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Ulrike Ernemann, MD16; Florian Stockhammer, MD15 ; Rüdiger Gerlach, MD14; Paul Kremer, MD12; Roland Goldbrunner, MD10;
Ralf-Ingo Ernestus, MD9; Michael Sabel, MD7; Veit Rohde, MD5; Ghazaleh Tabatabai, MD, PhD17 ; Peter Martus, PhD18 ;
Sotirios Bisdas, MD, PhD19 ; Oliver Ganslandt, MD20 ; Andreas Unterberg, MD4; Christian Rainer Wirtz, MD3 ; and Marcos Tatagiba, MD1

DOI https://doi.org/10.1200/JCO.22.01862

ABSTRACT

PURPOSE Prospective data suggested a superiority of intraoperative MRI (iMRI) over
5-aminolevulinic acid (5-ALA) for achieving complete resections of contrast
enhancement in glioblastoma surgery. We investigated this hypothesis in a
prospective clinical trial and correlated residual disease volumes with clinical
outcome in newly diagnosed glioblastoma.

METHODS This is a prospective controlled multicenter parallel-group trial with two
center-specific treatment arms (5-ALA and iMRI) and blinded evaluation. The
primary end point was complete resection of contrast enhancement on early
postoperative MRI. We assessed resectability and extent of resection by an
independent blinded centralized review of preoperative and postoperative MRI
with 1-mm slices. Secondary end points included progression-free survival
(PFS) and overall survival (OS), patient-reported quality of life, and clinical
parameters.

RESULTS We recruited 314 patients with newly diagnosed glioblastomas at 11 German
centers. A total of 127 patients in the 5-ALA and 150 in the iMRI arm were
analyzed in the as-treated analysis. Complete resections, defined as a residual
tumor ≤0.175 cm³, were achieved in 90 patients (78%) in the 5-ALA and 115
(81%) in the iMRI arm (P 5 .79). Incision-suture times (P < .001) were sig-
nificantly longer in the iMRI arm (316 v 215 [5-ALA] minutes). Median PFS and
OS were comparable in both arms. The lack of any residual contrast enhancing
tumor (0 cm³) was a significant favorable prognostic factor for PFS (P < .001)
and OS (P 5 .048), especially in methylguanine-DNA-methyltransferase
unmethylated tumors (P 5 .006).

CONCLUSION We could not confirm superiority of iMRI over 5-ALA for achieving complete
resections. Neurosurgical interventions in newly diagnosed glioblastoma shall
aim for safe complete resections with 0 cm³ contrast-enhancing residual
disease, as any other residual tumor volume is a negative predictor for PFS
and OS.

INTRODUCTION

A maximum safe resection of contrast-enhancing parts of
glioblastomas is an established favorable prognostic factor.1-3

Intraoperative tools to support neurosurgeons in this regard
include intraoperative MRI (iMRI) guidance and fluorescence-
guided resections with 5-aminolevulinic acid (5-ALA; Gliolan;

Medac, Wedel, Germany).4 The most recent prospective trials
revealed an increase of complete contrast enhancement re-
sections from 36%-68%with white light, to 65%with 5-ALA,
and96%with iMRI-guided surgery.5,6Theassumedsuperiority
of iMRI was never proven in a direct comparison with 5-ALA;
retrospective series show variable results.7-9We performed this
prospective controlled trial (PCT) to evaluate the assumed
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superiority and aimed to precisely analyze the role of residual
tumor on postoperative MRI with 1-mm slice thickness.

METHODS

Study Design

The study Protocol (online only) was developed by the
German Study Group for Intraoperative MRI (a collaborative
working group of iMRI centers in Germany) in 2013. The aim
was to assess the assumed superiority of iMRI over 5-ALA
guidance for the resection of glioblastomas. We performed a
nonrandomized PCT for the following reasons: (1) Ethics: It
felt unjustifiable to withhold iMRI-guided resections to half
of the patients in a randomized setting, given a possible
increase of complete resections by almost 50% on the basis
of the known data. Consequently, this might have led to a
reduced number of patients giving their consent to partic-
ipate. (2) Experience: iMRI centers had limited experience
using 5-ALA, since it was a relatively new technology at that
time, which might have been a bias. (3) Conviction: 5-ALA
and iMRI centers were each highly experienced in and
convinced of their respective techniques. The PCT design
would allow each to contribute to the study with the best
expertise in the field. Therefore, a prospective controlled
parallel-group trial with two center-specific treatment arms
(5-ALA and iMRI) was performed.

