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Abstract

Background. The impact of anti-angiogenic therapy (AAT) on patients with glioblastoma (GBM) is unclear due to a
disconnect between radiographic findings and overall survivorship. MR spectroscopy (MRS) can provide clinically
relevant information regarding tumor metabolism in response to AAT. This review explores the use of MRS to track
metabolic changes in patients with GBM treated with AAT.

Methods. We conducted a systematic literature review in accordance with PRISMA guidelines to identify primary
research articles that reported metabolic changes in GBMs treated with AAT. Collected variables included single or
multi-voxel MRS acquisition parameters, metabolic markers, reported metabolic changes in response to AAT, and
survivorship data.

Results. Thirty-five articles were retrieved in the initial query. After applying inclusion and exclusion criteria, 11
studies with 262 patients were included for qualitative synthesis with all studies performed using multi-voxel 'H
MRS. Two studies utilized 3'P MRS. Post-AAT initiation, shorter-term survivors had increased choline (cellular pro-
liferation marker), increased lactate (a hypoxia marker), and decreased levels of the short echo time (TE) marker,
myo-inositol (an osmoregulator and gliosis marker). MRS detected metabolic changes as soon as 1-day after AAT,
and throughout the course of AAT, to predict survival. There was substantial heterogeneity in the timing of scans,
which ranged from 1-day to 6-9 months after AAT initiation.

Conclusions. Multi-voxel MRS at intermediate and short TE can serve as a robust prognosticator of outcomes of
patients with GBM who are treated with AAT.

Key Points

e MR spectroscopy detects changes in tumor metabolism after anti-angiogenic therapy in
GBM.

e MR spectroscopy predicts survival after anti-angiogenic therapy.

e Increase in choline and lactate as well as decrease in myo-inositol predicts early failure to
AAT.

Glioblastoma (GBM) is the deadliest primary central nervous decades, gadolinium-based contrast enhancement detected
system tumor, and despite modest advancements in avail- by T1-weighted magnetic resonance imaging (MRI) served
able treatment options, its prognosis remains dismal with as the best imaging marker for tumor detection and pro-
a median survivorship of less than 24 months." For several gression.? However, this has been complicated with the
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Importance of the Study

Glioblastoma (GBM) carries a very dismal
prognosis, with the median survivorship being
less than 2 years. Although contrast-enhanced
T1-weighted MRI has traditionally served as
the imaging modality for detecting disease pro-
gression or response, the introduction of anti-
angiogenictherapy (AAT) has made it necessary
to integrate advanced MR modalities to detect
tumor response. We conducted the first sys-
tematic literature review pertaining to the use
of MR spectroscopy (MRS) to track metabolic

advent of anti-angiogenic therapy (AAT) which can lead
to a decrease in enhancement intensity without neces-
sarily improving overall survival, a phenomenon known as
pseudoresponse.>* Proposed mechanisms for this include
changes in the permeability of the blood brain barrier (BBB)
and a non-enhancing AAT-induced brain infiltration driven
by vascular co-option.>8To that end, there has been much in-
terest in the incorporation of other advanced MRI modalities
to investigate markers that differentiate pseudoresponse
from true response after initiating AAT.

"H MR spectroscopy (MRS) can provide relevant in-
formation about the tumor microenvironment after initia-
tion of AAT. In the healthy brain, the most prominent peak
is derived from N-acetylaspartate (NAA) at 2.0 ppm. NAA
is almost exclusively found in neurons and serves as a
marker for neuronal integrity.” Since most tumors are of
non-neuronal origin, the NAA resonance is significantly re-
duced as neurons are replaced by neoplastic tissue.” Other
major peaks include creatine + phosphocreatine (Cr+PCr,
commonly referred to as Cr) and choline (Cho), which are
observed at 3.0 and 3.2 ppm, respectively. Notably, Cr is
associated with neuronal bioenergetics and is in equilib-
rium with PCr, hence its peak remains stable in most dis-
ease states and is frequently used as an internal standard.®
Choline (Cho) is a marker for cellular proliferation and in-
creased membrane turnover; it is directly correlated with
tumor malignancy and a prominent Cho peak is a hallmark
of many brain tumors.® Lactate (Lac) is typically found in
small concentrations (< 0.5 mM) in the brain and is mainly
produced as a byproduct of anaerobic glycolysis, but can
also be associated with necrosis.'®The doublet peak of Lac
is observed at 1.32 ppm and is prominent in neoplastic
tissue within the brain as cancer cells rewire their me-
tabolism towards anaerobic glycolysis in a phenomenon
known as the Warburg effect.®" In a previous prospective
longitudinal clinical trial, it was shown that elevated Lac/
NAA and decreased NAA/Cho in patients with recurrent
GBM (rGBM) treated with AAT was associated with overall
survival less than 9-months.'2

