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A B S T R A C T

Objectives: Current recommendations for the measurement of tumor size in glioblastoma continue to employ
manually measured 2D product diameters of enhancing tumor. To overcome the rater dependent variability, this
study aimed to evaluate the potential of automated 2D tumor analysis (ATA) compared to highly experienced
rater teams in the workup of pre- and postoperative image interpretation in a routine clinical setting.
Materials and methods: From 92 patients with newly diagnosed GB and performed surgery, manual rating of the
sum product diameter (SPD) of enhancing tumor on magnetic resonance imaging (MRI) contrast enhanced T1w
was compared to automated machine learning-based tumor analysis using FLAIR, T1w, T2w and contrast en-
hanced T1w.
Results: Preoperative correlation of SPD between two rater teams (1 and 2) was r = 0.921 (p < 0.0001).
Difference among the rater teams and ATA (p = 0.567) was not statistically significant. Correlation between
team 1 vs. automated tumor analysis and team 2 vs. automated tumor analysis was r = 0.922 and r = 0.897,
respectively (p < 0.0001 for both). For postoperative evaluation interrater agreement between team 1 and 2
was moderate (Kappa 0.53). Manual consensus classified 46 patients as completely resected enhancing tumor.
Automated tumor analysis agreed in 13/46 (28%) due to overestimation caused by hemorrhage and choroid
plexus enhancement.
Conclusions: Automated 2D measurements can be promisingly translated into clinical trials in the preoperative
evaluation. Immediate postoperative SPD evaluation for extent of resection is mainly influenced by post-
operative blood depositions and poses challenges for human raters and ATA alike.

1. Introduction

Glioblastoma is the most common primary brain tumor in adults
[1]. Complete resection of this tumor entity is currently not possible,
due to its infiltrating growth [2]. Still, the largest possible extent of
resection is the primary goal of surgery as it has been shown to improve
overall survival [3,4]. Therefore, an accurate preoperative evaluation of
the tumor is needed prior to surgery. Current recommendations for the
measurement of tumor size (Response-Assessment Neuro-Oncology
(RANO) working group) [5], continue to employ two-dimensional (2D)
product diameters of enhancing tumor on MRI. To overcome the rater

dependent variability and the time consuming measurement [6–8],
automated delineation methods that segment tumor as a three-dimen-
sional (3D) volume have been developed [9,10].

Automated and manual tumor subcompartment delineation has
shown comparable performance in terms of prognosis and correlation
with Visually AcceSAble Rembrandt Images (VASARI) features [11].

The aim of this study was to evaluate the performance of automated
tumor analysis (ATA) to identify complete vs. incomplete resections in
comparison with human image interpretations and 2-D diameter mea-
surements. Complete resection (CRET) was defined as absence of any
contrast-enhancing tumor volume on ceT1w imaging after surgical

http://dx.doi.org/10.1016/j.ejrad.2017.07.028
Received 20 March 2017; Received in revised form 21 July 2017; Accepted 31 July 2017

⁎ Corresponding author at: Institute for Diagnostic and Interventional Neuroradiology, Inselspital, Bern University Hospital, Freiburgstrasse 4, 3010, Bern, Switzerland.
E-mail address: Frauke.Kellner-Weldon@insel.ch (F. Kellner-Weldon).

Abbreviations: GB, glioblastoma; MRI, magnetic resonance imaging; FLAIR, fluid attenuation inversion recovery; SPD, sum product of diameter; ATA, automated tumor analysis; ceT1w,
contrast enhanced T1weighted

European Journal of Radiology 95 (2017) 75–81

0720-048X/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/0720048X
http://www.elsevier.com/locate/ejrad
http://dx.doi.org/10.1016/j.ejrad.2017.07.028
http://dx.doi.org/10.1016/j.ejrad.2017.07.028
mailto:Frauke.Kellner-Weldon@insel.ch
http://dx.doi.org/10.1016/j.ejrad.2017.07.028
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejrad.2017.07.028&domain=pdf


procedure.
Although 3-D measures are increasingly recognized as alternative

surrogate markers for tumor progression, 2-D measures are still re-
commended for the routine clinical follow-up. The goal of this study
was to evaluate i) the agreement between automatic and manual esti-
mates of 2-D tumor measures in preoperative images and ii) if auto-
mated tools can detect the amount of resection if 2-D measures are
applied.

