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Significant improvements in treatments for children with cancer have
resulted in a growing population of childhood cancer survivors who
may face long-term adverse outcomes. Here, we aimed to diagnose
high-dose methotrexate-induced brain injury on ['®FIFDG PET/MRI
and correlate the results with cognitive impairment identified by neu-
rocognitive testing in pediatric cancer survivors. Methods: In this pro-
spective, single-center pilot study, 10 children and young adults with
sarcoma (n = 5), lymphoma (n = 4), or leukemia (n = 1) underwent
dedicated brain ['®FIFDG PET/MRI and a 2-h expert neuropsychologic
evaluation on the same day, including the Wechsler Abbreviated Scale
of Intelligence, second edition, for intellectual functioning; Delis—
Kaplan Executive Function System (DKEFS) for executive functioning;
and Wide Range Assessment of Memory and Learning, second edi-
tion (WRAML), for verbal and visual memory. Using PMOD software,
we measured the SUVean, cortical thickness, mean cerebral blood
flow (CBFean), @and mean apparent diffusion coefficient of 3 different
cortical regions (prefrontal cortex, cingulate gyrus, and hippocampus)
that are routinely involved during the above-specified neurocognitive
testing. Standardized scores of different measures were converted
to z scores. Pairs of multivariable regression models (one for z scores
< 0 and one for z scores > 0) were fitted for each brain region, imag-
ing measure, and test score. Heteroscedasticity regression models
were used to account for heterogeneity in variances between brain
regions and to adjust for clustering within patients. Results: The regres-
sion analysis showed a significant correlation between the SUV yean Of
the prefrontal cortex and cingulum and DKEFS-sequential tracking
(DKEFS-TM4) z scores (P = 0.003 and P = 0.012, respectively). The
SUVnean Of the hippocampus did not correlate with DKEFS-TM4 z
scores (P = 0.111). The SUVean for any evaluated brain regions did not
correlate significantly with WRAML-visual memory (WRAML-VIS) z
scores. CBF,can Showed a positive correlation with SUV ean ( = 0.56,
P = 0.01). The CBFeqn 0f the cingulum, hippocampus, and prefrontal
cortex correlated significantly with DKEFS-TM4 (all P < 0.001). In addi-
tion, the hippocampal CBF e, correlated significantly with negative
WRAML-VIS z scores (P = 0.003). Conclusion: High-dose methotrex-
ate-induced brain injury can manifest as a reduction in glucose metabo-
lism and blood flow in specific brain areas, which can be detected with
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['®FIFDG PET/MRI. The SUVmean and CBFnean Of the prefrontal cortex
and cingulum can serve as quantitative measures for detecting execu-
tive functioning problems. Hippocampal CBFean could also be useful
for monitoring memory problems.
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The 5-y overall survival rate of children with cancer has
increased in recent decades, and it is currently over 80% for all
cancers, with variations depending on the type of cancer. Children
with osteosarcoma, non-Hodgkin lymphoma, and acute lympho-
blastic leukemia have an overall survival rate of 75%, 80%, and
90%, respectively (/—3). These substantial improvements in sur-
vival have led to a growing population of pediatric cancer survi-
vors who are at risk for health problems that appear to increase
with age. The Childhood Cancer Survivor Study, which included
more than 14,000 childhood cancer survivors, reported a cumula-
tive incidence of 53.6% for disabling, life-threatening, or fatal
health conditions in survivors, compared with 19.8% in a sibling
control group (4). Among others, long-term neurocognitive pro-
blems have been described in adult survivors of childhood cancer
(5-9). Survivors who received antimetabolite chemotherapy, cra-
nial irradiation, or neurosurgery for their tumors are at higher risk
of developing neurocognitive late effects (5,/0-12), which may
significantly impair intelligence, learning, attention, memory, and
executive function and have long-term effects on educational and
vocational attainment (/3,14).

