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Summary
Background Supratentorial function-eloquent brain tumour surgeries challenge the balance between maximal tumour
resection and preservation of neurological function. This study aims to evaluate the efficacy of preoperative and
intraoperative mapping techniques on resection outcomes and post-operative deficits.

Methods This systematic review and meta-analysis examined literature up to March 2023, sourced from PubMed,
Embase, and Medline. Criteria for inclusion were studies on patients undergoing surgery for supratentorial brain
tumours, comparing preoperative mapping only (POM), intraoperative neuromonitoring and mapping (IONM),
and combined techniques (POM&IONM), excluding non-randomized controlled trials. Data extraction focused on
rates of gross total resection (GTR) and focal neurological deficits (FNDs). The main outcomes, assessed through
a random-effects model and Cochran’s Q-test for subgroup analysis. The study protocol is published on
PROSPERO CRD42024512306.

Findings 19 studies involving 992 patients were included. Systematic review with meta-analysis revealed a non-
significantly higher average GTR rates for POM&IONM (49.13%) and POM (50.79%) compared to IONM alone
(41.23%). Highest rates of GTR were achieved with tractography-guided resection in POM group (66.59% versus
fMRI–20.00%, p = 0.0004), multimodal stimulation in IONM group (54.16% versus low frequency stimulation
(LFS)–13.29%, p < 0.0001) and in POM&IONM group (65.88% versus LFS–37.77%, p = 0.0036). Within the same
tumour histology–metastasis, high grade and low grade glioma–there are no differences in the GTR rates
achieved in the different groups (p > 0.05). In language-eloquent tumours and in awake craniotomy techniques
regardless of tumour functional eloquence, POM&IONM group had higher GTR when compared to IONM
groups (language eloquent tumours–POM&IONM 43.31% versus IONM–15.09%, p = 0.022; awake craniotomy
technique–POM&IONM–41.22% versus IONM–12.08%, p = 0.0006). Permanent FNDs were higher in the IONM
group (IONM-73.0%; POM-29.6%; POM&IONM-33.7% of immediate postoperative deficits, p = 0.0010).

Interpretation A combined POM&IONM approach is responsible for higher rates of GTR in patients with language
eloquent tumours and in both awake and asleep craniotomy techniques regardless of the tumour functional
eloquence. The tumour histology is not relevant for differences in GTR rates among different mapping and moni-
toring strategies. Permanent postoperative FNDs are more likely with standalone utilization of IONM.
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Abbreviations: GTR, Gross total resection; POM, Preoperative mapping; IONM, Intraoperative neuromonitoring; POM&IONM, Preoperative mapping
and intraoperative neuromonitoring; HFS, High-frequency stimulation; LFS, Low- frequency stimulation; nTMS, Navigated transcranial magnetic
stimulation; fMRI, Functional magnetic resonance imaging; EoR, Extent of resection; FND, Focal neurological deficit
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Research in context

Evidence before this study
Preoperative mapping (POM) and intraoperative
neuromonitoring (IONM) techniques are increasingly utilized
to enhance the extent of resection (EoR) in supratentorial
brain tumors while minimizing neurological deficits. Existing
literature highlights the efficacy of individual modalities like
tractography and direct cortical stimulation (DCS) but lacks
comprehensive comparative data on their combined use.
Meta-analyses to date have focused on isolated outcomes,
without integrating the implications for functionally eloquent
areas.

Added value of this study
This systematic review and meta-analysis synthesized data
from 19 studies comprising 992 patients to compare POM,
IONM, and their combination (POM&IONM). The findings

demonstrate that combined techniques improve gross total
resection rates and reduce permanent neurological deficits,
particularly in language-eloquent tumors and awake
craniotomies. Specific modality combinations, such as nTMS
with tractography and DCS, showed superior outcomes,
offering actionable insights for clinical practice.

Implications of all the available evidence
The integration of POM and IONM optimizes onco-functional
balance by maximizing resection while preserving
neurological function, particularly in eloquent brain areas.
Combined approaches enable better preoperative planning
and real-time intraoperative decision-making. These findings
advocate for adopting multimodal techniques, tailored to
individual patient and resource contexts, to improve surgical
outcomes in neuro-oncology.
Introduction
More than 12,000 individuals in the UK and around
350, 000 individuals worldwide are diagnosed with brain
tumours annually,1,2 most commonly supratentorial
intracranial tumours in the parietal, frontal and tem-
poral lobes.3 Despite advancements, prognosis and
overall survival remain poor. Treatment often involves
surgical resection in conjunction with adjuvant
oncology treatment. Maximising the extent of resection
(EoR) whilst preserving eloquent areas have demon-
strably improved life expectancies and overall survival
rates in glioblastomas (GBM),4 low grade gliomas
(LGG)5,6 and metastases.7 Therefore, preoperative
mapping (POM) and intraoperative neuromonitoring
and mapping (IONM) techniques have become para-
mount in brain tumour surgery, aiding in the identi-
fication of eloquent areas, image-based grading and
histological phenotyping.8

Among POM techniques, functional magnetic reso-
nance imaging (fMRI) is popular cortical mapping
technique as it significantly reduces permanent post-
operative neurological deficits, mortality and
morbidity.9,10 However, fMRI has reduced specificity
compared to intraoperative techniques such as direct
cortical stimulation (DCS).11 Preoperative navigated
transcranial magnetic stimulation (nTMS) demonstrates
similar accuracy compared to DCS particular in the
cortical localization of the functional upper limb area,
potentially increasing the extent of resection (EoR) in
motor-eloquent brain tumours whilst reducing
deficits.12,13 Nevertheless, this technique fails to achieve
similar results when the functional areas of the leg and
language are considered.14 Preoperative tractography is
the only available technique that allows for in vivo
subcortical dissection, increasing the safety of surgical
resection in eloquent tumours.15 Nevertheless, it is
limited by artefacts that are minimized by multiple al-
gorithms and its intraoperative accuracy is hampered by
brain shift and deformation.16

IONM techniques are increasingly adopted in
eloquent brain tumour surgery. DCS and subcortical
stimulation are the gold-standard methods13,17,18 with the
potential to maximise EoR whilst minimizing functional
deficits, providing real-time information about func-
tional boundaries. Intraoperative tractography can pro-
vide real time information about the integrity and
distance to eloquent subcortical matter,16 accounting for
brain shift and deformation unlike preoperative trac-
tography but it is restricted by limited intraoperative
MRI availability, increased operative time and costs.19–22

