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Background:  Preoperative functional MRI (fMRI) is one of several techniques developed to localize critical brain structures and
brain tumors. However, the usefulness of fMRI for preoperative surgical planning and its potential effect on neurologic out-

comes remain unclear.

Purpose:  To assess the overall postoperative morbidity among patients with brain tumors by using preoperative fMRI versus surgery
without this tool or with use of standard (nonfunctional) neuronavigation.

Materials and Methods: A systematic review and meta-analysis of studies across major databases from 1946 to June 20, 2020, were
conducted. Inclusion criteria were original studies that (z) included patients with brain tumors, (4) performed preoperative neuro-
imaging workup with fMRI, (¢) investigated the usefulness of a preoperative or intraoperative functional neuroimaging technique
and used that technique to resect cerebral tumors, and () reported postoperative clinical measures. Pooled estimates for adverse
event rate (ER) effect size (log ER, log odds ratio, or Hedges g) with 95% CIs were computed by using a random-effects model.

Results:  Sixty-eight studies met eligibility criteria (3280 participants; 58.9% men [1555 of 2641]; mean age, 46 years = 8 [stan-
dard deviation]). Functional deterioration after surgical procedure was less likely to occur when fMRI mapping was performed
before the operation (odds ratio, 0.25; 95% CI: 0.12, 0.53; P < .001]), and postsurgical Karnofsky performance status scores were
higher in patients who underwent fMRI mapping (Hedges g, 0.66; 95% CI: 0.21, 1.11; P = .004]). Craniotomies for tumor resec-
tion performed with preoperative fMRI were associated with a pooled adverse ER of 11% (95% CI: 8.4, 13.1), compared with a
21.0% ER (95% CI: 12.2, 33.5) in patients who did not undergo fMRI mapping.

Conclusion:

From the currently available data, the benefit of preoperative functional MRI planning for the resection of brain tumors

appears to reduce postsurgical morbidity, especially when used with other advanced imaging techniques, such as diffusion-tensor

imaging, intraoperative MRI, or cortical stimulation.
©RSNA, 2021
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unctional MRI (fMR]) is increasingly implemented as a
Fpractical preoperative planning tool for brain tumor re-
section, but a considerable discrepancy between its current
use and presumed utility remains. A recent survey among
neurosurgeons found variability in the present use and as-
sumed utility of fMRI for preoperative surgical planning
in patients with brain tumors. This variation includes clini-
cal and radiographic indications for ordering fMRI, func-
tional paradigms to test in specific case studies, and clinical
purposes of using fMRI (1).

Surgical resection of brain tumors aims to maximize
tumor removal while avoiding the onset of permanent
postoperative deficits. The extent of tumor resection in-
dependently correlates with patient survival (2,3). How-
ever, when resective surgery extends too far into infiltrated
critical structures, the condition of the patient permanently
worsens; this, in turn, compromises both quality of life
and survival. Several neurosurgical advances aim to im-
prove patient outcomes. To localize critical brain structures

and the tumor, techniques such as preoperative functional
neuroimaging, neuronavigation, fluorescent dyes, MRI in
the surgical field, and intraoperative stimulation mapping
have been used (4). Although meta-analyses have assessed
the use of intraoperative stimulation mapping, awake cra-
niotomy, and intraoperative MRI (4-6), the usefulness of
these techniques and their effect on neurologic outcomes
have not been sufficiently addressed in randomized trials or
meta-analyses. These studies suggest that glioma resections
that use intraoperative stimulation mapping and awake cra-
niotomy are associated with better surgical outcomes, fewer
late severe neurologic deficits, and a higher percentage of
gross total resections (4,6). However, a recent meta-analysis
of five studies comparing the use of the intraoperative fMRI
with standard neuronavigation (5) showed attenuated in-
cidence of postsurgical permanent neurologic deficits, al-
though this finding was not statistically significant.

The primary objective of our study was to assess the
overall postoperative morbidity within at least a 2-month
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Abbreviations
fMRI = functional MRI, ER = event rate

Summary

The benefit of preoperative functional MRI planning for the resection
of brain tumors appears to reduce postsurgical morbidity, especially
when used with other advanced imaging techniques.

Key Results

= In a systematic review and meta-analysis of 68 observational stud-
ies, postsurgical functional deterioration was less likely to occur
when presurgical functional MRI (fMRI) mapping was performed
(odds ratio, 0.25; P < .001).

= Patients with fMRI mapping had higher postsurgical Karnofsky
performance status scores (Hedges g, 0.66; P = .004).

» Preoperative fMRI mapping for the resection of brain tumors re-
sulted in a pooled adverse event rate (ER) of 11%, compared with
an ER of 21% in patients who did not undergo fMRI mapping.

follow-up period among patients with brain tumors who un-
derwent preoperative functional MRI compared with those who
did not. We performed a meta-analysis of published observa-
tional studies to assess the event rates (ERs) of new, worsened,
and persistent neurologic deficits after resective brain surgery in
patients with supratentorial tumors. In particular, we addressed
the effect of presurgical functional MRI mapping and other de-

terminants on neurologic outcomes.

Materials and Methods

Search Strategy and Eligibility Criteria

This systematic review and meta-analysis complied with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (known as PRISMA) statement (7) and followed a pro-
tocol defined a priori (available on request to the authors). The
PubMed/MEDLINE, Scopus, and EMBASE electronic data-
bases were searched from 1946 to June 20, 2020 (detailed search
strings are provided in Figure E1 [online]). The search strategy
was augmented by hand searching the reference lists of eligible
articles. Two investigators (EG.S., a medical graduate research
fellow with 2 years of experience; I.B.O., a 3rd-year radiology
resident) independently screened the titles and abstracts of re-
trieved references, assessed full texts for eligibility, extracted data,
and rated the methodologic quality of eligible studies. Disagree-
ments were resolved through consensus or consultation with a
third investigator (L.PL., a fellowship-trained neuroradiologist
with 12 years of experience).

The following inclusion criteria were applied: original studies
that (2) included patients with brain tumors, (4) performed pre-
operative neuroimaging workup with task fMRI, (¢) investigated
the usefulness of a preoperative or intraoperative functional neu-
roimaging technique and used that technique to resect cerebral
tumors, and () reported postoperative clinical measure. Postop-
erative outcome measures were considered if neurologic deficits
were new, worsened, and persistent during at least a 2-month
follow-up period, as reported by the attending physician assess-
ments and patients’ medical records. Preoperative planning with
fMRI was considered when authors used the information from
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fMRI studies to guide surgical decision making, not necessarily
using images intraoperatively.

We excluded the following: () studies reporting only post-
operative deficits within a 2-month follow-up interval (transient
deficits); (&) studies that used imaging methods other than fMRI
(eg, diffusion-tensor imaging or conventional MRI only); (¢) case
reports or small series (three cases or fewer); and () literature
reviews, conference papers, meeting abstracts, or meta-analyses.
No language restrictions were applied.

