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BACKGROUND: Intraoperative magnetic resonance imaging (iMRI) is a powerful tool for
guiding brain tumor resections, provided that it accurately discerns residual tumor.
OBJECTIVE: To use histopathology to assess how reliably iMRI may discern additional
tumor for a variety of tumor types, independent of the indications for iMRI.
METHODS: Amulticenter database was used to calculate the odds of additional resection
during the same surgical session for grade I to IV gliomas and pituitary adenomas. The
reliability of iMRI for identifying residual tumorwas assessedusinghistopathologyof tissue
resected after iMRI.
RESULTS: Gliomas (904/1517 cases, 59.6%) were more likely than pituitary adenomas
(176/515, 34.2%) to receive additional resection after iMRI (P< .001), but these tumors were
equally likely to have additional tissue sent for histopathology (398/904, 44.4% vs 66/176,
37.5%; P = .11). Tissue samples were available for resections after iMRI for 464 cases, with
415 (89.4%) positive for tumor. Additional resections after iMRI for gliomas (361/398, 90.7%)
were more likely to yield additional tumor compared to pituitary adenomas (54/66, 81.8%)
(P= .03). There were no significant differences in resection after iMRI yielding histopatho-
logically positive tumor between grade I (58/65 cases, 89.2%; referent), grade II (82/92,
89.1%) (P = .98), grade III (72/81, 88.9%) (P = .95), or grade IV gliomas (149/160, 93.1%)
(P = .33). Additional resection for previously resected tumors (122/135 cases, 90.4%) was
equally likely to yield histopathologically confirmed tumor compared to newly-diagnosed
tumors (293/329, 89.0%) (P= .83).
CONCLUSION: Histopathological analysis of tissue resected after use of iMRI for grade I to
IV gliomas and pituitary adenomas demonstrates that iMRI is highly reliable for identifying
residual tumor.

KEYWORDS: iMRI, Glioma, Pituitary, Resection, Histopathology, Intraoperative MRI, Pituitary adenoma, Tumor,
Additional resection
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I ntraoperative magnetic resonance imaging
(iMRI) has been shown to improve maximal
safe resection of a variety of brain tumor

types in adults and children, including low-
grade gliomas (LGG), high-grade gliomas

ABBREVIATIONS: CI, confidence interval; EOR, extent of resection; GBM, glioblastoma; GTR, gross-total resec-
tions; HGG, high-grade gliomas; IDH, isocitrate dehydrogenase; I-MiND, IMRIS Multicenter iMRI Neurosurgery
Database; iMRI, intraoperative magnetic resonance imaging; LGG, low-grade gliomas; NOS, not otherwise
specified;OR, odd ratio;OS, overall survival; PFS, progression-free survival; PPV, positive predictive value; T, Tesla;
WHO,World Health Organization

Neurosurgery Speaks! Audio abstracts available for this article at www.neurosurgery-online.com.
Supplemental digital content is available for this article at www.neurosurgery-online.com.

(HGG), pituitary adenomas, and other
histopathologies.1-19 Previously published
reports indicate that up to 70% of patients may
undergo additional tumor resection under the
same anesthesia session after use of iMRI,20
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which can potentially improve extent of resection (EOR), overall
survival (OS), and progression-free survival (PFS). Few studies
have correlated iMRI findings with the histopathological analysis
of specimens acquired after iMRI,21-26 and the limited data that
are available from small series largely applies to glioblastoma
(GBM) (Table 1). Even for GBM, the sensitivity of iMRI
in accurately identifying tumor is not consistently charac-
terized. For instance, Hesselmann and colleagues25 showed that
histopathology of specimens collected from 50 GBM resections
after the use of iMRI identified tumor in 43 cases (86%), whereas
Coburger et al24 showed that the sensitivity of iMRI in identifying
residual tumor as confirmed by histopathology for 34GBM resec-
tions was 41%.
The reliability of iMRI in identifying “true” residual tumor

remains incompletely understood. Certain studies place the sensi-
tivity of iMRI for GBM between 50% and 67%.22,23 For LGG
surgery, a study of 13 cases with 30 biopsy samples found that
iMRI had a sensitivity of 83% (identified residual tumor in areas
in which biopsies were positive for tumor) and specificity of
67% (did not identify tumor in areas in which biopsies were
negative for tumor) for identifying residual tumor as confirmed
by histopathology.21 Defining the reliability of iMRI for the
detection of residual tumor is of significant importance, as the
process by which surgeons assess residual tumor and the need for
additional resection after iMRI remains ill defined.20
The present study analyzed data from a large multicenter

cohort of patients who underwent surgical resection of brain
tumors, focusing on the most common types of brain tumors
for which iMRI was used (grade I to IV gliomas and pituitary
adenomas). The aim of this study was to discern the reliability
with which iMRI may identify residual tumor for these tumor
types, independent of the indications for use of iMRI or the
intended EOR. It also assessed the positive predictive value (PPV)
of iMRI.

