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ABSTRACT ____

BACKGROUND: Magnetic resonance spectroscopy (MRS) provides a non-invasive "molecular window" into tissue
biochemistry by quantifying key cellular metabolites within the central nervous system. While conventional magnetic
resonance imaging (MRI) provides excellent anatomic detail, it often falls short in differentiating tumor margins,
distinguishing neoplastic processes from non-neoplastic mimics, grading gliomas preoperatively, and identifying
recurrent disease from treatment-induced effects like radiation necrosis. OBJECTIVE: This review synthesizes
established clinical evidence and meta-analytical findings on the utility of proton MRS (1H-MRS) and multi-voxel
magnetic resonance spectroscopic imaging (MRSI) in neurosurgical planning, intraoperative navigation, and
postoperative decision making. METHODS: Clinical trials, cohort studies, and meta-analyses published up to June
2026 were identified across major biomedical databases, including PubMed, EMBASE, and the Cochrane Library.
Studies were evaluated based on their clinical impact, diagnostic accuracy, and utility in changing surgical strategy.
RESULTS: MRS significantly enhances diagnostic accuracy when added to conventional MRI protocols. Key
biochemical markers-primarily N-acetyl aspartate (NAA), Choline (Cho), Creatine (Cr), Lactate (Lac), Lipid (Lip), and
2-hydroxyglutarate (2HG)-serve as metabolic indicators of cellular density, neuronal integrity, and anaerobic metabolism.
Reported literature indicates pooled sensitivity and specificity for differentiating high-grade from low-grade gliomas
using Cho/NAA and Cho/Cr ratios ranging from 70% to 80%. Furthermore, MRSI-defined metabolic abnormalities
extend an average of 24% beyond T2-weighted hyperintense margins in infiltrative gliomas, directly impacting surgical
resection margins and target selection for stereotactic biopsies. CONCLUSION: Integrated multi-parametric MRl
and high-field MRS protocol suites provide essential metabolic data that fundamentally reshape neurosurgical
approaches, optimize maximal safe resections, and minimize diagnostic uncertainty. However, lack of technical
standardization across scanner vendors remains a primary hurdle to universal clinical integration.

Translating advanced neuroimaging techniques into
actionable neurosurgical decisions represents a major

(FLAIR) remains the gold standard for defining
intracranial structural pathology (McLean & Cross, 2009;

milestone in modern neuro-oncology and functional
neurosurgery (McLean & Cross, 2009). Conventional
structural magnetic resonance imaging (MRI) utilizing
T1-weighted contrast enhancement, T2-weighted
sequences, and Fluid-Attenuated Inversion Recovery
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Weinberg et al., 2021). However, structural imaging
frequently lacks the physiological specificity required
to resolve critical clinical dilemmas (McLean & Cross,
2009; Weinberg et al., 2021). Specifically, macros-
copic structural changes often lag behind microscopic
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biochemical transformations, and contrast-enhancing
margins do not always accurately delineate the true
extent of infiltrative neoplastic cells (McLean & Cross,
2009; Weinberg et al., 2021).

Proton magnetic resonance spectroscopy (1H-MRS)
and magnetic resonance spectroscopic imaging (MRSI)
offer a non-invasive method to address these challenges
(Weinberg et al., 2021; Franco et al., 2021). By exploiting
the chemical shift phenomenon, MRS detects and
quantifies low-molecular-weight metabolites within
specified volumes of interest (voxels) (McLean & Cross,
2009; Franco et al., 2021). This metabolic profiling yields
an accurate assessment of cellular proliferation,
membrane turnover, neuronal viability, energetic stress,
and necrotic transformation without exposing the patient
to ionizing radiation or requiring exogenous contrast
media (Weinberg et al., 2021; Franco et al., 2021).
In contemporary neurosurgical workflows, clinical
choices rely heavily on precise tissue characterization
(Weinberg et al., 2021; Franco et al., 2021). A neuro-
surgeon must routinely differentiate between primary
high-grade malignant tumors, solitary metastases,
tumefactive demyelinating lesions, cerebral abscesses,
and radiation-induced necrosis (Weinberg et al., 2021).
Misclassification can lead to inappropriate interventions-
such as unnecessary surgical resections for demye-
linating plaques, or inadequate treatments for highly
aggressive glioblastomas (Weinberg et al., 2021; Xu et
al., 2025).