A personalized onco-functional balance is crucial to
maximise EoR whilst preserving quality of life23 as
post-surgical complications are strongly associated
with longer length of stay, increased hospital costs and
greater risk of other comorbidities and mortality.24

Also, they have a negative impact in the adjuvant
oncological treatment and therefore in the overall
outcome of the oncological disease.25 However, con-
troversy exists between the best way to achieve this
delicate balance. POM, IONM or a combination of both
www.thelancet.com Vol 80 February, 2025
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techniques are appealing approaches with different
additional benefits but with limitations in their real-
world application due to availability, cost and
expertise.26–28 Therefore, the aim of this systematic re-
view and meta-analysis is to understand the implica-
tions of the different mapping and monitoring
techniques in the extent of resection and postoperative
neurological deficits.
Methods
Registration and reporting standards
We performed this systematic review following the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (Fig. 1: Prisma).
The study protocol is published on PROSPERO
CRD42024512306.

Search strategy
A comprehensive literature search was performed using
Pubmed, OVID, Medline and EMBASE from database
inception to 13th March 2023. Our search returned 3894
records, of which 19 articles including 22 cohorts of 992
patients met our inclusion criteria.
Fig. 1: PRISMA Flow chart.

www.thelancet.com Vol 80 February, 2025
Eligibility criteria
We sought patient cohort data based on case series,
published in English in peer-reviewed journals
reporting adult (age>18 years old) patients presenting
with supratentorial tumours managed with surgical
intervention and the use of POM, intra-operative neu-
romonitoring and mapping (IONM) or a combination
of both (POM&IONM). Biopsies, posterior fossa tu-
mours and paediatric cases were excluded. We
reviewed the bibliographies of included studies for
further patient cohort data meeting our eligibility
criteria. The outcome measures were EoR and new
postoperative focal neurological deficit (FND).

Study selection
Three investigators (N.R, E.M, A.A) independently
screened all titles and abstracts for eligibility. The full
text of eligible studies was reviewed for inclusion. A.V
acted as a mediator in cases of disagreement.

Data extraction
Data extraction was performed independently by two
authors (AO and EM) from each unique study cohort to
ensure consistent extraction of patient, tumour and
3
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Article characteristics

No. of Individual Articles

No. of Patient Cohorts
Investigated = 22

Publication Location (n =
• Europe = 11
• North America = 6
• Asia = 2

Year of Publication (n =
• 2014–Present = 8
• 2004–2014 = 9
• Prior to 2004 = 2

SD = Standard Deviation, W

Table 1: Characteristics o
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treatment characteristics. The data points extracted are
displayed in (Table 1).

Risk of bias
We used the NHLBI Study Quality Assessment Tools29

to assess for low validity of results or any subsequent
bias. If there was a high risk of bias, they were excluded
after an independent review A.V. and A.B.M).

Statistical analysis
Data collection was performed in Microsoft Excel
(Version 16.76) with data manipulation and statistical
analysis performed in RStudio using the meta, dmetar
and metafor libraries (Version: 4.2.3). Articles
selected for pooled quantitative analysis were those
which met inclusion criteria and detailed EoR. GTR
was defined as those articles which explicitly cat-
egorised resection as GTR or if a value of 100% EOR
was given. Outcome data was dichotomised into GTR
or Non-GTR and mean percentage rate of GTRs for
each article as well as pooled estimates were calcu-
lated. Meta-analyses were reported against the Meta-
analysis of Observational Studies in Epidemiology
(MOOSE) guidelines.

Significant Heterogeneity was determined via the I2

test as a measure of between-study effect size variability,
τ2 as a measure of between-study variance and
Cochran’s Q statistic as a measure of differences in
calculated effect sizes compared to fixed model esti-
mates (p-value <0.05). When significant heterogeneity
was present, the random-effects model was used for
meta-analysis through the inverse variance, restricted
maximum-likelihood estimator approach using the
DerSimonian-Laird (DSL) method.
Patient cohort characteristics Tumour characteristics

= 19 Total Number (n = 22) = 992 Tumour Laterality (n = 12)
• Left Sided = 54.6%

Sex (n = 18) = 55.8% Male
Mean age (n = 17) = 49.2
(±SD 8.43)

WHO Grade (n = 667)
• 3 & 4 = 62.2%
• 1 & 2 = 37.8%

19) Pre-Operative Deficit at
Presentation (n = 13)
• Any Deficit (n = 13) = 39.2%
• Motor Deficit (n = 11) = 35.6%
• Language Deficit

(n = 10) = 15.0%
• Visual Deficit (n = 8) = 6.0%
• Seizures (n = 8) = 36.2%

Tumour Type (n = 464)
• GBM = 39.2%
• Metastasis = 29.7%
• Oligodendroglioma = 9.1%
• Astrocytoma = 19.2%
• Other = 2.8%

19) Left Sided Dominance
(n = 3) = 100%

Tumour Location (n = 696)
• Frontal = 41.7%
• Insular Centred = 28.7%
• Parietal = 18.7%
• Temporal = 8.2%
• Other = 4.4%

HO = World Health Organisation, GBM = Glioblastoma Multiforme.

f included articles, patients and tumour types.
In situations where subgroup analyses featured <10
studies, the Hartung-Knapp-Sidik-Jonkman (mHKSJ)
method was utilised, adjusting τ2 estimates for small
sample bias with the Sidik-Jonkman Estimator and
adjusting confidence intervals with a t-distribution to
minimise Type I errors. Cochran’s Q statistic was
deemed significant when p-value <0.10 in such sce-
narios to avoid Type II errors. % Mean GTRs extracted
from each study were transformed using the Arcsine
Square Root technique to account for extremes and
stabilise variances calculated, with estimates back-
transformed for interpretability. Shapiro Wilk testing
was performed post-hoc to confirm normality of study
estimates.

Publication bias was assessed using contour-
enhanced funnel plots comparing the log odds of
changes in % GTR against study size, with Egger’s test
used to confirm findings. Sensitivity analysis involved:
Influence Analysis, Leave-out Meta Analysis and
Graphical display Of Study Heterogeneity (GOSH).
Grouped effect sizes were compared to each other via
Cochran’s Q-test between groups and within groups via
subgroup meta-analysis.