Patients

Patients were recruited at 11 centers in Germany. Inclusion
and exclusion criteria were based on the protocol by
Stummer et al6 with adaptions. Individuals age 18-80 years
with suspected glioblastoma based on MRI, a planned

complete resection of contrast enhancing tumor, and a
Karnofsky performance score (KPS) of ≥60% were included.
Main exclusion criteria were tumors of the midline, basal
ganglia, cerebellum, brainstem, eloquent areas, multifocal
glioblastoma, >50% noncontrast enhancing tumor, inability
to provide informed consent, increased thrombosis risk,
pregnancy or breastfeeding, hypersensibility to 5-ALA or
porphyrins, renal or hepatic insufficiency, and inability to
receive adjuvant therapy, judged by the treating surgeon.
Patients with a final histologic result other than glioblas-
toma WHO grade 4 (according to the study protocol on the
basis of the 200710 and formerly upcoming 201611 WHO
classification) were excluded. All patients provided written
informed consent. The protocol was approved by the
lead ethics committee at the University of Tübingen
(116/2014BO1) and each local ethics committee. This study
was performed according to the Declaration of Helsinki and
Good Clinical Practice standards.

Treatment

Patients at 5-ALA centers received 5-ALA (Gliolan) accor-
ding to the manufacturer’s recommendation (20 mg/kg
bodyweight) dissolved in 50-mL drinking water 2-4 hours
before induction of anesthesia. Patients at iMRI centers had
a white-light resection with iMRI guidance (high-field
MRI ≥ 1.5 T). The use of 5-ALA in the iMRI arm was not
permitted. Other intraoperative tools (neuronavigation, ul-
trasound, andneuromonitoring)werepermitted in both arms.

Patient Data

Patient data were pseudonymized centrally. Preoperative,
postoperative, and follow-upMRI with 3D data (1-mm slices)

CONTEXT

Key Objective
Prospective data suggested a superiority of intraoperative MRI (iMRI) over 5-aminolevulinic acid (5-ALA) for achieving
complete resections (65% v 96%, respectively) of contrast enhancement in glioblastoma surgery. We aimed to investigate
this hypothesis in a prospective clinical trial and correlated residual disease volumes with clinical outcome in newly
diagnosed glioblastoma.

Knowledge Generated
We could not confirm superiority of iMRI over 5-ALA for achieving complete resections. Neurosurgical interventions in newly
diagnosed glioblastoma shall aim for safe complete resections with 0 cm³ contrast-enhancing residual disease, as any
other residual tumor volume is a negative predictor for progression-free survival and overall survival.

Relevance (I.K. Mellinghoff)
Maximum safe tumor resection represents an important first step in the treatment of glioblastoma and can be improved
through the iMRI-guidance and fluorescence-guided resections with 5-ALA. The current study suggests that iMRI- and
5-ALA-guided resections result in similar rates of complete resections and postoperative residual tumor volumes.*

*Relevance section written by JCO Associate Editor Ingo K. Mellinghoff, MD.
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were collected, perioperative and intraoperative data, in-
cluding a surgeons’ questionnaire, were analyzed, and KPS,
National Institutes of Health Stroke Scale (NIHSS), and
European Organisation for Research and Treatment of
Cancer (EORTC) QLQ-C30 (quality of life [QoL] questionnaire
for patients with cancer) and QLQ-BN20 (additional module
for patients with brain cancer) were completed.12,13 Patients
were followed up at 3, 6, 9, and 12 months with MRI, clinical
assessment, Response Assessment in Neuro-Oncology
(RANO) criteria14 evaluation, KPS, NIHSS, and EORTC
QLQ-C30 and QLQ-BN20. The individual study participation
ended after 12 months. At trial closing, progression, last
contact, and survival data were updated for all patients.

End Points

The primary end point was complete resections (yes/no),
defined as a residual contrast-enhancing tumor ≤0.175 cm
on postoperative MRI within 48 hours after surgery, eval-
uated by the central blinded neuroradiology reference
(S.B.).5,6 The threshold to define complete resections was
previously used in the landmark study by Stummer et al,6

aiming to prevent interpretation problems between tumor
tissue and vessels in the available printed images with 5-mm
slices. Secondary end points with central neuroradiology
evaluation were preoperative and postoperative tumor
volumes (cm³) and progression on the basis of MRI
according to RANO criteria (imaging criteria only; clinical
criteria were rated locally). Volumetric evaluation was per-
formed with 3D Slicer.15 Secondary end points included
progression-free survival (PFS), overall survival (OS),
clinical data, histology, isocitrate dehydrogenase-1 (IDH-1)

and methylguanine-DNA-methyltransferase (MGMT) pro-
moter status, and QoL.

Comparability of Treatment Arms

A blinded centralized neurosurgical evaluation (O.G.) of
preoperative tumors was performed as follows: (1) totally
resectable, noneloquent, (2) totally resectable, eloquent, and
(3) not totally resectable (exclusion criterion). Preoperative
tumor volumes, clinical data, intraoperative tools used, and
postoperative adjuvant therapy were compared between
both treatment arms. Propensity scores were calculated to
quantify and adjust for possible imbalances, including
baseline tumor volume, anatomic localization, laterality,
resectability and eloquence according to the reference,
molecular characteristics, postoperatively assumed extent of
resection (questionnaire), sex, and age.