2. Materials and methods

2.1. Study population

We retrospectively identified 92 patients who were diagnosed with
a histologically proven GBM and who underwent resective surgery and
immediate postoperative MRI after resection. All patients were ex-
amined between 2009 and 2013. Inclusion criteria were newly diag-
nosed, untreated and histologically confirmed GB (WHO IV), performed
surgery, Karnofsky performance ≥70 and age>18 y. Exclusion cri-
teria were prior other malignancy, biopsy performed previously on the
GB, postoperative MRI later than 72 h. The study was approved by the
Local Research Ethics Commission. All patients provided written in-
formed consent.

2.2. Automated image processing

We used the automatic brain tumor analysis software BraTumIA,
which has been clinically evaluated for longitudinal tumor volumetry in
previous studies. Within the framework of this study, we were inter-
ested in the automatic detection of enhancing tumor, which is part of
the more extended volume analysis that is offered by the software. A
detailed description of the software and its potential applications has
been published previously [12,13]. In short, BraTumIA is a supervised
machine learning based software that relies on expert annotated
training data to learn the relationships between imaging features and
tissue classification. It relies on multisequence MRI (T1weighted (w),
contrast enhanced (ce) T1w, T2w, fluid attenuated inversion recovery
(FLAIR)) to perform automated tumor analysis. It performs co-regis-
tration of the multisequence images, skull-stripping (i.e. brain extrac-
tion), and tissue classification. Beyond volumetric measurements, Bra-
TumIA also provides measures of (2D) tumor diameters.

As human reference, four board-certified neuroradiologists with a
mean of 13 years (range, 7–17y) of experience in neuroradiology,
working in two different university hospitals, rated the imaging data in
two teams (team 1 and team 2, each consisting of two raters from both
hospitals) in a consensus fashion.

2.3. Manual annotations and quality control

Manual annotations were performed on contrast enhanced
T1weighted images (ceT1w) after checking for confounding blood
products on T1w images. As annotations we used sum of the products of

diameters (SPD) measures, and presence/absence of residual tumor.
Tumor SPD measures (in mm2) were acquired according to the RANO
recommendations, using a hospital picture archiving system (Sectra
IDS7, Linköping, Sweden) by each team. Similarly, each team rated the
presence/absence of residual tumor. In case of disagreements, a final
joined consensus reading was achieved by team 3, which consisted of
one rater from each team 1 and 2.

For automated analysis, BraTumIA was trained on an independent
dataset of 54 pre- and post-operative cases, as described in [12]. Upon
automated analysis of the segmented pre- and postoperative MRI data
sets, two readers performed quality control of the results to see if (i) the
data were inconclusively processed due to motion artefacts or (ii) if the
skull stripping process had failed. If any of these conditions was found,
the MRI dataset was removed.

2.4. Statistical methods

Statistical analysis was performed with IBM SPSS Statistics 21.ink
and the R software package. Agreement on presence/absence of re-
sidual tumor between teams 1 and 2 was assessed using the Cohen’s
kappa statistic. A Kruskal-Wallis test was used to assess multiple dif-
ferences between manual and automated preoperative mean values of
tumor diameters. Paired differences were analyzed using a Wilcoxon
signed-rank test. Correlation of results for mean SPD-values between
raters and automated analysis was analyzed using Pearson’s r. A value
of p < 0.05 was considered statistically significant.