Data on Focal Neurological Deficits (FND) was also
extracted, including a compilation of all motor, visual
and language deficits recorded in patients post-
operatively. This did not include any neuro-cognitive
deficits due to the lack of data to enable for compari-
sons to be made. Due to the substantial heterogeneity in
the reporting of FNDs across studies, a meta-analysis
could not be performed. Instead, this was analysed ho-
listically with a combination of Pearson’s Chi-Square
(X2) and Fisher’s exact tests (if expected values < 5),
identifying independence between categorical variables
with odds ratios (OR) with 95% confidence intervals (CI)
were calculated. Values were considered significant if
p < 0.05 and Pearson’s residuals were explored to
determine cause of significance across multiple groups.

Role of the funding source
No funding was received for the production of this
manuscript.
Results
A total of 992 patients were identified from 22 patient
cohorts across 19 research articles. A summary of
article, patient and tumour characteristics can be found
in Table 1.

All 22 cohorts documented IONM, POM or
POM&IONM with a total of 505 GTRs achieved across
992 patients included (50.91%). Overall heterogeneity
was significant (I2 = 91.7% [95% CI: 88.8%–93.9%],
τ2 = 0.042 [95% CI: 0.021–0.089], Q(21) = 252.90, p-value
<0.0001). Overall, no publication bias was detected in
primary analysis (b = 0.5532, [95% CI: 0.3370–0.7696],
z = −0.7086, p = 0.48) (Supplementary Figure S1).
www.thelancet.com Vol 80 February, 2025
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Following Arcsine Square Root Transformation, all pro-
portions reported followed a normal distribution
(Supplementary Table S1). Sensitivity Analyses revealed
no studies were significant outliers and did not heavily
influence between-study heterogeneity observed on their
own (Supplementary Figures S2–S5, Table 2). Following
random-effects meta-analysis, average GTR rate was
calculated as 49.13% [95% CI: 37.78%–60.53%] in
POM&IONM, 50.79% [95% CI: 20.76%–80.51%] in POM
and 41.23% [95% CI: 19.51%–64.92%] in IONM overall
across studies. However, no significant difference in
GTR likelihood amongst POM, IONM and POM&IONM
was found following adjustments for study-level and
subgroup-level heterogeneity (Q(2) = 0.38, p-value = 0.83)
(Fig. 2).

Preoperative and intraoperative mapping and
monitoring techniques
The studies were analysed according to the specific
submodality.

In POM group, tractography resulted in a GTR rate
of 66.59% [95% CI: 50.84%–80.64%], significantly
higher than fMRI with 20.00% likelihood [95% CI:
5.86%–39.81%] (Q(1) = 12.54, p-value = 0.0004) (Fig. 3a).

In the IONM and POM&IONM groups, the tech-
niques were divided according to the IONM paradigm
of stimulation used in:

1. Low-Frequency Stimulation mapping (LFS, Penfield
Technique)

2. High-Frequency Stimulation (HFS, Taniguchi
Technique)

3. Multimodal (more than one IONM technique,
including HFS)

IONM stimulation technique significantly impacts
GTR likelihood in IONM (Q(2) = 30.78, p ≤ 0.0001) and
POM&IONM (Q(2) = 11.27, p = 0.0036) groups. In both
cases, Multimodal approaches produced the highest
GTR likelihood (IONM only: 54.16% [95% CI: 4.46%–

98.34%]; POM&IONM: 65.88% [95% CI: 40.44%–

87.19%]) whilst LFS had the lowest likelihood of
achieving GTR [IONM only: 13.29% [95% CI: 8.24%–

19.32%]; POM&IONM: 37.77% [95% CI: 26.00%–

50.31%]) (Fig. 3b).
Monitoring modality n New
deficit

No deficit % deficit

POM (n = 2) 143 27 116 18.9 POM (n =

IONM (n = 4) 194 37 157 19.07 IOM (n = 4

P&IOM (n = 10) 375 88 287 23.5 P&IOM (n

X2 = 2.1192, df = 4, p-value = 0.71 X2 = 18.45

POM = Preoperative Monitoring, IOM = Intraoperative monitoring, P&IOM = Pre- & Int

Table 2: Overall monitoring modality and postoperative deficit rate, time co

www.thelancet.com Vol 80 February, 2025
Specific combinations of POM and IONM were
analysed amongst the POM&IONM group according to
their report in the literature.

1. fMRI and DCS (fMRI + DCS)
2. Pre and Intraoperative tractography (Tract + ITract)
3. fMRI + tractography and DCS (fMRI + Tract + DCS)
4. Tractography and DCS (Tract + DCS)
5. nTMS and DCS (nTMS + DCS)
6. fMRI + nTMS + Intraoperative Tractography + DCS

(fMRI + nTMS + ITract + DCS)

Following meta-analysis, fMRI + nTMS + ITract + DCS
achieved the highest GTR rate of 63.64% [95% CI:
34.52%–88.13%], significantly greater than all other com-
binations (Q(5) = 18.83, p-value = 0.0021) (Fig. 3c).

Histology
Tumour histology had no significant impact on GTR
likelihood among the groups. For metastasis, GTR was
achieved in 93.50% of patients with POM&IONM [95%
CI: 66.34%–100.00%], similar to IONM–84.78% [95%
CI: 2.88%–100.00%], (Q(1) = 0.88, p-value = 0.35)
(Supplementary Material S7A). No differences were
observed between groups neither in high grade glioma
(Q(2) = 0.55, p-value = 0.76)–POM&IONM—GTR in
43.97% [95% CI: 29.21%–59.31%] versus POM—GTR
in 52.24% [95% CI: 34.20%–69.98%] and IONM—GTR
in 49.71% [95% CI: 40.18%–59.26%] (Supplementary
Material S7B)—nor in low grade glioma (Q(2) = 2.45,
p-value = 0.29)–POM&IONM—GTR in 47.08% [95% CI:
8.40%–88.09%] versus IONM–GTR in 14.29% [95%
CI: 8.84%–19.87%] and POM—GTR in 14.29% [95%
CI: 1.57%–36.58%])—trend towards a higher rate in
POM&IONM but no statistical significance is reached
(Supplementary Material S7C).