Data Extraction

Two authors (EG.S. and 1.B.O.) independently extracted the
data of selected papers by using a standardized spreadsheet. Dis-
crepancies were resolved through consensus and, if necessary, by
consulting with a third author (L.RL.). Corresponding authors
were electronically contacted on at least two occasions when ex-
tractable data were not provided in the original report. Recorded
variables are provided in Appendix E1 (online). Outcome data
were the number of patients experiencing neurologic or cogni-
tive deficits that persisted after 2 months from surgery. We as-
sessed patient performance scores and/or quality of life with the
following methods: Karnofsky performance status (an 11-point
patient functioning scale ranging from 0% [death] to 100% [no
symptoms] that assesses patient functionality in the postopera-
tive setting) (8,9), the modified Rankin scale (a 6-point disabil-
ity scale that ranges from 0 [no symptoms] to 6 [death]) (8,9),
or British Medical Research Council scale (a muscle scale that
grades muscle power on a scale of 0 to 5 in relation to the maxi-
mum expected for that muscle) (8). Gross total resection was
defined as less than 10% of residual tumor depicted at postop-
erative imaging (9).

Assessment of Methodologic Quality

Two reviewers (L.PL. and EG.S.) independently rated the meth-
odologic quality of each included study. The Newcastle-Ottawa
scale for nonrandomized studies is used to appraise quality of case-
control studies (10), with scores ranging from 0 (worst quality) to
9 (best quality); studies with scores of 5 or more were graded as
good quality. Case series were assessed by using a tool developed
by Moga et al (11,12), which consists of 18 entries; studies achiev-
ing a score of 13 or greater are considered of high quality, 712 of
moderate quality, and 0-6 of low quality (Appendix E1 [online]).

Statistical Analysis

The primary outcome was the proportion of patients with
postsurgical functional deterioration (number of unfavor-
able events), reported as an ER. The events were defined by
using the Karnofsky performance status, modified Rankin
scale, or British Medical Research Council scale or general
neurologic deficits (motor, language, and cognitive). If the
outcome was reported as the mean and standard deviation of
the scores and not the ER, then they were considered unfa-
vorable events when the presurgical neurologic status wors-
ened or a new postsurgical deficit persisted after 2 months
of follow-up. Therefore, we obtained a standardized outcome
measure for unfavorable outcomes following brain tumor resec-
tion that included all possible measures. Whenever the ERs were
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bias, and small-study effects.
We explored potential
sources of  heterogeneity
across studies for each effect size estimate by using either
subgroup (if there were at least two studies in each sub-
group) or random-effects meta-regression analyses. Meta-
regression analyses were conducted when at least six studies
provided data on potential moderators (14). For statistically
significant effect size estimates, we performed sensitivity
analyses in which we excluded one study at a time from
analyses to verify whether a single study turned results non-
significant or otherwise changed the direction of the effect
size. All analyses were conducted with Stata MP software
(version 14.0; StataCorp) by using the metan package or
Comprehensive Meta-analysis software (Biostat). P values
were considered to indicate statistically significant differ-
ences at the .05 level.

Results

Study Selection

The literature search retrieved 1511 records, and 21 addi-
tional references were found after review of the reference lists
of included articles. After the removal of duplicates, 1278
unique references were screened. We excluded 968 references
after title and abstract screening. Of the 310 full texts as-
sessed, 242 were excluded (Table E1 [online]). Therefore, 68
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studies (15-81) fulfilled the inclusion criteria for quantitative
meta-analyses, which provided data from 3280 participants.
Figure 1 depicts the flowchart of study selection.

Overall Characteristics and Methodologic Quality of
Included Studies
The characteristics of the 68 studies included in the quan-
titative synthesis are shown in Table E2 (online). Nine
(15,18,20,36,43,57,61,80,82) of the 68 studies (7 = 946)
compared a group that underwent presurgical fMRI assess-
ment (fMRI group; # = 422) with a cohort that underwent
standard volumetric imaging only (no-fMRI group; »n =
524). The remaining 59 studies did not include a compari-
son group and reported only prognostic factors associated
with undergoing brain tumor resection with presurgical
fMRI assessment (Table E2 [online]). Across the included
studies, most participants were men (59% [1555 of 2641]
in the fMRI group and 53% [277 of 524] in the no-fMRI
group). Mean age was 46 years = 8 (standard deviation) in
the fMRI group and 48 years = 7 in the no-fMRI group.
Overall, study quality was good for case-control stud-
ies (median Newecastle-Ottawa Scale score, 7 [range, 6-9])
and moderate for case series (median Moga score, 12 [range,

7-16]) (Tables E3, E4 [online]). See Appendix E1 (online)
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Table 1: Primary Random-Effects Meta-Analyses of Neurologic Outcomes and Gross Total Resection in Patients Undergoing
Brain Tumor Surgery with or without Presurgical Functional MRI Assessment

Outcome in fMRI Groups

Only (ER; with and without No. of fMRI P Value P Value Small-Study
Comparison Group) Studies Group () Pooled ER P for P (Egger)* Effects’

All outcomes* 68 2756 0.11 (0.08, 0.13) 66.4 <.001 <.001 Yes
KPS/modified Rankin scale 10 256 0.07 (0.04, 0.13) 15.6 .30 <.001 Yes
Neurologic status 24 1248 0.10 (0.07, 0.15) 69.0 <.001 .07 Yes
Language deficits 8 374 0.14 (0.06, 0.28) 85.5 <.001 .004 No

Motor deficits 13 333 0.14 (0.11, 0.19) 0 .63 .03 Yes

Motor and language deficits 10 386 0.09 (0.05, 0.13) 33.0 14 .05 No
Neuropsychological tests 3 135 0.14 (0.07, 0.24) 31.9 23 31 No

* In Egger test of publication bias.

direction.

Note.—Data in parentheses are 95% Cls. ER = event rate, ES = effect size, fMRI = functional MRI, KPS = Karnofsky performance scale.

7P < .1 in Egger test of publication bias and effect size of the largest study more conservative than the overall effect size or in the opposite

# All standardized unfavorable outcome measures. The primary unfavorable outcome was the proportion of patients with postsurgical
functional deterioration and/or new postsurgical deficit that persisted after 2 months of follow-up. Outcomes could be directly reported as
rates in the paper or derived from several of the scales used to assess neurologic deficits.

for overall characteristics of participants, reported outcomes,
imaging methods, techniques, and brain tumors investigated.

Overall Effect of Brain Tumor Resection Using Presurgical
fMRI Mapping

The standardized unfavorable score (ie, functional deterioration
compared with presurgical status) could be computed by consid-
ering the data reported in 68 studies that included 2756 patients
undergoing brain tumor resection with presurgical fMRI map-
ping, with a median time for the last follow-up of 6 months
(range, 2-122 months) (Table E5 [online]). The pooled ER for
standardized unfavorable outcomes across all studies was 11%
(95% CI: 8.4, 13.1) (Fig E2 [online]). The result of the Egger
test for publication bias was significant (? < .001) (Table 1).
A funnel plot shows that published studies with small sample
sizes had smaller ERs than the pooled ER, whereas the studies
with large samples were distributed symmetrically around the
pooled ER (Fig E3 [online]).