Furthermore, optimizing the balance between maximal
safe resection and preserving neurological function
requires clear delineation of infiltrative tumor margins
(McLean & Cross, 2009; Xu et al., 2025). This review
summarizes and contextualizes the evidence base
supporting the integration of MRS into the neurosurgical
pipeline, detailing its impact on preoperative diagnosis,
intraoperative guidance, and postoperative surveillance
(Weinberg et al., 2021; Xu et al., 2025).

Methodology ____

This review evaluates the evidence supporting the
integration of MRS into the neurosurgical pipeline,
detailing its impact on preoperative diagnosis, intra-
operative guidance, and postoperative surveillance.
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2.1 Search Strategy

A comprehensive search was performed across
PubMed, MEDLINE, EMBASE, and the Cochrane Central
Register of Controlled Trials for articles published from
January 2000 through June 2026. The search terms
were designed to capture the intersection of magnetic
resonance spectroscopy, neurosurgical procedures,
and diagnostic outcomes - including surgical planning,
biopsy guidance, and maximal safe resection. Search
terms were chosen to capture evidence across a broad
range of intracranial pathologies, specifically gliomas,
metastatic disease, cerebral abscesses, and treatment-
related effects such as radiation necrosis. Hand-sear-
ching of reference lists from retrieved articles and
relevant consensus recommendations was conducted
to avoid omitting pivotal validation trials.

2.2 Inclusion and Exclusion Criteria

Studies were screened according to the following
predefined criteria:

¢ Inclusion Criteria: 1. Peer-reviewed clinical trials,
prospective or retrospective observational cohort stu-
dies, and systematic meta-analysis. 2. Studies evaluating
human subjects undergoing intracranial neurosurgical
evaluation (biopsy, resection, or stereotactic radiosur-
gery planning). 3. Quantitative evaluation of 1H-MRS or
MRSI at field strengths of >= 1.5 Tesla (T). 4. Inclusion
of histological confirmation, tissue immunohistoche-
mistry, or long-term clinical follow-up as the reference
standard.

 Exclusion Criteria: 1. Case reports, editorials, letters,
or fundamental technical laboratory notes lacking clinical
outcome data. 2. Purely preclinical in vitro or animal
model studies. 3. Studies focus exclusively on non-
neoplastic psychiatric diseases or systemic metabolic
disorders without neurosurgical indications.

2.3 Data Extraction and Quality Assessment

Data extraction was independently conducted by utilizing
standard data collection forms. Extracted parameters
included author, year of publication, cohort size, MR
field strength (1.5T, 3.0T, or 7.0T), MRS localization
technique - such as Point Resolved Spectroscopy
(PRESS) or Stimulated Echo Acquisition Mode (STEAM)-
metabolic biomarkers analyzed, sensitivity/specificity
metrics, and specific neurosurgical outcomes. Quality
and risk of bias assessments were performed to evaluate
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the reliability of the diagnostic accuracy and clinical
impact reported in the included cohorts.

3. Biophysical Foundations and Key Metabolites
Understanding how MRS assists in surgical decision
making requires an examination of the primary
metabolites detected within the mammalian brain (Hyder
& Rothman, 2017). The standard neuro-spectroscopic
profile focuses on a well-defined set of chemical reso-
nances, measured in parts per million (ppm) along a
radiofrequency spectrum (Hyder & Rothman, 2017).

3.1 N-Acetyl aspartate (NAA)

Resonating at 2.02 ppm, N-acetyl aspartate is a localized
marker synthesized exclusively within the mitochondria
of functional neurons and transport axons (Baslow,
2003). A reduction in the absolute concentration of NAA
represents neuronal injury, loss of structural axonal
integrity, or the displacement of healthy neural archi-
tecture by neoplastic or inflammatory tissue. In neuro-
oncology, a profound drop in NAA is characteristic of
high-grade cellular infiltration (Baslow, 2003).