Motor versus language eloquent tumours
In motor-eloquent tumours, POM&IONM achieved a
slightly higher but non-significant GTR rate of 47.46%
[95% CI: 30.68%–64.54%] when compared with IONM
[GTR—37.71%, 95% CI: 16.89%–61.25%], (Q(1) = 0.43,
p-value = 0.51) (Fig. 4a). In language-eloquent tumours,
POM&IONM achieved significantly higher GTR likeli-
hood of 43.31% [95% CI: 8.27%–82.94%], than IONM
n Transient Permanent % permanent n Motor Language

2) 27 19 8 29.6 POM (n = 1) 4 4 0

) 37 10 27 73.0 IOM (n = 2) 8 5 3

= 6) 83 55 28 33.7 P&IOM (n = 4) 35 24 11

2, df = 4 p-value = 0.0010 p-value = 0.83F

raoperative monitoring, X2 = Chi Square test, F = Fisher’s exact test, OR = Odds Ratio.

urse & type.
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Fig. 2: Multimodal imaging and monitoring for glioma surgery with intraoperative neuronavigation and IONM. Forest plot summarizing the
gross total resection (GTR) rates based on the use of intraoperative neuromonitoring (IONM) alone, POM (preoperative mapping) combined
with IONM, and POM alone. Proportions and confidence intervals (CI) are shown for individual studies and pooled estimates.
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[GTR—15.09%, 95% CI: 5.15%–29.04%], Q(1) = 5.22,
p-value = 0.022] (Fig. 4b).

Asleep versus awake surgery
Performing surgical procedures awake significantly
affected choice of neuromonitoring irrespectively of the
functional eloquence at risk. When awake, POM&IONM
performed significantly better at achieving GTR of
41.22% [95% CI: 31.70%–51.07%] compared to IONM
only at 12.08% [95% CI: 0.00%–99.92%], (Q(1) = 11.70,
p-value = 0.0006). With asleep surgery, POM&IONM
achieved the highest GTR rate of 36.82% [95% CI:
www.thelancet.com Vol 80 February, 2025
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fMRI & Tractography & DCS

Tractography & DCS

nTMS & DCS

fMRI & nTMS & Tractography & DCS

Proportion [95% CI]

0.43 [0.33-0.54]

0.50 [0.23-0.77]

0.71 [0.29-0.96]

0.38 [0.26-0.52]

0.43 [0.18-0.71]

0.58 [0.43-0.72]

0.56 [0.35-0.76]

0.60 [0.36-0.81]

0.12 [0.03-0.32]

0.42 [0.23-0.62]

0.25 [0.09-0.49]

0.42 [0.15-0.72]

0.56 [0.40-0.71]

0.60 [0.27-0.88]

0.82 [0.73-0.89]

0.28 [0.16-0.42]

0.66 [0.53-0.77]

0.64 [0.31-0.89]

0.56 [0.52-0.60]

0.50 [0.39-0.61]

Total

95

14

7

60

14

45

25

20

24

75

20

12

43

225

105

50

70

11

475

Heterogeneity: I2=89%, 2 =0.0314, p<0.01
Test for subgroup differences (common effect): x2=77.46, df=5, p<0.01
Test for subgroup differences (random effect): x2=29.34, df=5, p<0.01

0.0 0.2 0.4 0.6 0.8 1.0

Random effect model

Common effect model

Krieg SM** (2015)

Unimodal

Munnich T (2019)

Hendrix P* (2021)

Han SJ (2020)

Multimodal (all)

Motomura K (2020)

Bonney PA (2017)

Mato D (2021)

Ulmer JL (2004)

Roux FE (1999)

Spena G (2013)

Sobottka SB (2002)

Gonen T (2017)

Penfield (all)

% Mean GTR

Comparison of Direct Cortical Stimulation modalities (pre-OP and intra-OP)

Low Frequency Stimulation

Multimodal

High Frequency Stimulation

Proportion [95% CI]

0.38 [0.26-0.50]

0.50 [0.23-0.77]

0.71 [0.29-0.96]

0.38 [0.26-0.52]

0.43 [0.18-0.71]

0.12 [0.03-0.32]

0.25 [0.09-0.49]

0.56 [0.40-0.71]

0.28 [0.16-0.42]

0.66 [0.40-0.87]

0.42 [0.15-0.72]

0.82 [0.73-0.89]

0.64 [0.31-0.89]

0.66 [0.53-0.77]

0.54 [0.49-0.59]

0.48 [0.35-0.61]

Total

232

14

7

60

14

24

20

43

50

128

12

105

11

70

430

Heterogeneity: I2=88%, 2 =0.0426, p<0.01
Test for subgroup differences (common effect): x2=63.19, df=2, p<0.01
Test for subgroup differences (random effect): x2=11.27, df=2, p<0.01

a

c

b

Fig. 3: (a) Forest plots showing GTR rates in patients undergoing surgery with different POM only approaches. (b) Forest plots showing GTR
rates amongst different IONM stimulation types within the POM&IONM and IONM only subgroups. (c) Forest plot showing GTR rates amongst
different combinations of POM&IONM used.
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7.17%–73.76%], compared to IONM [GTR—29.15%,
95% CI: 0.00%–89.82%] and POM [GTR—38.21%, 95%
CI: 0.00%–100%], however this was not found to be
significantly different (Q(2) = 0.20, p-value = 0.90)
(Fig. 4c).

Mixed-effects, identity-linked meta-regression was
performed on the previously arcsine transformed pri-
mary meta-analysis to explore potential sources of het-
erogeneity, using the Random Effects Maximum
Likelihood (REML) estimator of τ2, with overall modality
choice, type of POM and IONM as predictors of GTR
likelihood as the outcome. Variable selection was
dependent on data availability from all studies. The
assumption of normality was verified using Shapiro–
Wilk Tests, Q–Q plots of random effects terms and
multicollinearity was checked for using Variance Infla-
tion Factors (VIFs). Residuals of the models were
plotted to visually assess for homoscedascity
(Supplementary Data, Tables S3A and 3B).
www.thelancet.com Vol 80 February, 2025
Univariate meta-regression illustrated overall mo-
dality choice (POM versus IONM versus POM&IONM)
was a poor moderator accounting for between-study
heterogeneity within the primary meta-analysis
(QM(2) = 0.4760, p-value = 0.79, QE(19) = 214.2488,
p-value <0.0001) (Supplementary Data, Table S3A).
When stratifying further by modality type, this explained
over half of residual heterogeneity (R2 = 59.34%),
illustrating that Preoperative Functional Imaging and
DCS (b = 0.3190, 95% CI: 0.0467–0.5913, p-value = 0.022)
was associated with a significant increase in GTR likeli-
hood, with Preoperative nTMS and DCS (b = 0.2129, 95%
CI: −0.0042—0.4301, p-value = 0.05) showing a border-
line positive association and LFS (b = −0.2984, 95%
CI: −0.5697 to −0.0270 p-value = 0.031) demonstrating a
significant association with reduction in GTR likelihood.