Statistical Analysis

The sample size was calculated on the basis of a x2 test. We
expected to increase the number of patients with complete
resections from 65% (Stummer et al6) in the control arm to
80% (on the basis of 96% described by Senft et al,5 but with
an assumed overall lower number of expected complete
resections according to additional available data of other
studies9,16) in the interventional arm. Therefore, we needed
138 evaluable patients per arm (type 1 error 0.05, two-sided,
type 2 error 80%; nQuery, v.7, Statsols, San Diego, CA).
Because of the early primary end point, we expected only few
dropouts and intended to allocate 154 patients to each arm.
The primary analysis was a logistic regression taking

Recruited (N = 314)

Treated with 5-ALA guidance (n = 160) Treated with iMRI guidance (n = 154)

Did not meet histologic criteria (n = 21)
Did not meet radiologic criteria   (n = 7)
Withdrew consent                         (n = 2)
Missing consent                            (n = 2)
Emergency craniotomy before    (n = 1)
  study treatment

Did not meet histologic criteria  (n = 2)
Did not meet radiologic criteria (n = 1)
Missing consent                          (n = 1)

Included in the intent-to-treat
(as-treated) analysis (n = 127)

Included in the intent-to-treat
(as-treated) analysis (n = 150)

Included in the per-protocol analysis
(n = 113)

Included in the per protocol analysis
(n = 144)

Age >80 years                                (n = 4)
Missing histologic result              (n = 2)
No postoperative MRI                   (n = 8)

Missing histologic result             (n = 2)
No postoperative MRI                 (n = 4)

FIG 1. Flow diagram. 5-ALA, 5-aminolevulinic acid; iMRI, intraoperative MRI.
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propensity scores into account in obtaining the control or
experimental intervention as covariates; the construction of
the propensity scores also used a logistic regression analysis
with study arm as outcome. All tests were defined in the
statistics analysis plan before the analysis. The comparative
statistical analysis for the primary outcome, PFS, and OSwas
performed using the above-mentioned propensity scores as
covariate, accounting for potential imbalances in relevant
cofactors in patients in different centers. The primary out-
come (complete resection ≤0.175 cm³) was analyzed using
logistic regression in the as-treated population, defined as
all patients who did not violate major diagnostic inclusion
criteria (Fig 1). Goodness of fit was assessed using the
Hosmer-Lemeshow test. Multiple imputation was used to
simulate missing values of the primary end point (predictor:
propensity score, 500 imputation samples). The primary
analysis population was the as-treated population, com-
prising all patients with singular and totally resectable
glioblastoma. Since the sample size for the analysis of the
primary end point without multiple imputation and the per-
protocol analysis differed by <5% of patients, we did not
perform a separate per-protocol analysis. In addition,
analysis of covariance and the Cox regression model were
used for continuous and censored outcomes. The propor-
tional hazard assumption was checked by parallelism (visual

TABLE 1. Preoperative and Postoperative Patient Characteristics

Parameter 5-ALA iMRI P

No. of patients 127 150

Age, years .36a

Median (IQR) 63 (54-71) 62 (53-68)

Sex, No. (%)

Female 40 (31%) 63 (42%) .07b

Karnofsky preoperative

Median (IQR) 90 (80-90) 90 (90-100) .04c

NIHSS preoperative

Median (IQR) 1 (0-2) 0 (0-1) .048d

Preoperative neurologic deficits, No. (%)

None 40 (32%) 72 (48%) .01b

Tumor resectability,e No. (%)

Non-eloquent—resectable 52 (41%) 75 (50%) .22b

Eloquent—resectable 65 (51%) 69 (46%)

Eloquent—not resectable 0 0

Missing value 10 (8%) 6 (4%)

Preoperative tumor volumef

Median (IQR), cm³ 29 (11.4-51.1) 23 (9.9-40.1) .10d

Pathologic analysis, No. (%)

Glioblastoma WHO grade IV 125 (98%) 148 (99%) .66g

Missing value 2 (2%) 2 (1%)

MGMT promoter methylation, No. (%)

Yes 57 (49%) 71 (50%) .85b

No 59 (51%) 70 (50%)

Missing value 11 9

IDH-1 (R132H), No. (%)

Mutant 14 (11%) 7 (5%) .07g

Wildtype 108 (89%) 137 (95%)

Missing value 5 4

Hospital stay, days

Postoperative stay median (IQR) 7 (6-11) 7 (5-8) .24d

Complications, No. (%)

Infection (superficial) 1 (1%) 0 (0%) .45g

Infection (brain/CSF) 1 (1%) 0 (0%) .45g

Hemorrhage 5 (4%) 6 (4%) 1.00g

Relevant ischemia 0 (0%) 5 (3%) .07g

Thrombembolic 4 (3%) 6 (4%) .80g

Cardiovascular 0 (0%) 2 (1%) .50g

Fatality 2 (2%) 1 (1%) .60g

Neurologic deficits, No. (%)

New postoperative deficits 22 (18%) 19 (13%) .31g

If new postoperative deficits appeared,
were they expected?