MR spectra acquired with short echo times (TE) are char-
acterized by resonances from myo-inositol (ml) at 3.5 ppm,
glutamate + glutamine (Glx) at 2.3-2.4 ppm and 3.75 ppm,
and lipids at 1.3 and 0.9 ppm. ml is an osmoregulator
and glial marker that has been shown to be decreased in

changes after AAT initiation in patients with
GBM and how it predicts survival. Analysis of
all studies showed that despite some hetero-
geneity in the MRS acquisition parameters and
timing after AAT initiation, there was a con-
sensus regarding common metabolic changes
pertaining to markers of cellular proliferation,
hypoxia, and osmoregulation. We emphasize
the need for standardizing MRS protocols such
that it can be routinely incorporated in clinical
use.

more aggressive gliomas and in shorter-term survivors of
GBM.%3 Further, it is believed that disruptions to the BBB
result in disturbances to osmotic equilibrium, resulting in
lower ml concentrations.® Although the resonance of gly-
cine (Gly) overlaps with that of ml at short TE, it can be
detected in isolation at longer TE due to the cancelation
of the ml peak.' Notably, high concentrations of Gly are
observed in high-grade gliomas compared to lower-grade
cancers.'® Lipids are found in necrotic tissue and serve as
markers for high-grade malignancies.’®

3P MRS can provide clinically relevant informa-
tion on cellular bioenergetics. Specifically, it can
measure adenosine triphosphate (ATP), phospho-
creatine (PCr), phosphomonoester compounds such
as phosphoethanolamine (PE) and phosphocholine
(PC), and phosphodiester compounds such as
glycerolphosphoethanolamine  (GPE) and glycerol-
phospho-choline (GPC).'® Brain tumors show increased
phosphomonoester/phosphodiester ratios compared to
healthy brain tissue."-"® Additionally, the chemical shift
of the inorganic phosphate (Pi) is dependent upon the pH,
and thus can be used to approximate in vivo intracellular
pH.'8 Increased extracellular acidosis within the tumor mi-
croenvironment causes an increase of intracellular pH.'®

To measure MR spectra in vivo, one must be able to
control the spatial origin of the detected signal. This can
be done by using either single voxel spectroscopy (SVS)
which incorporates selective excitation pulses to localize
one voxel (2-8 cm?) at a time or by using 2D or 3D mag-
netic resonance spectroscopic imaging (MRSI), which re-
sults in multi-voxel arrays of spectra. SVS is appropriate
for investigation of focal lesions, specific anatomical re-
gions, or diffuse brain diseases as it is easier to execute.
However, 2D or 3D MRSI is preferred when the location of
interest is uncertain, multiple areas need to be simultane-
ously assessed, or there are heterogeneous metabolite dis-
tributions across a lesion, which is the case with GBM.?°

Another important consideration for '"H MRS is the acqui-
sition scheme which includes Point Resolved Spectroscopy
(PRESS), Stimulated Echo Acquisition Mode (STEAM), lo-
calization by adiabatic selective refocusing (LASER), or
semi-LASER (sLASER) pulse sequences. While STEAM al-
lows for shorter minimum TE and results in better locali-
zation performance over PRESS, it only uses 50% of the



El-Abtah et al. MRSI detects metabolic changes in GBM after AAT

FURATEV IO BNV P

N
NANTRTTRNTUY . T
IRFTRNTRNTRNTEN | 3508
i e sk

PRSI BT B

Figure 1.

Representative multi-voxel MRS acquisition of a brain tumor. Sagittal (A) and axial (B) views of a patient with a brain tumor with a multi-

voxel MRS grid overlaid are shown. The intermediate TE spectra from a representative voxel highlighted in blue is displayed in (C). Since this spec-
trum was obtained at intermediate TE, ml would not be detectable although its relative position is denoted by the parentheses. A metabolic map
highlighting Choline levels shows a “hot spot” at the location of the GBM (D).

available signal. On the other hand, sLASER and LASER
provide sharper slice selection profiles, minimize chemical
shift displacement errors, and improve localization, spec-
tral quality, and repeatability.??! Figure 1 is a represen-
tative 3.0 T multi-voxel MRS acquisition of a brain tumor
using sLASER acquisition scheme at TE = 135 ms. For 3'P
data acquisition, typical acquisition schemes include free
induction decay (FID) which results in no localization ex-
cept for coil penetration, image-selected in vivo spectros-
copy (ISIS) for single voxel acquisition, and 2D chemical
shift imaging (CSI) from a matrix of voxels.