In both models, normality was assumed in the distri-
bution of random effects with a mean of 0 and estimated
variance of τ2 = 0.046 (SE = 0.0184) and τ2 = 0.017
7
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0.0 0.2 0.4 0.6 0.8 1.0

Random effect model

Common effect model

Motomura K (2020)

Hendrix P* (2021)

Krieg SM** (2015)

Munnich T (2019)

Han SJ (2020)

Mato D (2021)

Roux FE (1999)

Ulmer JL (2004)

POM and IONM (all)

Silverstein J (2023)

Duffau H (2022)

Hendrix P** (2021)

Krieg SM* (2015)

Carraba G (2014)

IONM (all)

% Mean GTR

Mapping for motor eloquent tumours
Proportion [95% CI]

0.38 [0.17-0.61]

0.20 [0.01-0.72]

0.46 [0.34-0.58]

0.70 [0.60-0.78]

0.13 [0.08-0.20]

0.38 [0.09-0.76]

0.47 [0.31-0.65]

0.18 [0.04-0.43]

0.43 [0.18-0.71]

0.23 [0.08-0.45]

0.36 [0.11-0.69]

0.64 [0.31-0.89]

0.66 [0.53-0.77]

0.82 [0.73-0.89]

0.41 [0.29-0.54]

0.48 [0.44-0.52]

0.44 [0.31-0.57]

Total

331

5

70

105

143

8

311

17

14

22

11

11

70

105

61

642

Heterogeneity: I2=94%, 2 =0.0516, p<0.01
Test for subgroup differences (common effect): x2=32.08, df=1, p<0.01
Test for subgroup differences (random effect): x2=0.43, df=1, p=0.51

IONM

POM and IONM

0.0 0.2 0.4 0.6 0.8 1.0

Random effect model

Common effect model

Gonen T (2017)

Han SJ (2020)

Sobottka SB (2002)

Ulmer JL (2004)

POM and IONM (all)

Silverstein J (2023)

Duffau H (2022)

Carraba G (2014)

IONM (all)

% Mean GTR

Mapping for language eloquent tumours
Proportion [95% CI]

0.15 [0.05-0.29]

0.00 [0.00-0.97]

0.14 [0.08-0.22]

0.33 [0.01-0.91]

0.43 [0.08-0.83]

0.14 [0.02-0.43]

0.71 [0.29-0.96]

0.50 [0.07-0.93]

0.50 [0.23-0.77]

0.20 [0.14-0.27]

0.32 [0.13-0.54]

Total

110

5

102

3

39

14

7

4

14

149

Heterogeneity: I2=69%, 2 =0.0373, p<0.01
Test for subgroup differences (common effect): x2=9.86, df=1, p<0.01
Test for subgroup differences (random effect): x2=5.22, df=1, p=0.02

IONM

POM and IONM

0.0 0.2 0.4 0.6 0.8 1.0

Random effect model

Common effect model

Leroy HA (2021)

Eyupoglu IY (2012)

POM only (all)

Han SJ (2020)

Roux FE (1999)

Sobottka SB (2002)

Ulmer JL (2004)

Shahar T* (2014)

Shahar T** (2014)

POM and IONM (all)

Silverstein J (2023)

Duffau H (2022)

Carraba G (2014)

IONM (all)

% Mean GTR

Asleep surgery

Proportion [95% CI]

0.29 [0.00-0.90]

0.25 [0.01-0.81]

0.12 [0.04-0.26]

0.57 [0.29-0.82]

0.37 [0.07-0.74]

0.60 [0.36-0.81]

0.56 [0.35-0.76]

0.17 [0.04-0.41]

0.71 [0.29-0.96]

0.00 [0.00-0.46]

0.40 [0.05-0.85]

0.38 [0.00-1.00]

0.57 [0.39-0.73]

0.20 [0.06-0.44]

0.36 [0.29-0.43]

0.35 [0.18-0.55]

Total

59

4

41

14

81

20

25

18

7

6

5

57

37

20

197

Heterogeneity: I2=81%, 2 =0.0690, p<0.01
Test for subgroup differences (common effect): x2=8.14, df=2, p=0.02
Test for subgroup differences (random effect): x2=0.20, df=2, p=0.90

IONM

POM & IONM

POM only

a

c

b

Fig. 4: (a)Forest plot demonstrating GTR rates amongst POM&IONM versus IONM only approaches in motor-eloquent tumours. (b) Forest plot
demonstrating GTR rates within language-eloquent tumours comparing POM&IONM versus IONM approaches. (c) Forest plot demonstrating
GTR rates of patients undergoing awake or asleep surgery comparing POM&IONM versus POM and IONM only approaches.
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(SE = 0.0115) respectively. Moderator Coefficients
were found to be significant (QM(10) = 29.0311,
p-value = 0.0012), however overall moderator significance
was not maintained following Permutation Testing
(p-value = 0.062), with LFS only becoming borderline
significant (p-value = 0.055). As expected due to data
availability issues, significant unexplained residual het-
erogeneity was still present between studies (I2unac-
counted = 70.16%, H2 = 3.35, QE(11) = 31.9671,
p-value = 0.0008), following a normal distribution
(Supplementary Data, Table S3B).

Post-operative focal neurological deficit (FND)
The rates of FND were: POM–18.9% versus IONM—

19.07% versus POM&IONM–23.47%. The differences
showed no statistically significant difference
(X2 = 2.1192, p-value = 0.71) (Fig. 5A). The rate of
permanent FND however was found to be significantly
higher in the IONM group (IONM–73.0%; POM–

29.6%; POM&IONM–33.7%, X2 = 18.452, df = 2
p-value = 0.0010) (Fig. 5B and Table 2).

When comparing differing neuromonitoring mo-
dalities and postoperative FND, data was available for
143 patients in the POM group (n = 2), 194 patients in
the IOM group (n = 4) and 375 patients in the
POM&IOM group (n = 10). Data on the time course of
FND was available for 27 in the POM group (n = 2), 37
in the IOM group (n = 4) and 83 in the P&IOM group
(n = 6).