Methotrexate is an antimetabolite agent used routinely to treat
various childhood cancers, including acute lymphoblastic leuke-
mia, non-Hodgkin lymphoma, and osteosarcoma (/5—17). Recent
studies have shown that methotrexate treatment leads to inflamma-
tion of the brain by activation of microglia, which in turn impairs
the differentiation of oligodendrocyte precursor cells and the mye-
lination of neurons (/8,19). In mouse models of methotrexate-
induced brain injury, microglial depletion with colony-stimulating
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factor 1 receptor inhibitors rescued neurocognitive deficits (19).
Executive dysfunction has been described in long-term survivors
treated with high-dose methotrexate (HDMTX) (20,21). Longitudinal
neuropsychologic assessments of 187 adult survivors of childhood-
diagnosed non-Hodgkin lymphoma and treated with HDMTX showed
worse memory, executive function, processing speed, and academic
performance than did either the normal population or community con-
trols (22). The impact of methotrexate therapy on the brain is influ-
enced by several factors, including dose and method of administration,
concurrent treatments, and the patient’s age, sex, and coexisting medi-
cal conditions (23). Currently, there is no objective imaging biomarker
for methotrexate-induced brain injury. A noninvasive imaging test that
could visualize and quantify methotrexate-induced neurotoxicity could
be used to identify childhood cancer survivors at risk for long-term
neurocognitive problems. Early intervention, such as pharmacologic
treatment (with antiinflammatory medications (/9), deescalation of
methotrexate dose, changes in chemotherapeutic regimen, and cogni-
tive rehabilitation), could be offered along with monitoring of treat-
ment efficacy (24).

Both ['8F]JFDG PET and MRI have been demonstrated to be
useful imaging tools for the detection of cognitive impairment and
white matter injury in pediatric patients treated with methotrexate
(21,23,25,26). However, to our knowledge, none of these previous
studies correlated ['*FJFDG PET/MRI findings with neurocogni-
tive tests, the current clinical reference standard. To close this gap,
the purpose of our study was to identify imaging changes of
HDMTX-induced neurotoxicity on ['*F]JFDG PET/MRI and corre-
late results with neurocognitive testing. We hypothesized that
imaging metrics of brain morphology and physiology on inte-
grated ['®F]JFDG PET/MRI scans would correlate well with neuro-
cognitive assessments as our reference standard.

MATERIALS AND METHODS

Study Population

The Institutional Review Board approved this study, and all sub-
jects gave written informed consent. We prospectively enrolled pediat-
ric cancer survivors who were diagnosed with lymphoma, leukemia,
or sarcoma and were treated with HDMTX. The inclusion criteria
were as follows: cancer patient undergoing HDMTX therapy (=1,000
mg/m?), age between 6 and 30 y, and written informed consent. The
exclusion criteria included contraindications to MRI, active disease at
the time of the study, inability to complete
the study examinations, and pregnancy. All

on the day of the study (n = 1), or did not complete neurocognitive
testing (» = 1). Our final study population consisted of 10 children
and young adults with sarcoma (n = 5), lymphoma (n = 4), or leuke-
mia (n = 1). There were 7 male and 3 female patients with an age
range of 9-23 y (mean = SD, 17.4 *£ 4.7 y). Ten subjects received
intravenous methotrexate (86,455.80 £ 103,596.04 mg); 5 subjects
also received intrathecal methotrexate (98.70 = 120.15 mg). All parti-
cipants had completed HDMTX therapy at the time of the brain
['®F]FDG PET/MRI. The time between the start of HDMTX therapy
and the brain ['®F]FDG PET/MRI was 3.92 * 1.61 y, with a range of
1-6 y. The time between the end of therapy and PET was 3.5 £ 1.5
mo. The participant flowchart is shown in Figure 1.