METHODS

I-MiND Database and Variables
The IMRIS Multicenter iMRI Neurosurgery Database (I-MiND) is

a REDCap27-mixed retrospective/prospective registry containing over
7000 patients who underwent brain surgery for tumors or other condi-
tions with or without iMRI. This voluntary database includes 9 North
American neurosurgical institutions. Data entry into this registry is
performed by clinical research coordinators at each site and is periodi-
cally audited. Patients were added to the database on the sole condition
of having surgery for a brain tumor or other conditions and were not
added based on any particular outcome, pathology, or imaging criteria.
The database was queried to identify patients who had additional resec-
tions performed during the same case after completion of iMRI. Insti-
tutional review board approval was received at all participating sites. No
patient consent was necessary, as all data were retrospectively analyzed
and deidentified. For the purposes of this study, because outcomes, EOR,
goals of surgery, or the impact of iMRI on survival were not assessed,
and because the only inclusion criteria was whether the patient had
undergone surgery for a brain tumor, selection bias in the data should
have been minimal. Surgeries were conducted between 2007 and 2019.

Data collected included tumor histopathology, incidence, location,
number of iMRI scans performed, number of times additional resection
was performed after iMRI, reasons that further resections were not
pursued, and whether the additional tissue resected after the iMRI was
collected for histopathology evaluation. The most common groups of
tumors for which iMRI was used were World Health Organization
(WHO) grade I to IV gliomas, mixed neuronal-glial tumors (dysem-
bryoplastic neuroepithelial tumor and ganglioglioma), and pituitary
adenomas (Figure 1). Tumors were classified as best as possible according
to WHO 2016 guidelines,28 though this was not possible in all instances
given the year in which the tumor was diagnosed and availability of retro-
spective genetic and histopathological data. Incidence was characterized
as newly diagnosed or previously resected. For analyses, mixed neuronal-
glial tumors were considered part of the glioma cohort.

iMRI and Additional Resection
Surgical resection, preoperative imaging, and postoperative

histopathological workup were performed as was standard at each
participating institution (ie, there was no central protocol for imaging
or pathological workup of resected tissue). After initial resection, iMRI
scans were performed using a movable 1.5 Tesla (T) or 3.0 T magnet
(IMRIS, Minnetonka, Minnesota) depending on the institution at the
surgeon’s discretion. Additional resection was pursued if residual tumor
was suggested by iMRI and the surgeon deemed further resection to
be appropriate. The number of instances of iMRI use was recorded.
Additional resection was labeled “yes” only if additional tissue was
removed. If the surgeon returned to the operating field but did not
remove additional tissue, the rationale for not pursuing additional
resection was described as no evidence of residual disease, risk to brain
structures, risk to vascular structures, inaccessible residual, or other. The
reliability of iMRI was assessed by reviewing histopathological reports
for confirmation of tumor in tissue samples from cases when the surgeon
chose to send new specimens from additional resections performed after
iMRI. Whether additionally resected tumor after iMRI was sent for
independent pathology was at the surgeon’s discretion and did not occur
for all additional resections.

Statistical Analysis
Statistical analyses were performed by 2 authors in collaboration with

colleagues from the Division of Biostatistics at the host institution.
Analyses were performed using SAS edition 9.4 (SAS Institute, Cary,
North Carolina). Two-sample t-tests were used to compare continuous
variables. Logistic regression and frequency table analyses were performed
to calculate odds of iMRI use, additional resection, and positive
histopathology based on tumor type and tumor incidence. Maximum
likelihood estimates were used to assess differences between groups. A
P-value < .05 was considered statistically significant.

RESULTS

A total of 2032 patients with gliomas or pituitary adenomas
whose cases utilized iMRI were identified. Of these, additional
resection after iMRI was performed in 1080 cases (53.1%)
(Figure 1). A total of 111 patients underwent a second iMRI, 15
a third, and 5 a fourth, with 38, 8, and 2 additional resections,
respectively, performed after each iMRI study was completed.
HGG were the most common pathology (Table 2). Isocitrate
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FIGURE 1. Flowchart showing the number of cases at various stages of data selection during the analyses.

TABLE 2. Frequency of iMRI-Guided Resection, Tissue Specimen Availability, Pathology Results, and Reported Reasons for No iMRI-Guided
Resection For All Diagnoses

Glioma

All cases WHO I WHO II WHO III WHO IV Pituitary adenoma

All iMRI cases, # (%) 2032 (100) 388 (19.09) 307 (15.1) 268 (13.18) 554 (27.26) 515 (25.34)
iMRI-guided resection 1080 (53.14) 192 (49.48) 201 (65.47) 169 (63.05) 342 (61.73) 176 (34.17)
Tissue not obtained post-iMRI 616 (57.03) 127 (66.14) 109 (54.22) 88 (52.07) 182 (53.21) 110 (62.5)
Tissue obtained post-iMRI 464 (42.96) 65 (33.85) 92 (45.77) 81 (47.92) 160 (46.78) 66 (37.5)

