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Automated Volumetric Analysis of Postoperative Magnetic Resonance Imaging Predicts

Survival in Patients with Glioblastoma
Alexey L. Krivoshapkin1, Gleb S. Sergeev2, Alekey S. Gaytan2, Leonid E. Kalneus5, Vladislav P. Kurbatov6,
Orkhan A. Abdullaev1, Nidal Salim3, Dmitry V. Bulanov4, Alexander E. Simonovich1
-BACKGROUND: Glioblastomas (GBMs) are primary
brain tumors that are very difficult to treat. Magnetic
resonance imaging (MRI) is the reference tool for diag-
nosis, postoperative control, and follow-up of GBM. The
MRI tumor contrast enhancement part serves as a target for
surgery. However, there are controversial data about the
influence of pre- and postoperative tumor volumetric MRI
parameters on overall survival (OS).

-METHODS: Data of 57 patients with GBM were
analyzed retrospectively. All patients had maximum safe
resection and standard adjuvant treatment. All patients
underwent 1.5-T MRI with contrast in the first 24 hours
postoperatively. The data of pre- and postoperative
volumetric parameters were analyzed using the original
software.

-RESULTS: Correlation analysis between the post-
operative volume of the tumor contrast enhancement part
and the patient’s OS revealed a significant level (on the
Chaddock scale) of inverse correlation. Residual tumor
volume associated with OS of >6 months was determined
as <2.5 cm3. The mortality risk in the first 6 months after
tumor resection is 3.4 times higher when the tumor remnant
is >2.5 cm3 (risk ratio, 3.4; P [ 0.0002).

-CONCLUSIONS: The volume of MRI contrast-enhancing
GBM remnants after surgery, automatically measured by
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the software, was a significant predictor for early post-
operative progression and death.
INTRODUCTION
lioblastoma (GBM) is the most aggressive primary ma-
lignant brain tumor with an extremely high proliferative
Gactivity, infiltrative growth, and abundance of protective

mechanisms against existing treatments.
Safemaximal resection followedby chemoradiationknownas Stupp

protocol is the current standard for newly diagnosed malignancies.
Magnetic resonance imaging (MRI) is the reference tool for GBM
diagnosis, postoperative control, and follow-up. Postoperative MRI is
used to assess the success of surgery and also serves as the baseline for
future comparison.1,2 Imaging should be performed within 72 hours
after surgery to assess the extent of tumor resection, while avoiding
false-positive contrast enhancement caused by bloodebrain barrier
disruption.3 Safe resection of >98% of the GBM contrast-enhancing
part is associated with improved overall survival (OS).4-6

At this time, there is no standardmethod for volumetric estimation
of various tumor parameters based on MRI data. The impact of pre-
and postoperative tumor volumetric MRI parameters (volumes of the
contrast-enhancing part, necrosis, and hyperintense signal on T2
sequences) on OS is inconsistent in previously published data, and
the results are highly specialist-dependent.7-10 There is no standard
software for estimating the volume of tumor remnant in the
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postoperative period. In this article, we used NeuroSegment (Novo-
sibirsk, Russia), an automated image analysis software developed in
our center,11 to analyze the impact of various pre- and postoperative
volumetric MRI characteristics on OS in a series of 57 patients with
GBM.

MATERIALS AND METHODS

Patient Information
The retrospective study was conducted in accordance with ethical
standards of the 1964 Helsinki Declaration of the World Medical
Association. This study was approved by the local institutional
review board. All experimental protocols in this article were
approved by the ethical committee of Novosibirsk State Medical
University. The study enrolled 57 patients with new brain GBM
(grade IV), that received maximum safe resection with MRI
frameless neuronavigation and d-aminolevulinic acid guidance.
Patients were followed for 45 months after surgery. Intraoperative
neurophysiologic monitoring was used for resection of GBM
located in proximity to eloquent areas (21/57 patients). Patients
with gliomatosis cerebri and tumors involving deep brain struc-
tures such as the thalamus, basal ganglia, or brainstem were
excluded. Tumor samples were morphologically assessed accord-
ing to the 2016 World Health Organization classification of central
nervous system tumors.12 The immunohistochemical examination
included the following markers: GFAP, p53, Olig.2, Ki-67, and
IDH1 (R132H). The status of O6-methylguanine-DNA methyl-
transferase methylation status was assessed in all patients. The
average age �SD of the patients was 51.4 � 1.8 years (range, 22e
75 years). Thirty-two of the patients were men (56.1%), and 25
were women (43.9%). All patients had standard adjuvant treat-
ment according to Stupp protocol. All patients had a follow-up
including neurologic assessment and MRI evaluation. The date
of death was recorded for all but 3 patients, who are alive at the
time of this article’s submission. Pre- and postoperative volu-
metric parameters were derived from the MRI to identify their
correlation with OS. The following parameters were measured by 2
radiologists and 1 neurosurgeon using a semi-automated algo-
rithm included in Syngo.via (Siemens Healthineers, Erlangen,
Germany): preoperative tumor volume, preoperative volume of
contrast-enhancing part of the tumor, preoperative volume of
necrosis, preoperative volume of the hyperintense signal on
T2-weighted magnetic resonance images. Postoperatively, we
measured the volume of the contrast-enhancing part of the tumor
using an automated algorithm included in the NeuroSegment
software.11
4tð x!; tÞ ¼ mgðVIð x!ÞÞ � kð4ð x!; tÞÞ þ ngðVIð x!ÞÞjV4ð x!; tÞj þ VgðVIð x!ÞÞ � V4ð x!; tÞ;
MRI Study Protocol
MRI studies with contrast (infusion parameters: 2.5 mL/s; dose,
0.2 mL/kg; Gadovist Gadobuterol (1 mmol/mL) [Bayer Pharma
AG, Leverkusen, Germany]) were performed prior to surgery and
within the first 24 hours after tumor resection using General
Electric Signa Infinity 1.5 T (Boston, Massachusetts, USA) and
e2 www.SCIENCEDIRECT.com WORLD NE
SIEMENS MAGNETOM Aera 1.5 T (Erlangen, Germany) MRI
machines. A standard head coil was used.
The following MRI sequences were acquired: 1) localizer; 2) T2