15 (65%) 9 (43%) .23g

None 55 (44%) 84 (57%) .042b

Sensorimotor 23 (19%) 14 (10%)

Speech 16 (13%) 16 (11%)

Visual 13 (11%) 20 (14%)

Confusion 4 (3%) 5 (3%)

Other 13 (11%) 9 (6%)

(continued in next column)

TABLE 1. Preoperative and Postoperative Patient Characteristics
(continued)

Parameter 5-ALA iMRI P

Changes in neurologic deficits, No. (%)

Improved 27 (22%) 24 (16%) .43c

Stable 87 (70%) 112 (76%)

Worsened 10 (8%) 11 (8%)

Karnofsky postoperative

Median (IQR) 90 (80-90) 90 (80-90) .33d

NIHSS postoperative

Median (IQR) 1 (0-2) 1 (0-2) .39d

Recommended adjuvant therapy, No. (%)

Radiation 1 chemo (temozolomide) 108 (89%) 125 (85%) .19b

Radiation-mono 6 (5%) 9 (6%)

Temozolomide-mono 0 (0%) 5 (3%)

Other 9 (7%) 8 (5%)

Abbreviations: 5-ALA, 5-aminolevulinic acid; IDH-1, isocitrate
dehydrogenase-1; iMRI, intraoperative MRI; MGMT, methylguanine-
DNA-methyltransferase; NIHSS, National Institutes of Health Stroke
Scale.
at test.
bx2 test.
cx2 test for trend.
dMann-Whitney test.
eEvaluated by reference neurosurgeon according to preoperative MRI.
fAccording to reference neuroradiology evaluation.
gFisher’s exact test.
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inspection) of log minus log survival plots. Comparisons
between categorical datawere performedusing the x2-test or
Fisher’s exact testwhen expected frequencieswere <5%. The
Mann-Whitney test was used to compare non-normally
distributed variables, and the independent-samples t test

was used to compare normally distributed variables. Planned
secondary analyses included the prognostic value of mo-
lecular markers and residual tumor volume with OS and PFS.
The significance level was 0.05 (two-sided) for all analyses.
However, only the primary analysis is confirmatory, and no
adjustment for multiple testing was applied. Statistical an-
alyses were performed using SPSS for Windows, v.26 (IBM,
Armonk, NY).

RESULTS

We enrolled 314 patients at 11 German centers between July 1,
2015, and June 17, 2020; 160were treatedwith 5-ALA and 154
with iMRI-guidance. For the final analysis, we excluded 23
patients with histologic results other than glioblastoma
(12 metastasis, five gliosarcoma, two lymphoma, one ab-
scess, and three other diagnoses), eight hadmajor violations
of radiologic inclusion criteria (preoperatively documented
screening failures with inclusion of multifocal or eloquent
tumors in three and five patients with planned partial re-
sections), two patients withdrew their consent, three had a
missing consent, and one had an emergency craniotomy.
Therefore, the 5-ALA arm comprised 127 and the iMRI arm
150 patients in the as-treated analysis (Fig 1).

Baseline Characteristics

Both cohorts were comparable, except for lower percent-
ages of patients without preoperative neurologic symptoms
in the 5-ALA (32%) than in the iMRI (48%) arm (P 5 .01), a
higher NIHSS in the 5-ALA (median, 1) than in the iMRI
(median, 0) treatment arm (P 5 .048), and lower KPS in
the 5-ALA (median, 90) than in the iMRI (median, 90) arm
(P 5 .04; Table 1).

Intraoperative Characteristics

The mean incision-suture time (minutes) was signifi-
cantly longer in the iMRI (316) than in the 5-ALA (215) arm
(P < .001). Intraoperative neuromonitoring and neuro-
navigation were used comparably often; ultrasound was
used more often with 5-ALA (54%) than with iMRI (34%;
P 5 .001; Table 2).

Postoperative Characteristics

Significantly more patients had neurologic deficits post-
operatively in the 5-ALA than in the iMRI treatment arm
(56% 5-ALA v 43% iMRI; P 5 .042). However, the preop-
erative compared with postoperative improving (22% and
16%), stable (70% and 76%), or worsening (8% and 8%)
deficits did not differ significantly between 5-ALA and iMRI,
respectively (P 5 .43), with known baseline imbalance. More
patients in the 5-ALA arm had neurologic deficits preop-
eratively compared with iMRI. Perioperative data were
comparable between treatment arms (Table 1).