3. Results

92 patients (47 male, 45 female; mean 62 y, range 60–80 y) met the
inclusion criteria. Time between pre- and postoperative MRI was
7.5 days, (range 1–55, median 5.5 days) and between operation and
postoperative MRI 1.15 days (range 0–2 days). All in-house examina-
tions (pre-/postoperative) (n = 81/92) were performed on MR scan-
ners of the same vendor (Siemens Medical Solutions, Erlangen,
Germany- 1.5 T Avanto (n = 30/49), 1.5 T Aera (n = 12/12), 3.0 T
Verio (n = 21/20) and 3.0 Trio (n = 18/11)). Of the remaining 11
preoperative MR images six were performed on Siemens scanners [1.5 T
Avanto (n = 3), 1.5 T unknown scanner type (n = 2), 1.0 T unknown
scanner type (n = 1)], three on Philips scanners [1.5 T Intera (n = 1),
1.5 T unknown scanner type (n = 1), 3.0 T unknown scanner type
(n = 1)], and two on GE scanners [1.0 T unknown scanner type
(n = 1), and 3.0 T Discovery MR750 (n = 1)]. The sequence para-
meters of the T1w, T2w, FLAIR and contrast-enhanced T1 w (ceT1)
images are shown in Table 1. In-house patients received 0.1 mmol/kg
gadolinium based contrast agent (Gd-DTPA). Data on contrast agent
and dose for non in-house patients was not available. For an overview
of processed patient data see Fig. 1.

3.1. Manual annotation of 2D diameters

Correlation (Pearson’s R-value) of SPD values measured between

Table 1
Pre- and postoperative MRI sequence parameters included for automated analysis (n = 60 patients).

preoperative postoperative Sequence T1 non-enhanced Sequence T1 contrast-enhanced Sequence T2 weighted Sequence FLAIR

7 7 T1 5mma T1C 5 mm T2 5 mm FLAIR 4–5 mm
2 1 T1 5mm T1C 5 mm T2 3D 1 mm FLAIR 4–5 mm
25 28 T1 5mm T1C 3D 1 mm T2 5 mm FLAIR 4–5 mm
11 12 T1 5mm T1C 3D 1 mm T2 3D 1 mm FLAIR 4–5 mm
2 0 T1 5mm T1C 3D 1 mm T2 5 mm FLAIR 3D 1 mm
2 1 T1 3D 1 mm T1C 3D 1 mm T2 5 mm FLAIR 4–5 mm
11 10 T1 3D 1 mm T1C 3D 1 mm T2 3D 1 mm FLAIR 4–5 mm
0 1 T1 3D 1 mm T1C 5 mm T2 3D 1 mm FLAIR 4–5 mm

a cursive: spin echo sequences; all others gradient echo sequences.
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team 1 and 2 was 0.921 (p < 0.0001). When rating the postoperative
images for residual tumor, team 2 omitted decision in 2 patients, due to
uncertainty (diffuse signal changes at the resection cavity), leaving 90
patients for further analysis. There was moderate interrater agreement
of team 1 and 2 for detection of postoperative residual tumor (Kappa
0.53). Twelve patients were initially rated to have residual tumor by
both teams. In 13 patients, differing teams’ results led to a consensus
reading of these patients, which resulted in residual tumor in 9 of 13
patients rated concordantly by team 3. By consensus 21 out of 90 pa-
tients were evaluated to have residual tumor.

3.2. Quality control

In the 92 included cases, incomplete data sets led to exclusion of 11
patients. Motion artefacts were found in one patient. Skull stripping
failed in 6 patients. These 18 exclusions led to a patient number to be
further evaluated of n = 74. ATA was considered incomplete to a
variable degree in 13 out of 74 patients preoperatively. As the pre-
dominant reason, we identified tumor that abutted the dura, which
prohibited the appropriate delineation of the neighboring tissues.
Detailed reasons for exclusion were: 4× failure of multimodal sequence
alignment, 1× missegmentation of the whole brain, 8× misdetection
of tumor tissues. Of the 61 patients left, one patient had been manually
rated only by team 1 and was therefore not available for comparison.
Thus, overall 60 patients were included into the automated analysis.