Pathology positive 415 (89.43) 58 (89.23) 82 (89.13) 72 (88.88) 149 (93.12) 54 (81.81)
Pathology negative 49 (10.56) 7 (10.76) 10 (10.86) 9 (11.11) 11 (6.87) 12 (18.18)

No iMRI-guided resection 952 (46.85) 196 (50.51) 106 (34.52) 99 (36.94) 212 (38.26) 339 (65.82)
No residual 707 (74.26) 174 (88.77) 76 (71.69) 69 (69.69) 148 (69.81) 240 (70.79)
Residual inaccessible 245 (25.73) 22 (11.22) 30 (28.3) 30 (30.3) 64 (30.18) 99 (29.2)

WHO = World Health Organization.
All iMRI case percentages (top row) are based on total iMRI cases. Percentages for all other table rows based on the count within each category. Glioma cases were more likely
to receive iMRI-guided resection, but equally likely as pituitary adenomas to have post-iMRI-resected tissue sent for histopathological analysis. Gliomas were more likely to yield
pathologically confirmed residual tumor after use of iMRI.
Exclusions: Cases were excluded if WHO grade unavailable for glioma cases (26), iMRI-guided resection was not performed due to poor image quality (4), reason for performance of
iMRI was not available (51), and iMRI was obtained for quality assurance purposes only (43).

dehydrogenase (IDH) status information was found for 683
patients (271 mutated [39.7%] and 412 wild-type [60.3%]).

Use of iMRI and Additional Resection
Among the 2032 tumor patients with EOR data, 469 received

gross-total resections (GTR), and those GTR patients more often

underwent additional resection after iMRI (272/469 cases, 58%)
compared to patients who received subtotal/near total resec-
tions (611/1191, 51.3%) (P = .01; odd ratio, OR 1.31 [1.06,
1.63]). However, when stratifying by tumor type, this relationship
between iMRI and GTR only remained significant for pituitary
tumors (82 GTR of 167 cases, 49.1%) (P< .001; OR 2.68 [1.79,
4.0]). Gliomas (904 additional resections of 1517 cases, 59.6%)
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TABLE 3. Univariate Logistic Regression Analyses Predicting the Likelihood of iMRI-Guided Resection (Left) and Post-iMRI Sample Histopatho-
logical Positivity (Right) for Glioma and Pituitary Adenoma Cases

iMRI-guided resection Post-iMRI sample pathology positive

Covariates impacting resection n # (%)
Univariate
OR (95% CI)

Multivariate
OR (95% CI) n # (%)

Univariate
OR (95% CI)

Multivariate
OR (95% CI)

Diagnosis 2032 1080 (53.14) 464 415 (89.43)
Pituitary adenoma 515 176 (34.17) Ref ref 66 54 (81.81) ref ref
Glioma 1517 904 (59.59) 2.84

(2.31-3.5)∗∗
2.97

(2.36-3.74)∗∗
398 361 (90.7) 2.17

(1.07-4.42)∗
1.75

(0.76-4.02)
EOR 1660 883 (53.19) 397 355 (89.42)
Near/subtotal 1191 611 (51.3) Ref ref 295 264 (89.49) ref ref
Gross total 469 272 (57.99) 1.31

(1.06-1.63)∗
1.52

(1.21-1.9)∗∗
102 91 (89.21) 1.03

(0.48-2.06)
1.09

(0.51-2.31)
Tumor incidence 2032 1080 (53.14) 464 415 (89.43)
New diagnosis 1469 757 (51.53) Ref ref 329 293 (89.05) ref ref
Prior resection 562 323 (57.47) 1.27

(1.05-1.55)∗
1.02

(0.81-1.27)

135 122 (90.37) 1.07

(0.56-2.06)

1.11

(0.53-2.32)

# = Number of positive cases, ∗P < .05, ∗∗P < .01, 95% CI = 95% confidence interval, N = total number of cases, NA = not able to compute, OR (odds ratio), ref = reference.
Odds ratios (OR) and 95% confidence intervals (CI) for covariates are listed.

were more likely than pituitary adenomas (176/515 cases, 34.2%)
to receive additional resection after iMRI (P < .001). Gliomas
were as likely as pituitary adenomas to have additional tissue
sent for histopathology (398 samples sent of 904 cases, 44% vs
54/196, 37.5%) (P = .11) (Table 2). For gliomas, additional
resection after iMRI was most common for grade II gliomas
(201/307 cases, 65.5%). Grade II (P < .001; OR 1.94 [1.42,
2.63]), grade III (169/268 cases, 63.0%) (P = .001; OR 1.74
[1.27, 2.40]), and grade IV gliomas (342/554 cases, 61.7%)
(P< .001; OR 1.65 [1.27, 2.14]) underwent additional resection
more frequently compared to grade I gliomas (192/388 cases,
49.5%) (referent). When analyzing all tumor types together, of
the 562 cases that underwent surgery for previously resected
tumors, 57.5% (323/562) had additional resection after iMRI,
compared to 51.5% (757/1469) for newly diagnosed tumors
(P = .02; OR 1.27 [1.05, 1.55]) (Table 3).
Regarding specific glioma subtypes, as compared to astrocy-

