consent was signed by all participants or
their legal guardians, and patient assent was obtained when-
ever appropriate. The Institutional Review Board approved
the study.

Image Protocol and Analysis

18F_DOPA PET was carried out 20 minutes after injection of 185
MBq of '8F-DOPA in all participants. *®F-DOPA was purchased
from a commercial supplier (IASOdopa, IASON Labormedizine
Ges.Mbh & Co. KG). Data were acquired in 3-dimensional
mode on a dedicated PET/CT system (Discovery ST, GE Medical
Systems) with a scanning time of 30 minutes. The participants
fasted for at least 4 hours before *®F-DOPA PET. Carbidopa pre-
medication was not utilized. A nondiagnostic, low-dose CT scan
(120 kv, 80 mA, 0.6 s per rotation) was used for attenuation
correction.

MRI studies were performed on a 1.5 Tesla magnet (Intera
Achieva, Philips). The routine brain MRI examination consisted
of axial fluid attenuation inversion recovery (FLAIR), T2- and
T1-weighted images, and coronal T2-weighted images. Fol-
lowing gadolinium chelate bolus administration (0.1 mmol/kg),
axial, coronal, and sagittal T1-weighted images were ac-
quired. 'H-MRS was performed simultaneously with the con-
ventional MRI study using a single-voxel point resolved
spectroscopy (PRESS) technique with an intermediate echo
time of 144 milliseconds, repetition time of 2000 milliseconds,
and 128 signal averages. With these parameters, the total ac-
quisition time, including scanner adjustments, was less than
5 minutes. A cubic voxel of 1.8 cm side length was manually
placed on the bulk of the lesion, according to standard diag-
nostic criteria, to enclose only tumor tissue and avoid or
limit the inclusion of necrotic areas as much as possible. For
anatomic reference, precontrast FLAIR and T2-weighted im-
ages were coregistered to *H-MRS. Spectra were generated
by the internal scanner software, providing automatic peak
assignation and ratio calculation. Choline-to-creatine (Cho/
Cr) and choline-to-N-acetylaspartate (Cho/NAA) peak area
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Table 1. Summary of patient characteristics, imaging findings and outcome

Case Age Sex Diagnosis WHO Location  H3F3A IDH1 CE Cho/ Cho/ Lact L/N L/S L/N L/S Treatments Treatments Outcome FU
Grade Status  Status (Y/N) NAA Cr (+/-) Spect Spect Hot Hot Prior MRS/PET  after MRS/PET (months)
1 10 F  GNT® I L-T ND WT Y 245 214 + 1.89 0.94 1.89 0.94 None PS/CB+VC PR 32
2 15 M DA II L-Fr,T NA NA N 1.60 1.70 - 112 0.82 1.12 0.82 None B PD 55
3 13 M GC(DA) I R-T,Fr,P ND WT N 190 2.50 + 120 0.78 134 084 B TEM SD 48
4 8 M GC(DA) II L-T,Fr,PBG WT WT N 6.60 1.70 + 128 086 231 122 B TEM/RT PD 42
5 9 M DA II R-P,O ND WT N 400 150 + 1.00 0.60 1.00 0.60 None B SD 62
6 5 M DA II R-T ND WT N 310 1.10 + 098 0.55 0.98 0.55 None B SD 12
7 11 F DA I R-T,Fr ND WT N 2.50 1.80 - 151 0.83 151 083 B RT PR 25
8 14 M DA 11 R-P,CC ND WT N 130 110 - 1.00 040 1.00 0.40 None B SD 26
9 10 M DA II R-Fr ND WT N 1.20 1.00 - 091 0.51 091 0.51 None B SD 46
10 12 F DA II L-Fr ND WT N 1.00 0.90 - 1.00 0.51 1.00 0.51 None PS/CB+VC PR 63
11 16 F AA I L-R-Th NA NA N 390 1.50 - 341 140 341 140 B TEM/RT PDand DOD 9
12 14 M AA I1I L-T,P K27M  WT N 220 1.80 + 204 114 204 1.14 None SSITEM/RT PD and DOD 19
13 7 F  AA 111 L-Fr,P WT WT N 350 2.00 + 141 087 231 125 B SSITEM/RT PDand DOD 6
14 F o AGGP 111 L-T WT WT N 458 899 + 210 140 210 1.40 PS/CB+VC/RT  PS/TEM+BEV PDand DOD 8
15 10 M GC(AA) I L-Fr,PBG, WT WT N 139 113 + 1.72 123 1.72 1.23 None B/TEM/RT PD 13
R-Fr,P