Brain ['®F]JFDG PET/MRI Protocol

Subjects were scanned using a 3-T PET/MRI scanner (Signa; GE
Healthcare), allowing for simultaneous acquisition of PET and MR
images. The subjects fasted for at least 4 h before the ['*F]FDG PET
study. Serum glucose levels were measured at the time of ['*F]JFDG
injection, and all subjects demonstrated a glucose level below 120
mg/dL. ['®F]JFDG PET/MRI was performed 30-45 min after intrave-
nous administration of a 3.7 MBg/kg dose of ['*F]FDG as recom-
mended by the guidelines of the Society of Nuclear Medicine and
Molecular Imaging and the European Association of Nuclear Medicine
(27). ['®F]FDG was injected in a dedicated room for each subject with
the light turned off, and all subjects were required to remain resting with
their eyes closed before the PET/MRI scan. No sedation was adminis-
tered. All subjects underwent MRI of the brain with an 8-channel brain
coil. No contrast agent was injected. Axial 3-dimensional (3D) Tl
spoiled gradient-recalled images (SPGR) were acquired for PET attenua-
tion correction, with the generation of in-phase, out-of-phase, fat, and
water images using the Dixon method. Our MRI protocol included 3D
T1 inversion recovery fast SPGR, whole-brain echo-planar diffusion-
weighted imaging with 2 diffusion weightings (b = 0 and 1,000 s/mm?),
and an arterial spin labeling perfusion sequence. 3D T2 fluid-attenuated
inversion recovery and 3D multiple-echo gradient echo images were also
acquired. The apparent diffusion coefficient map was automatically gen-
erated from diffusion-weighted imaging by the scanner. Arterial spin
labeling imaging was performed with a 3D background-suppressed fast
spin-echo technique without vascular suppression using a pseudocontinu-
ous labeling time of 1.5 s, followed by a 2-s postlabeling delay. Postpro-
cessed arterial spin labeling imaging was performed by an automated
reconstruction script that sent cerebral blood flow (CBF) images to a
PACS. Details of the brain ['*F]FDG PET/MRI parameters are shown in
Table 1.

Inclusion Criteria

patients were evaluated by a child psycholo-
+ Cancer patients

gist using a brief neurocognitive battery on

the same day as the ['|F]FDG PET/MRI * Age: 6-30 years

dose of methotrexate (= 1,000 mg/m?)

+ Signed written informed consent

who underwent high Eligible patients

(N=22)

brain scan. The child psychologist did not
know the results of the imaging tests, and the

Excluded patients

imaging team did not know the results of the
neurocognitive assessment. Between January
2021 and August 2022, 22 eligible patients
were referred as candidates for study partici-

« Pregnancy

recommendation by our oncologists

Patient chart review & study

Exclusion Criteria

+ Active disease at the time of the study

« Inability to complete the study exam

* MR-contraindications: e.g., battery-
operated devices, claustrophobia

Progression of disease at the time of the
study (N =4)

Did not respond to our study
invitation/declined to participate (N = 6)
Neurocognitive test not completed (N = 1)
Technical issues of the PET/MRI scanner on
the day of the study (N =1)

pation by collaborating oncologists. Among
the 22 eligible patients, 12 were screened
out. Six of these patients did not respond to
our study invitation (» = 3) or declined to
participate (n = 3), and the other six were
excluded because they had progressive dis-
ease at the time of the study (n = 4), could

Included patients
(N =10)

7 Male, 3 Female, Mean age + SD (in years) : 17.4 +4.7
Osteosarcoma (N = 5), Lymphoma (N = 4), Leukemia (N = 1)

Brain 2-['8F]JFDG PET/MRI

not undergo their research scan because of

technical issues with the PET/MRI scanner FIGURE 1.

METHOTREXATE

Flowchart showing selection of study participants.

NEeuroroxicity PET/MRI Stuby
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TABLE 1
Brain ['8F]JFDG PET/MRI Parameters

Modality Parameter

Specification

['®FIFDG PET Image protocol

Image plane

Slice thickness (mm)

Field of view (cm)

Matrix size (mm)

Reconstruction algorithm

Glucose uptake (mg/dL)

Dose (MBg/kg)

Uptake time (min)

MRI*
Image plane
Slice thickness (mm)
Field of view (cm)
Matrix size (mm)
Echo time (ms)
Repetition time (ms)
Flip angle
Number of excitations

30-min static acquisition

Axial

2.78

60

192 X 192

Time of flight (28 subsets, 8 iterations)
85.9 = 10.16 (mean = SD)

176.49 + 42.55 (mean = SD)

43.50 * 6.67 (mean = SD)

3D inversion recovery fast SPGR

Axial

1

27

256 X 256
3.1

7,664

11°

1.00

2D diffusion-weighted imaging®

Image plane

Slice thickness (mm)

Field of view (cm)

Matrix size (mm)

Echo time (ms)

Repetition time (ms)

Flip angle

Number of excitations
3D arterial spin labeling”

Image plane

Slice thickness (mm)

Field of view (cm)

Matrix size (mm)

Echo time (ms)

Repetition time (ms)

Flip angle

Number of excitations

Axial

)

24

128 X 128
76.5

5,000

90°

3.00

Axial

4

24

512 X 8
10.7
4,854
111°
3.00

*3D T2 fluid-attenuated inversion recovery and 3D multiple-echo gradient-echo (QSM/R2*) sequences were also acquired.
TDiffusion-weighted images were acquired with 2 diffusion weightings (b = 0 and 1,000 s/mm?). Apparent diffusion coefficient maps
were automatically generated by software. Postprocessed arterial spin labeling imaging was performed by automated reconstruction

script that sent CBF images directly to PACS.