When comparing differing sub modalities within
monitoring groups and postoperative FND, within the
POM group a new FND was found in 20.0% of the fMRI
www.thelancet.com Vol 80 February, 2025
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Fig. 5: Effectiveness of combined multimodal mapping and monitoring techniques in glioma resection. (a) Bar chart comparing the incidence of
new neurological deficits in patients who underwent surgery with POM only, IONM only, or both modalities combined. (b) Bar chart illustrating
the occurrence of transient versus permanent neurological deficits in the same patient groups. The statistical significance of the differences is
indicated by chi-square tests, with p-values provided. The analysis reflects the impact of combining POM and IONM on preserving neurological
function.
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group compared to 18.7% in the tractography group
which was not significantly different (OR = 1.09, 95% CI
0.24–3.82, p-value = 1.0). There were also similar rates of
permanent deficits between these groups (fMRI–25.0%
versus Tractography–30.4%, OR = 1.30 (0.085–78.58) p-
value = 1.0).

Within the POM&IOM group, a new FND was
significantly less likely within the fMRI + Tract + DCS
(4.2%) compared to 9.1% with fMRI + nTMS +
ITract + DCS, 10.0% with Tract + DCS, 22.2% with
nTMS + DCS and 35.8% with the worst performing
fMRI + DCS (X2 = 16.489, df = 4, p-value = 0.0024).
However, among all patients with temporary deficits, the
fMRI + DCS group had significantly lower rates of per-
manent deficits (18.8%) compared to the other sub mo-
dalities with time course data–42% with nTMS + DCS
and 100% in fMRI + nTMS + ITract + DCS (X2 = 6.7066,
df = 2, p-value = 0.035) (Table 3).

On analysis within the IOM group, a new FND was
significantly more likely within the HFS group (30.0%)
compared to 11.8% in the multimodal group
(X2 = 8.0815, df = 1, p-value = 0.0044). However, no
significant differences were observed were observed
www.thelancet.com Vol 80 February, 2025
between the groups when permanent deficits only were
considered (HFS–85.7% versus multimodal 69.2%,
OR = 0.3867 (0.0461–2.830) p-value = 0.39). Within the
POM&IONM group, higher FND rate was associated
with LFS (32.8%) compared to 21.4% in HFS and 9.5%
in multimodal groups (X2 = 21.968, df = 2, p-value =
<0.0001). These were however significantly less likely to
be permanent deficits in the LFS group (17.5%)
compared to HFS (60%) and multimodal groups
(81.8%, X2 = 22.69, df = 2, p-value = <0.0001) (Table 4).
Discussion
Monitoring and mapping techniques impact the onco-
logical and functional outcomes of supratentorial func-
tional eloquent brain tumour surgery. Overall, POM–

stand-alone or in addition–to IONM techniques increase
the odds of gross total resection despite thisstatistical
significance was not achieved. Preoperative tractography
in POM group, multimodal stimulation techniques in
IONM and POM&IONM groups and nTMS-DCS/fMRI-
nTMS-ITract-DCS combinations in POM&IONM group
are the submodalities within each group that achieved
9
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Monitoring
modality

n New
deficit

No
deficit

% deficit n Transient Permanent % permanent n Motor Language

POM submodality

Functional (n = 1) 20 4 16 20.0 Functional (n = 1) 4 3 1 25.0 Functional (n = 1) 4 0 0

Tractography (n = 1) 123 23 100 18.7 Tractography (n = 1) 23 16 7 30.4 Tractography (n = 0) – – –

OR = 1.09 (0.24–3.82) p-value = 1F OR = 1.30 (0.085–78.58) p-value = 1F n/a

IONM submodality

DCS Only (n = 4) 194 37 157 19.07 DCS Only (n = 4) 37 10 27 73.0 DCS Only (n = 2) 8 5 3

X2 = n/a, df = n/a, p-value = n/a n/a n/a

P&IOM submodality

PF + ID (n = 4) 95 34 61 35.8 PF + ID (n = 2) 32 26 6 18.8 PF + ID (n = 1) 27 18 9

PFT + ID (n = 1) 24 1 23 4.2 PFT + ID (n = 0) – – – – PFT + ID (n = 1) 2 1 1

PT + ID (n = 1) 20 2 18 10.0 PT + ID (n = 0) – – – – PT + ID (n = 2) 6 5 1

PN + ID (n = 3) 225 50 175 22.2 PN + ID (n = 3) 50 29 21 42.0 – – – –

PFN + ITD (n = 1) 11 1 10 9.1 PFN + ITD (n = 1) 1 0 1 100.0 – – – –

X2 = 16.49, df = 4, p-value = 0.0024 X2 = 6.71, df = 2, p-value = 0.035 p value = 0.67 F

POM = Preoperative Monitoring, IOM = Intraoperative monitoring, P&IOM = Pre- & Intraoperative monitoring, fMRI and DCS = PF + ID), Pre and Intraoperative tractography (P&IT), fMRI + tractography and
DCS = PFT + ID, Tractography and DCS = PT + ID, nTMS and DCS = PN + ID, fMRI + nTMS, Intraoperative Tractography + DCS = PFN + ITD, X2 = . Chisquare test,F = Fishers exact test, OR = Odds Ratio.

Table 3: Submodality monitoring modality and postoperative deficit rate, time course & type.

Monitoring
modality

n

IOM stimulation techniq

Penfield only (n = 0) –

Unimodal (n = 1) 7

Multimodal (n = 2) 1

X2 = 8.0815, df = 1, p-va

P&IOM stimulation tech

Penfield Only (n = 7) 1

Unimodal (n = 1) 7

Multimodal (n = 2) 1

X2 = 21.968, df = 2, p-va

POM = Preoperative Monitor
data was available in the IOM
70 patients with HFS (n = 1)

Table 4: Fidelity monitor
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higher odds of GTR. There are no differences in the
GTR rates among the different groups within the same
considered histology—metastasis, low grade and high
grade gliomas. The impact of POM&IONM technique is
particularly significant in language-eloquent lesions. A
new permanent postoperative FND is more likely in the
IONM group and a permanent postoperative FND is
less likely with the fMRI + DCS submodality combina-
tion or when using LFS in the POM&IONM group
(Fig. 5).