tomas (301/499 cases, 60.3%; referent), ependymomas (33/80,
41.2%) (P = .008; OR 0.52 [0.32, 0.84]) and other grade
I/II gliomas (111/222, 50%) (P = .03; OR 0.71 [0.53, 0.97])
were less likely to receive iMRI-guided additional resection,
whereas oligodendrogliomas (127/178, 71.3%) (P = .03; OR
1.46 [1.04, 2.06]) were more likely to receive additional resection
(Table 4). GBMs (327/523, 62.5%) (P = .46; OR 1.09 [0.86-
1.38]) were as likely to receive additional resection as astrocy-
tomas. A full breakdown of iMRI-guided cases for all gliomas can
be seen in Table 5. For pituitary adenomas, tumors exhibiting
parasellar invasion (140/340, 41.2%) were more likely to receive
additional resection after iMRI compared to those that did
not (31/158, 19.6%) (P < .001; OR 2.87 [1.83, 4.49]).
Pituitary adenomas were also more likely to receive additional
resection after iMRI as size increased, particularly above

30 mm (48/104, 46.1%) (P < .001; OR 5.63 (2.33, 13.63])
(Table 6).

A multivariate analysis of all 2032 cases that involved an
iMRI scan demonstrated that glioma diagnosis (P < .001) and
GTR (<.001) were associated with having undergone additional
resection after iMRI. For gliomas specifically, WHO grades II
and III were more likely to receive additional resection after
iMRI (compared to grade I; P-values < .001), but grade IV,
tumor incidence, and EOR were not significant. For pituitary
tumors, GTR (P = .001) and tumor size ≥10 mm (P = .008)
were associated with having undergone iMRI. Tumor incidence,
secretory status, and parasellar extension were not signifi-
cantly associated with iMRI use. No variables were significantly
associated with increased odds of tissue resected after iMRI being
positive for tumor except functional pituitary adenoma status.
The full list of variables analyzed may be seen in Tables 3-6.

Reliability of Additional Resection
Independent histopathological specimens acquired from resec-

tions performed after iMRI were available for 464 cases, of which
415 (89.4%) were positive for tumor. Gliomas (361/398, 90.7%)
were more likely to have positive pathology after iMRI-guided
additional resection compared to pituitary adenomas (54/66,
81.8%) (P = .03) (Table 3). GBM was the glioma diagnosis most
likely to have positive histopathology after additional resection
(149/160 cases, 93.1%) (P = .03; OR 2.33 [1.06, 5.11])
(Table 4). There were no significant differences in the likelihood
of positive histopathology from specimens after iMRI among
grade I (58/65 cases, 89.2%; referent), grade II (82/92, 89.1%)
(P = .98; OR 0.99 [0.36, 2.75]), grade III (72/81, 88.9%)
(P = .95; OR 0.97 [0.34, 2.75]), or grade IV gliomas (149/160,
93.1%) (P = .33; OR 1.64 [0.60, 4.42]) (Table 4). For pituitary
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TABLE 4. Univariate and Multivariate Logistic Regression Analyses Predicting the Likelihood of iMRI-Guided Resection (Left) and Post-iMRI
Sample Histopathological Positivity (Right) for Glioma Cases

iMRI-guided resection Post-iMRI sample pathology positive

Covariates impacting
glioma resection n # (%)

Univariate
OR (95% CI)

Multivariate
OR (95% CI) n # (%)

Univariate
OR (95% CI)

Multivariate
OR (95% CI)

EOR 1210 726 (60.0) 340 307 (90.3)
Near/subtotal 908 536 (59.0) ref ref 266 239 (89.84) ref ref
Gross total 302 190 (62.9) 1.2 (0.9-1.5) 0.9 (0.7-1.3) 74 68 (91.9) 1.3 (0.5-3.3) 1.2 (0.5-3.1)

Tumor incidence 1516 904 (59.6) 398 361 (90.7)
New diagnosis 1052 622 (59.1) ref ref 274 247 (90.1) ref ref
Prior resection 464 282 (60.8) 1.1 (0.9-1.3) 0.9 (0.7-1.2) 124 114 (91.9) 1.1 (0.5-2.4) 1.2 (0.5-2.8)

WHO grade 1517 904 (59.6) 398 361 (90.7)
Grade I 388 192 (49.5) ref ref 65 58 (89.2) ref ref
Grade II 307 201 (65.5) 1.9 (1.4-2.6)∗∗ 2.2 (1.5-3.3)∗∗ 92 82 (89.1) 1.0 (0.4-2.8) 1.5 (0.5-4.6)
Grade III 268 169 (63.0) 1.7 (1.3-2.4)∗∗ 2.8 (1.7-4.4)∗∗ 81 72 (88.9) 1.0 (0.3-2.8) 1.4 (0.5-4.0)
Grade IV 554 342 (61.7) 1.6 (1.3-2.1)∗∗ 1.3 (0.4-4.3) 160 149 (93.1) 1.6 (0.6-4.4) 2.1 (0.7-5.8)