Between-study heterogeneity was large (72 = 66.4%; P <
.001). Possible sources of heterogeneity were explored by us-
ing meta-regression and subgroup analyses (Tables 2, 3). In
meta-regression analysis, the mean preoperative tumor vol-
ume, the extent of resection, and higher frequency of insular
and frontotemporal tumor locations emerged as significant
moderators (P < .05). Lower mean preoperative tumor vol-
ume (54.0 cm® = 23.0; P = .049) and mean extent of re-
section (56.10% = 28.4; P = .02) were associated with an
increased rate of postsurgical deficits. A higher frequency
of insular tumors (13.4% =+ 10.0; P = .03) was associated
with a lower rate of postsurgical deficits. However, a higher
proportion of tumors located in the frontotemporal regions
(7.50% = 3.8; P = .01) was associated with a higher rate
of unfavorable delayed postsurgical outcomes. Subgroup
analysis showed that heterogeneity was small for studies that
assessed functional deterioration by using the Karnofsky
performance status or modified Rankin scale scores, motor
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deficits, or neuropsychologic tests (Table 1) and was the high-
est for studies that reported neurologic status and language
deficits (77 = 69.0% and 85.5%, respectively). The summary
ER was decreased when intraoperative MRI (ER, 0.08; 95%
CI: 0.03, 0.20) or cortical stimulation (ER, 0.09; 95% CI:
0.06, 0.11) was performed compared with the ER estimates
of studies that did not report the use of these procedures (ER,
0.11 [95% CI: 0.09, 0.13] and 0.14 [95% CI: 0.10, 0.19],
respectively). However, significant heterogeneity was detected
for these studies (* range, 58.3%—-84.6%; P < .001). In ad-
dition, the magnitude of the ER was lower in studies that
used the 3.0-T magnetic field strength (ER, 0.08; 95% CI:
0.06, 0.10), that used both fMRI and diffusion-tensor im-
aging in presurgical assessment, and that included younger
patients (ER for age <50 years, 0.10; 95% CI: 0.07, 0.13)
(Table 3). An example of a study that used presurgical fMRI
mapping at 3.0 T and direct cortical stimulation technique is
shown in Figure 2.

Meta-Analysis of Studies with a Comparison Group

Nine studies with a no-fMRI group were included in the quan-
titative synthesis. The random-effects meta-analysis showed that
postsurgical functional deterioration was less likely when pre-
surgical functional fMRI mapping was performed (odds ratio,
0.25; 95% CI: 0.12, 0.53; P < .001) (Table 4; Fig 3, A). The
heterogeneity was large (22 = 53.2%; P = .03). The random-ef-
fects meta-analysis of three studies that reported presurgical and
postsurgical Karnofsky performance status scores (Table 4; Fig 3,
B) for both the fMRI and no-fMRI groups showed a difference
favoring the presurgical fMRI group (Hedges g = 0.66; 95% CI:
0.21, 1.11; P = .004). The random-effects meta-analysis of four
studies that reported gross total resection (Table 4; Fig 3, C) sug-
gested no difference between the two groups (odds ratio, 1.45;
95% CI: 0.49, 4.31; P = .50]. The degree of heterogeneity was
high (7 = 80.4%; P = .002). We found no evidence of small-
study effects for studies that compared presurgical IMRI with no
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Table 2: Metaregressions of Standardized Unfavorable Neurologic Outcomes in Patients Undergoing Presurgical Functional MRI

Mapping for Brain Tumor Resection

No. of  No. of Slope P Intercept
Variable Studies  Participants* Mean Slope Value  Intercept P Value
fMRI groups general
characteristics
Publication year 68 2756 2011 —0.022 (—0.071, 0.026) .36 42.995 .38
(1999-2020)"
Sample size 68 2756 40.5 = 36.7 —0.003 (—0.009, 0.003) .30 —1.966 <.001
Age (y) 64 2403 46+ 8 0.014 (—0.021, 0.049) 43 —2.807 .001
Male sex (% of patients) 66 2641 59.0 = 14.6 0.013 (—0.008, 0.034) 21 —2.959 <.001
Left-handed (%) 20 979 8.7 8.2 0.007 (—0.059, 0.073) .82 —2.076  <.001
Awake surgery 49 1785 24.0 = 39.7 —0.003 (—=0.01, 0.003) 31 —2.026  <.001
(% of patients)
Quality score 68 2756 0.74 £ 0.1 —0.627 (—3.148, 1.894) .62 —1.679 .08
Tumor characteristics
Mean preoperative tumor 25 1238 54.0 = 23.0 —0.019 (—0.037, 0) .049 —1.406 .01
volume (cm?)
Gross tumor resection (%) 44 1721 66.8 + 23.5 0.003 (—0.012, 0.019) .65 —2.373 <.001
(>90%)
Mean postoperative tumor 6 361 18.5 = 20.2 —0.012 (—=0.104, 0.079) .73 —-2.510 .03
volume (cm?)
High-grade glioma (%) 65 2575 41.0 = 31.6 0.004 (—0.005, 0.013) .38 —2.295 <.001
Low-grade glioma (%) 64 2451 42.6 = 34.6 —0.003 (—0.012, 0.005) .40 —-2.011 <.001
Metastasis (%) 18 871 20.7 = 23.8 0.002 (—0.02, 0.023) .88 —2.083 <.001
Extent of resection (%) 6 361 56.10 = 28.4 —0.032 (—0.055, —0.008) .02 —0.679 32
Tumor location (any side) (%)
Frontal lobe 6 222 42.0 + 14.8 0.016 (—0.022, 0.055) 31 —2.863 .02
Parietal lobe 22 1045 14.6 = 11.3 0.007 (—0.041, 0.054) .78 —2.183 <.001
Occipital lobe 24 1071 1.15 £ 3.2 —0.038 (—0.238, 0.162) .70 —2.082 <.001
Insula*® 26 1088 13.4 = 10.0 —0.051 (=0.096, —0.005) .03 —1.724 <.001
Frontotemporal 26 1088 7.50 = 3.8 0.126 (0.029, 0.222) .01 —2.278 <.001
Parietal temporal 26 1088 6.43 = 4.2 0.017 (—0.148, 0.181) .84 —2.033 <.001
Muldiple lobes (>2) 20 713 35.8 = 31.9 —0.007 (—0.025, 0.012) 46 —1.811 <.001
Tumor location (left) (%)
Left cerebral hemisphere 48 1692 67.4 = 20.0 0.006 (—0.010, 0.021) 47 —2.501  <.001
Left frontal 16 399 30.15 = 20.4 —0.004 (—0.026, 0.019) 74 —2.682  <.001
Left temporal 10 256 22.9 + 16.1 0.036 (—0.027, 0.100) 23 —3.758 .002
Tumor location (right) (%)
Right frontal 8 208 23.6 £9.3 —0.038 (—0.144, 0.068) 41 —2.003 11
Right parietal 6 141 239 *24.8 0.021 (—0.050, 0.093) 45 —3.289 .02
Presenting symptoms (%)
Seizures 38 1214 67.2 = 26.9 —0.004 (—0.015, 0.007) 47 —1.967 <.001
Headaches 18 643 20.9 = 15.2 0.023 (—0.012, 0.058) .18 —2.868 <.001
Neurologic deficits 35 1163 30.2 £ 21.0 —0.002 (—0.019, 0.016) .85 —2.098 <.001
Incidental finding 11 427 7.9 *+ 6.9 0.021 (—=0.111, 0.153) 72 —2.535 .001
Note.—Unless otherwise mentioned, data in parentheses are 95% Cls. Mean data are = standard deviation. fMRI = functional MRI.

* fMRI groups.

 Data are medians, with ranges in parentheses.