Neurocognitive Battery

Each subject completed a brief neuropsychologic evaluation with a
child psychologist. All measures used had sound psychometric proper-
ties and were established and well normed. The battery included the
Wechsler Abbreviated Scale of Intelligence, second edition (WASI)
(Pearson Assessments), a measure of overall intellectual functioning;
screening memory subtests of the Wide Range Assessment of Memory

866

and Learning, second edition (WRAML) (28), a measure of verbal
and visual memory functioning; and subtests of the Delis—Kaplan
Executive Function System (DKEFS) (29), a measure of executive
functioning. The measures were administered in the same order and
according to standardized instructions. The tests were selected for their
ability to provide information on subjects’ overall intellectual func-
tioning, executive functioning (e.g., working memory, inhibition, set
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TABLE 2
Neurocognitive Tests

Function Measure Average range Anatomic region Broadman area
Executive function DKEFS 10 =3 Prefrontal cortex Middle frontal gyrus
and gyrus rectus
(9 and 10/11)
Cingulum Anterior cingulate gyrus
(24, 32, 33); posterior
cingulate gyrus (23,
26, 29, 30, and 31)
Intellectual quotient WASI 100 = 10 Prefrontal cortex 9 and 10/11
Verbal and nonverbal WRAML 100 = 10 Hippocampus 27, 28, 34, 35, 36, and
memory 48

Each neurocognitive test comprised 2 or more battery sets: Delis Kaplan Executive Function System (DKEFS)-sequential tracking
(TM4), DKEFS-design/nonverbal tasks, DKEFS-inhibition, Wechsler Abbreviated Scale of Intelligence (WASI)-full-scale intellectual
quotient, WASI-verbal comprehension index, WASI-perceptual reasoning index, Wide Range Assessment of Memory and Learning
(WRAML)-screening memory, WRMAL-verbal memory, and WRMAL-VIS.

shifting, interference control, and planning), and immediate verbal and
visual memory skills. Details are shown in Table 2.

Image Analysis

Both PET and MR images were analyzed using PMOD software
(version 4.2; PMOD Technologies LLC). One nuclear medicine physi-
cian with 7 y of experience performed all the PET analyses. For the
PET analysis, each image was normalized to the template space and
analyzed with a set of atlas regions. After spatial normalization, all
images were visually inspected to ensure accurate registration. We
used an automated tool (PNEURO) to segment and generate 3D
volumes of interest and measure SUVs. SUV ., Was calculated
according to body weight. The cortical and gray matter regions ana-
lyzed were the prefrontal cortex, cingulate gyrus, and hippocampus.
These 3 brain regions were chosen because they are activated or
involved during the battery of neurocognitive tests administered in this
study, as described in Table 2. The DKEFS test evaluates executive
function; the anatomic regions responsible for this function are the
prefrontal cortex and the cingulum. The WASI test evaluates the intel-
lectual quotient; the anatomic region responsible for this function is
mainly the prefrontal cortex. Similarly, the WRAML test evaluates
verbal and nonverbal memory; the anatomic region responsible
for this function is mainly the hippocampus. A board-certified neurora-
diologist with more than 10 y of image analysis experience and a
nuclear medicine physician performed the quantitative MRI data

analyses. The same set of atlas regions was used on T1 3D SPGR MR
images to calculate the cortical volume of the gray matter in the pre-
frontal cortex, cingulum, and hippocampus. We used the automatic
tool FUSION from PMOD software (PMOD Technologies LLC, ver-
sion 4.2) to spatially match apparent diffusion coefficient and CBF
images to T1 3D SPGR images. We then applied the same set of atlas
regions to apparent diffusion coefficient and CBF images and measured
the mean apparent diffusion coefficient and mean CBF (CBF,,,) for
each region. 3D axial susceptibility-weighted angiography MRI sequences
were also analyzed to check for any microhemorrhage in the brain
parenchyma.