16 6 F AA I1I R-T,Fr WT WT N 320 220 + 144 079 1.73 1.22 None PS/TEM/RT PD and DOD 10
17 17 F GBM v L-T,Fr NA NA N 730 270 - 234 122 234 122 B TEM/RT PD and DOD 33
18 8 M GBM v R-T,0,BG WT WT Y 3.07 7.26 - 213 139 213 1.39 None PS/TEM/RT PD and DOD 4
19 5 M GBM v L-Th WT WT Y 530 420 + 183 096 226 1.21 None PS/TEM/RT PD and DOD 10
20 8 M GBM v L-Fr,PBG ~ WT WT Y 540 1.45 + 222 131 232 143 B TEM/RT PDand DOD 9
21 6 F GBM v R-DMJBG  WT WT Y 3.90 9.80 - 223 158 223 1.58 None PS/TEM/RT PDand DOD 8
22 17 M Post therapeutic / R-Fr / / N 095 193 + 0.89 0.52 0.89 0.52 TS/TEM/RT None / /

changes

(suspected AA

recurrence)
23 5 M Gliosis / R-Fr / / N 0.62 134 - 0.82 043 0.82 0.43 None B / /
24 11 M Post therapeutic / L-Fr / / N 085 131 - 0.87 047 0.87 047 TS None / /

changes

(suspected DA

recurrence)
25 15 F  Gliosis / R-P / / N 078 192 - 0.97 034 0.97 0.34 None B / /
26 4 F  Encephalitis / L-Fr,BG / / N 122 166 - 1.88 1.25 1.88 1.25 None B / /
27 10 F  Meningioangiomatosis / R-Fr / / N 0.64 135 - 0.93 048 093 0.48 None SS / /

Abbreviations: AA, anaplastic astrocytoma; AGG, anaplastic ganglioglioma; B, biopsy; BEV, bevacizumab; BG, basal ganglia; CB, carboplatin; CC, corpus callosum; CE, contrast
enhancement; DA, diffuse astrocytoma; DMJ, diencephalic-mesencephalic junction; DOD, died of disease; F, female; Fr, frontal; FU, follow-up; GBM, glioblastoma multiforme; GC,
gliomatosis cerebri; GNT, glioneuronal tumor; L, left; M, male; NA, not available; ND, not done; O, occipital; P, parietal; PD, progressive disease; PR, partial response; PS, partial
surgery; R, right; RT, radiotherapy; SD, stable disease; SS, subtotal surgery; T, temporal; TEM, temozolomide; Th, thalamus; TS, total surgery; VC, vincristine; WT, wild type.
ALesion with a prominent infiltrating glial population composed of astrocytic cells resembling a fibrillary astrocytoma and neoplastic ganglion cells.

bAnaplastic infiltrating lesion developing from a small residual ganglioglioma treated 2 years before.
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ratios were recorded. For each 'H-MRS study, the presence of
lactate, defined by prominent peak (signal: noise >3:1) be-
tween 1.3 and 1.4 ppm, was also assessed. *H-MRS was consid-
ered positive if the Cho/NAA ratio was greater than 1. Although
there is no standardized classification of tumors based on
1H-MRS, this threshold value was selected on the basis of
prior studies of *H-MRS biomarkers in pediatric patients with
brain tumors.***#

All *8F-DOPA-PET studies were interpreted qualitatively and
semiquantitatively, coregistering and fusing the images with
MRI. PET/MRI coregistration and fusion were obtained semiau-
tomatically using a commercially available registration image
software tool (Xeleris, GE Healthcare). *8F-DOPA PET images
were coregistered and fused to axial FLAIR and T2-weighted
images. PET scans were classified as positive if lesions identified
on MRI exhibited tracer uptake above the level of the corre-
sponding contralateral normal brain tissue.'!