* Insular, frontal and insular, or temporoinsular.

fMRI (Table 4, Fig E4 [online]). Meta-regression and subgroup
analyses are shown in Tables E6 and E7 (online), respectively.
In sensitivity analysis, the exclusion of one individual study at a
time from the analysis did not alter the significance of the pooled
odds ratio estimate (Fig E5 [online]).
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Discussion

To our knowledge, this systematic review with meta-analysis
provides the largest evidence synthesis of studies reporting
the functional outcomes in patients undergoing preoperative
functional MRI (fMRI) mapping for brain tumor resection.
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Figure 2: MRl scans and direct cortical siimulation technique in a 32-year-old woman with a grade Il astrocytoma. Preoperative MRI shows a

well-delineated mass within the left frontal lobe on, A, three-dimensional fluid-attenuated inversion recovery and, B, precontrast three-dimensional
T1-weighted scan. C, Patchy and faint contrast enhancement is observed on postcontrast three-dimensional T1-weighted MRI scan. D, Cerebral
blood volume map shows a globally hypoperfused tumor with hyperperfused foci. £, Preoperative functional MRI indicates language responses sur-
rounding the lesion. F, Three-month postoperative fluid-attenuated inversion recovery image shows complete resection of the tumor. G, Intraoperative
direct cortical stimulation helped confirm the presence of language areas (labels 10-15) in the vicinity of the tumor ([demarcated by letters A~H). H,
Resection was performed according o the functional landmarks. After the surgical procedure, the patient presented with mild aphasia that completely
regressed 3 months later. (Reprinted, with permission, from reference 21.)

Odur results suggested that postsurgical functional deterioration ~ who underwent fMRI mapping (Hedges g, 0.66; 95% CI:
was less likely when presurgical fMRI mapping was performed ~ 0.21, 1.11; P = .004). We also found that surgical procedures
(odds ratio, 0.25; 95% CI: 0.12, 0.53; < .001) and postsurgi- performed with preoperative fMRI planning were associated
cal Karnofsky performance status scores were higher in patients ~ with a pooled adverse event rate of 11%, compared with 21%
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Table 3: Subgroup Analysis of Standardized Unfavorable Outcomes in Patients Undergoing Presurgical Functional MRI Mapping
for Brain Tumor Resection
Meta-Analysis Heterogeneity
Variable df ER (95% CI)* P Q P Value
fMRI group
Neuronavigation®
Yes 33 0.11 (0.08, 0.14) 61.5 0.64 <.001
No 33 0.10 (0.07, 0.14) 70.2 0.68 <.001
Intraoperative MRI
No 58 0.11 (0.09, 0.14) 58.3 0.13 <.001
Yes 8 0.08 (0.03, 0.20) 84.6 0.80 <.001
Cortical stimulation
No 28 0.14 (0.10, 0.19) 65.6 0.33 <.001
Yes 38 0.09 (0.06, 0.11) 60.7 0.81 <.001
Awake surgery
No 53 0.11 (0.08, 0.13) 69.7 0.8 <.001
Yes 13 0.10 (0.07, 0.15) 41.4 0.17 .05
Magnetic field strength
15T 31 0.11 (0.08, 0.16) 55.2 0.27 <.001
1.5Tor3.0T 7 0.18 (0.11, 0.28) 85.8 0.39 <.001
30T 16 0.08 (0.06, 0.10) 0 0.50 .96
Presurgical imaging
fMRI 35 0.12 (0.09, 0.16) 61.1 0.89 <.001
fMRI and DTI 28 0.10 (0.07, 0.14) 71.2 0.36 <.001
Study type
Prospective 30 0.11 (0.08, 0.15) 45.4 0.95 .004
Retrospective 30 0.10 (0.07, 0.15) 77 0.46 <.001
Mean age (y)
=50 18 0.12 (0.09, 0.16) 34.3 0.39 .07
<50 47 0.10 (0.07, 0.13) 72.1 0.76 <.001
Men (% of sample)
<70 53 0.09 (0.07, 0.12) 64.7 0.10 <.001
=70 11 0.19 (0.12, 0.27) 50.6 0.29 .02
Total or gross total tumor resection (% of sample)
=50 31 0.14 (0.11, 0.19) 0 0.86 .63
<50 11 0.10 (0.07, 0.15) 69 0.26 <.001
Outcome score
Motor deficits 12 0.14 (0.11, 0.19) 0 0.86 .63
Neurologic status 23 0.10 (0.07, 0.15) 69 0.26 <.001
KPS/modified Rankin scale score 9 0.07 (0.04, 0.13) 15.6 0.67 .30
Language deficits 7 0.14 (0.06, 0.28) 85.5 0.13 <.001
Motor and language deficits 9 0.09 (0.05, 0.13) 33 0.43 .14
Neuropsychological tests 2 0.14 (0.07, 0.24) 31.9 0.94 23
Note.—df = degrees of freedom, DTI = diffusion-tensor imaging, ER = pooled event rate, fMRI = functional MRI, KPS = Karnofsky
performance scale, Q = Cochran Q value.
* Pooled event rate of postsurgical permanent neurologic deficits in fMRI groups. The unfavorable outcome was the proportion of patients
with postsurgical functional deterioration and/or new postsurgical deficit that persisted after 2 months of follow-up.
" Reported use of surgical neuronavigation, any imaging modality.

in patients who did not undergo preoperative fMRI map-
ping. Several factors associated with lower rates of unfavor-
able outcomes were identified, including the use of intra-
operative MRI and cortical and subcortical stimulation;
however, these results were not statistically robust because
of large between-study heterogeneity.
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In patients undergoing fMRI, the pooled ER of postsur-
gical permanent neurologic deficits (11%) was close to the
reported incidence in a recent systematic review and meta-
analysis by Caras et al (5). That study assessed the effect of
intraoperative imaging for glioma resection by using mor-
phologic and advanced imaging, including diffusion-tensor
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Study name Statistics for each study
A Odds Lower Upper
ratio limit limit
Wu (2004) 0.12 0.04 0.40
Otani (2005) 0.38 0.01 21.58
Winkler (2005) 0.53 0.20 1.39
Zhang (2014) 0.04 0.01 0.16
Trinh (2014) 0.69 0.29 1.60
Sun (2015) 0.19 0.01 4.11
Panigrahi (2016) 0.66 0.03 13.71
Vysotski (2018) 0.16 0.05 0.51
Kosteniuk (2018) 1.00 0.02 54.83
0.25 0.12 0.53
B
Study name Statistics for each study
Hedges's Lower Upper
g limit limit
Kosteniuk (2018) 0.78 -0.02 1.59
Sun (2015) 0.57 -0.10 1.24
Otani (2005) 0.65 -0.28 1.58
0.66 0.21 1.11
C
Study name Statistics for each study
Odds Lower Upper
ratio limit limit
Wu (2004) 422 1.15 15.46
Otani (2005) 0.27 0.01 6.17
Trinh (2014) 0.61 0.34 1.10
Zhang (2014) 2.52 1.41 4.52
1.45 0.49 4.3

Luna et al

QOdds ratio and 95% Cl
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Figure 3: Forest plot for random-effects meta-analyses with 95% Cls in patients undergoing brain tumor surgery with and without
presurgical functional MRI (fMRI) mapping by using, A, pooled odds ratios for standardized unfavorable outcomes, B, Hedges g for
pre- and postsurgical mean Kamofsky performance status score, and, C, odds ratios for gross total resection.