Despite numerous reports on the incorporation of MRSI
to investigate metabolic changes after AAT in patients with
GBM,%1222 there remains uncertainty regarding which MRS

methodology to use, and how and when to incorporate
MRS within the clinical management of patients. This is
partly due to heterogeneity in the timing of MRSI acqui-
sition post-AAT initiation, need for technical expertise to
methodologic ally implement MRSI, and the lack of con-
sensus on metabolites of interest. The aim of this review is
to assess the current state of how MRSI is clinically used
to track metabolic changes in patients with GBM who are
treated with AAT. An understanding of the various acquisi-
tion schemes, acquisition parameters, metabolic markers,
and their associated prognostic values may help clin-
icians understand how AAT impacts tumor biology, distin-
guish between pseudo response and treatment response
early in the disease course, identify patients early on who
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benefit the most from AAT, and optimize the timing of MRS
throughout the course of clinical management.

Methods
Systematic Review

This study was a systematic literature review performed
according to the Preferred Reporting Items for Systematic
Review and Meta-Analyses (PRISMA) 2009 guidelines.?®
A structured literature search was performed to cap-
ture all clinical studies published in English involving
the use of single or multi-voxel MRS to detect meta-
bolic changes in patients with GBM, including those with
known recurrence treated with AAT. The search queried
PubMed using the following terms: (“magnetic reso-
nance spectroscopy”[MeSHTerms] OR “spectroscopic”[All
Fields] OR (“magnetic”[All Fields] AND “resonance”[All
Fields] AND “spectroscopy”[All Fields]) OR “magnetic
resonance spectroscopy”[All Fields] OR (“mr”[All Fields]
AND “spectroscopy”[All Fields]) OR “mr spectroscopy”[All
Fields] OR “MRS”[All Fields]) AND (“angiogenesis
inhibitors”[Pharmacological Action] OR “angiogenesis
inhibitors”[MeSH Terms] OR (“angiogenesis”[All Fields]
AND  “inhibitors”[All ~ Fields]) OR “angiogenesis
inhibitors”[All Fields] OR “bevacizumab”[All Fields] OR
“cediranib”[All Fields] OR “antiangiogenic”[All Fields] OR
“antiangiogeneic”[All Fields] OR “antiangiogenics”[All
Fields]) AND (“glioblastoma”[MeSH Terms] OR
“glioblastoma”[All Fields] OR “glioblastomas”[All Fields]
OR “GBM"[AIl Fields]).

Thirty-five articles were retrieved in the initial PubMed
query.Two authors (MEE, EMR) completed the title and ab-
stract screening, based on inclusion and exclusion criteria
that were determined a priori. Notably, both authors were
blinded to each other’s results and any disagreements were
adjudicated by a third author (PT). The exclusion criteria
were: 1) articles not published in English, 2) review articles,
case reports, or any non-peer-reviewed articles, and 3) an-
imal studies. Inclusion criteria were defined as follows:
1) reporting of MRS acquisition parameters, 2) quantitative
analysis of metabolic markers, 3) inclusion of survivor-
ship and/or clinical outcomes measures, and 4) diagnosis
of GBM or recurrent GBM. Following the application of the
aforementioned criteria, 24 studies were included for full-
text screening. Inclusion and exclusion criteria for full-text
review were applied by two reviewers, who were blinded
to each other’s results.

Data Extraction and Management

We utilized a systematic data extraction checklist to code
important study characteristics such as author, year, study
design, demographics, single or multi-voxel MRS acquisi-
tion parameters, acquisition schemes, metabolic markers,
survivorship, and clinical outcomes. Additionally, we used
a modified version of the Methodological Quality Rating
Scale (MQRS) to rate the methodological quality of all the
incorporated studies.?* Based on dimensions such as study

design and replicability, the cumulative MQRS score may
range from 1 (poor quality) to 16 (high quality).

Results
Data Extraction

After completing a full-text review, 11 studies were in-
cluded for qualitative synthesis as summarized in the
PRISMA flowchart (Figure 2). Detailed study characteristics,
including demographics, treatments, main findings, and
MQRS score are highlighted inTable 1.Ten of the 11 studies
(10/11; 91%) were prospective, one study was a Phase VI
clinical trial, and all studies were published between 2011
and 2022. In total, we extracted data from a total of 262
patients and gender was reported for 210 patients (135/210
men; 64.3%). The largest study was by Talati et al.,'? which
reported data from 33 patients at baseline (prior to AAT in-
itiation), and up to 25 patients during the course of AAT.
The median MQRS score was 12 (range: 10-14). All studies
incorporated the use of multi-voxel MRSI as the main im-
aging modality for tracking metabolic changes in patients
with confirmed GBM.