TABLE 2. Intraoperative Characteristics

Parameter 5-ALA iMRI P

Mean time, min

Operating room time (SD) 290 (84) 421 (97) <.001a

Incision-suture time (SD) 215 (83) 316 (84) <.001a

Supramarginal resection planned (beyond contrast
enhancement),b No. (%)

Yes 21 (17%) 19 (13%) .37c

No 104 (83%) 128 (87%)

Missing value 2 3

Estimated risk of new postoperative deficits,b No. (%)

No risk 24 (19%) 10 (7%) .001d

Low risk (<30%) 62 (50%) 76 (52%)

High risk (30%-50%) 30 (24%) 36 (25%)

Very high risk (>50%) 4 (3%) 9 (6%)

Acceptance of deficit for radicality 4 (3%) 16 (11%)

Missing value 3 3

Use of intraoperative tools, No. (%)

Intraoperative neuromonitoring 49 (39%) 62 (43%) .59c

Ultrasound 67 (54%) 50 (34%) .001c

Neuronavigation 111 (90%) 135 (92%) .40c

Awake surgery 16 (13%) 2 (1%) <.001c

ALA arm, No. (%)

Adequate fluorescence of the tumor? Yes 117 (94%) NA NA

Adequate fluorescence of the tumor? No 7 (6%) NA NA

Missing value 3

iMRI arm, No. (%)

Complete removal according to intraoperative scan? No NA 86 (59%) NA

Planned complete resection of residual tumor seen in
intraoperative scan? Yes

NA 72 (84%) NA

One iMRI scan 136 (96%) NA

Two iMRI scans 6 (4%) NA

Expected extent of resection,e No. (%)

Complete removal of contrast enhancement/
fluorescence (≤0.175 cm³)

Yes 112 (90%) 128 (87%) .43c

No 13 (10%) 20 (14%)

Missing 2 2

Expected complete removal of contrast enhancement/
fluorescence truly achieved according to
postoperative MRIf

93 (83%) 111 (87%) .46g

Abbreviations: 5-ALA, 5-aminolevulinic acid; iMRI, intraoperative MRI;
NA, not available; SD, standard deviation.
aMann-Whitney test.
bEstimated by the surgeon preoperatively.
cx2 test.
dx2 test for trend.
eEstimated by the surgeon at the end of surgery.
fAccording to reference neuroradiology, total resection <0.175 cm³.
gFisher’s exact test.
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TABLE 3. Primary End Point: Extent of Resection and Follow-Up Data

Parameter 5-ALA iMRI P

Extent of resection

Evaluable MRI data, No. 115 142

Not evaluable/missing MRI data, No. 12 8

Complete resection ≤0.175 cm³,a absolute (%) 90 (78%) 115 (81%) .79b

Postoperative tumor volume, cm³,a mean/median (range, IQR) 0.187/0 (0-3.109, 0-0.078) 0.267/0 (0-10, 0-0.086) .36c

Extent of resection—subgroup analysis

Complete resection 0 cm³,a absolute (%) 83 (72%) 92 (65%) .16d

Residual volume 0.001-0.175 cm³,a absolute (%) 7 (6%) 23 (16%) NA

Residual volume >0.175-0.5 cm³,a absolute (%) 7 (6%) 11 (8%) NA

Residual volume >0.5-1 cm³,a absolute (%) 10 (9%) 8 (6%) NA

Residual volume >1 cm³,a absolute (%) 8 (7%) 8 (6%) NA

Extent of resection ≥98 < 100%,a absolute (%) 21 (19%) 29 (22%) NA

Extent of resection ≥95 < 98%,a absolute (%) 5 (4%) 11 (8%) NA

Extent of resection ≥90 < 95%,a absolute (%) 3 (3%) 2 (2%) NA

Extent of resection <90%,a absolute (%) 1 (1%) 2 (2%) NA

Follow-up

Median (IQR), months 13.2 (8.2-24.6) 16.3 (8.3-27.6) .59e

Available data at follow-up, months

3 106 131

6 90 115

9 81 102

12 61 79

PFS

Median (95% CI) 5.4 (4.0 to 6.8) 5.6 (4.3 to 6.8) .50f

Median (95% CI) IDH-1 wild-type only 4.7 (3.5 to 5.8) 5.6 (4.3 to 7.0) .30f

PFS events, No. (%) 98 (77%) 121 (81%)

PFS censored, No. (%) 29 (23%) 28 (19%)

OS

Median (95% CI) 31.7 (18.2 to 45.2) 22.9 (18.1 to 27.7) .99f

Median (95% CI) IDH-1 wild-type only 24.1 (9.2 to 39.0) 22.7 (17.9 to 27.4) .63f

OS events, No. (%) 40 (32%) 45 (30%)

OS censored, No. (%) 87 (69%) 104 (70%)

Karnofsky index, median (IQR)

M3 90 (80-90) 90 (80-90) .52g

M6 90 (80-90) 90 (80-90) .66g

M9 90 (80-90) 90 (80-90) .87g

M12 80 (60-90) 80 (70-90) .92g

Patient received adjuvant first-line treatment before M3 follow-up, No. (%)

Yes 94 (96%) 110 (97%) 1.00h

No 4 (4%) 4 (3%)

Missing 29 36

Patient received combined radiation and temozolomide, No. (%)

Yes 83 (88%) 94 (86%) .68h

No 15 (12%) 20 (14%)