Statistical Analysis

Stanford scores for neurocognitive data were used for analysis
(28-30). The mean and SD of Stanford scores (X = 100, SD = 10)
were converted to z scores to determine deviation from the mean, with
positive z scores representing above-average or higher functioning and
negative z scores representing below-average or lower functioning.
The relationship between the z scores and other measures is unlikely
to be simply linear since we would expect correlations only in cases
with a deficit. To simplify the analyses, we assumed that only z scores
less than zero represented possible deficits and, thus, potential correla-
tions, whereas z scores greater than zero represented typical nondeficit
variation, which would not be correlated. Thus, pairs of multivariable
regression models (one for z scores < 0 and one for z scores > 0)

TABLE 3
Model Estimates of Marginal Effects of Negative z Score on Imaging Measures

Hippocampus Cingulum Prefrontal cortex

Neurocognitive test PET/MRI measure Slope P Slope P Slope P
WRAML-VIS (n = 16) SUVean 0.46 0.285 1.02 0.143 1.01 0.173
CBFmean —6.04 0.003 -5.97 0.071 -5.93 0.052
DKEFS-TM4 (n = 10) SUVean 2.70 0.111 4.82 0.012 5.41 0.003
CBFmean 8.68 <0.001 19.6 <0.001 10.9 <0.001

n = number of measurements.

METHOTREXATE NEUROTOXICITY PET/MRI STUDY  *
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FIGURE 2. Comparison of ['®FJFDG uptake in cingulum and hippocampus (Hipp) for patients with
low (z score < 0) vs. high (z score > 0) performance on DKEFS-TM4 (A) and WRAML-VIS (B), respec-
tively. (A) Regression analysis showed significant correlation between SUV ean and DKEFS-TM4 for
prefrontal cortex and cingulum (P = 0.003 and P = 0.012, respectively) but not for hippocampus
(P = 0.111). (B) There was no significant correlation between SUV ¢4, and WRAML-VIS for prefrontal

index did not correlate with any of the
PET/MRI measures (Table 3).

Brain ['®F]FDG PET

Significant differences in average
SUVinean among all 3 brain regions were
detected (P < 0.001). SUV can measure-
ments of the hippocampus (4.46 £ 0.94)
were significantly lower than measure-
ments of the cingulum (8.58 * 1.67, P <
0.001) and the prefrontal cortex (8.94 =
1.90; P < 0.001), but the latter 2 were not
significantly different from each other (P =
0.35). Mean SUV, ., data between the left
and right sides of each region were not sig-
nificantly different (Supplemental Table 2).

Figure 2 compares ['®F]FDG uptake in
the cingulum and the hippocampus for

cortex, cingulum, or hippocampus.

were fitted for each region for each imaging measure and test score
(the single case with a z score of zero was included in both models
rather than being excluded). Heteroscedastic regression models were
used to account for heterogeneity in variances among brain regions.
As each region had measurements made on both the left and the right
sides (the values were similar), adjustment was made for clustering within
the patient. As this was an exploratory study with a small sample, no
adjustment was made for multiple comparisons. The results of WASI—
verbal comprehension index, WRAML—-visual memory (WRAML-VIS),
WRAML-sentence memory, and DKEFS—sequential tracking (DKEFS-
TM4) Stanford score conversions to z scores yielded z scores of *1 or
greater and were used for subsequent correlation analysis with SUV pean
and CBF c.n; therefore, only these tests were considered for the correla-
tion analysis. Because WRAML-VIS and WRAMIL-sentence memory
were highly correlated (0.88) and thus redundant, we used only
WRMAL-VIS for the statistical analysis.

RESULTS

patients with low (z score < 0) versus
high (z score > 0) performance on
DKEFS-TM4 (Fig. 2A) and WRAML-VIS
(Fig. 2B), respectively. The regression
analysis showed a significant correlation between SUV ., and
DKEFS-TM4 z score for the prefrontal cortex and cingulum (P =
0.003 and P = 0.012, respectively) but not for the hippocampus
(P = 0.111). We did not find a significant correlation between
SUVinean and WRAML-VIS for any evaluated brain regions. Mar-
ginal estimates from the model are shown in Table 3. SUV ., did
not correlate with the cumulative dose of methotrexate (P = 0.537).