3.2 Choline (Cho)

The choline peak at 3.22 ppm reflects compounds
involved in cell membrane synthesis and degradation
(phosphocholine and glycerophosphocholine) (Hampton
et al., 2021). Accelerated membrane turnover, cellular
proliferation, and increased cell-density elevate the free
choline signal. The relative ratio of Choline to other
baseline metabolites serves as a key indicator of malig-
nant transformation (Hampton et al., 2021).

3.3 Creatine (Cr)

Total creatine, peaking at 3.03 ppm, represents the pool
of both free creatine and phosphocreatine (Hyder &
Rothman, 2017). It functions as a stable metabolic
reservoir for high-energy phosphate buffering in brain
tissue. Because its concentration remains relatively
constant under many pathological conditions, creatine
is widely utilized as an internal control standard against
which Choline and NAA are ratioed (e.g., Cho/Cr and
NAA/Cr ratios). However, clinicians must note that
creatine levels can fluctuate in necrotic zones or
hypermetabolic states (Hyder & Rothman, 2017).

3.4 Lactate (Lac) and Lipids (Lip)
Lactate presents as a characteristic doublet at 1.33 ppm
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that inverts below the baseline when evaluated using a
medium echo time (TE) of 135 ms (Harris et al., 2013).
Under physiological conditions, extracellular lactate is
negligible (Harris et al., 2013). Its accumulation signals
a shift from oxidative phosphorylation to anaerobic
glycolysis, typically caused by regional hypoxia,
mitochondrial dysfunction, or rapid neoplastic expansion
outstripping vascular supply (Harris et al., 2013).
Mobile lipids exhibit broad resonances between 0.9
ppm and 1.3 ppm (Ostojic et al., 2024). Elevated lipid
peaks reflect necrotic cellular breakdown, membrane
fragmentation, and myelin degeneration, which are
classic hallmarks of high-grade glioblastomas, active
demyelination, or liquefied cerebral abscesses (Ostojic
et al., 2024).

3.5 Myo-inositol (ml) and Glutamate/Glutamine
(Glx)

Myo-inositol (3.56 ppm) serves as an organic osmolyte
and a selective marker for astrocytic glial proliferation
(Hyder & Rothman, 2017). Elevated myo-inositol is often
seen in low-grade astrocytoma's or neurodegenerative
neuroinflammatory processes (Hyder & Rothman, 2017).
Glutamate and glutamine (combined as the Gix complex
between 2.1 ppm and 2.5 ppm) act as primary excitatory
neurotransmitters and metabolic intermediaries,
providing insight into metabolic encephalopathies and
seizure foci (Hampton et al., 2021).

3.6 2-Hydroxyglutarate (2HG)

The discovery of mutations in the isocitrate dehydro-
genase (IDH) gene in diffuse gliomas reshaped neuro-
oncological categorization (Pope et al.,2012). The mutant
IDH enzyme converts alpha-ketoglutarate into the
oncometabolite 2-hydroxyglutarate (2HG). Utilizing
specialized spectral editing techniques at 3.0T or higher
magnetic field strengths, 2HG can be detected as a
distinct resonance peak at approximately 2.25 ppm
(Pope et al.,2012). Non-invasive determination of 2HG
status provides essential diagnostic value before the
first incision is made.

4. Clinical Applications in Neurosurgical Work-
flows

4.1 Preoperative Differentiating of Tumors from
Non-Neoplastic Mimics

One of the most immediate challenges in clinical
neurosurgery is the identification of intracranial mass
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lesions that mimic malignant tumors on structural scans.
Tumefactive demyelinating lesions (TDLs), cerebral
pyogenic or fungal abscesses, acute ischemic strokes,
and focal tumefactive encephalitis can mimic high-grade

gliomas by displaying mass effect, surrounding vaso-
genic edema, and ring-like contrast enhancement
(Donahue et al.,2021).