Abbreviations: 5-ALA, 5-aminolevulinic acid; IDH-1, isocitrate dehydrogenase-1;iMRI, intraoperativeMRI; NA, not available; OS, overall survival; PFS,
progression-free survival.
aAccording to reference neuroradiology evaluation.
bLog regression adjusted for propensity score.
cLinear model adjusted for propensity score.
dProportional odds model adjusted for propensity score.
eLog-rank test.
fCox proportional hazard model adjusted for propensity score.
gMann-Whitney test.
hFisher’s exact test.
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FIG 2. General survival data. Comparison of (A) PFS and (B) OS in the 5-ALA and iMRI treatment
arms. (C) OS of the full cohort depending on the MGMT methylation status. 5-ALA,
5-aminolevulinic acid; iMRI, intraoperative MRI; MGMT, methylguanine-DNA-methyltransferase;
OS, overall survival; PFS, progression-free survival.
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Primary End Point: Extent of Resection

Complete resection (defined as residual tumor ≤0.175 cm³)
was achieved in 90 (78%) of patients in the 5-ALA and 115
(81%) in the iMRI treatment arm (odds ratio [OR], 1.09; 95%
CI, 0.57 to 2.08; P 5 .79, adjusted for propensity scores;
goodness of fit P 5 .74, after multiple imputation: 77.6%
[5-ALA] and 80.9% [iMRI]; OR, 1.09; 95% CI, 0.57 to 2.07;
P 5 .80). Analysis of complete resection defined as residual
tumor 5 0 cm³ was achieved in 83 (72%) in the 5-ALA and
92 (65%) in the iMRI treatment arm (P 5 .16, adjusted for
propensity scores, goodness of fit P 5 .052). Median post-
operative tumor volumes were comparably 0 cm³ in both
arms (P 5 .36, adjusted for propensity scores; Table 3).

Follow-Up and Survival Data

Both treatment arms had similar PFS (hazard ratio [HR],
0.908; 95% CI, 0.686 to 1.202; P 5 .50, adjusted for
propensity scores) and OS (HR, 0.997; 95% CI, 0.642 to
1.549; P 5 .99, adjusted for propensity scores; Figs 2A and
2B). MGMT promoter methylation conferred an OS ad-
vantage (median, 59.2 months; 95% CI, 19.5 to 99.1) over

unmethylated tumors (median, 19.3 months; 95% CI,
16.7 to 22.0) in the full cohort (P 5 .002; HR, 0.483; 95%
CI, 0.302 to 0.771; Fig 2C). The proportional hazard
assumption was confirmed in each of the analyses.
Follow-up parameters, QoL, and adjuvant treatment were
comparable between treatment arms (Table 3; Appendix
Table A1, online only).

Importance of Residual Tumor Volume

After categorization of the postoperative tumor volume into
two groups (0- and>0-cm³ residual contrast enhancement),
a longermedian PFS (6.9months; 95%CI, 5.0 to 8.9) and OS
(27.9months; 95%CI, 18.1 to 37.7) was seen in patientswith
0 cm³ residual disease, compared with patients with >0 cm³
(3.8 months; 95% CI, 3.5 to 4.1 and 19.4 months; 95% CI,
15.6 to 23.2, respectively), and associated with significantly
longer PFS (HR, 1.774; 95% CI, 1.325 to 2.375; P < .001) and
OS (HR, 1.589; 95% CI, 1.0 to 2.526; P 5 .048; Figs 3A and
3B). Noteworthy, patients with 0 cm³ residual tumor vol-
ume had a significantly longer median PFS (6.9 months;
95% CI, 3.8 to 15.0) than patients with 0.001-0.175 cm³ (3.8
months; 95%CI, 3.1 to 6.2; HR, 1.717; 95%CI, 1.142 to 2.586;
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P 5 .009) or greater (3.8 months; 95% CI, 3.1 to 5.4; HR,
1.815; 95% CI, 1.276 to 2.582; P5 .001; Fig 3C). Patients with
0 cm³ residual tumor had a longermedian OS (27.9months;
95% CI, 18.1 to 37.7) than patients with 0.001-0.175 cm³
(18.4 months; 95% CI, 5.7 to 31.1; HR, 1.814; 95% CI, 0.965
to 3.411; P 5 .044), or any greater residual volume (19.4
months; 95% CI, 16.7 to 22.1; HR, 1.454; 95% CI, 0.828 to
2.555; P 5 .41; Fig 3D).

MGMT Methylation and Residual Tumor Volume

The role of residual tumor volume differed significantly
depending on MGMT methylation (Figs 4A and 4B): OS did
not differ significantly between resections with 0- and
>0-cm³ residual volumes in patients with methylated
MGMT promoters (P 5 .62; HR, 0.806; 95% CI, 0.345 to
1.885). Patients with 0 cm³ residual tumor (median,

21.1 months; 95% CI, 14.7 to 27.5) had significantly longer
OS compared with >0 cm³ (median, 16.1 months; 95% CI,
11.4 to 20.7) with unmethylated MGMT promoters (P5 .006;
HR, 2.347; 95% CI, 1.253 to 4.399).