Since single voxel *H-MRS gives metabolic information of a
limited part of the lesion while PET imaging allows whole
brain and lesion coverage, we compared metabolic data ob-
tained by the IH-MRS volume of interest (VOI) with the meta-
bolic information gathered by DOPA PET in the matching area.
To do so, the precontrast T2 and FLAIR images coregistered to
the *H-MRS and *8F-DOPA PET data were the common anatom-
ical references for the 2 techniques. Furthermore, we evaluated
whether the VOI selected for *H-MRS in the bulk of the lesion
included the area with maximum tracer uptake on PET. If not,
additional PET metabolic information was obtained from the
area displaying the maximum uptake. In detail, a square-
shaped region of interest (ROI) of 1.8 x 1.8 cm was manually
drawn over the lesion area corresponding to the center of
'H-MRS VOI (L Spect). If this ROI did not include the area dis-
playing the highest ®F-DOPA PET uptake, an additional same-
sized ROI was drawn over the lesion hot spot (L Hot). In case of
negative 8F-DOPA PET, the ROI corresponded to the center of
the *H-MRS VOI. The radiotracer concentration in the ROIs was
normalized to the injected dose per patient’s body weight, and
the maximum standardized uptake value (SUVmax; g/mL) was
obtained for each ROI. For the normal reference tissue, a ROI of
the same size was mirrored to the matching contralateral nor-
mal brain (N). Another ROI was drawn over the contralateral
normal striatum (S). Ratios of lesion-to-normal-tissue uptake
were generated by dividing the SUVmax obtained from the
lesional ROIs (SUVmax in the area matching the MRS VOI and
SUVmanx from the lesion hot spot if different), by the SUVmax of
the contralateral normal brain region (L/N Spect and L/N Hot)
and of the normal striatum (L/S Spect and L/S Hot). Results of
only one *H-MRS and '8F-DOPA PET study were analyzed per
participant.

The contrast enhancement pattern of the lesions was also
reviewed to evaluate the relationship between *®F-DOPA accu-
mulation and the blood-brain barrier status.

Disease Monitoring and Outcome analysis

To monitor the disease status and outcome, we relied upon
clinical and MRI methods according to Response Assessment
in Neuro-oncology (RANO) criteria for high-grade and low-
grade gliomas.'®?° Tumor size was assessed using the diame-
ter method, as previously described.’!

The median follow-up time available for all participants with
brain gliomas was 19 months (range: 4-63 mo). In particular, it
was 44 months (range: 12-63 mo) for WHO grade I/II gliomas
and 9.5 months (range: 4-33 mo) for WHO grade III/1V glio-
mas. All participants with grade I/II gliomas were alive, where-
as all but one with grade III/IV gliomas had died by the time
this study was completed.

Statistical Analysis

Descriptive statistics included mean, standard deviation,
median, percentiles, minimum, and maximum of continuous
factors and scores; in the case of categorical factors, number
and percentage distribution were used. Pearson’s chi-square
and Kruskal-Wallis or Mann-Whitney U tests were used to
compare categorical and continuous factors, respectively.
Spearman’s rank correlation coefficient was used to test the
correlation between parameters; sensitivity, specificity, positive
predictive value, negative predictive value, and diagnostic accu-
racy were used for descriptive purposes. Sensitivity was defined
as the proportion of true positive (TP) tests to the total number
of positive (as defined in the Image Protocol and Analysis sec-
tion) participants tested. Specificity was defined as the ratio of
true negative (TN) tests to the total number of negative partic-
ipants. We defined diagnostic accuracy (effectiveness) as the
proportion of correctly classified participants (TP + TN) among
all participants. Kaplan-Meier estimates of the cumulative prob-
ability of PFS and OS (defined as the interval between initial
diagnosis and the onset of disease progression and of death
from any cause, respectively) were obtained. Each parameter
was categorized considering tertiles of each distribution, and
log-rank test for trend was applied. The Cox proportional hazard
model was used to estimate the risk of disease progression and
death from any cause after adjustment for age, sex, tumor
grade, and tumor dimension. The proportional hazard assump-
tion was graphically checked. Since the parameters were highly
correlated, to avoid collinearity, we used different models for
each parameter to test their independent association with
PFS and OS. Since each parameter was tested as a continuous
variable in the model, hazard ratios refer to the increase of one
point of each parameter.