Brain MRI

No anatomic or structural abnormalities were found in the
affected brain areas on 3D T1 SPGR or 3D T2 fluid-attenuated
inversion recovery imaging. One of 10 patients demonstrated
microhemorrhages in the left frontal opercular cortex.

We found significant differences in the average CBF ., among
all 3 brain regions, that is, prefrontal cortex, cingulum, and hippo-
campus (P < 0.001). CBFc., for the hippocampus (48.54 =
5.99) was significantly lower than for the cingulum (64.54 = 9.04,

Neurocognitive Tests

We used the z score to detect evidence
of deficits in neurocognitive functions in
our patients. Nine of 10 patients showed a
negative z score for at least 1 test (mean,
3; range, 1-7). Only 1 patient showed a
positive z score for all neurocognitive
tests.

WASI-verbal

Z-score <0

comprehension  index,

DKEFS-TM4

Z-score > 0 Z-score <0 2Z-score > 0

WRAML-VIS, and DKEFS-TM4 showed 3 - - — o bt v

or more negative z scores among the h = /a ) 2: L 5 .
patients. Eight subjects for WRAML-VIS, 6 ol e " IR b [stea, % b "
for WASI-verbal comprehension index, and = g ; ’

4 for DKEFS-TM4 demonstrated z scores T 7T Gm;n;?bym;‘un° N TR T A

of —1 or lower (Supplemental Table 1; sup-
plemental materials are available at http://
jnm.snmjournals.org).

WRAML-VIS correlated significantly
with CBFcan. DKEFS-TM4 correlated

significantly with both SUV,, and
CBFean-  WASI-verbal comprehension
868

Graphs by region

FIGURE 3. Comparison of CBF ean in cingulum and hippocampus (Hipp) for patients with low (z
score < 0) vs. high (z score > 0) performance on DKEFS-TM4 (Fig. 3A) and WRAML-VIS (Fig. 3B),
respectively. (A) Regression analysis showed significant correlation between CBFyean and DKEFS-
TM4 for cingulum, hippocampus, and prefrontal cortex (all P < 0.001). (B) CBFyean for hippocampus
and WRAML-VIS was inversely correlated (P = 0.003). However, there was no correlation between
CBFnean and WRAML-VIS for cingulum (P = 0.071) and prefrontal cortex (P = 0.052).
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P < 0.001) and prefrontal cortex (63.77 = 8.60, P < 0.001), but
the latter 2 were not significantly different from each other (P =
0.34). CBFean did not significantly differ between the left and
right sides of each region (Supplemental Table 2).

Figure 3 compares CBF ., in the cingulum and the hippocam-
pus for patients with low (z score < 0) versus high (z score > 0)
performance on DKEFS-TM4 (Fig. 3A) and WRAML-VIS (Fig.
3B), respectively. The regression analysis showed a significant
correlation between CBF, ., and DKEFS-TM4 for the cingulum,
hippocampus, and prefrontal cortex (all P < 0.001). In addition,
CBFjcan for the hippocampus and WRAML-VIS were inversely
correlated (P = 0.003). No correlation was found between
CBFpean and WRAML-VIS for the cingulum (P = 0.071) or pre-
frontal cortex (P = 0.052). Marginal estimates from the model are
shown in Table 3. Overall, CBF,.,, showed a positive correlation
with SUV pean (7 = 0.56, P = 0.01). CBF .y Was negatively cor-
related with the cumulative dose of methotrexate (r = —0.30, P =
0.002). No significant correlations were found between apparent
diffusion coefficient or cortical volume and any of the metrics we
analyzed.

DISCUSSION

Our data suggest that ['*FJFDG PET/MRI can potentially detect
imaging changes indicating HDMTX-induced neurotoxicity. Our
observations suggest that the SUV can and CBF e of the pre-
frontal cortex and cingulum may serve as quantitative measures
for detecting executive functioning issues. The CBF .., of the
hippocampus could also be useful for monitoring memory issues.
To our knowledge, this is the first prospective correlation of
['8F]FDG PET findings with a matched set of neurocognitive tests
in pediatric cancer survivors.