White-Light Resections

As we did not include a white-light resection cohort, we
performed an additional analysis with the raw data of the
trial by Stummer et al6 (white-light cohort only, full data set
analysis, n 5 208), which had comparable inclusion criteria.
Anatomic localization (P 5 .61), laterality (P 5 .88), and
eloquence (P 5 .040) were similar in all three cohorts.
Preoperative tumor volumes (cm³) of the white-light cohort
(median, 30) were comparable with the 5-ALA (median, 29;
P 5 .78), but smaller in the iMRI (median, 23; P 5 .002) arm.
Postoperative tumor volumes (cm³)were significantly larger in

P = .006
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the white-light (median, 0.50) than in the iMRI (median, 0;
P < .001) or 5-ALA (median, 0; P < .001) cohort. A complete
resection (≤0.175 cm³) was achieved significantly less often
in the white-light (38.2%) than in the 5-ALA (78%; P < .001)
or iMRI (81%; P < .001) cohort with a comparable KPS
(median, 90; P 5 .341) 3 months postoperatively.

DISCUSSION

iMRI- and 5-ALA–guided resections led to similar rates of
complete resections, postoperative residual tumor volumes,
and survival data. The number of complete resections
(≤0.175 cm³) in our 5-ALA arm (78%) is higher than that of
Stummer et al6 (65%). As preoperative tumor volumes of
both studies were comparable, we assume that our higher
success rates might reflect increasing experience over time.
The number of complete resections in our iMRI treatment
arm (81%) is lower than that of Senft et al (96%),5 but
consistent with the numbers used for our power calculation
(80%) and with previously published monocentric (82%)16

and contemporary multicentric retrospective data (83.3%).17

A possible explanation for this might be seen in different
preoperative median tumor volumes or selection bias on the
basis of amonocentric study design in the study bySenft et al.5

Furthermore, preoperative neurologic performance (NIHSS,
KPS, and neurologic deficits) of patients differed between
both treatment arms. Additional adjusting analysis of the
secondary end point PFS and OS revealed that this did not
influence PFS and OS results (Appendix Tables A2 and A3).

The threshold to define complete resections in this studywas
residual contrast-enhanced tumor volume ≤0.175 cm³ on the
basis of previous studies.6 However, the removal of all
contrast-enhancing tumor tissue to 0 cm³ significantly
improved PFS and OS (Figs 3A and 3B), independently of the
residual volumes (Figs 3C and 3D). This finding is consistent
with previous retrospective and cohort studies and has never
been proven with such clarity in a prospective cohort.17-20

Postoperatively detected small residual tumors did not affect
PFS and OS in methylated tumors, but in unmethylated ones
whichmight be caused by a high efficacy of temozolomide in
these patients (Figs 3A and 3B).

In our study, themedianOSwas 31.7months in the 5-ALA and
22.9 months in the iMRI treatment arm (P 5 .99). Note that
the higher median OS in the ALA treatment arm was a local
statistical effect centered around 50% survival (Fig 2B). In the
study by Stummer et al, completed before the establishment
of the Stupp protocol involving radiochemotherapy with

temozolomide, the median OS was 11.6 and 16.9 months,
respectively, for incompletely and completely resected
tumors.6,21,22 In recent studies, subgroup analyses of gross
totally or maximal resected glioblastomas with radio-
chemotherapy showed a median OS of 18.5-20 months.20,23

Therefore, the results of our study are comparable or slightly
better than contemporary survival data. This might be caused
by the selection of fully resectable, nonmultifocal tumors in
this study and the statistical effect described above.

The main limitation of this study is its nonrandomized
design, which might have resulted in selection bias.
Therefore, we have applied several safety measures and
proofed excellent comparability of both treatment arms. No
significant differences between centers were observed for
the primary end point (P5 .32, x test), patient characteristics
(preoperative tumor size P 5 .09, age P 5 .64, analysis of
variance; sex P 5 .20, resectability P 5 .28, laterality P 5 .40,
MGMT methylation P 5 .37 (x2 test)), and PFS (P 5 .16, log-
rank test). A potential center-specific bias was seen with
significant differences in OS (P < .001), but this was well
balanced between both treatment arms. Furthermore, sur-
geons finally judged the respective inclusion criteria of
patients, which is a potential bias of this study despite
comparable neurosurgical reference evaluation on
resectability.

According to the newest WHO classification,24 only
IDH-wild-type tumors can be considered glioblastomas.
This study-protocol was designed on the basis of the 200710

and formerly upcoming 201611 WHO classification, and
therefore also included IDH-1–mutated glioblastoma.
Additional analysis excluding IDH-mutated tumors did not
reveal meaningful changes (Table 3). This study was not
powered and designed for long-term OS analysis, with a
possible bias caused by the small numbers of patients at risk
at later time points.