turbo spin echo axial 4-mm slice thickness; field of view (FOV),
220 mm; matrix, 448; repetition time (TR)/the echo time (TE),
5640/91 ms; 3) fluid-attenuated inversion recovery axial 4-mm slice
thickness; FOV, 220 mm; matrix, 320; TR/TE, 9000/82 ms; 4) T1
magnetization-prepared rapid gradient-echo 3-dimensional pre-
contrast 1-mm slice thickness; FOV, 227 mm; matrix, 256; TR/TE,
2200/3.2 ms; inversion time, 900 ms; 5) diffusion weighted im-
aging (b ¼ 0.50, 1000 s/mm2); slice thickness, 4 mm; FOV, 230
mm; matrix, 176; TR/TE, 7300/109 ms; 6) susceptibility weighted
imaging; FOV, 230 mm; matrix, 256; 7) dynamic contrast-
enhanced (T1 perfusion); slice thickness, 4 mm; FOV, 230 mm;
matrix, 192; TR/TE, 4.5/1.8 ms; 8) dynamic susceptibility contrast
(T2* perfusion); slice thickness, 5 mm; FOV, 230 mm; matrix, 128;
TR/TE 1810/38 ms; 9) T1 magnetization-prepared rapid gradient-
echo postcontrast (identical to sequence 4); and 10) T1 turbo spin
echo Fat-Sat axial postcontrast slice thickness; 4 mm; FOV, 230
mm; matrix, 320; TR/TE, 582/8.9 ms.

Data Processing and Statistical Analysis
NeuroSegment Software. Earlier we reported on the performance of
NeuroSegment software developed in our institution.11 Absolute
discrepancy among measurements of residual GBM volume
obtained by specialists using the NeuroSegment, on the average
� SD was 0.24 � 0.05 cm3. The interval was 0.48 cm3, and the
agreement index was 0.97 � 0.07. There was no statistically
significant difference in the results between the specialists with
<3 years of experience in neuro-oncology and those with >10
years.11

Here we briefly describe the software as pertinent to this
investigation. In the first step, we performed the 3-dimensional
rigid registration of pre- and postcontrast T1 images (3 trans-
lation and 3 rotation parameters) using the composite reverse al-
gorithm13,14 to compensate for patient motion. In the second step,
we segmented out the whole brain by registering the head surface
atlas13 to the T1-weighted image using an affine transformation.
To further refine the brain boundaries, we used the active contour
algorithm15,16 using the registered atlas brain boundary as the
initial approximation. The registration result was the brain posi-
tion on the image.
The implementation was based on the level set methods using

the signed distance function as a level line. This level line was
applied with the use of sparse field technology.15 The evolution of
the segmenting contour is described by the following equation:
where 4ð x!; tÞ is the signed distance function, Ið x!Þ is a
segmented image, gðVIð x!ÞÞ is the edge detector function,
and kð4ð x!; tÞÞ is the curvature of the contour. The constants
m and n correspond to the definition of the contribution of
the regularizing term and the motion along the normal to the
contour.
UROSURGERY, https://doi.org/10.1016/j.wneu.2019.03.142
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Figure 1. Left frontal lobe glioblastoma. (A)
T1-weighted contrast magnetic resonance imaging
obtained within 24 hours after surgery. (B) The
intracranial vessels and brain meninges were detected