The Metabolic Roadmap:
Integrating MRS into the Neurosurgical Workflow

& IDH Status

Y o‘ecular Wi"“o_h’

Standard MRI:
Structural View

MRS: Metabolic Window
(Cho/NAA Ratio)

While conventional MRI shows brain

structure, MRS provides a "molecular
window" into tissue biochemistry.

Molecular Grading & IDH Status
A The ZHG resonance peak
- non-invasively identifies
IDH mutations before the
first incision.

Sensitivity in
Tumor Grading

80%

Cho/NAA ratios accurately distinguish
between low-grade and high-grade gllomas.

Pathological | Key Spectral Metabolite
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High-Grade High Che/ .
2 i marked|
aara Han rati decreased NAA
Presence of
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0.9 ppm

Elevated mil
with transient

Myo-inositol
Feak lactate levels

Demyetination

Eliminating Sampling Error
Overlaying Cho/NAA maps on
neuronavigation directs biopsy needles
to the most aggressive "hotspots.”

Beyond Visible Margins
Visible Structural
© Boundary (MRI)

— Matabolic
7 Abnormality (MRS)

24%
Larger
Margin

Metabalic abnormalities typically extend
24% further than structural boundaries
seaen on T2 MRI.

Pseudoprogression

indicate viable tumor, a
whareas flattened peaks  wasteland of metabolites

Recurrence vs. The
“Dead Spectrum”

Viable Tumor

Lipid-Lactate

Radiation necrosis
maonifests as

High Cheline signals

indicate treatment with dominant
induced necrosis. lipid-lactate peaks.

N-Acetyl
aspartate LEiCtia(:: ! Spectral
(NAA) p Signature
High-Grade [Markedly  |Markedly Elevated |High Cho/NAA, variable
Glioma Elevated Decreased  |LaclLip Lipids at core

Solitary High (intra- [Absent (intra- |Variable  |Normal peritumoral
Metastasis | tumoral) tumoral) spectrum (no infiltration)
Tumefactive |Moderately |Moderately  [Transient |Elevated Myo-inositol,
Demyelination | Elevated Decreased  |Lactate rapid normalization

Pathological  Choline Specific

Entity (Cho)

Cerebral Markedly | Absent Dominant | Cytosolic amino acid
Abscess Decreased Lac/Lip peaks (0.9 ppm,
acetate/succinate)
Radiation Depressed / | Depressed /  [Massive Li-|"Dead Spectrum" (all
Necrosis Flat Flat pid/Lactate [normal metabolite

peaks flattened)

Table 1:

In distinguishing pyogenic abscesses from necrotic
glioblastomas, structural MRI can show overlapping
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characteristics (Donahue et al.,2021). However, 1H-MRS
provides clear differentiation: pyogenic abscesses
display an absence of normal metabolites (Cho, Cr,
NAA) inside the liquid cavity, accompanied by prominent
peaks from cytosolic amino acids (valine, leucine,
isoleucine at 0.9 ppm), acetate, and succinate, which
are metabolic byproducts of bacterial proliferation (Co
et al.,2025). Conversely, the necrotic core of a glioblas-
toma shows variable lipid-lactate peaks alongside
residual Choline, indicating cellular breakdown without
bacterial fermentation (Co et al.,2025).

Furthermore, differentiating a primary glioblastoma from
a solitary cerebral metastasis is essential for surgical
staging (Alshammari et al., 2021; Yogendran et al., 2022;
Giraldo et al., 2023; Gray et al., 2020; Hu et al., 2022)).
While both display central necrosis and peripheral ring
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enhancement, multi-voxel MRSI reveals distinct profiles
in the non-enhancing peritumoral edema zone
(Alshammari et al., 2021; Frati et al., 2011). In infiltrative
primary gliomas, the peritumoral region shows elevated
Cho/Cr and depressed NAA/Cr ratios due to microscopic
tumor invasion beyond the macroscopic margins
(Okamoto et al., 2004; Frati et al., 2011; Grand et al.,
2023). In contrast, the peritumoral zone of a metastasis
consists of pure vasogenic edema, demonstrating
normal or diluted metabolite ratios without neoplastic
infiltration (Alshammari et al., 2021; Frati et al., 2011).