In conclusion, our study shows that 5-ALA and iMRI- guidance
provide comparable surgical resultswithno superiority of iMRI.
5-ALA might be economically advantageous for glioblas-
toma resection, given high acquisition and running costs
with significantly longer operating room times of iMRI. Our
study showed that any contrast-enhancing residual tumor
tissue is an adverse prognostic factor for OS and PFS. A safe
resection with 0 cm³ residual tumor should always be
pursued in patients with newly diagnosed glioblastoma.
Subgroup analyses suggest this is especially relevant for
patients with an unmethylated MGMT promoter.
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APPENDIX 1.
We observed imbalances in preoperative Karnofsky performance score (KPS), Na-
tional Institutes of Health Stroke Scale (NIHSS), and the frequency of neurologic
symptoms between both study arms. Thus, we separately analyzed the prognostic
value of these variables (univariate analysis) and two types of multivariate analysis:
the first one including all prognostic factors and the second one including only
multivariate significant predictors. As the three factors, KPS, NIHSS, and neurologic
symptoms, are highly correlated with each other, only one of these (NIHSS for overall
survival, KPS for progression-free survival) remained significant in the multivariate
analysis.

It is important to note that the results for each study arm did not relevantly change
after adjustment for these three prognostic factors.

TABLE A1. Additional Therapies at Follow-Up in Patients

Parameter 5-ALA iMRI

M3, No.

Re-resection 2

PCV 1

Bevacizumab 2

TTF 3 2

TMZ 1 CCNU 4 2

M6, No.

Re-resection 3

Re-resection 1 CCNU 2

Bevacizumab 3

CCNU 1 bevacizumab 1

CCNU/VM26 1

CCNU/VP16 3

M9, No.

Re-resection 3 3

Re-resection 1 CCNU 2 2

TMZ 1 CCNU 1 4

Bevacizumab 1

TTF 1 1

CCNU/VP16 1

M12, No.

Re-resection 5

Re-resection 1 CCNU 1

Re-resection 1 nivolumab 1

Re-resection 1 PCV 1

Re-radiation 1

Bevacizumab 1 2

TMZ 1 CCNU 3 2

CCNU/VP16 6

PCV 1

Axitinib 1

Nivolumab 1

Regorafenib 1

TTF 1

Abbreviations: 5-ALA, 5-aminolevulinic acid; CCNU,
chloroethyl-cyclohexyl-nitrosourea; iMRI, intraoperative MRI; PCV,
procarbazine, lomustine (CCNU), vincristine; TMZ, temozolomide; TTF,
tumor-treating fields; VM26, teniposide; VP16, etoposide.
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APPENDIX 2. ANALYSIS OF THE INFLUENCE OF
PREOPERATIVE IMBALANCES BETWEEN BOTH
TREATMENT ARMS ON PROGRESSION-FREE SURVIVAL
AND OVERALL SURVIVAL

TABLE A3. Analysis of the Influence of Preoperative Imbalances
Between Both Treatment Arms on PFS

Parameter HR (95% CI) P

Study arm

Multivariate without selection
of variables

0.927 (0.698 to 1.231) .600

Multivariate with selection
of variables

NA NA

Propensity score

Multivariate without selection
of variables

1.025 (0.424 to 2.481) .956

Multivariate with selection
of variables

NA NA

Neurologic deficits

Univariate 1.211 (0.923 to 1.589) .167

Multivariate without selection
of variables

1.090 (0.778 to 1527) .615

Multivariate with selection
of variables

NA NA

KPS

Univariate 0.985 (0.972 to 0.999) .033

Multivariate without selection
of variables

0.987 (0.972 to 1.003) .111

Multivariate with selection
of variables

0.985 (0.972 to 0.999) .033

NIHSS

Univariate 1.153 (0.917 to 1.452) .224

Multivariate without selection
of variables

1.006 (0.750 to 1.351) .966

Multivariate with selection
of variables

NA NA

Abbreviations: HR, hazard ratio; KPS, Karnofsky performance score; NA,
not available; NIHSS, National Institutes of Health Stroke Scale; PFS,
progression-free survival.

TABLE A2. Analysis of the Influence of Preoperative Imbalances
Between Both Treatment Arms on OS

Parameter HR (95% CI) P

Study arm

Multivariate without selection
of variables

1.041 (0.664 to 1.632) .862

Multivariate with selection
of variables

NA NA

Propensity score

Multivariate without selection
of variables

0.185 (0.048 to 0.712) .014

Multivariate with selection
of variables

0.155 (0.042 to 0.570) .005

Neurologic deficits

Univariate 1.619 (1.029 to 2.548) .037

Multivariate without selection
of variables

1.289 (0.721 to 2.304) .391

Multivariate with selection
of variables

NA NA

KPS

Univariate 0.975 (0.955 to 0.997) .023

Multivariate without selection
of variables

0.988 (0.963 to 1.014) .363

Multivariate with selection
of variables

NA NA

NIHSS

Univariate 1.505 (1.053 to 2.150) .037

Multivariate without selection
of variables

1.161 (0.713 to 1.891) .548

Multivariate with selection
of variables

1.441 (1.005 to 2.066) .047

Abbreviations: HR, hazard ratio; KPS, Karnofsky performance score; NA,
not available; NIHSS, National Institutes of Health Stroke Scale; OS,
overall survival.
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