IDH-1 status 683 432 (63.3) 207 193 (93.2)
Mutated 271 190 (70.1) ref ref 89 84 (94.4) ref ref
Non-mutated 412 242 (58.7) 0.6

(0.4-0.8)∗∗
– 118 109 (92.4) 1.4 (0.5-4.3) –

Glioma subtype 1517 904 (59.6) 398 361 (90.7)
Astrocytoma 366 211 (57.7) ref ref 80 68 (85.0) ref ref
Ependymoma 80 33 (41.3) 0.5

(0.3-0.8)∗∗
0.3

(0.2-0.6)∗∗
12 12 (100) – –

GBM 529 332 (62.8) 1.2 (0.9-1.6) 1.6 (0.5-5.2) 154 143 (92.9) 2.3 (1.0-5.5) –
Oligodendroglioma 178 127 (71.3) 1.8 (1.2-2.7)∗ 1.4 (0.9-2.4) 71 65 (91.5) 1.9 (0.7-5.4) –

Other high grade 90 51 (56.7) 0.9 (0.6-1.5) 0.6 (0.3-1.2) 24 22 (91.7) 1.9 (0.4-9.4) –
Other low grade 274 150 (54.7) 0.9 (0.6-1.2) 1.0 (0.7-1.5) 57 51 (89.5) 1.5 (0.5-4.3) –

# = number of positive cases, ∗P < .05, ∗∗P < .01, 95% CI = 95% confidence interval, N = total number of cases, NA = not able to compute, OR (odds ratio), ref = reference. Odds
ratios (OR) and 95% confidence intervals (CI) for covariates are listed. Astrocytoma involves grade I to III astrocytomas. Other HGG include glioma NOS (74), gliosarcoma (14), and
pleomorphic xanthroastrocytoma (2). Other low-grade gliomas include angiocentric (3), DNET (59), ganglioglioma (82), glioma NOS (115), and pleomorphic xanthroastrocytoma (15).
WHO grade II to IV gliomas were more likely to receive iMRI-guided resection than grade I gliomas. Compared to astrocytomas, oligodendrogliomas were more likely to receive
iMRI-guided resection, and ependymomas, other low-grade gliomas, and other HGG were less likely.

adenomas, no factors were associated with increased odds of
additionally resected tissue being positive for tumor, including
size and parasellar extension (Table 6). All 66 pituitary cases
with additional pathology were performed using an endoscopic
endonasal approach.
Additional resection after iMRI for previously resected tumors

(122/135 cases, 90.4%) was not more likely to yield histopatho-
logically confirmed tumor compared to newly-diagnosed tumors
(293/329, 89.0%) (P = .83; OR = 1.07 [0.56, 2.06]). Of 49
(10.6%) cases in which pathology from additional resections
after iMRI did not show tumor on histopathological testing,
20 were grades III or IV, 17 were grades I or II, and 12
were pituitary adenomas. In total, 36 of 49 cases were newly
diagnosed tumors (11 grades III and IV, 16 grades I and II,
and 9 pituitary adenomas) and 13 (9 grades III and IV, 1 grade
II, and 3 pituitary adenomas) had prior resection. No signif-
icant trends were noted for these 49 cases. Detailed imaging
and pathology reports were available for 34/49 cases. In 28

of the 34 instances (82%), GTR was presumed before iMRI
scans were performed. The iMRI findings were “accurate” in
4 cases (the iMRI scan was correctly interpreted as having
no residual), “equivocal” in 10 cases (scan was interpreted as
containing suspicious regions that may have represented either
surgical changes or residual tumor), and “misleading” in 20 cases
(scan was incorrectly interpreted as having areas that were very
likely residual tumor) (Figure 2). Over half (19 of 34, 55.9%)
of these cases revealed normal brain tissue, 9 showed reactive
changes or radiation necrosis, 3 showed hematoma, and 2 showed
scattered atypical cells. Six cases were recurrent lesions that had
received prior radiation; pathology for these lesions revealed
reactive changes or radiation necrosis. No common characteristics
were found linking cases with “misleading” iMRI findings. Two
case illustrations of instances when iMRI was misleading have
been published as Supplemental Digital Content (Text, Supple-
mental Digital Content 1 and Figures, Supplemental Digital
Content 2-5).
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TABLE 5. Detailed Breakdown of iMRI-Guided Resections by Glioma Histopathological Diagnosis and Grade

Glioma diagnosis
iMRI
cases

iMRI-guided
resection

Post-iMRI
sample

Post-iMRI samples
pathology positive
(% of samples)

Post-iMRI samples
pathology positive

(% of cases)