Treatment Regimens

A total of ten studies were performed on patients with re-
current GBM®12.17.22,25,27,28,29,30.31 (10/11; 90.9%) and 1 study
was performed on patients with newly diagnosed GBM?®
(1/11; 9.1%). All patients underwent surgical resection or
biopsy followed by chemoradiation. Exact treatment re-
gimens were reported for 262 patients. Bevacizumab, an
anti-VEGF monoclonal antibody, was used in the treatment
regimens of 210 patients (210/262; 80.2%) and cediranib, an
oral pan-VEGF receptor tyrosine kinase inhibitor, was used
in the treatment regimens of 52 patients (52/262; 19.8%).
One hundred thirty-four patients received AAT as mono-
therapy (134/262; 51.1%), 123 patients received combina-
tion therapy which included AAT (123/262; 46.9%), and 5
patients received concomitant radiotherapy (RT) and AAT
(5/262; 1.9%). Of the 123 patients who received combination
therapy, 25 received AAT and temozolomide (TMZ) (25/262;
9.5%), 2 received AAT and an immune checkpoint inhib-
itor (2/262; 0.8%), 24 received AAT and lomustine (24/262;
9.2%), 19 received AAT and irinotecan (19/262; 7.3%), 31
received RT, AAT, TMZ, and erlotinib (31/262; 11.8%), 1 re-
ceived AAT and topotecan (1/262; 0.4%), and 21 received
AAT, RT, and TMZ (21/262; 8.0%). Bevacizumab was intra-
venously injected in all patients except those reported by
Jeon et al.?> where it was delivered via intra-arterial cere-
bral infusion to overcome toxicity, impedance of the BBB,
and enhance delivery. A summary of all the treatment regi-
ments reported by the studies is included inTable 1.

MRSI Acquisition Parameters

All studies utilized multi-voxel MRS, with no studies re-
porting the use of single voxel MRS. We extracted the fol-
lowing MRSI parameters: nuclear magnetic resonance
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Records excluded (N = 11)

Animal studies (N = 2)
Did not mention use of MRS (N = 8)
Reviews (N = 1)
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Reviews (N = 5)
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Studies included in
qualitative synthesis
(N=11)

Figure 2. PRISMA flowchart.

(NMR) nucleus, acquisition scheme, magnetic field strength
of MRI scanners, TE, and repetition time (TR). All of the in-
cluded studies performed "H MRS8:12.1722,25.26.27.28,29,30,31 gnd
the most frequently used acquisition scheme was PRESS
(9/11; 81.8%), followed by LASER (3/11; 27.3%), and section-
interleaved spin-echo sequence®? (1/11; 9.1%). Two studies
performed 3'P MRS and used CSI-FID as the acquisition
scheme (2/11; 18.2%). Notably, the studies by Talati et al.
and El-Abtah et al. both used LASER and PRESS acquisi-
tion schemes,®'2 while the study by Wenger et al.?® used
both PRESS and CSI-FID. All of the studies incorporated "H
MRSI with 5 studies incorporating short TE (30-45 ms), 6
studies incorporating intermediate TE (135-144 ms), and
1 study incorporating long TE (> 270 ms). El-Abtah et al.®
reported using multi-echo spectroscopy (short and inter-
mediate TE) for the acquisition of metabolic ratios. There
was heterogeneity regarding TR used, which ranged from
1104 to 2300 ms, and 4 studies (4/11; 36.4%) utilized two
different TRs.5122627 \WWe also observed heterogeneity re-
garding the MRSI voxel resolutions reported, which ranged
from 1 to 2.7 cm3. Since 3'P MRSI is substantially different
than "H MRSI, we analyzed those acquisition parameters
separately. Hattingen et al. and Wenger et al. incorporated
3P MRSI (free induction decay) as a supplemental mo-
dality with aTE of 2.3 ms, aTR of 2000 msec, and a voxel

resolution of 22.5 cm3."72° A summary of all the MRSI ac-
quisition parameters is included inTable 2.

The criteria used for ensuring quality control of the
spectra varied across the studies. For example, the study
by Andronesi et al.3! only included voxels for which the
goodness of fit as measured by Cramer-Rao lower bounds
were less than 20%, while the study by Kim et al.° used
a full width at half maximum (FWHM) below 20Hz for the
water signal. Furthermore, other studies incorporated a
quality control measure which consisted of visual inspec-
tion for artifacts according to the criteria described by Kreis
et al.%3

MR Spectroscopic Markers of Cellular
Proliferation

Seven studies (7/11; 63.6%) discussed metabolic changes
associated with malignancy, cellular proliferation, and
membrane turnover (Table 3).1217.22.252730.31 Jgon et al.?® as-
sessed the anti-proliferative effects of AAT, as measured
by the ratio of total Cho to NAA (tCho/NAA). After super-
selective intra-arterial cerebral infusion of AAT, there was
a significant decrease of 26% in tCho/NAA relative to pre-
treatment levels within regions of enhancing disease. Of
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note, the post-treatment scans and MRSI acquisition were
performed at a timepoint between 3 and 5 weeks after AAT
initiation.s