. . N-Acetyl Specific
Patgc:‘lt?tglcal C('g:]lg;e aspartate Liic;?;: / Spectral
(NAA) Signature
High-Grade |Markedly  |Markedly Elevated |High Cho/NAA ratio;
Glioma Elevated Decreased  |Lac/Lip variable lipids at the
necrotic core.
Solitary High (intra- [Absent (intra- |Variable  |Normal peritumoral
Metastasis tumoral) tumoral) spectrum (no infiltrative
signatures).
Abscess Markedly  [Absent Dominant |Presence of cytosolic
Decreased Lac/Lip amino acids (0.9 ppm),

acetate, and succinate.

Tumefactive |Moderately |Moderately  [Transient |Elevated Myo-inositol;
Demyelination | Elevated Decreased  |Lactate rapid normalization of
spectrum over time.

Radiation Depressed / | Depressed /  [Massive  |"Dead Spectrum": all
Necrosis Flat Flat Lac/Lip normal metabolite
peaks are flattened.

Table 2: Characteristic metabolite profiles of intracranial lesions

4.2 Glioma Grading and Molecular Biomarker Pre-
diction

Accurate preoperative grading of suspected diffuse
gliomas influences the choice between direct aggressive
cytoreductive craniotomy and frame-based stereotactic
biopsy (Branzoli & Marjanska, 2020). Higher-grade
gliomas (WHO Grade 3 and 4) require maximal safe
resection combined with adjuvant chemoradiotherapy,
whereas certain low-grade or diffuse lesions may be
managed with different timelines or targeted interven-
tions (Branzoli & Marjanska, 2020; Prat et al., 2010).
Established meta-analyses, such as the one conducted
by Chiang et al. (2018) have confirmed that the pooled
sensitivity and specificity of 1H-MRS for distinguishing
high-grade from low-grade lesions reached 80% and
76% using the Cho/NAA ratio, respectively (Chiang et
al., 2018; Laino et al., 2020; Guo et al., 2012). The ele-
vation of the Choline peak correlates with a high Ki-67
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proliferation index derived from histological samples
(Laino et al., 2020; Boer, 2020).

Beyond grading, MRS acts as a non-invasive tool for
radio genomics (Kalpathy-Cramer et al., 2014; Booth et
al., 2022; Li et al., 2022). The identification of the 2HG
resonance peak allows for the accurate prediction of
IDH1 or IDH2 mutation status preoperatively (Chiang et
al., 2018; Andronesi et al., 2012). Identifying an IDH-
mutant lesion can alter the surgical approach, as IDH-
mutant gliomas are associated with a more favorable
prognosis and a greater survival benefit from extensive,
supratotal surgical resections compared to their IDH-
wildtype counterparts (Choi et al., 2012).

4.3 Intraoperative Navigation and Targeting Biop-
sies

Stereotactic frame-based or frameless needle biopsy
requires targeting the most aggressive components of
a heterogeneous lesion. Randomly sampling an area
of non-enhancing tumor or central necrosis can result
in under grading, leading to suboptimal clinical mana-
gement.

Integrating multi-voxel spectroscopic maps directly into
neuronavigation workstations enables metabolically
guided biopsies (Kanberoglu et al., 2014). By overlaying
a Cho/NAA ratio map onto structural 3D T1 contrast-
enhanced planning arrays, the neurosurgeon can track
and advance the biopsy needle directly to the voxel
displaying the highest metabolic activity (Kanberoglu
et al., 2014). This approach minimizes non-diagnostic
biopsy rates and ensures accurate sampling of the
highest histopathological grade.