WHO grade I
Angiocentric 3 1 (33.3%) 1 (100%) 1 (100%) 1 (33.3%)
Astrocytoma, pilocytic 199 101 (50.7%) 31 (30.6%) 26 (74.2%) 26 (13%)
Astro, SEGA 12 4 (33.3%) 1 (25%) 0 (0%) 0 (0%)
DNET 59 36 (61%) 9 (25%) 9 (90%) 9 (15.2%)
Ganglioglioma 82 38 (46.3%) 12 (31.5%) 11 (91.6%) 11 (13.4%)
Glioma NOS 33 11 (33.3%) 8 (72.7%) 8 (100%) 8 (24.2%)
Subependymoma 4 1 (25%) 1 (100%) 1 (100%) 1 (25%)

WHOGrade II
Astrocytoma, diffuse 61 42 (68.8%) 16 (38%) 14 (87.5%) 14 (22.9%)

IDHmutated 23 14 (60.9%) 6 (42.9%) 6 (100%) 6 (26.1%)
IDH wild-type 13 10 (76.9%) 4 (40%) 3 (75%) 3 (23.1%)
IDH data unavailable 25 18 (72%) 6 (33.3%) 5 (83.3%) 5 (20%)

Ependymoma 34 15 (44.1%) 5 (33.3%) 5 (100%) 5 (14.7%)
Glioma NOS 82 56 (68.2%) 26 (46.4%) 21 (80.7%) 21 (25.6%)
Oligodendroglioma 113 81 (71.6%) 46 (56.7%) 43 (93.4%) 43 (38%)
PXA 15 8 (53.3%) 1 (12.5%) 1 (100%) 1 (6.6%)

WHOGrade III
Astrocytoma, anaplastic 94 64 (68%) 32 (50%) 28 (87.5%) 28 (29.7%)

IDHmutated 51 36 (70.6%) 17 (47.2%) 13 (76.5%) 13 (25.5%)
IDH wild-type 19 12 (63.2%) 9 (75%) 9 (100%) 9 (47.4%)
IDH data unavailable 24 16 (66.7%) 6 (37.5%) 6 (100%) 6 (25%)

Ependymoma, anaplastic 42 17 (40.4%) 6 (35.2%) 6 (100%) 6 (14.2%)
Glioma NOS, anaplastic 66 42 (63.6%) 19 (45.2%) 17 (89.4%) 17 (25.7%)
Oligodendroglioma, anaplastic 65 46 (70.7%) 25 (54.3%) 22 (88%) 22 (33.8%)
PXA, anaplastic 2 1 (50%) 0 (0%) 0 (0%) 0 (0%)

WHOGrade IV
GBM 529 332 (62.8%) 154 (46.4%) 143 (92.9%) 143 (27%)

IDHmutated 50 32 (64%) 16 (50%) 16 (100%) 16 (32%)
IDH wild-type 284 169 (59.5%) 75 (44.4%) 69 (92%) 69 (24.3%)
IDH data unavailable 195 131 (67.2%) 63 (48.1%) 58 (92.1%) 58 (29.7%)

Glioma NOS 8 4 (50%) 3 (75%) 3 (100%) 3 (37.5%)
Gliosarcoma 14 4 (28.5%) 2 (50%) 2 (100%) 2 (14.2%)

Total 1517 904 398 361 361

IDH= isocitrate dehydrogenase, NET= desmoplastic neuroepithelial tumor, NOS= not otherwise specified, PXA= pleomorphic xanthroastrocytoma, SEGA= subependymal giant
cell astrocytoma.

DISCUSSION

Key Results
Maximal safe resection of many types of benign and malignant

brain tumors may lead to increased OS and PFS.7,29-38 The use
of iMRI has been shown to be a beneficial method by which
surgeons may achieve more extensive EOR for a variety of tumor
types,4,7,8,11,30,39-41 but few studies analyze the histopathology
of additional tissue that was removed after iMRI.21-26 Unlike
most prior investigations, the goal of this study was not to
examine the impact of iMRI on EOR or survival or the impact
of EOR on outcomes. Rather, this study analyzed a large multi-
center database to better elucidate the reliability with which iMRI
could enable additional tumor resection for common groups
of tumors (gliomas grades I to IV and pituitary adenomas),

irrespective of the surgeon’s indication for the use of iMRI or the
intended EOR. For 464 surgeries that had tissue available from
additional resections performed after iMRI, tumor was confirmed
by histopathology in 415 cases (89.4%). This current study is the
largest of its kind to date to provide histopathological assessment
of the additional tissue resected after iMRI to determine the
reliability of this surgical adjunct in identifying residual tumor.
It furthermore provides data on iMRI’s reliability across a large
cohort of surgeons who may be employing this imaging modality
in heterogeneous ways.