Kim et al.3® analyzed levels of NAA/Cho, NAA normalized
to creatine in the contralateral normal appearing tissue
(NAA/c-Cr), and Cho normalized to Cr in the contralateral
normal appearing tissue (Cho/c-Cr) before cedarinib ini-
tiation, and multiple timepoints afterwards. Intratumoral
NAA/Cho was significantly increased through day 56,
which was driven by an increase in intratumoral NAA/c-Cr
and a decrease in Cho/c-Cr. Intriguingly, at the 56-day
timepoint, elevated intratumoral NAA/Cho was predictive
of 6 month OS. A similar finding was reported by Ratai
et al. and Talati et al., where increases in intratumoral and
peritumoral NAA/Cho relative to pretreatment levels were
predictive of progression free survival at 6 months (PFS-6)
and OS at 9 months, respectively.'??’ Ratai et al. reported
that increased tumoral NAA/Cho at 8 weeks was associ-
ated with PFS-6 and a decreased peritumoral Cho/Cr and
increased NAA/Cr and NAA/Cho at 16 weeks after AAT
were predictive of PFS-6 and OS at 1-year.?’ Further, Talati
et al.’? showed that increased intratumoral NAA/Cho rela-
tive to pretreatment baseline was predictive of OS at 1-day,
2-weeks, 8-weeks, and 16-weeks, with survival analyses re-
vealing that those with NAA/Cho greater than an optimized
cutoff had a significantly higher median OS compared to
those with decreased NAA/Cho (275 days versus 175 days).

The association between survivorship and markers of
cellular proliferation were also reported by Andronesi
et al.3' for 21 patients with GBM treated with cedarinib and
chemoradiation. Survivors were dichotomized according
to the cohort’'s median survivorship of 18.2 months, and
longer-term survivors (OS > 18.2 months) had significant
reductions in levels of total choline normalized to creatine
in the contralateral normal appearing tissue (tCho/c-Cr) at
15 and 29 days after initiation of combination therapy.?’
Interestingly, when compared to other MR imaging
markers such as relative cerebral blood flow and contrast-
enhanced T1 volume, tCho/c-Cr was the most robust at
predicting OS after 1-month of treatment based on receiver
operating characteristics analyses.3’

Stadlbauer et al.?2 analyzed metabolic markers from 18
patients who were treated with AAT. Of the 8 patients who
showed evidence of response to treatment based on ret-
rospective MRI analyses, there was a significant decrease
in Cho and Cho/NAA and a significant increase in NAA/
Cr and NAA within the lesion between the time of first ex-
amination (pre-AAT initiation), and the third examination
(234 days post-AAT initiation). The 10 patients who showed
evidence of pseudo response displayed opposite trends,
with significant decreases in NAA and NAA/Cr and sig-
nificant increases in Cho/NAA within the lesion between
the first and third examinations.??> Notably, 75% of pa-
tients who responded to AAT, also displayed remote GBM
progression.??

Hattingen et al.” reported results on the PCho/GPC ratio,
a marker of tumor proliferation, which is readily detectable
by 3'P MRSI. Patients in the short overall survivorship (OS)
group (< median OS) had elevated intratumoral PCho/GPC
relative to the contralateral normal appearing tissue prior
to AAT initiation. Eight weeks after AAT initiation, there
was a significant decrease in PCho/GPC in both those with

short and long OS, followed by a significant increase at the
time of progression.”” The authors conclude that elevated
PCho/GPC was a negative predictor of AAT response.’”

MR Spectroscopic Markers of Hypoxia and
Enhanced Glycolysis

Four studies (4/11; 36.4%) discussed the metabolic changes
associated with tumor hypoxia and necrosis in rela-
tion to AAT'2252629 (Table 3). Talati et al.'? reported that
intratumoral changes in Lac/NAA relative to the baseline
timepoint predicted survivorship of patients with rGBM
treated with AAT. Ninety percent of their cohort with ele-
vated Lac/NAA from baseline (prior to AAT initiation) had
an OS less than 9 months. Additionally, receiver operating
characteristic curves revealed that Lac/NAA was predictive
of overall survivorship at 1-day, 2-weeks, 4-weeks, 8-weeks,
and 16-weeks post-AAT initiation, with higher levels of Lac/
NAA predictive of shorter survivorship.'?

Nelson et al.?® tracked metabolic changes in Lac
and lipids, markers of hypoxia and necrosis, across 4
timepoints: baseline (pre-AAT initiation), between 1 and
3 weeks after AAT initiation, 4 weeks after AAT initiation,
and approximately 4 months after AAT initiation. They re-
ported that lactate and lipids relative to NAA in the contra-
lateral normal appearing tissue decreased at all timepoints
relative to baseline, which was significant at 4-weeks and
4-months after AAT initiation.?¢ Similarly, Jeon et al. re-
ported data on Lac from a single GBM voxel located in the
splenium of the corpus callosum before and after intra-
arterial cerebral infusion of AAT. They reported a robust Lac
peak before therapy, which showed evidence of modest
decrease after therapy, although no statistical analyses
were performed to confirm significance since it was not
the primary outcome measure of interest.?