All analyses were conducted using Stata (version 13, Stata-
Corp) software. Two-tailed probabilities were reported, and a
P value of .05 was used to define nominal statistical significance.

Results

Diagnostic Evaluation

'8F-DOPA PET was positive in 17 of 27 lesions (one false posi-
tive). Among the 10 negatives PET scans were 5 true negatives
and 5 false negatives. Sensitivity, specificity, and accuracy were
76%, 83%, and 78%, respectively. All false negative '®F-DOPA
PET lesions were low-grade diffuse astrocytomas. The false
positive lesion turned out to be encephalitis.

'H-MRS was positive in 21 of 27 lesions (one false positive).
Among the 6 negative *H-MRS lesions were 5 true negatives
and one false negative. Sensitivity, specificity, and accuracy
were 95%, 83%, and 93%, respectively. The false negative
'H-MRS lesion was a low-grade diffuse astrocytoma, whereas
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the false positive was the same encephalitis case also detected
by '8F-DOPA PET. Positive predictive value and negative predic-
tive value were 94% and 50% for *8F-DOPA PET, and 95% and
83% for H-MRS. No statistically significant differences were
demonstrated between the 2 techniques (P >.05).

Positive correlation was found between '8F-DOPA PET uptake
in the area corresponding to the *H-MRS VOI (L/N Spect and L/S
Spect ratios) and *H-MRS metabolite parameters (Cho/NAA
and Cho/Cr ratios) (Fig. 1). In 6 of 21 tumoral lesions, the VOI
selected for 'H-MRS did not include the area with the highest
18F-DOPA uptake; these participants presented with extensive,
heterogeneous lesions (2 glioblastomas, 2 anaplastic astro-
cytomas, and 2 gliomatosis cerebri). *8F-DOPA PET uptake (L/N
Hot, L/S Hot, L/N Spect, L/S Spect) and 'H-MRS (Cho/Cr, Cho/
NAA, presence of lactate) data of all lesions are reported in
Table 1. *®F-DOPA accumulated in enhancing and nonenhancing
lesions, and there was no apparent association between the de-
gree of DOPA uptake and the contrast-enhancement (Table 1).

A strong statistically significant difference regarding
'8F-DOPA uptake was found between low-grade and high-
grade tumors (P <.001) (Fig. 2A-D). A statistically significant
difference regarding Cho/NAA and Cho/Cr ratios was also
found between low-grade and high-grade gliomas (P <.04), al-
though differences in medians of 'H-MRS ratios were lower
than those for *8F-DOPA uptake (Fig. 2E and F). A lactate peak
on 'H-MRS was found in 5 of 10 low-grade tumors (50%) and
in 7 of 11 high-grade tumors (63%). No statistically significant
difference was demonstrated between DOPA uptake and

A &

Cho/NAA

Spearman'’s rho:0.71, P=.00001

1 15 2 25 3 35
L/N Spect

C 101 .

Chol/Cr

Spearman’s rho:0.53, P=.0038

1 L5 2 25 3 35
L/N Spect

presence of lactate (L/S Spect and lactate, P=.23; L/N Spect
and lactate, P=.49).

Molecular analysis revealed no IDH1 mutations. None of the
analyzed tumor entities showed G34R/V mutation, while one
of 9 cases (11%) harbored K27M mutation (case 12, Table 1).
Representative images of nonneoplastic and neoplastic lesions
are shown in Fig. 3.

Prognostic Evaluation

After a median clinical and imaging follow-up time of 19
months (range: 4-63 mo), a total of 13 disease progressions
and 10 deaths were observed. Figure 4 shows Kaplan-Meier
OS curves for all of the main factors analyzed in our study.
Participants with higher L/S and L/N had a significantly higher
risk of disease progression (data not shown, P<.005) and
death (Fig. 4A-D, P <.004) than those with lower L/S and L/N
values. This finding was observed not only when considering
the lesion hot spot (L/S Hot and L/N Hot) but also when analyz-
ing '8F-DOPA uptake in the area matching the MRS VOI (L/S
Spect and L/N Spect). At the same time, we found that, at uni-
variate level, participants with higher tumor grade (WHO grade
I-IT vs 1I1I-1V) had a significantly higher risk of disease progres-
sion (data not shown, P<.001) and death (Fig. 4E, P<.001).
Participants with larger lesions (maximum diameter <60 mm
vs >60 mm) had a significantly higher risk of disease progres-
sion (data not shown, P=.001) but no higher risk of death
(Fig. 4F, P=2). Regarding *H-MRS parameters, participants