[Conventional Structural MRI] -> Identifies structural
lesion boundary

[Multi-Voxel MRSI Overlay] -> Identifies hyperme-
tabolic "hotspots" (Max Cho/NAA)
[Neuronavigation Integration] -> Directs biopsy
needle to aggressive core

[Histological Confirmation] -> Eliminates sampling
error and under grading

For open craniotomies, MRSI data helps define extended
resection borders (Zhang et al., 2016). Infiltrative diffuse
gliomas routinely extend well beyond structural T2/FLAIR
hyperintense boundaries (Zhang et al., 2016; Zhang et
al., 2019). Studies evaluating metabolic boundaries
indicate that the abnormal area defined by an elevated
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Cho/NAA ratio is, on average, 24% larger than the volume
delineated by traditional T2-weighted configurations
alone (Oz et al., 2014; Sahu et al., 2023). Utilizing these
metabolic boundaries helps the neurosurgeon maximize
tumor clearance while preserving eloquent cortex (Zhang
et al., 2016).

4.4 Postoperative Surveillance: Recurrent Tumor
vs. Radiation Necrosis

Following surgical resection, patients with high-grade
gliomas undergo standard Stupp protocol therapy
involving adjuvant external beam radiation and temo-
zolomide (Aseel et al., 2023). Months after treatment,
routine structural MRI scans frequently demonstrate
new or expanding areas of contrast enhancement and
surrounding edema. This presents a critical clinical
dilemma: differentiating true tumor progression from
pseudo progression or radiation-induced tissue necrosis
(Travers et al., 2021; Chuang et al., 2016).
Structural imaging often cannot definitively distinguish
these entities, as both cause blood-brain barrier disrup-
tion and contrast enhancement. This differentiation is
critical: true recurrence requires re-operation or a change
in systemic chemotherapy, while radiation necrosis is
managed expectantly with corticosteroids or anti-
angiogenic agents (Aseel et al., 2023; Weybright et al.,
2005; Anbarloui et al., 2015).

MRS helps resolve this diagnostic challenge (Chiang
et al., 2018). True recurrent neoplastic processes
maintain cellular viability and proliferation, reflected by
elevated Choline signals and persistent Cho/NAA and
Cho/Cr ratios. Conversely, radiation necrosis represents
metabolic cell death and architectural collapse. This
manifests as a "dead spectrum" or "spectral wasteland,"
characterized by the depletion of all normal metabolites
(Cho, Cr, NAA) and the presence of a broad, dominant
lipid-lactate peak resulting from fatty degeneration and
tissue liquefaction (Bobek-Billewicz et al., 2010; Smith
et al., 2023).

5. Methodological Quality of Evidence

While single-center observational studies have demons-
trated the clinical utility of MRS, large-scale multi-center
clinical trials are more limited (Maudsley et al., 2021).
A historical health technology assessment found that
while the technical feasibility of 1H-MRS is well-sup-
ported, direct high-level evidence linkable to improved
survival outcomes remains limited due to small sample
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sizes in many prospective cohorts (Horska & Barker,
2010).

Many published studies utilize retrospective designs,
which introduces selection bias, as MRS is often
reserved for complex cases where standard imaging is
equivocal (Galijasevic et al., 2022). Furthermore,
historical variations in field strength (1.5T versus 3.0T
systems) and differing echo time selections (short TE
vs. long TE) introduce variability in diagnostic cut-off
ratios, complicating direct cross-study comparisons.

Author Study :ls: :ﬁ;ﬂ

(Year) Focus (NAA)
Chiang etal. |Glioma Pooled sensitivity of 80% and specificity of 76% for
(2018) Grading distinguishing high-grade from low-grade gliomas

using Cho/NAA ratios.

Andronesietal. [ Molecular | Demonstrated detection of 2-hydroxyglutarate (2HG)
(2012)/ Choi et | Biomarkers |as a specific marker for IDH mutation status.
al. (2012)

Kanberoglu et | Biopsy

Proved feasibility of integrating 3D MRS data into

al. (2014) Guidance | neuronavigation to target hypermetabolic "hotspots,"
reducing sampling error.

Zhangetal. |Surgical Found that metabolically abnormal areas (elevated

(2016) Resection [ Cho/NAA) extend an average of 24% beyond T2/FLAIR

margins in infiltrative gliomas.