Wenger et al.?° reported results from 14 patients with re-
current GBM, classified based on Response Assessment
in Neuro-Oncology (RANOQ). Prior to initiation of AAT, the
intracellular pH in the region of radiographically unaf-
fected, but subsequent tumor, was significantly elevated
(pH = 7.065) compared to normal appearing tissue on the
contralateral hemisphere to the tumor (pH = 7.017). The in-
tracellular pH of the subsequent tumor region decreased to
7.044 at the time of best response to AAT (based on RANO
criteria), followed by a significant increase to a pH of 7.085
at the time of disease progression.?*This is consistent with
the author’s finding that elevated intracellular pH in unaf-
fected tissue was predictive of disease progression in pa-
tients with rGBM treated with AAT.

MR Spectroscopic Markers of Gliosis and Osmotic
Dysregulation

Two studies (2/11; 18.2%) discussed the metabolic changes
associated with osmotic dysregulation after initiation of
AAT?85 (Table 3). Steidl et al.?® reported results from 30 pa-
tients with rGBM (based on RANO criteria) treated with
AAT. ml was significantly increased in the intratumoral
and contralateral normal appearing tissue after AAT com-
pared to baseline. Notably, the authors reported that this
effect was more pronounced in the intratumoral tissue,
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Longitudinal MRSI imaging after AAT
initiation at variable timepoints

Intratumoral changes in patients with longer-OS

b Surgiical resection

Chemoradiation/AAT initiation in [29, 17, 27]

P R —

=

progression

| AAT initiation in [6, 25, 30, 28, 22, 33, 12, 27]

Intratumoral changes in patients with shorter-OS

Cellular proliferation markers
« Cho/NAA, Cho, PCho/GPC
l Hypoxia markers
+ Lac/NAA, intracellular pH
T Osmoregulatory/gliosis markers
« ml

T Cellular proliferation markers

* Cho/NAA, Cho, PCho/GPC
T Hypoxia markers

* Lac/NAA, intracellular pH
l Osmoregulatory/gliosis markers

« ml

Figure 3. Synthesis of consensus findings. All subjects included in this study had GBM, underwent surgical resection followed by chemoradiation,
and in some studies, concomitant AAT. The remainder of the studies initiated AAT after evidence of disease progression. There was variation in the
timing of MRSI acquisition after AAT initiation, although there was consensus in the metabolic changes observed. Post-AAT initiation, longer-term
survivors had increased osmoregulatory markers, decreased cellular proliferation markers, and decreased hypoxia markers, which was the oppo-

site of what was observed in shorter-term survivors.

which showed a 93.8% increase in ml post-treatment.?8
Survivorship analyses revealed that there were significant
group differences in ml between longer- and shorterterm
survivors in the contralateral normal appearing tissue,
but not in the intratumoral tissue.?® Specifically, longer-
term survivors had elevated ml levels in the contralateral
normal appearing tissue and a greater difference in ml
levels between both volumes compared to shorter-term
survivors.?8

El-Abtah et al.® reported results from the same marker,
ml, with the exception that it was normalized to creatine
within the contralateral normal appearing tissue (ml/c-Cr).
Levels of ml/c-Cr within the intratumoral and contralat-
eral normal appearing tissue were significantly lower at
baseline (prior to AAT initiation) in those who had an OS
lower than 9 months. Additionally, decreased ml/c-Cr in
the intratumoral tissue was predictive of shorter-term
survivorship at 1-day and 8-weeks post-AAT initiation.®

Survivorship analyses revealed that those with an elevated
ml/c-Cr had a greater mean OS compared to those with
decreased levels ml/c-Cr.6 A similar effect was observed
in the contralateral normal appearing tissue, where lower
ml/c-Cr levels were predictive of shorter-term survivorship
(OS < 9 months) at 1-day, 4-weeks, and 8-weeks after AAT
initiation.®

Synthesis of Consensus Findings

Key consensus findings from all 11 studies are illustrated
in Figure 3. All patients in the included studies had evi-
dence of GBM and underwent surgical resection followed
by treatment regimens that included chemoradiation
and either AAT combination therapy or monotherapy.
However, there was variability regarding when AAT was
initiated, with some studies initiating AAT concomitantly
with chemoradiation and others only after documented
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recurrence. Importantly, there was heterogeneity re-
garding the timing of longitudinal MRSI, with some studies
assessing metabolic changes as early as 1-day after AAT
initiation and others up to 6-9 months afterwards (Figure
3). Despite differences in timing of MRSI acquisition, there
were general trends in metabolic marker changes between
longer- and shorter-term survivors. Longer-term survivors
had evidence of increased osmoregulator markers, de-
creased cellular proliferation markers, and decreased hy-
poxia markers post-AAT initiation, which was the opposite
of what was observed for shorter-term survivors (Figure 3).