Spearman's rho:0.68, P=.0001

0 5 1 15
L/S Spect

Cha/Cr

Spearman'’s rho: 0.54, P=.0034

0 5 1 15
L/S Spect

Fig. 1. Linear regression analysis of ‘8F-DOPA uptake and H-MRS ratios. All parameters are positively correlated. The strongest correlation is

demonstrated between Cho/NAA and L/N Spect ratios (A).
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Fig. 2. Box plots representing *®F-DOPA uptake (A-D) and *H-MRS ratios (E, F) for low-grade and high-grade gliomas.

with higher Cho/NAA ratios did not show significantly higher risk
of disease progression (data not shown, P=.2) and death
(Fig. 4G, P=.09) than those with lower Cho/NAA ratios. By con-
trast, the participants with higher Cho/Cr ratios showed higher
risk of death (Fig. 4H, P=.03) than those with lower Cho/Cr ra-
tios. However, when we adjusted risk estimates for age, sex,
tumor dimensions, and tumor grade by using a multivariate
Cox model, only L/S Hot (P=.05), L/N Hot (P=.02), and L/N
Spect (P=.005) remained independently associated with PFS
(Table 2). Considering OS multivariate Cox models, despite
the low power due to the limited number of observed events,
only L/N Spect persisted to be significantly associated with
death (P= .04, Table 2), whereas a borderline statistically signif-
icant association was found for L/S Hot (P=.06) and L/N Hot
(P=.08) parameters (data not shown on Table 2). At the mul-
tivariate level, no statistically significant association was found

between MRS parameters (Cho/NAA ratio, Cho/Cr ratio, and
presence of lactate), PFS (P=.6, P=.8 and P = .6, respectively)
and OS (P=.2, P=.2 and P=.7, respectively).

Discussion

The objective of the present study was to compare the meta-
bolic information gathered by *F-DOPA PET and *H-MRS in a
population of children with suspected or proven infiltrative gli-
omas for diagnostic and prognostic purposes. H-MRS is a well-
proven diagnostic tool that allows noninvasive detection and
measurement of normal and abnormal metabolites within
brain tissue, indicating loss of neuroaxonal integrity and in-
creased myelin turnover. In pediatric neuro-oncology, it has
been widely applied to discriminate between brain tumors

1642



Morana et al.: *8F-DOPA PET and *H-MRS in pediatric gliomas

Fig. 3. MRI, 'H-MRS and *®F-DOPA PET images in nonneoplastic and neoplastic lesions. A-D. Meningioangiomatosis (case 27): axial FLAIR image
reveals a lesion in the right frontal lobe (A). Single voxel *H-MRS (B) shows normal Cho/Cr and Cho/NAA ratios. *8F-DOPA PET (C) and fused PET/MRI
(D) images demonstrate absence of tracer uptake in the lesion. (E-H) Diffuse astrocytoma. WHO grade II (case 8) axial FLAIR image demonstrates
a right parietal lesion extending across the splenium of the corpus callosum (E). Single voxel *H-MRS (F) shows increased Cho/NAA ratio (1,30).
18F_DOPA PET (G) and fused PET/MRI (H) images show no evidence of increased uptake in the lesion. Following biopsy the patient was
managed with a “watch and wait” approach, and the lesion remained stable during follow-up (26 months). I-L. Glioblastoma multiforme.
WHO grade 1V (case 21) axial FLAIR image reveals a lesion involving the right diencephalic-mesencephalic junction and basal ganglia (I).
Single voxel 'H-MRS (J) demonstrates increased Cho/NAA (3:90) and Cho/Cr (9:80) ratios. *8F-DOPA PET (K), and fused PET/MRI (L) images show
increased tracer uptake in the lesion (L/N: 2.23, L/S: 1.58). Following biopsy, the patient was treated with chemotherapy and radiotherapy; the OS

was 8 months. Note: the box on the FLAIR images indicates the region of interest from which the spectra were acquired.