imaging and fMRI, in 29 studies (11.3%). In contrast to our
study, the study by Caras et al found no statistically significant
difference in the incidence of neurologic deficits between pa-
tients undergoing preoperative advanced imaging and those
who had standard neuronavigation. However, the authors
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included studies that used diffusion-tensor imaging and/or
fMRI techniques, with fewer fMRI data sets (7 = 5). Our data
showed a rate of permanent postoperative neurologic deficits
of 22.5% (118 of 524) (pooled incidence, 21.0%; median
follow-up time, 6 months) in patients who did not undergo
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Table 4: Primary Random-Effects Meta-Analyses of Neurologic Outcomes and Gross Total Resection in Patients Undergoing
Brain Tumor Surgery with or without Presurgical Functional MRI Assessment

surgery”

fMRI No-fMRI Small-
No. of  Group, No. Group, No. P Value PValue P Value Study
Outcome Studies  of Patients of Patients ES (95% CI) (Overal)* P for P (Egger)" Effects*
Studies with comparison
group (odds ratio)
All outcomes® 9 337 395 0.25 (0.12, 0.53) <.001 53.2 .03 .79 No
Gross total resection! 4 242 249 1.45 (0.49, 4.30) .50 80.4 .002 .98 No
Studies with comparison
group (Hedges g)
KPS before and after 3 57 489 0.66 (0.21, 1.11) .004 0 .92 .64 No

* In Z-test of overall effect.
" In Egger test of publication bias.

Note.—Data in parentheses are 95% Cls. ES = effect size, fMRI = functional MRI, KPS = Karnofsky performance scale.

# P <.1in Egger test of publication bias; effect size of the largest study more conservative than the overall effect size or in the opposite direction.

§ All standardized unfavorable outcome measures. The primary unfavorable outcome was the proportion of patients with postsurgical
functional deterioration and/or new postsurgical deficit that persisted after 2 months of follow-up. Outcomes could be directly reported as
rates in the report or derived from several of the scales used to assess neurologic deficits.

! Proportion of patients that underwent gross total resection (>90% of tumor volume) within each group.
* Mean difference (after surgery minus before surgery) within each group.
** Proportion of patients that had worsening (decreased) postsurgical KPS scores compared with the presurgical values.

preoperative fMRI mapping (7 = 9), which is higher than
reported numbers (6%-20%) (83,84).

Our data showed a significant negative correlation between
preoperative tumor volumes and the incidence of worsening
postoperative deficits. Paiva et al (85) reported a significant
positive correlation between preoperative tumor volume and
postoperative neurologic deficits in the immediate postopera-
tive period, but not at 3-month follow-up. They evaluated a
sample of 47 patients with tumors in the precentral gyrus,
including both metastatic and primary lesions, resected with
standard neuronavigation and cortical mapping. Likewise,
other studies that used standard neuronavigation showed non-
significant associations between preoperative tumor volume
and late postoperative neurologic or cognitive deficits (3-6
months) (83,86). These results suggest more surgical effort
with larger lesions (eg, fMRI and concomitant use of other
advanced imaging techniques, intraoperative MRI, cortical
stimulation) compared with smaller lesions, which ultimately
may lead to a greater incidence of late postoperative deficits
with lesions that were assumed to be more easily removed. In
addition, surgeons may have less room for error with smaller
tumors. Smaller lesions may also be associated with attempts
of greater resection, which may increase postoperative deficits.
This is supported by a negative correlation with late postsurgi-
cal deficits in our meta-analysis (P = .02).

Studies reporting frontotemporal tumor locations were as-
sociated with significantly increased pooled permanent post-
surgical deficits. Similar findings have been reported with the
use of standard neuronavigation (83). Conversely, insular
location was negatively correlated with increased late post-
operative deficits in meta-regression analyses. It may be that
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surgical procedures were less aggressive with insular tumors
(ie, biopsy over resection), thus reducing the insular tumor
group’s deficits, and more aggressive with resection in the
broader frontotemporal regions.

The heterogeneity in the meta-analyses was high. This was
observed for the ER of unfavorable outcomes in patients with
presurgical fMRI assessment (68 studies; 2 = 66.8%) and for
the odds ratio when patients with or without presurgical as-
sessment were compared (nine studies, /* = 53.2%). Although
heterogeneity was low in some of the subgroup analyses, the /2
values remained greater than 50% in most of the subgroups.
Therefore, this must be considered when the pooled estimates
are interpreted.

Our study had limitations. First, the high between-study het-
erogeneity was likely the result of differences in defining perma-
nent postsurgical deficits, the heterogeneous or limited sizes of
the small study samples, different types of tumors, retrospective
design, and nonrandomized treatment assignment. Second, al-
though one of the study goals was to assess how these factors
influence heterogeneity (by using meta-regression analyses), the
real effect of these factors for achieving gross total resections
and influencing permanent postsurgical morbidity was difficult
to determine because of the retrospective nature of the stud-
ies. Third, it is impossible to know whether the overall effects
of fIMRI depend on those other factors. This would require
the investigation of interactions, which was impossible in this
study because of the limited number of studies or lack of data
(ie, inconsistent reports). Finally, details of the intraoperative
technique and MRI parameters were infrequently specified,
and we could not delineate subgroups among neuronavigation
use, cortical stimulation, general anesthesia, and awake surgery
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populations in all studies, or the possible use of other imaging
techniques if these were not reported.

In conclusion, our results suggest that preoperative func-
tional (fMRI) mapping results in a lower risk for delayed or
permanent neurologic deficits that persists after a 2-month
follow-up period when compared with surgery without pre-
operative IMRI. However, these results should be interpreted
with caution because of the moderate quality of the avail-
able evidence. In addition, no consensus has been reached
on the definition of permanent neurologic deficits. From the
currently available data, however, the benefit of preoperative
fMRI planning for the resection of brain tumors appears to
reduce postsurgical morbidity, particularly when used with
other advanced imaging techniques such as diffusion-tensor
imaging, intraoperative MRI, or cortical stimulation. Thus, it
should be considered as the standard of care for brain tumor
surgery, even with small tumor volumes. Future studies should
include clearly defined outcome measures by using objective
measurements and scales and standardizing the definition of
permanent neurologic deficits. Such a standardized definition
would improve both the comparability among studies and
the quality of evidence provided by studies investigating the
effect of preoperative imaging in brain tumor surgery. A criti-
cal next step toward clinical acceptance of fMRI will be to
develop a comprehensive set of guidelines that specifies where
and when to implement fMRI in the preoperative planning
of neurosurgical oncology.

Author contributions: Guarantors of integrity of entire study, L.PL., EG.S;
study concepts/study design or data acquisition or data analysis/interpretation,
all authors; manuscript drafting or manuscript revision for important intellec-
tual content, all authors; approval of final version of submitted manuscript, all
authors; agrees to ensure any questions related to the work are appropriately
resolved, all authors; literature research, L.PL., EG.S., H.L.S., C.A.K.; clinical
studies, H.I.S.; statistical analysis, L.2L., .B.O., C.A.K.; and manuscript editing,
L.PL., H.L.S., D.M., C A.K.