Interpretation
The rate of additional tumor resection after iMRI has

varied across previously published studies for different tumor
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TABLE 6. Univariate Logistic Regression Analyses Predicting the Likelihood of iMRI-Guided Resection (Left) and Post-iMRI Sample Histopatho-
logical Positivity (Right) for Pituitary Adenoma Cases

iMRI-guided resection Post-iMRI sample pathology positive
Covariates impacting
pituitary adenoma
resection N # (%)

Univariate OR
(95% CI)

Multivariate OR
(95% CI) n # (%)

Univariate OR
(95% CI)

Multivariate OR
(95% CI)

EOR 450 157 (34.88) 57 48 (84.21)
Near/subtotal 283 75 (26.5) Ref ref 29 25 (86.2) ref ref
Gross total 167 82 (49.1) 2.68 (1.79-4)∗∗ 2.24 (1.38-3.65)∗∗ 28 23 (82.14) 0.74 (0.18-3.08) 0.81 (0.13-4.8)

Tumor incidence 515 176 (34.17) 66 54 (81.81)
New diagnosis 417 135 (32.37) Ref ref 55 46 (83.63) ref ref
Prior resection 98 41 (41.83) 1.5 (0.96-2.36) 1.48 (0.8-2.74) 11 8 (72.72) 0.52 (0.17-2.36) 0.17 (0.01-2.52)

Secretory status 476 165 (34.66) 63 51 (80.95)
Non-functional 299 113 (37.79) ref ref 40 35 (87.5) ref ref
Functional 177 52 (29.37) 0.69 (0.46-1.02) 0.61 (0.35-1.04) 23 16 (69.56) 0.33 (0.09-1.19) 0.08 (0-0.79)∗

Tumor extension 498 171 (34.33) 65 53 (81.53)
None 158 31 (19.62) ref ref 13 9 (69.23) ref ref
Parasellar 340 140 (41.17) 2.87 (1.83-4.49)∗∗ 1.65 (0.89-3.04) 52 44 (84.61) 2.4 (0.6-9.9) 2.14 (0.32-14.31)

Tumor size (ref: <10 mm) 430 152 (35.34) 59 47 (79.66)
<10 mm 53 7 (13.2) ref ref 2 2 (100) ref ref
10-30 mm 273 97 (35.53) 3.62 (1.58-8.33)∗∗ 4.2 (1.44-12.23)∗∗ 39 29 (74.35) ref ref
>30 mm 104 48 (46.15) 5.63 (2.33-13.63)∗∗ 4.95 (1.54-15.86)∗∗ 18 16 (88.88) 2.58 (0.5-13.22) 2.49 (0.22-28.29

Gross-total resection, prior resection, parasellar extension, and macroadenoma status were associated with performance of additional resection after iMRI. Odds ratios (OR) and
95% confidence intervals (CI) for covariates are listed.
# = number of positive cases, ∗P < .05, ∗∗P < .01, 95% CI = 95% confidence interval, N = total number of cases, NA = not able to compute, OR (odds ratio).

types.7,21,22,26,42 In our study, additional resection after iMRIwas
pursued in 53.1% of all cases, and the frequency of additional
resections after iMRI differed among grade I (49.5%), grade
II (65.5%), grade III (63%), and grade IV (61.7%) gliomas
and pituitary adenomas (34.2%). Some of these additional
resection rates for individual tumor types are lower than what
has been reported. For instance, Scherer et al,20 in a study of 224
glioma resections using iMRI, found that additional resection was
performed in 70%of cases. A study of pituitary adenomas demon-
strated additional resection rates after iMRI of 47% and 13%
in microscopic and endoscopic surgeries, respectively.43 Sylvester
et al7 showed an additional resection rate after iMRI of 35.9%
for 156 pituitary adenomas cases, and Serra et al44 reported
additional resection rate after iMRI in 53% of cases, regardless
of intended EOR. One possible explanation for some of the
variation in the current study compared to prior studies is that
the current study characterized additional resection as a function
of all patients who received iMRI, whereas other studies limit this
proportion to those in which residual disease is noted.
The ability of iMRI to identify residual tumor and guide the

surgeon to reliable additional resection after iMRI was 89% to
93% as confirmed by histopathology across grade I to IV gliomas
and pituitary adenomas analyzed in our investigation. This value
is higher than PPVs reported in the literature (Table 1).21-26
However, our study found that no residual disease was noted on
iMRI in 74.2% of instances in which additional resection was not
pursued after iMRI. Although a high PPV may be expected for

particularly invasive pathologies such as grade II to IV gliomas,
this was consistent for grade I gliomas and pituitary adenomas
as well. Our study did not identify unique characteristics of
tumors for which additional tissue resected after iMRI failed
to yield residual tumor on histopathological evaluation. Review
of the histopathology from these cases with negative pathology
showed that normal tissue was most commonly reported. Prior to
completion of iMRI, a presumed GTR was achieved in 28/34
cases with negative pathology after iMRI, though the iMRI
scan itself was misleading in 59% of negative histopathology
cases and equivocal in another 29%. No unifying explanation
could be identified in cases with negative pathology to explain
why there was negative histopathology of this resected tissue
after iMRI.
That some histopathology of tissue resected after iMRI did not

reveal tumor could have been due to images misleading surgeons
to believe that there was residual tumor when there was not. Alter-
natively, the iMRI study may, in fact, have identified residual
tumor, but the surgeon may not have been able to accurately
localize that tumor for further resection, or the specimen sent for
histopathological assessment was not totally representative of the
tissue that was removed (sampling error). Tissue shifts and other
surgical phenomena may impact accuracy when trying to identify
residual tumor. Integration of the images acquired from the iMRI
study into a surgical navigation tool can improve the reliability of
identifying residual tumor butmay not completely resolve inaccu-
racies.
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FIGURE 2. Flowchart demonstrating characteristics of cases in which additional resection undertaken after iMRI
did not demonstrate residual tumor.