and nonneoplastic lesions, to assess tumor malignancy, and to
predict survival.?” 2> Among different *H-MRS techniques, sin-
gle voxel 'H-MRS is quick and easy to perform and, in standard
clinical settings, provides the opportunity to obtain robust data
in a reasonable amount of time. Single-voxel 'H-MRS has also
been applied in quantitative multicenter studies.’® Both short
and long echo-time H-MRS have been tested in pediatric
brain tumors, and overall, there is no consensus on the optimal
spectroscopy sequence since each has strengths and limita-
tions. We used an echo time of 144 milliseconds because it is
less sensitive to artifacts and has the advantage of providing
less complex spectra that are more simple to analyze because
of the flat baseline and lack of spectral overlap. Furthermore,
the lactate peaks are inverted, which makes them easier to dif-
ferentiate from lipids.

18F_DOPA is an emerging amino-acid PET tracer for evaluat-
ing brain tumors. Cellular accumulation of 8F-DOPA is mainly
driven by the activity of transport systems that carry this

amino acid into the tissue. L-amino acid transporter 1 expres-
sion, in particular, has been proven to be enhanced in gliomas
and was found to correlate significantly with *8F-DOPA uptake
in human gliomas both in vitro and in vivo.?” While several
studies in adults have demonstrated the role of *®F-DOPA PET
in evaluating brain tumors, only a few studies have focused
on pediatric brain malignancies.'®'* To the best of our knowl-
edge, no prior studies have compared the diagnostic and prog-
nostic performances of *H-MRS and *8F-DOPA PET in the same
population of patients with brain tumors.

We found a significant positive correlation between *H-MRS
data and *8F-DOPA PET parameters. The strongest correlation
was demonstrated between ®F-DOPA uptake and the Cho/
NAA ratio.This ratio has been considered the most sensitive
index for tumor cell density and proliferation in prior *H-MRS
studies.”® Our diagnostic evaluation also revealed that
'H-MRS was more sensitive and accurate than *®F-DOPA PET
in differentiating nonneoplastic lesions from brain gliomas,
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'8F-fluoroethyl-L-tyrosine PET in adults with suspected brain
These findings are in agreement with a prior study performed  gliomas. The lower sensitivity of *F-DOPA PET can be explained
by Floeth et al*® comparing single-voxel 'H-MRS data with by the relatively high incidence of negative studies in pediatric
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Table 2. Cox regression multivariate analyses (participants n=21)

Endpoint Parameter  HR® 95% CI P Value
PFS (events n=13)  L/N Spect 1.00
892 1.02-77.9 .005
L/S Hot 1.00
2373 1.00-56023 .05
L/N Hot 1.00
935 1.37-63.8 .02
OS (events n=10) L/N Spect 1.00
16.5 1.15-238.2 .04

Abbreviations: 95%CI, 95% confidence interval; HR, hazard ratio; OS,
overall survival; PFS, progression-free survival.

“Hazard ratios are adjusted for age, sex, tumor dimension, and tumor
grade; only parameters significantly associated with the endpoint
(overall survival or progression-free survival) are tabulated.

low-grade diffuse astrocytomas (5 negatives out of 7 tumors).
These data differ from *®F-DOPA PET results in adults with dif-
fuse astrocytomas, in which a higher incidence of positive PET
results has been reported.”?° 3! Since pediatric low-grade dif-
fuse astrocytomas are considered distinct and less aggressive
entities when compared with their adult counterpart, the high-
er incidence of negative PET studies might be related to a lower
expression of amino acid transporters in pediatric diffuse
astrocytomas.

Both techniques revealed a false-positive result in a partici-
pant with encephalitis. Similar findings have been reported in
prior 'H-MRS?? and amino acid PET*#3? studies, suggesting a
limited diagnostic value of both techniques in distinguishing
brain tumors from inflammatory lesions.

The '8F-DOPA uptake and H-MRS ratios for high-grade
gliomas were statistically different from those of low-grade gli-
omas. *H-MRS data, even when reaching a statistical signifi-
cance, demonstrated a greater degree of overlap among
different glioma grades. **F-DOPA uptake ratios were instead
much more clustered, and all low-grade gliomas but one dem-
onstrated a L/S ratio <1. Of note, there was no correlation be-
tween the presence of lactate and '®F-DOPA uptake or tumor
grade. These findings support prior evidence of a lack of corre-
lation between evidence of lactate and pediatric brain glioma
aggressiveness.