Preoperative mapping emerges as a significant factor
to achieve GTR. This is reflected in the overall higher
GTR rates achieved in the POM and POM&IONM
groups, despite the lack of statistical significance, and
the significantly better results achieved in language-
eloquent tumours. Multiple factors are potentially
responsible for this finding. POM assists the individual
New
deficit

No
deficit

% deficit n Transient Perm

ue

– – – Penfield Only (n = 0) – – –

0 21 49 30.0 Unimodal (n = 1) 21 3 18

10 13 97 11.8 Multimodal (n = 2) 13 4 9

lue = 0.0045 OR = 0.3867 (0.0461–2.830) p-value = 0.39F

nique

89 62 127 32.8 Penfield Only (n = 3) 57 47 10

0 15 55 21.4 Unimodal (n = 1) 15 6 9

16 11 105 9.5 Multimodal (n = 2) 11 2 9

lue = <0.0001 X2 = 22.69, df = 2, p-value = <0.0001

ing, P&IOM = Pre- & Intraoperative monitoring X2 = . Chisquare test,F = Fishers exact test, O
group for 70 patients with HFS (n = 1) and 110 patients with multimodal stimulation (n =
and 116 patients with multimodal stimulation techniques (n = 2). This reduced to 57 (n = 3

ing modality and postoperative deficit rate, time course & type.
functional relation between the tumour and the cortical
and subcortical surroundings. This is crucial for
appropriate patient selection,30 may change the surgical
approach,31 and is a valuable tool in predicting the extent
of resection (tumour infiltration versus displacement of
eloquent areas)32,33 Combined together, this empowers
surgical teams with a better functional-anatomy surgical
planning which paves the way to more aggressive sur-
gical resections.34 Different motor35–37 and language33,38

stratification risk scores have been proposed in the
literature that provide a better counselling and informed
consent before proceeding to surgery. Therefore, it is
likely that groups where POM techniques are used have
a more streamlined pathway for surgical resection se-
lection and a potential bias towards surgery for patients
where GTR is more likely without a significant neuro-
logical morbidity due to exclusion of false-eloquent lesion
anent % permanent n Motor Language

– Penfield Only (n = 0) – – –

85.7 Unimodal (n = 0) – – –

69.2 Multimodal (n = 1) 5 2 3

n/a

17.5 Penfield Only (n = 4) 35 24 11

60 Unimodal (n = 1) – – –

81.8 Multimodal (n = 3) – – –

n/a

R = Odds Ratio. When comparing differing paradigms of stimulation and new FND,
2). In the POM&IONM group, data was available for 189 patients with LFS (n = 7),
), 15 (n = 1) and 11(n = 2) respectively when detailing the time course of new FND.
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patients.32 Nevertheless, the high results in the POM
group match the ones in the POM&IONM group
which supports previous literature where functional
mapping—regardless if preoperative or intraoperative—
is associated with larger extent of resection (EoR).34,39,40

Among the POM techniques, tractography proved to
be superior to fMRI in achieving GTR. Several publica-
tions focused on either lesion-to-tract approaches33,35,41–43

or DTI-metric approaches44–47 (surrogate marker of
structural integrity) to select patients with supratentorial
motor and language eloquent brain tumours and they
validate their findings in large cohort of patients even
though extensive external validation is lacking. The inte-
gration of preoperative tractography in surgical planning
helps to guide the intraoperative mapping and therefore
understanding the intraoperative mapping information.
fMRI in brain tumour surgery has important challenges
particularly related with the potential impact of brain-
related vascularization, infiltration, intratumoural
haemorrhage and oedema in the brain oxygen level-
dependant (BOLD) signal.48 This may produce signifi-
cant artifacts, a non-linear neurovascular response
modelling and abnormal deoxyhaemoglobin level in the
tumour hemisphere contributing to a mixture of false
positive and negatives in this population.49,50 However,
the main difference in the surgical outcomes is probably
related with the anatomical level of the information pro-
vided: cortical versus subcortical. Cortical mapping im-
pacts only on entry zones in the cortex whilst subcortical
mapping are relevant throughout the surgical resection
and therefore more likely to influence the overall EoR.
Cortical functional information as a seed for tractography
dissection may improve the impact of this cortical map-
ping techniques in surgical outcomes as this cortical-
subcortical integration has the potential to reduce the
false positive rates of cortical mapping approaches.51,52

Multimodal stimulation are related with higher
likelihood of GTR when compared with LFS. In partic-
ular, LFS can locate functional subcortical matter in the
vicinity of the resection boundaries but cannot give in-
formation about the estimate distance to this subcortical
matter from the resection boundaries, which is the main
advantage of HFS-based mapping and monitoring pro-
tocols, particularly if associated with EEG and other
techniques in multimodal paradigms.53,54 This differ-
ence could allow for a more aggressive resection and
hence, higher likelihood of GTR. Multimodal IONM not
only also involves HFS motor mapping, with this added
benefit, but also, other neurophysiological techniques
with real-time monitoring of other functional areas
during resection (somatosensory and visual among
others), which may be at risk during surgery. Having
this real time information about the function of these
areas could again, promote higher rates of GTR.55

Combined cortical-subcortical information with DCS
showed conflicting results in terms of probability of GTR
when nTMS and fMRI were compared in the
www.thelancet.com Vol 80 February, 2025
POM&IONM group. The better results held by nTMS-
Tractography-DCS subgroup when compared to the
fMRI-Tractography-DCS probably stem from the differ-
ences in the way the signals provided by both techniques
are generated. Taking motor function as an example,
TMS generates electrophysiological signals related to the
location of motoneurons whilst fMRI interprets differ-
ences in blood oxygenation during a certain motor task to
identify the motor cortex.56 nTMS generated maps have a
better spatial overlap with DCS when compared with
fMRI and DCS.57 Congruent information promotes the
higher impact of these techniques combined together.
Despite high reliability in the mapping of core muscles
for both techniques, fMRI shows more accurate face-
generated motor mappings whilst nTMS had better per-
formance in hand and foot.57 As resection of tumours in
face-eloquent area is usually not associated with perma-
nent motor deficits,58 this can further explain the decrease
impact of fMRI in the preoperative mapping phase.
fMRI + nTMS + ITract + DCS was overall the best
combination which highlights the complementary role
played by both techniques in the preoperative evaluation
of M1.56 Nevertheless, the lack of widespread availability
of intraoperative tractography and the costs involved
when multiple mapping and monitoring techniques are
used translate in a limitation factor to the generalization
of this combined approach.