Krull et al. reported a significant association between increased
brain functional MRI activity in the frontal and anterior cingulate
cortices and poorer executive function scores in a cohort of 218
long-term childhood cancer survivors after therapy with metho-
trexate (27). These findings align with ours. In fact, we also found
a significant correlation between the CBF ., of the cingulum and
prefrontal cortex and lower scores on the executive functioning
test. Overall, these data suggest that MRI can detect long-term
HDMTX-induced neurotoxicity and help identify a subgroup of
subjects who are more susceptible to future cognitive deficits.

In our pilot study, 8 of 10 subjects had a memory test with a z
score of less than 0. The hippocampus is the brain region related
to memory functions. Both SUV e., and CBF, ., were signifi-
cantly lower in the hippocampus than in the cingulum or prefrontal
cortex. Although the relationship between the SUV e, of the hip-
pocampus and WRAML-VIS was positive, it did not reach signifi-
cance, potentially because of the small sample size. Tauty et al.
retrospectively evaluated ['®F]JFDG PET/CT images of 20 children
with Hodgkin lymphoma at baseline and 2 mo after starting meth-
otrexate chemotherapy (26). The authors noted hypometabolic
areas in the insular cortex, lateral frontal lobe, and posterior cingu-
late cortex. Decreased ['®F]FDG uptake after chemotherapy has
been shown by several studies, with the limbic regions, prefrontal
cortex, and cingulum being the most affected ones (37,32). It is
important to note that these impairments in the acute phase after
chemotherapy may be reversible. Findings on posttreatment scans,
such as in our study, are more likely to be chronic and may be
more useful for detecting clinically significant toxicity, although

METHOTREXATE NEUROTOXICITY PET/MRI STUDY  *

additional investigation is needed. The findings of both acute and
chronic abnormalities could support the use of imaging biomarkers
to predict who is at risk for developing long-term neurocognitive
problems; such patients could receive antiinflammatory preventive
therapies and closer monitoring for earlier implementation of reha-
bilitative services.

Given the recent discovery that the brain toxicity induced by
methotrexate can be reversed by administering antiinflammatory
drugs (19), our study holds significant importance. During the past
decade, several registries of pediatric cancer survivors have been
established both in the United States and in Europe with the pur-
pose of recognizing and treating long-term disabilities after che-
motherapy (7,33-35). Most of these longitudinal studies used
siblings as controls and measured neurocognitive impairments
with self-assessed questionnaires. A cohort study including 840
survivors and 247 siblings showed that survivors encountered sig-
nificantly more impairment in concentration (12% vs. 6%), work-
ing speed (20% vs. 8%), and memory (33% vs. 15%) than
controls. Patients who had received cranial irradiation were most
severely affected (7). Although there is a large amount of survey-
based data, there is a lack of data on imaging findings, which are
arguably more objective. Pediatric cancer survivors are more
likely to complete a survey than undergo brain imaging during
their follow-up visits. However, our preliminary data suggest that
dedicated brain ['*F]JFDG PET/MRI performed after HDMTX ther-
apy could help select a subgroup of patients who have developed
HDMTX-induced neurotoxicity. With timely and appropriate inter-
ventions (e.g., antiinflammatory medication (/9) or neurocognitive
rehabilitation (24)), there is a possibility to prevent long-term neuro-
cognitive complications. As research uncovers the mechanisms of
neurotoxicity for other chemotherapy drugs, imaging may become
increasingly important to screen for effects that may be reversible
with treatment or remediable with other interventions.

In our pilot study, we found an association between higher
CBF jean values and lower scores on WRAML-VIS. Studies on
mouse models show that methotrexate first leads to microglia acti-
vation, which may transiently increase CBF, followed by neuronal
myelination impairment, which would be expected to cause
decreased CBF values (/9). Thus, in patients, we would expect
initially increased CBF values, followed by a CBF decline. Further
evaluations are needed to better evaluate the time course of
changes in CBF values and their correlation with measures of
visual memory.