Concerning prognostic information, *®F-DOPA PET data dif-
fered significantly from *H-MRS. In particular, a significant rela-
tionship between ®F-DOPA uptake and outcome was found
both in terms of PFS and OS. *®F-DOPA uptake was an indepen-
dent predictor of survival on multivariate analysis. On the other
hand, 'H-MRS data failed to show a significant association with
outcome and did not confirm prior studies in which both single-
and multivoxel MRS biomarkers, particularly the Cho/NAA ratio,
were found to predict patient survival.'®23~2>3* Notably, these
studies mainly included patients with different types of brain
tumors, ranging from embryonal lesions to gliomas located
both infratentorially and supratentorially, whereas our cohort
of children with brain tumors was exclusively composed of
supratentorial gliomas.

The prognostic significance of amino acid PET in pediatric gli-
omas has been poorly investigated. In a prior study comparing

18F-FDG and **C-MET PET in pediatric brain tumors, both tracers
showed prognostic significance for event-free survival in the
Cox univariate regression analysis.>® In another study including
85 children with brain tumor, **C-MET PET provided a stronger
prognostic value than histology, leading to the prediction of
worse evolution.®

Regarding molecular analyses, all tumors evaluated resulted
in IDH1 wild-type in keeping with the extreme rarity of IDH1
mutation in childhood brain tumors, which was also demon-
strated in a prior study by our group.>® Only one tumor har-
bored the K27M mutation of H3F3A; this was a child with an
hemispheric anaplastic astrocytoma whose conventional MRI,
TH-MRS, and '8F-DOPA PET features were not different from
the other H3F3A wild-type high-grade gliomas. Of note, he pre-
sented one of the longest overall survivals (19 months) among
our series of high-grade lesions; however, this result might be at
least partly dependent on the location of the tumor, which al-
lowed 90% surgical removal.

Our results should be interpreted with awareness of some
limitations. A limited number of patients were studied; howev-
er, our series included only patients undergoing both *H-MRS
and 8F-DOPA PET, which do not represent common diagnostic
procedures, especially in the pediatric population. In addition,
even though we evaluated only supratentorial lesions pre-
senting an infiltrative pattern on MRI, the study included het-
erogeneous lesion types. Treatment of low-grade gliomas was
also heterogeneous; however, at present there is no consen-
sus about optimal treatment strategy for low-grade diffusely
infiltrating gliomas, and the participants were therefore man-
aged based on their clinical symptoms and imaging findings.
Our series was also heterogeneous concerning the timing of
the PET/MRS scans, with some studies performed after biopsy;
however, all participants who were biopsied prior to PET/MRS
studies presented with extensive lesions where biopsies in-
volved a minimal tumoral area without relevant influence on
the postbioptic PET and MRS evaluation. We also recognize
that single-voxel *H-MRS is unable to define the extent of
the metabolic abnormalities in large tumors or demonstrate
tissue heterogeneity. However, this technique provides robust
and good-quality spectra in a relatively short period of time,
compatible with standard clinical settings and patient compli-
ance. Furthermore, since MRS VOI was placed in the bulk of
the lesion, without prior knowledge of PET metabolic data,
MRS sampling might not have corresponded to the higher
grade areas. Nevertheless, since we analyzed 'H-MRS data
and *8F-DOPA PET results from the same area, we were able
to compare metabolic information gathered by the 2 tech-
nigues, which was the main objective of our study. Of note,
even multivoxel 'H-MRS might not be able to entirely cover
large lesions or the entire brain within a reasonable amount
of time.

In conclusion, both *H-MRS and *8F-DOPA PET provide use-
ful complementary information for evaluating the metabo-
lism of tumor and tumor-like brain lesions in children. In
view of its better availability, lower cost, and lack of radiation
exposure, 'H-MRS represents the method of first choice for
differentiating brain gliomas from nonneoplastic lesions.
18F-DOPA uptake better discriminates between low-grade
and high-grade gliomas and is an independent predictor of
PFS and OS.
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