by the linear structure search algorithm. (C)
Postprocessing image without blood vessels and brain
meninges.
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The next step was to apply a linear structure search algorithm to
the postsegmentation images for the verification and subtraction
of intracranial vessels and brain meninges (Figure 1).
In the final step, a physician user contoured the target area with

residual tumor on 1 axial slice (Figure 2F).
Then we determined the relationship between the overall

survival of patients and the postoperative volume of the tumor
contrast-enhancing part. In 100% of cases from our observation
group, patients lived >6 months with a tumor remnant of <2.5
cm3. Therefore, patients were divided into 2 groups. The first
group included patients with residual tumor volume <2.5 cm3,
and the second group included all other patients. The groups
were checked for homogeneity according to the following
WORLD NEUROSURGERY-: e1-e8, - 2019
criteria: 1) patient general state prior to surgery (Karnofsky
Performance Status Scale); 2) volumetric parameters of the
tumor; and 3) preoperative contrast-enhancing tumor
volume part.

Statistical Analysis
The homogeneity of the groups was verified using the following
methods: Kruskal-Wallis 1-way analysis of variance, Kolmogorov-
Smirnov test and Student t distribution, and multivariate analysis
of variance test. The influence of the volumetric indicators on the
patient’s OS was verified using the factor analysis based on the
correlation matrix of the involved variables.PS of the patients was
assessed using the Kaplan-Meier estimator (log-rank tests).
www.journals.elsevier.com/world-neurosurgery e3
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Figure 2. (A) Preoperative T1-weighted magnetic
resonance imaging (MRI) with contrast of axial
slice with left temporal lobe glioblastoma. (B and C)
Postoperative T1-weighted MRI subtraction of

axial slices. (D and E) The tumor remnants (red
color) were indicated in the NeuroSegment
software. (F) The target area was contoured by the
user on 1 axial slice. (Continues)
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Figure 2. (Continued).

Table 1. Correlation Between Tumor Volumetric Parameters
and Patient Overall Survival

Correlation Matrix Parameter OS V_Flair V_postop V_preop

OS

Pearson correlation 1 �0.310 �0.606* �0.124

Sig. (2-tailed) 0.131 0.000 0.446

Number of patients 57 25 57 40

V_Flair

Pearson correlation �0.310 1 0.250 0.322

Sig. (2-tailed) 0.131 0.227 0.125

Number of patients 25 25 25 24

V_postop

Pearson correlation �0.606* 0.250 1 0.235

Sig. (2-tailed) 0.000 0.227 0.144

Number of patients 57 25 57 40

V_preop

Pearson correlation �0.124 0.322 0.235 1

Sig. (2-tailed) 0.446 0.125 0.144

Number of patients 40 24 40 40

FLAIR, fluid-attenuated inversion recovery; OS, overall survival; Sig, significance; V_Flair,
volume of hyperintense signal on T2-Flair; V_postop, postoperative volume; V_preop,
preoperative volume.

*Correlation is significant at the 0.01 level (2-tailed).

Table 2. Patient Characteristics

Patient Characteristics First Group* Second Groupy

Tumor localization

Temporal lobe 16 (45.7) 7 (38.1)

Frontal lobe 6 (17.1) 5 (23.8)

Parietal lobe 5 (14.3) 0 (0)

Occipital lobe 4 (11.4) 6 (28.6)

Several lobes 4 (11.4) 4 (9.5)

Karnofsky Performance Status Scale

100e90 25 (71.4) 16 (72.7)

70e80 8 (22.9) 3 (13.6)

50e60 2 (5.7) 3 (13.6)

Tumor volume before surgery
(preoperative volume of tumor
contrast-enhanced part plus
necrosis) (cm3)

338 � 7 45.4 � 6

Preoperative volume of tumor
contrast-enhanced part (cm3)

19.7 � 5.3 17.1 � 4.1

Postsurgery contrast-enhanced
tumor volume (cm3)

1.5 � 0.13 10.2 � 1.3
(range, 4e23)

Patient’s glioma with methylated
MGMT promoter

15 (42.9) 9 (40.9)

OS (months) 19.6 � 3.3
(median, 18)

5.4 � 0.8
(median, 4)

Values are mean � SD or number of patients (%). MGMT, O6-methylguanine-DNA
methyltransferase methylation status.

*Postoperative volume of the tumor contrast-enhanced part <2.5 cm
3

.
yPostoperative volume of the tumor contrast-enhanced part >2.5 cm3.
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Figure 3. Graph of survival versus postoperative
volume of the tumor contrast-enhancing part
with exponential trend line (y ¼ 17.957e-0.132x,

R2 ¼ 0.6448, where y is life expectancy and x is the
volume tumor contrast-enhanced part). OS, overall
survival; V_postop, postoperative volume.
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RESULTS

Correlation analysis between the postoperative volume of the tu-
mor contrast-enhancement part and the patient’s OS revealed a
significant level (on the Chaddock scale) of inverse correlation
(Table 1 and Figure 2).
Residual tumor volume associated with OS of >6 months was

determined as <2.5 cm3. Therefore, 2 groups of patients were
formed (Table 2).
First and second groups of patients (postoperative volume of

tumor contrast-enhanced part <2.5 cm3 and >2.5 cm3,
respectively).
In the first group, there were 3 long-term survivors (8.5%).