Disclosures of Conflicts of Interest: L.P.L. disclosed no relevant relationships.
E.G.S. disclosed no relevant relationships. H.LS. disclosed no relevant relation-
ships. D.M. disclosed no relevant relationships. I.B.O. disclosed no relevant rela-
tionships. C.A.K. disclosed no relevant relationships.

References

1. Stopa BM, Senders JT, Broeckman MLD, Vangel M, Golby AJ. Preop-
erative functional MRI use in neurooncology patients: a clinician survey.
Neurosurg Focus 2020;48(2):E11.

2. Smith JS, Chang EE Lamborn KR, et al. Role of extent of resection in
the long-term outcome of low-grade hemispheric gliomas. J Clin Oncol
2008;26(8):1338-1345.

3. Stummer W, Reulen HJ, Meinel T, et al. Extent of resection and survival
in glioblastoma multiforme: identification of and adjustment for bias.
Neurosurgery 2008;62(3):564—576; discussion 564—576.

4. De Witt Hamer PC, Robles SG, Zwinderman AH, Duffau H, Berger MS.
Impact of intraoperative stimulation brain mapping on glioma surgery
outcome: a meta-analysis. ] Clin Oncol 2012;30(20):2559-2565.

5. Caras A, Mugge L, Miller WK, Mansour TR, Schroeder ], Medhkour A.
Usefulness and impact of intraoperative imaging for glioma resection on
patient outcome and extent of resection: a systematic review and meta-
analysis. World Neurosurg 2020;134:98-110.

6. Gerritsen JKW, Arends L, Klimek M, Dirven CME Vincent AJE. Impact
of intraoperative stimulation mapping on high-grade glioma surgery out-
come: a meta-analysis. Acta Neurochir (Wien) 2019;161(1):99-107.

7. Moher D, Liberati A, Tetzlaff J, Altman DG; PRISMA Group. Preferred
reporting items for systematic reviews and meta-analyses: the PRISMA

statement. Int ] Surg 2010;8(5):336-341.

Radiology: Volume 300: Number 2—August 2021 » radiology.rsna.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Luna et al

. Compston A. Aids to the investigation of peripheral nerve injuries.

Medical Research Council: Nerve Injuries Research Committee. His
Majesty’s Stationery Office: 1942; pp. 48 (iii) and 74 figures and 7 dia-
grams; with aids to the examination of the peripheral nervous system. By
Michael O’Brien for the Guarantors of Brain. Saunders Elsevier: 2010;
pp- [8] 64 and 94 Figures. Brain 2010;133(10):2838-2844.

. Ulmer JL, Salvan CV, Mueller WM, et al. The role of diffusion tensor

imaging in establishing the proximity of tumor borders to functional
brain systems: implications for preoperative risk assessments and post-
operative outcomes. Technol Cancer Res Treat 2004;3(6):567-576.
Stang A. Critical evaluation of the Newcastle-Ottawa scale for the assess-
ment of the quality of nonrandomized studies in meta-analyses. Eur J
Epidemiol 2010;25(9):603-605.

Guo B, Moga C, Harstall C, Schopflocher D. A principal component
analysis is conducted for a case series quality appraisal checklist. ] Clin
Epidemiol 2016;69:199-207 .¢2.

Moga C, Guo B, Schopflocher D, Harstall C. Development of a quality
appraisal tool for case series studies using a modified Delphi technique.
Institute of Health Economics. https://www.ihe.ca/advanced-search/
development-of-a-quality-appraisal-tool-for-case-series-studies-using-a-
modified-delphi-technique. Published 2012. Accessed May 11, 2021.
DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin
Trials 1986;7(3):177-188.

Trikalinos RE, Gerald G, Mark G, et al. Conducting quantitative
synthesis when comparing medical interventions: AHRQ and the ef-
fective health care program. https://www.ncbi.nlm.nih.gov/books/
NBK49407/. Published 2010. Accessed May 11, 2021.

Kosteniuk SE, Gui C, Gariscsak PJ, Lau JC, Megyesi JE. Impact of
functional magnetic resonance imaging on clinical outcomes in a
propensity-matched low grade glioma cohort. World Neurosurg
2018;120:e1143—¢1148.

Frati A, Pesce A, D’Andrea G, et al. A purely functional imaging based
approach for transcortical resection of lesion involving the dominant
atrium: towards safer, imaging-guided, tailored cortico-leucotomies. J
Clin Neurosci 2018;50:252-261.

Meyer EJ, Gaggl W, Gilloon B, et al. The impact of intracranial
tumor proximity to white matter tracts on morbidity and mortal-
ity: a retrospective diffusion tensor imaging study. Neurosurgery
2017;80(2):193-200.

Panigrahi M, Chandrasekhar YB, Vooturi S, Ram GA, Rammohan VS.
Surgical resection of insular gliomas and roles of functional magnetic
resonance imaging and diffusion tensor imaging tractography-single sur-
geon experience. World Neurosurg 2017;98:587-593.

D’Andrea G, Familiari P, Di Lauro A, Angelini A, Sessa G. Safe resec-
tion of gliomas of the dominant angular gyrus availing of preoperative
fMRI and intraoperative DTT: preliminary series and surgical technique.
World Neurosurg 2016;87:627-639.

Sun GC, Chen XL, Yu XG, et al. Functional neuronavigation-guided
transparieto-occipital cortical resection of meningiomas in trigone of
lateral ventricle. World Neurosurg 2015;84(3):756-765.

Kuchcinski G, Mellerio C, Pallud J, et al. Three-tesla functional MR lan-
guage mapping: comparison with direct cortical stimulation in gliomas.
Neurology 2015;84(6):560-568.

Bryszewski B, Tybor K, Ormezowska EA, Jaskélski DJ, Majos A. Re-
arrangement of motor centers and its relationship to the neurological
status of low-grade glioma examined on pre- and postoperative fMRI.
Clin Neurol Neurosurg 2013;115(12):2464-2470.

Kumar A, Chandra PS, Sharma BS, et al. The role of neuronavigation-
guided functional MRI and diffusion tensor tractography along with
cortical stimulation in patients with eloquent cortex lesions. Br ] Neuro-
surg 2014;28(2):226-233.

Jia XX, Yu Y, Wang XD, et al. fMRI-driven DTT assessment of
corticospinal tracts prior to cortex resection. Can ] Neurol Sci
2013;40(4):558-563.

Kundu B, Penwarden A, Wood JM, et al. Association of functional mag-
netic resonance imaging indices with postoperative language outcomes
in patients with primary brain tumors. Neurosurg Focus 2013;34(4):E6.
Spena G, Garbossa D, Panciani PP, Griva F, Fontanella MM. Purely
subcortical tumors in eloquent areas: awake surgery and cortical and
subcortical electrical stimulation (CSES) ensure safe and effective sur-
gery. Clin Neurol Neurosurg 2013;115(9):1595-1601.

Wilden JA, Voorhies J, Mosier KM, O’Neill DB, Cohen-Gadol AA.
Strategies to maximize resection of complex, or high surgical risk, low-
grade gliomas. Neurosurg Focus 2013;34(2):E5.

Ius T, Isola M, Budai R, et al. Low-grade glioma surgery in eloquent
areas: volumetric analysis of extent of resection and its impact on overall

347



Preoperative Mapping with Functional MRI and Morbidity in Brain Tumor Resection

29.

30.

31.