Dicussion

To the best of our knowledge, this represents the first sys-
tematic review addressing metabolic changes detected by
single or multi-voxel MRS after initiation of AAT. All studies
utilized MRSI, and there is evidence that MRSI can offer
clinically valuable information to the neurooncologists
and neuroradiologists regarding the course of GBM pro-
gression after AAT initiation. Despite there being few
studies, a common theme was that current MRS markers
can be categorized into those of proliferation, hypoxia/ne-
crosis, osmoregulation, all of which are actively fluctuating
throughout the course of GBM and treatment with AAT.
Although there was heterogeneity in MRSI acquisition
parameters, there was consistency in the main findings.

From our review of the literature, the most common re-
ported marker involving AAT's anti-proliferative effects
were Cho and NAA, where a decreased ratio of Cho/NAA
is consistent with a better prognosis and longer-term sur-
vivorship. This is likely due to decreased membrane syn-
thesis and degradation, which involves choline-containing
phospholipids that are involved in signal transduction.%34
Histopathological analyses have also revealed that Cho is a
robust proxy for glioma cell density, and thus can be useful
in distinguishing between actively proliferating neoplastic
lesions and those with acellular necrosis.®® The elevated
intratumoral Cho/NAA ratios observed in shorter-term sur-
vivors are likely due to a coupling between elevated Cho
and decreased NAA and suggest failure of AAT.'2222527
Specifically, decreases in NAA can be seen as a replace-
ment of viable neural tissue and compromised integrity of
axonal structure.3®

Interestingly, Kim et al. and Hattingen et al. reported fluc-
tuations in markers of proliferation after AAT in their co-
horts. Specifically, during the early stages of AAT, there was
a marked decrease in PCho/GPC and Cho/c-Cr, which was
reversed at the time of disease progression' ® This phe-
nomenon is consistent with an initial normalization of the
abnormal microvasculature feeding the tumor, resulting
in enhanced oxygenation, reduced vasogenic edema,
and increased sensitization to RT and cytotoxic agents.3’
However, treatment resistance followed by tumor progres-
sion in GBM is inevitable, which was detected by MRSI in
the aforementioned studies at the time of progression.®’
An animal study by Kamoun et al.3® showed that treatment
with the VEGF-targeted kinase inhibitor, cediranib, resulted
in decreased vasogenic edema without changes to tumor
proliferation and apoptotic activity. Ergo,’”3 although AAT

may improve symptoms such as edema and reduce the
need for continued steroid therapy in patients, there is ev-
idence for GBMs developing resistance to therapy, which
may correlate with the elevated Cho/NAA and PCho/GPC at
the time of progression.

Elevated levels of Lac and lipids are accepted markers of
necrosis and hypoxia and may mark the transition of GBM
from an infiltrative phenotype to a more malignant one.™-3°
It is thought that anaerobic respiration due to proliferative
activity and hypoxia results in the production of Lac and an
acidic microenvironment, which results in the accumula-
tion of protons within the intracellular compartments of the
glial cells.*4' This is consistent with the findings reported
by Hattingen et al.,?%4? as the accumulation of intracellular
protons trigger the upregulation of specialized pumps that
remove the excess protons into the extracellular environ-
ment, resulting in a coupling between elevated intracel-
lular pH and active tumor proliferation and hypoxia.

The Lac findings by Jeon et al. and Nelson et al. are
most consistent with a model of vascular normalization,
whereby the tumor receives increased perfusion and oxy-
genation early in the course of AAT, which is correlated with
improved survivorship.264344 However, those studies do
not contain sufficient longitudinal follow-up to determine
whether those tumors ultimately progressed to a model of
vascular pruning whereby the vascular network supplying
the tumor is trimmed, resulting in hypoxia, decreased ef-
ficaciousness of therapeutics, and increased metastasis.*
Indeed, the study by Talati et al.'? is suggestive of vascular
pruning, whereby the elevated Lac/NAA was predictive of
shorter-term OS. These findings are further supported by
animal studies which have shown that GBM adapts to AAT
by undergoing extensive metabolic re-programming. Fack
et al.* reported results from 3C,-glucose metabolic flux
analysis by single voxel '*C MRS which showed that subse-
quent to AAT, there was an increased flux of *C,-glucose,
increased Lac, and decreased levels of metabolites associ-
ated with the Krebs cycle.These results were confirmed by
MRSI and immunohistochemical analyses which showed a
marked upregulation of lactate dehydrogenase in tumors,
potentially explaining the increased tumor invasion ob-
served after AAT.#