These patients were alive at the end of the study.
Data analysis of the preoperative tumor volume, volume of ne-

crosis, and contrast enhancing part in these groups showed the
normal distribution of values and the equality of variances (Livin
criterion for dispersions equality, P> 0.05). Analysis of variance test
did not reveal statistically significant differences between groups for
these parameters, therefore confirming the homogeneity of the
groups. Multivariate Pillai trace¼ 0.247 also confirmed the absence
of differences for the dependent variables between the formed
groups (P ¼ 0.184) and the absence of impact on OS.
OS in these groups was significantly different (log-rank test,

P < 0.01) (Figure 3).
The mortality risk in the first 6 months after tumor resection is

3.4 times higher when the tumor remnant is >2.5 cm3 (risk ratio,
3.4; P ¼ 0.0002) (Figure 4).
e6 www.SCIENCEDIRECT.com WORLD NE
DISCUSSION

A recent large systematic review concluded that the extent of
resection of the contrast-enhancing part of the tumor had sig-
nificant impact on the final outcome,17 even though not all
surveyed publications found a statistically significant
correlation. In general, gross total resection was associated
with improved survival when compared with biopsy
only.4,5,18,19 Consequently, the measurements of residual tumor
volume on MRI should become a part of standard postsurgical
assessment. However, the methods currently accepted in
neurosurgical practice, such as MacDonald criteria and
Response Evaluation Criteria in Solid Tumors, are based on
measurements of linear tumor parameters20-22 and do not
involve calculations of residual tumor volume.23 At the same
time, overall tumor burden is related to tumor volume rather
than its linear dimensions, and volumetric characterization of
residual tumor holds promise for more accurate prediction of
surgical outcomes.4,19,23-26 Better methods for volumetric
assessment of tumor remnants are being developed by re-
searchers,19,25 but practical tools are not currently available for
neurosurgeons and neuroradiologists because of several chal-
lenges, including high degree of dependence on operator
experience, subjectivity of measurements, and interobserver
disagreement.23 The variability is, to a large degree, caused by
hyperintensity of T1-weighted MRI signal in dura mater,
choroidal plexus, cerebral vessels, blood biodegradation prod-
ucts, and hemostatic material, which can be confused with
UROSURGERY, https://doi.org/10.1016/j.wneu.2019.03.142
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Figure 4. Kaplan-Meier survival analysis. The red line indicates the first group, and the blue line indicates the second
group.
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hyperintensity of residual tumor. Consequently, existing
methods require a significant amount of manual input and are
time consuming.
Earlier, we demonstrated that NeuroSegment had a high degree

of consistency when used by both neurosurgeons and radiologists
(agreement index improved from 0.67 to 0.97).
In this study, we used the NeuroSegment software11 created to

assess the extent of GBM resection by effective segmentation of
postoperative hyperintense MRI signal.
In a series of 57 patients with brain GBMs we evaluated the

influence of volumetric GBM characteristics on OS. We
demonstrated that the postoperative volume of the contrast-
enhancing part of the tumor was the most important volu-
metric predictor of OS, which is consistent with previous re-
ports from other groups.4,17,19,27 For example, similar
conclusions were made by Lacroix et al.4 They showed a
significant increase in patient’s OS when >98% of the
contrast-enhancing part of the tumor was removed. Gra-
bowski et al.19 demonstrated the influence of volumetric
parameters of the contrast-enhancing part of the tumor after
surgery on OS in a group of 128 patients. The best result was
achieved with the GBM remnant <2 cm3. In our study, a
WORLD NEUROSURGERY-: e1-e8, - 2019
significant difference in OS was obtained in the group of pa-
tients with a residual tumor volume <2.5 cm3.
Limitations of this single-site study include limited statistical

power. Therefore, these results should be interpreted with
caution, and larger, prospective, multicenter trials using diverse
imaging equipment should be conducted with proposed software
to validate study findings.

CONCLUSIONS

The new automated software for quantitative postoperative MRI
analysis allows accurate and rapid assessment of the extent of
GBM resection and is suitable for daily neurosurgical practice and
research. The volume of MRI contrast-enhancing GBM remnant
after surgery, automatically measured by the software, was a sig-
nificant predictor for early postoperative progression and death in
studied patient groups. A randomized study in a larger patient
cohort is warranted.
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