Aseeletal. |Recurrence |Systematic review confirming MRS's ability to
(2023) vs. Necrosis | differentiate true recurrence (elevated Choline) from
radiation necrosis ("dead spectrum").

Table 3: Summary of key clinical studies

6. Technical Limitations and Structural Challenges
* Voxel Resolution and Partial Volume Effects:
Single-voxel proton spectroscopy requires a minimum
volume size (typically 1.5 cm3 to 8 cm3) to maintain a
sufficient signal-to-noise ratio (SNR) (Horské & Barker,
2010; Zeng et al., 2007). This poor spatial resolution
leads to partial volume effects, where a single voxel
averages signals from tumor cells, surrounding
vasogenic edema, and healthy cortical tissue. This can
dilute the metabolic signature of small or heterogeneous
lesions (Luque et al., 2024).

* Magnetic Susceptibility Artifacts: MRS requires a
highly homogeneous local magnetic field. Pathological
processes located near bone-soft tissue interfaces, air-
filled paranasal sinuses, or the skull base (e.g., cell
tumors, posterior fossa lesions) suffer from severe
magnetic susceptibility artifacts (Ruiz-Rodado et al.,
2021). These artifacts cause spectral line broadening,
distorting, or obscuring metabolite peaks.
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* Presence of Intracranial Hemorrhage or Calcifi-
cation: The presence of blood degradation products
(such as methemoglobin or hemosiderin) or macro-
calcification within a tumor causes local field distortions
that can invalidate metabolic quantification.

e Lack of Vendor Standardization: A significant
challenge is that different MRI scanner vendors employ
proprietary pulse sequences and automated processing
pipelines. This variation means that identical lesions
scanned on different equipment can yield differing
absolute metabolite values, highlighting the need for
multi-scanner data harmonization initiatives (Harris et
al., 2023).

7. Future Directions: High-Field Imaging and
Machine Learning

The integration of high-field (3.0T) and ultra-high-field
(>=7.0T) MR hardware is expanding the capabilities of
metabolic neuroimaging (Gizewski et al., 2015). Higher
field strengths increase the signal-to-noise ratio and
improve spectral resolution, enabling clearer separation
of overlapping metabolite peaks such as glutamate,
glutamine, gamma-aminobutyric acid (GABA), and myo-
inositol (Hingerl et al., 2025).

Simultaneously, the integration of artificial intelligence
(Al) and deep learning algorithms is changing data
processing workflows (van de Sande et al., 2023).
Machine learning classification models can automate
spectral fitting, eliminate baseline noise, and perform
automated pattern recognition across thousands of
voxels simultaneously (Harris et al., 2023; Luo et al.,
2025). Combining these advanced processing tools with
multi-parametric MRI configurations-incorporating
diffusion tensor imaging (DTI) and dynamic susceptibility
contrast (DSC) perfusion-allows for the generation of
comprehensive structural, physiologic, and metabolic
tumor maps (Klukowski et al., 2025; Zhang et al., 2022).

Conclusion ____

Magnetic resonance spectroscopy is an important
adjunctive tool in the neurosurgical armamentarium,
providing molecular data that complements structural
MRI. From the initial diagnosis of an ambiguous intra-

cranial mass to intraoperative navigation and post-
operative surveillance, MRS delivers metabolic insights

PAKISTAN JOURNAL OF RADIOLOGY

that influence surgical strategies.

By identifying specific metabolite profiles-such as
elevated Choline levels indicating rapid proliferation,
lipid-lactate peaks signaling necrosis, or the presence
of 2-hydroxyglutarate indicating IDH mutation status-
MRS helps reduce diagnostic uncertainty. This non-
invasive assessment assists neurosurgeons in mini-
mizing diagnostic errors, optimizing biopsy targeting,
and maximizing safe tumor resections.

Realizing the full clinical potential of MRS requires
continuing efforts toward technical standardization
across scanner platforms, the implementation of
automated data analysis pipelines, and the execution
of prospective multi-center trials to firmly establish its
impact on long-term patient survival.
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