Generalizability
The fact that iMRI is so consistent at identifying additional

tumor across different types of tumors is an important finding.
This current study is the first to demonstrate this accuracy on such
a broad scale, and the fact that we use a multicenter cohort makes
these data more generalizable to tumor resection patients than for
prior studies. Regardless of the likelihood of pursuing additional
resection, this study demonstrates that iMRI may have a role as
an important tool to help increase EOR. Of course, when consid-
ering a surgeon’s decision to use iMRI, it could be hard to discern
if additional tumor resected after iMRI was due to the surgeon’s
inability to identify residual tumor after an aggressive initial
attempt at GTR or whether a surgeon was initially operatingmore
conservatively because they knew that iMRI was going to be used
later. That said, characterizing the aggressiveness or caution that
surgeons may display during initial resection was outside of the
scope of this study, which did not quantify the impact of iMRI
on the ultimate EOR.

Limitations
This study has its limitations. The data were collected retro-

spectively, and only 43% of additional resection cases after iMRI
had available histopathology. Given the time of diagnosis and the
available genetic information, classification of tumors according
to most current standards was not always possible, which may
complicate strict comparisons between different tumors and
grades and resulted in a subset of 189 tumors classified as
“glioma not otherwise specified” (NOS). However, for all these

NOS specimens, a WHO grade was assigned by a pathologist.
Furthermore, though the database is periodically audited by
research coordinators and researchers at each respective site, an
audit of all the data and viewing of all images was not performed
by a central core of reviewers. The EOR (eg, GTR) that was
intended preoperatively by a surgeon was not available. It is
also possible that different imaging benchmarks were used by
surgeons to define the amount of tissue that would be resected (eg,
some surgeons may have used the contrast-enhancing portions,
whereas others may have used T2/FLAIR signal for malignant
gliomas). There are potential biases in the study because tissue
specimens from the additional resections performed after iMRI
were sent for histopathological evaluation in only a portion of
the cases, according to surgeons’ preferences and habits, and
without a clear-cut protocol (although, as mentioned in the
Methods section, overall selection bias should be low). Residual
tumor was determined by final, not intraoperative, pathology,
so discrepancies could not be determined between the 2. Based
on how the data were collected, only true positive rates and
false positive rates could be assessed—sensitivity and specificity of
iMRI could not be determined, nor could instances when iMRI
was interpreted as GTR but there actually was residual tumor
present. There was a possible bias concerning specificity because
we did not have true or false negative results for pathology after
iMRI. Finally, a future study of differences between 1.5 T and
3.0 T iMRI would be a valuable study, as this database did not
allow for discerning differences in magnet strength among all
cases.
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CONCLUSION

The use of iMRI during resection of grade I to IV gliomas
and pituitary adenomas is highly reliable for the identification
of residual tumor, as confirmed in this large multicenter cohort
analysis of histopathological specimens acquired from resections
performed after completion of iMRI.
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T his multi-institutional retrospective study describes their combined
experience with iMRI to aid the resection of gliomas and pituitary

adenomas. One of the key findings was that gliomas were more likely
than pituitary adenomas to undergo additional resection based on
iMRI findings. Accordingly, additional resection resulted in a tumor
diagnosis more frequently in gliomas than adenomas. Interestingly, after
additional resection, there was no difference in histology-proven tumor
yield amongst the four grades of glioma. This work is timely as the use
of iMRI continues to expand and a nice example of a multi-institutional
collaborative effort yielding more impactful results then would have been
possible with a single-institutional study.

Eric M. Thompson
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T he authors of this large multicenter, retrospective study found an
association with residual tumor as seen on intraoperative MRI and

histopathologic findings. Both gliomas and pituitary adenomas were
included in this study. It was found that tumor tissue, confirmed by
histopathology, was seen in the vast majority, 89.4%, of additional resec-
tions after intraoperative MRI inspection. Overall, this study confirms
the reliability of iMRI in identifying residual tumor. Provision of other
information would have improved the applicability of this study. For
instance, it was observed that additional resection after iMRI was
performed in 59.6% of glioma cases. It would have been useful to
know the surgeon’s goal for surgery, ie, gross total resection or subtotal
resection. Also, we need to know if the surgeons were intentionally less
aggressive knowing they would be using iMRI, thus skewing towardmore
conservative resections and yielding a higher percentage of residual tumor
found on histopathology of post-iMRI samples.
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