32.

33.

34.

35.

30.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

348

survival. A single-institution experience in 190 patients: clinical article. J
Neurosurg 2012;117(6):1039-1052.

Krieg SM, Shiban E, Buchmann N, et al. Utility of presurgical navigated
transcranial magnetic brain stimulation for the resection of tumors in elo-
quent motor areas. ] Neurosurg 2012;116(5):994-1001.

Wood JM, Kundu B, Utter A, et al. Impact of brain tumor location on
morbidity and mortality: a retrospective functional MR imaging study.
AJNR Am | Neuroradiol 2011;32(8):1420-1425.

Spena G, Nava A, Cassini F et al. Preoperative and intraoperative brain
mapping for the resection of eloquent-area tumors. A prospective analysis
of methodology, correlation, and usefulness based on clinical outcomes.
Acta Neurochir (Wien) 2010;152(11):1835-1846.

Berntsen EM, Gulati S, Solheim O, et al. Functional magnetic resonance
imaging and diffusion tensor tractography incorporated into an intraop-
erative 3-dimensional ultrasound-based neuronavigation system: impact
on therapeutic strategies, extent of resection, and clinical outcome. Neu-
rosurgery 2010;67(2):251-264.

Feigl GC, Ritz R, Moraes M, et al. Resection of malignant brain tu-
mors in eloquent cortical areas: a new multimodal approach combin-
ing 5-aminolevulinic acid and intraoperative monitoring. ] Neurosurg
2010;113(2):352-357.

Bello L, Gambini A, Castellano A, et al. Motor and language DTI Fiber
Tracking combined with intraoperative subcortical mapping for surgical
removal of gliomas. Neuroimage 2008;39(1):369-382.

Braun V, Albrecht A, Kretschmer T, Richter HP, Wunderlich A. Brain
tumour surgery in the vicinity of short-term memory representation-
-results of neuronavigation using fMRI images. Acta Neurochir (Wien)
2006;148(7):733-739.

Otani N, Bjeljac M, Muroi C, et al. Awake surgery for glioma resection in
eloquent areas--Zurich’s experience and review--. Neurol Med Chir (To-
kyo) 2005;45(10):501-510; discussion 510-511.

Roessler K, Donat M, Lanzenberger R, et al. Evaluation of preoperative
high magnetic field motor functional MRI (3 Tesla) in glioma patients by
navigated electrocortical stimulation and postoperative outcome. ] Neurol
Neurosurg Psychiatry 2005;76(8):1152-1157.

Hall WA, Liu H, Truwit CL. Functional magnetic resonance imaging-
guided resection of low-grade gliomas. Surg Neurol 2005;64(1):20-27;
discussion 27.

Krishnan R, Raabe A, Hattingen E, et al. Functional magnetic
resonance imaging-integrated neuronavigation: correlation be-
tween lesion-to-motor cortex distance and outcome. Neurosurgery
2004;55(4):904-914, 914-915.

Hiberg A, Kvistad KA, Unsgard G, Haraldseth O. Preoperative blood ox-
ygen level-dependent functional magnetic resonance imaging in patients
with primary brain tumors: clinical application and outcome. Neurosur-
gery 2004;54(4):902-914; discussion 914-915.

Krainik A, Lehéricy S, Duffau H, et al. Postoperative speech disorder after
medial frontal surgery: role of the supplementary motor area. Neurology
2003;60(4):587-594.

Majchrzak K, Bobek-Billewicz B, Hebda A, Adamczyk P, Majchrzak H,
Yadziniski P. Surgical treatment of adult patients with thalamic tumors
with the aid of tractography, fMRI, transcranial electrical stimulation and
direct electrical stimulation of the subcortical white matter. Neurol Neu-
rochir Pol 2018;52(6):720-730.

Vysotski S, Madura C, Swan B, et al. Preoperative FMRI associated with
decreased mortality and morbidity in brain tumor patients. Interdiscip
Neurosurg 2018;13:40—45.

Jiang L, Su HB, Zhang YD, et al. Collateral vessels on magnetic resonance
angiography in endovascular-treated acute ischemic stroke patients associ-
ated with clinical outcomes. Oncotarget 2017;8(46):81529-81537.
Rueckriegel SM, Linsenmann T, Kessler AE et al. Feasibility of the com-
bined application of navigated probabilistic fiber tracking and navigated ul-
trasonography in brain tumor surgery. World Neurosurg 2016;90:306-314.
Zhuang DX, Wu J§S, Yao CJ, et al. Intraoperative multi-information-guid-
ed resection of dominant-sided insular gliomas in a 3-T intraoperative
magnetic resonance imaging integrated neurosurgical suite. World Neuro-
surg 2016;89:84-92.

Sommer B, Grummich P, Hamer H, et al. Frameless stereotactic func-
tional neuronavigation combined with intraoperative magnetic resonance
imaging as a strategy in highly eloquent located tumors causing epilepsy.
Stereotact Funct Neurosurg 2014;92(1):59-67.

Spena G, D’Agata F Panciani PP, Buglione di Monale M, Fonta-
nella MM. Supratentorial gliomas in eloquent areas: which parameters
can predict functional outcome and extent of resection? PLoS One

2013;8(12):¢80916.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

60.

67.

68.

69.

70.

Cordella R, Acerbi E Broggi M, et al. Intraoperative neurophysiological
monitoring of the cortico-spinal tract in image-guided mini-invasive neu-
rosurgery. Clin Neurophysiol 2013;124(6):1244-1254.

Voss ], Meier TB, Freidel R, et al. The role of secondary motor and lan-
guage cortices in morbidity and mortality: a retrospective functional MRI
study of surgical planning for patients with intracranial tumors. Neuro-
surg Focus 2013;34(4):E7.

Skrap M, Mondani M, Tomasino B, et al. Surgery of insular nonen-
hancing gliomas: volumetric analysis of tumoral resection, clinical out-
come, and survival in a consecutive series of 66 cases. Neurosurgery
2012;70(5):1081-1093; discussion 1093-1094.

Yang MQ, Wang S, Zhang Y, et al. The application of functional mag-
netic resonance imaging integrated neuronavigation in localization and
lingual function protection [in Chinese]. Zhonghua Yi Xue Za Zhi
2011;91(41):2907-2911.

Papagno C, Miracapillo C, Casarotti A, et al. What is the role of the
uncinate fasciculus? Surgical removal and proper name retrieval. Brain
2011;134 (Pt 2):405-414.

Walter J, Kuhn SA, Waschke A, Kalff R, Ewald C. Operative treatment
of subcortical metastatic tumours in the central region. ] Neurooncol
2011;103(3):567-573.

Gulati S, Berntsen EM, Solheim O, et al. Surgical resection of high-grade
gliomas in eloquent regions guided by blood oxygenation level dependent
functional magnetic resonance imaging, diffusion tensor tractography,
and intraoperative navigated 3D ultrasound. Minim Invasive Neurosurg
2009;52(1):17-24.

Wurm G, Schnizer M, Fellner C. The impact of fMRI on multimodal
navigation in surgery of cerebral lesions: Four years clinical experience. Int
J Comput Assist Radiol Surg 2008;3(3-4):191-199.

Winkler D, Strauss G, Lindner D, et al. The importance of functional
magnetic resonance imaging in neurosurgical treatment of tumors in the
central region. Klin Neuroradiol 2005;15(3):182-189.