POM&IONM approach proved to be particularly
successful in language-eloquent tumours and in awake
craniotomy techniques when compared with IONM
group. We decided to present the data for both
language-eloquent and awake craniotomy independently
because some of the series included report awake sur-
gery for motor-eloquent lesions and therefore there is
not a duplication of the results obtained. The benefits of
a combined approach are well illustrated at subcortical
level. Despite the well-recognized impact of tractography
in surgical planning and intraoperative guidance,59,60 the
limitations imposed by brain shift and deformation as
well as neuroplasticity61 renders IONM paramount to
assess this language and motor functions. In asleep
surgery, a similar effect is observed. We hypothesize
these results are related with a pre-surgical informed
location of eloquent areas that may improve intra-
operative interpretation of IONM signals (particularly
when motor function is considered). Also, in patients
with language-eloquent tumours not eligible for an
awake procedure, preoperative mapping information
may contribute to increase the EoR as no other intra-
operative reliable mapping technique is available (only
preliminary data is available about cortical–cortical
evoked potentials in neuro-oncology).62

Permanent postoperative FNDs are more likely in the
IONM group. Some reasons can explain this findings:
IONM may encourage the surgical team to push the
resection boundaries as long as the neurophysiological
signals are stable.63 Instability of a neurophysiological
11
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signal in turn may prompt a warning call from the
neurophysiology team. At this point, only reversibility of
a signal change (favoured by a corrective action by the
surgical team, such as a surgical break or halt) could
result in a non-permanent FND.64,65 Unfortunately, irre-
versible signal changes often result in permanent FNDs
and reversibility of a signal change is not always guar-
anteed by corrective surgical action as much as this is
encouraged.63 The addition of POM to IONM assists in
the interpretation of the intraoperative information.28

This may offer a better overall understanding of the
tumour-functional anatomy correlation. If the surgical
team is more aware of these boundaries, they may take
corrective action sooner to reverse IONM signal changes,
increasing the chance that the FND is only transitory.

fMRI + DCS combined submodality and LFS para-
digms of stimulation are associated with decrease like-
lihood of permanent postoperative FNDs in
POM&IONM group. The literature supports that the
majority of the neurological deficits arise from subcor-
tical injury66 given the larger cortical areas of discon-
nection that arise from subcortical tract damage.67 We
hypothesize that techniques focused on less specific
cortical mapping techniques (such as fMRI) are related
with less extensive resections (as discussed above) that
are interrupted at a larger distance from the core func-
tional areas and therefore responsible for decreased
rates of permanent postoperative FNDs.68 Also, post-
operative deficits arising from changes in multimodal
techniques where electrophysiological measures at
cortical and subcortical level that provide information
about integrity of functional pathways and distance-to-
tract are obtained are more likely to be permanent.
LFS-only paradigm provides a less comprehensive
functional information and therefore, the changes
observed are more likely to be reversible.

Our critical appraisal found the following limitations
in this study. Due to a lack of volumetric data, a detailed
assessment of EoR according to the most updated defi-
nitions could not be done. Significant heterogeneity was
found in the definitions of “Subtotal”, “Partial” and
“Near Total Resection” amongst the included papers.
Hence, only GTR was considered in the analysis as the
definition is more consensual and avoids introducing
significant biases from considering other forms of
resection. In addition to this, restricting papers to those
published in English may have introduced selection
bias, as certain protocols and equipment may be fav-
oured in English-speaking countries making our results
more difficult to generalise to the rest of the world. With
regards to subgroup analysis, publication bias was
found during the analysis as studies did not have similar
sample sizes. Due to the lack of individual patient data
matched to outcomes, this meant raw proportions (i.e.
% GTR, % PND) had to be utilised instead of more
controlled estimates that would allow for direct,
consistent comparisons such as Odds Ratios.64–66,69
Three papers67,68,70 documented use of POM-only and
471–74 IONM-only methods, resulting in unbalanced
comparisons that reduce the confidence of our results.
Whilst alternative estimators of heterogeneity had been
used in subgroup analyses <10 studies, inaccurate esti-
mation of between-study heterogeneity in this situation
is another significant limitation. In addition to this, not
all possible techniques were included (e.g. EEG, MEG)
as data was insufficient. During the subgroup analysis
of tumour histology, we have considered that in within
each of the 3 main types of histologies analysed—
metastasis, low grade and high grade gliomas—there
was no difference in the GTR rates among the groups.
We are aware that within the low grade glioma analysis,
there was a trend towards higher rates in the
POM&IONM compared with the others (POM&IONM—

47.08 versus POM—14.29% and IONM—14.29%).
Despite the potential clinical relevance of this data, we
have decided not to focus on this difference given the
heterogeneity in the POM&IONM group results that
precluded the statistical significance and for the purpose
of data analysis consistency throughout this work. There
were 15 papers34,68,70,72–83 reporting postoperative deficits as
our inclusion criteria only featured EoR, with limited data
on the duration of detected postoperative deficits
restricting our conclusions. A complete meta-regression
was not possible due to the heterogeneity in patient
populations not enabling for effective pooling at the study
level and a lack of individual patient data matched from
outcomes (e.g. GTR incidence) to important covariates
such as anatomical location, proximity to eloquent
structures, WHO Histology Grading, Awake/Asleep
Surgery, Tumour type among others. Ultimately, the
choice of POM and IONM techniques should be made
on an individual basis with regards to the above cova-
riates to maximise onco-functional balance, hence we
highly encourage future studies to publish individual
case-by-case data to allow for more granular analysis.

To date, this is the first paper known to examine the
impact of POM, IONM and POM&IONM techniques in
surgical and functional outcomes to empower oncology
units to make the most informed decisions for a patient-
centred approach adapted to their particular reality in
terms of resource availability. Given the stark differ-
ences of countries and health systems involved, it was
also not feasible to perform a cost-analysis. However,
the data analysed with regards to EoR and FND will help
guide local decision makers in prioritising more cost-
effective treatment.

Preoperative and intraoperative mapping and moni-
toring strategies that involve subcortical structural,
functional and distance-to-tract information—tractog-
raphy and multimodal stimulation—are related with
larger GTR. Different functional eloquence and surgical
techniques (but not tumour histology) have impact in
the GTR rates among the groups–higher for
POM&IONM in language-eloquent tumours awake
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surgery. Permanent FNDs are related with the mapping
and monitoring techniques used for surgical planning
and resection–higher in the IONM-only group.
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