The findings by El-Abtah et al. and Steidl et al. both sug-
gested that osmotic dysregulation may be a hallmark of
GBM, and that the short TE MRS metabolite, ml, can predict
survivorship as early as before AAT initiation. Interestingly,
both studies reported changes in ml within the contralat-
eral, radiographically normal, appearing tissue.®?® These
results can be partly explained by tumor invasion that
extends to the contralateral hemisphere, which has been
confirmed by autopsy and animal studies.***® Additionally,
increased vasogenic edema, which is a marker of
pseudoresponse to AAT, is characteristic of invasive tu-
mors and may result in extensive damage to the BBB.2249.50
Therefore, the decreased intratumoral ml observed in
shorter-term survivors may be suggestive of AAT failure,
damaged BBB, and a decreased ability for osmoregula-
tion.®28 An important consideration when measuring levels
of mlis that its resonance overlaps with that of Gly at short
TE, making the distinction between both markers difficult.
Nonetheless, this issue can be circumvented by using 7T
scanners, as previous work has demonstrated that using




El-Abtah et al. MRSI detects metabolic changes in GBM after AAT

a higher strength magnetic field with single spin-echo ex-
citation schemes can decouple the ml from the Gly signal,
resulting in the reliable quantification of the ml signal.?’
However, 7T scanners are not readily available for routine
clinical scans across hospital systems, and therefore, this
option may be limited.

Most of the studies incorporated multi-voxel interme-
diate TE MRSI, which detected the majority of metabolic
ratios related to cellular proliferation such as Cho/NAA and
Cho/c-Cr, in addition to markers of hypoxia such as Lac/
NAA. However, there is value in acquiring short TE metab-
olites, such as ml, because it can relay valuable informa-
tion pertaining to the disruption of the BBB and response
to AAT. Furthermore, short TE can detect all of the markers
of cellular proliferation and hypoxia reported in our re-
sults to help assess response to AAT. Consequently, we
recommend acquisition of short TE, multi-voxel, MRS data
whenever possible to allow for a more comprehensive as-
sessment of the heterogenous tumor microenvironment
associated with GBMs. However, if lactate is of partic-
ular importance to the clinical team, then intermediate TE
should be considered as this marker is preferentially de-
tected at intermediate TE to better distinguish it from the
overlapping lipid signal.’? While higher magnetic field
strengths result in better signal-to-noise ratio and spectral
resolution, 1.5T and 3T acquisition are sufficient to quan-
tify the reported metabolic markers that can prognosticate
outcomes following AAT.

Based on the results of this review, a scan prior to in-
itiation of AAT is necessary to establish what the base-
line tumor microenvironment shows. For instance, the
study by Talati et al. and Ratai et al. reported that changes
in NAA/Cho and Lac/NAA relative to baseline were pre-
dictive of outcome rather than the absolute metabolic
ratios at a given time point.'?The timing of MRS acquisi-
tion was highly variable throughout the included studies,
underscoring the lack of a consensus protocol regarding
the optimal time to acquire MRS data. Nonetheless,
the study by El-Abtah et al.® suggests that levels of ml
as early as 1-day post-AAT initiation can be robust pre-
dictors of patient survivorship, which can help identify
those who will likely fail AAT and thus are suitable candi-
dates for salvage therapies. Overall, a baseline scan prior
to AAT initiation is essential and there still remains a need
to standardize the timing of MRS acquisition after AAT
initiation.

Limitations

Our study had some limitations, which are common to
systematic literature reviews of this kind. First, there were
few studies that met inclusion criteria, limiting our ability
to perform a meta-analysis. Second, due to the possi-
bility of a publication bias, there may have been a dis-
proportionate number of studies with positive findings,
which limits our ability to assess the true value of MR
spectroscopic markers in predicting survival.Third, there
could have been a selection bias regarding which studies
were deemed to have met the inclusion and exclusion
criteria, although we utilized a blinded review process
to minimize this possibility. Fourth, the criteria used for

ensuring quality control of the spectra varied across the
studies. This is an important consideration given that cer-
tain brain regions such as the temporal lobe are more
prone to susceptibility artifact. Fifth, there was variation
regarding the timing of longitudinal MRSI after initiation
of AAT, with all studies using different timepoints to as-
sess metabolic changes. Therefore, despite there being
a general consensus regarding metabolic changes post-
AAT initiation in longer- and shorter-term survivors, there
is a need to validate these markers at similar timepoints
using a standardized protocol prior to routine clinical in-
tegration. Future work should focus on standardizing the
timing of scans post-AAT initiation, as well as validating
the spectroscopic markers such that they can be rou-
tinely incorporated in multi-center clinical trials and clin-
ical use.53

Overall, there is utility in incorporating MRSI alongside
clinical follow-up scans to track changes in GBM metabo-
lism in response to AAT.

Conclusions

MRSI can detect changes in cellular proliferation, hypoxia/
necrosis, and osmoregulation in response to AAT and can
be integrated with other forms of advanced MR imaging
to help inform neurooncologists regarding metabolic
changes in GBMs after AAT initiation.
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