Sabbah P, Foehrenbach H, Dutertre G, et al. Multimodal anatomic, func-
tional, and metabolic brain imaging for tumor resection. Clin Imaging
2002;26(1):6-12.

Krainik A, Lehéricy S, Duffau H, et al. Role of the supplementary mo-
tor area in motor deficit following medial frontal lobe surgery. Neurology
2001;57(5):871-878.

Sabbah P, Lévéque C, Dutertre G, et al. Clinical application of func-
tional MRI: a strategic tool for neurosurgery [in French]. ] Neuroradiol
2000527 (4):226-232.

Wu JS, Zhou LE, Gao GJ, Mao Y, Du GH. Integrating functional
magnetic resonance imaging in neuronavigation surgery of brain tu-
mors involving motor cortex [in Chinese]. Zhonghua Yi Xue Za Zhi
2004;84(8):632-636.

Fandino J, Kollias SS, Wieser HG, Valavanis A, Yonekawa Y. Intraopera-
tive validation of functional magnetic resonance imaging and cortical re-
organization patterns in patients with brain tumors involving the primary
motor cortex. ] Neurosurg 1999;91(2):238-250.

Gupta DK, Chandra PS, Ojha BK, Sharma BS, Mahapatra AK, Mehta
VS. Awake craniotomy versus surgery under general anesthesia for resec-
tion of intrinsic lesions of eloquent cortex--a prospective randomised
study. Clin Neurol Neurosurg 2007;109(4):335-343.

Pujol J, Conesa G, Deus J, et al. Presurgical identification of the primary
sensorimotor cortex by functional magnetic resonance imaging. ] Neuro-
surg 1996;84(1): 7-13.

Bizzi A, Blasi V, Falini A, et al. Presurgical functional MR imaging of lan-
guage and motor functions: validation with intraoperative electrocortical
mapping. Radiology 2008;248(2):579-589.

Roux FE, Boulanouar K, Lotterie JA, Mejdoubi M, LeSage JP, Berry L.
Language functional magnetic resonance imaging in preoperative assess-
ment of language areas: correlation with direct cortical stimulation. Neu-
rosurgery 2003;52(6):1335-1345; discussion 1345-1347.

Nimsky C, Fujita A, Ganslandt O, Von Keller B, Fahlbusch R. Volumetric
assessment of glioma removal by intraoperative high-field magnetic reso-
nance imaging. Neurosurgery 2004;55(2):358-370; discussion 370-371.
Roux FE, Boulanouar K, Ranjeva JP, et al. Usefulness of motor functional
MRI correlated to cortical mapping in Rolandic low-grade astrocytomas.
Acta Neurochir (Wien) 1999;141(1):71-79.

Nelson L, Lapsiwala S, Haughton VM, et al. Preoperative mapping of
the supplementary motor area in patients harboring tumors in the medial
frontal lobe. ] Neurosurg 2002;97(5):1108-1114.

Bartos R, Jech R, Vymazal J, et al. Validity of primary motor area localiza-
tion with fMRI versus electric cortical stimulation: a comparative study.

Acta Neurochir (Wien) 2009;151(9):1071-1080.

radiology.rsna.org = Radiology: Volume 300: Number 2—August 2021



71.

72.

73.

74.

75.

76.

77.

78.

79.

Krainik A, Duffau H, Capelle L, et al. Role of the healthy hemisphere
in recovery after resection of the supplementary motor area. Neurology
2004;62(8):1323-1332.

Wu CX, Pu S, Lin Y, et al. Fractionated resection on low grade gliomas
involving Broca’s area and insights to brain plasticity. Chin Med ] (Engl)
2008;121(20):2026-2030.

Majchrzak K, Kaspera W, Bobek-Billewicz B, et al. The assessment of
prognostic factors in surgical treatment of low-grade gliomas: a prospec-
tive study. Clin Neurol Neurosurg 2012;114(8):1135-1144.

Kuhnt D, Bauer MH, Becker A, et al. Intraoperative visualization of fi-
ber tracking based reconstruction of language pathways in glioma surgery.
Neurosurgery 2012;70(4):911-919; discussion 919-920.

LuJ, Wu ], Yao C, et al. Awake language mapping and 3-Tesla intraopera-
tive MRI-guided volumetric resection for gliomas in language areas. J Clin
Neurosci 2013;20(9):1280-1287.

D’Andrea G, Angelini A, Romano A, et al. Intraoperative DTT and brain
mapping for surgery of neoplasm of the motor cortex and the cortico-
spinal tract: our protocol and series in BrainSUITE. Neurosurg Rev
2012;35(3):401-412; discussion 412.

Noell S, Feigl GC, Naros G, Barking S, Tatagiba M, Ritz R. Experiences
in surgery of primary malignant brain tumours in the primary sensori-
motor cortex practical recommendations and results of a single institu-
tion. Clin Neurol Neurosurg 2015;136:41-50.

Motomura K, Chalise L, Ohka E et al. Neurocognitive and functional
outcomes in patients with diffuse frontal lower-grade gliomas undergoing
intraoperative awake brain mapping. ] Neurosurg 2019;132(6):1683-1691.
Ius T, Angelini E, Thiebaut de Schotten M, Mandonnet E, Duffau H.

Evidence for potentials and limitations of brain plasticity using an atlas

Radiology: Volume 300: Number 2—August 2021 » radiology.rsna.org

80.

81.

82.

83.

84.

85.

86.

Luna et al

of functional resectability of WHO grade II gliomas: towards a “minimal
common brain”. Neuroimage 2011;56(3):992-1000.

Zhang ], Chen X, Zhao Y, Wang F, Li F, Xu B. Impact of intraoperative
magnetic resonance imaging and functional neuronavigation on surgical
outcome in patients with gliomas involving language areas. Neurosurg
Rev 2015;38(2):319-330; discussion 330.

Rijnen SJM, Kaya G, Gehring K, et al. Cognitive functioning in patients
with low-grade glioma: effects of hemispheric tumor location and surgical
procedure. ] Neurosurg 2019. 10.3171/2019.8.JNS191667. Published
online November 15, 2019.

Trinh VT, Fahim DK, Maldaun MV, et al. Impact of preoperative func-
tional magnetic resonance imaging during awake craniotomy procedures
for intraoperative guidance and complication avoidance. Stereotact Funct
Neurosurg 2014;92(5):315-322.

Zetterling M, Elf K, Semnic R, Latini E Engstrom ER. Time course of
neurological deficits after surgery for primary brain tumours. Acta Neuro-
chir (Wien) 2020;162(12):3005-3018.

Wong JM, Panchmatia JR, Ziewacz JE, et al. Patterns in neurosurgi-
cal adverse events: intracranial neoplasm surgery. Neurosurg Focus
2012;33(5):E16.

Paiva WS, Fonoff ET, Beer-Furlan A, et al. Evaluation of postoperative
deficits following motor cortex tumor resection using small craniotomy.
Surg J (NY) 2019;5(1):e8—¢13.

Rijnen SJM, Butterbrod E, Rutten GM, Sitskoorn MM, Gehring K. Presur-
gical identification of patients with glioblastoma at risk for cognitive impair-
ment at 3-month follow-up. Neurosurgery 2020;87(6):1119-1129.

349