The cumulative dose of methotrexate inversely correlated with
CBFpean but not with SUV .., This can be explained by the
many factors that affect the drug’s neurotoxic effects, including
the inherent vulnerabilities and the presence of preexisting neuro-
logic conditions, among others (23). It is well known that
methotrexate-induced brain toxicity has a multifactorial etiology;
some pediatric patients may experience no or minor neurologic
issues, whereas others may experience severe and long-term neu-
rocognitive deficits (36). A noninvasive imaging test that could
visualize and quantify HDMTX-induced neurotoxicity could be
used to identify childhood cancer survivors at high risk for long-
term neurocognitive problems who may benefit from targeted
interventions. It would be interesting to examine the usefulness of
other PET radiotracers, such as [''C]JPK11195, in this context.
[''CIPK11195 is expressed by reactive glial cells and macro-
phages and has been used as a PET tracer to visualize brain
inflammation in vivo (37).
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Our study had several limitations. First, this was a pilot study
with small patient numbers and heterogeneity in disease condi-
tions (osteosarcoma, lymphoma, and leukemia), clinical fea-
tures, and methotrexate exposures (systemic and intrathecal).
Larger cohorts of patients treated with and without HDMTX
may be helpful in clarifying the effects of this drug. Neverthe-
less, to our knowledge, this was the first prospective clinical trial
that has correlated ['®F]JFDG PET/MRI metrics with neurocog-
nitive tests in a cohort of pediatric cancer survivors. We encoun-
tered difficulties in the recruitment process. The main one was
that this study was funded in 2021, immediately after the coro-
navirus disease 2019 pandemic. Several subjects were not com-
fortable coming to the hospital strictly for research purposes.
We believe that performing brain imaging during regularly
scheduled clinical follow-up visits would address this obstacle
in future studies. Five of our patients received intrathecal metho-
trexate, which can be a confounding factor for correlations of
intravenous methotrexate doses with neurocognitive injuries.
Although it is well known that patients who were treated with
HDMTX developed neurocognitive problems (20-22), it has been
also described that the administered methotrexate dose did not corre-
late with the degree or location of specific brain injuries (21). Our
data close this gap, demonstrating that the degree and location of
specific brain injuries on ['*F]JFDG PET/MRI correlated with neuro-
cognitive impairments. Our ['*FJFDG PET/MR assessment can be
applied to patients who received intravenous methotrexate, intrathe-
cal methotrexate, or both. Another limitation of the study is related
to the radiation exposure from the radiotracer and the potential need
for sedation in younger children. However, these exposures may be
worthwhile if they identify remediable abnormalities or suggest
interventions that could prevent long-term complications. Moreover,
our study lacked a control group. This is a well-known limitation of
imaging studies in pediatric patients. Many authors, including our
group, have used baseline imaging as personal subject-based con-
trols, but this is not always useful in pediatric patients because their
brain develops with increasing age. Furthermore, some patients who
underwent HDMTX treatment, such as leukemia patients, did not
undergo routine PET scans before starting chemotherapy. Besides,
we could not rule out whether some of the findings in this study
were due to neuroplasticity in the young-aged participants. Although
['®FIFDG PET/MR images can provide valuable insights into
changes in brain structure and function indicative of neuroplasticity,
interpreting these changes accurately often requires a multidisciplin-
ary approach.

CONCLUSION

Our study suggests that ['*F]FDG PET/MRI may be useful for
diagnosing the imaging effects of HDMTX therapy on the brains
of pediatric cancer survivors. This could facilitate earlier interven-
tions using antiinflammatory treatments. Furthermore, it may
enable more effective monitoring of treatment outcomes, particu-
larly for a subset of patients more prone to developing HDMTX-
associated neurocognitive impairment. However, further assess-
ments in larger, more homogeneous cohorts are needed.
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KEY POINTS

QUESTION: Can ['®F]FDG PET/MRI detect brain injury after
HDMTX therapy in pediatric cancer survivors?

PERTINENT FINDINGS: A significant correlation was found
between the z score for the DKEFS test and SUV,,ean and
CBFean Values in the cingulum and prefrontal cortex.

IMPLICATIONS FOR PATIENT CARE: Using ['®F]FDG PET/MRI
for assessing the cerebral impact of methotrexate therapy in pedi-
atric cancer survivors holds the potential to expedite interventions
with antiinflammatory remedies and enable effective monitoring of
treatment outcomes. This is particularly crucial for patients with a
heightened vulnerability to HDMTX-associated neurocognitive
impairment.
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