3.3. Comparison of automated versus manual 2D annotations on
preoperative data

For 60 patients the preoperative mean SPD of team 1, team 2, and
the software were 1382 mm2 (SD +/− 776 mm2), 1486 mm2

(+/−779 mm2), and 1330 mm2 (± 710 mm2), respectively. The ab-
solute difference of the mean SPD between team 1 and team 2 was
104 mm2, automated versus team 1 was 52 mm2 and automated versus
team 2 was 156 mm2 (Fig. 2). A Kruskal-Wallis test under α = 0.05 did
not detect a statistically significant difference among the rater teams
and ATA (p = 0.567). Correlation (Pearson’s R) between team 1 vs.
ATA and team 2 vs. ATA was 0.922 and 0.897, respectively, with

p < 0.0001 for both. See Table 2.

3.4. Comparison of automated versus manual 2D annotations on
postoperative data

Of the 60 patients included for ATA, the manual consensus reading
yielded 46 patients classified as “completely resected”, and 14 as
“partially resected”. ATA agreed in 13/46 (28%) with CRET (SPD value
of zero). For the remaining 33/46 (72%) it yielded a non-zero SPD,
disagreeing with the manual consensus rating. The mean SPD for these
cases was 387 mm2 (± 389). For the 14 patients classified as “partially
resected” by manual consensus rating a mean SPD of 100 mm2 (±96)
and 361 mm2 (±258) was measured by manual and ATA, respectively
(Fig. 3). See Table 2.

3.5. Qualitative data analysis

In order to better understand the disagreement of ATA with manual
consensus rating on postoperative imaging data, a qualitative post-hoc
analysis was performed for all automatically segmented cases (n = 74).
The analysis identified several confounding factors for equivocal tissue
classification: The choroid plexus, blood vessels and blood products,
with the latter forming the predominant source of error. An example of
a preoperative segmentation and misclassified blood products in the
respective postoperative image is shown in Fig. 4. Fig. 5 shows com-
parison of manual and automated 2-D measurements of enhancing
tumor pre- and postoperatively for a patient with manually identified
residual enhancing tumor and additional misclassification of scattered
hyperintensities.

4. Discussion

Machine learning has gained much attention in computer-assisted
radiology, particularly because it provides an automatic way to gen-
eralize human knowledge obtained from training data to future un-
known test data. Translation from machine learning to clinical practice
is a stepwise process and ATA has already shown to be successfully
supporting radiologists and clinicians by providing accurate measures

Fig. 1. Overview of available patient data for
manual and automated analysis.
*Not usable for automated analysis due to missing
MRI data, motion artefacts, and difficulties of the
program with skull stripping.
*Not usable for automated segmentation due to gross
faulty non-detection of enhancing tumor (13 pa-
tients) and due to missing manual data of one patient
from one rater team and therefore no possible com-
parison.
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of 3D tumor extensions in GB preoperatively and within longitudinal
studies in single-center studies [12].

Although 3D-derived tumor volume measurements have been re-
quested repeatedly by neurosurgeons and oncologists, 2D-based tumor
measurements are still the basic method of choice in assessment of
tumor progression and response, respectively. In this study, we in-
vestigated the potential of automated 2D measures to quantify residual
tumor. The comparison between the MR-evaluation of pre- and

postoperative SPD measures of 92 patients with newly diagnosed GB by
two rater teams and ATA showed no significant difference for the
preoperative data. The postoperative evaluation highlighted common
challenges in the assessment of the extent of surgical resections, namely
the uncertainty of human rating and the susceptibility of automated
analysis to image artifacts. We identified a moderate interrater agree-
ment between human raters, even when acting in mixed pairs of experts
from different centers (Kappa 0.53). The potential strength of human
rating is the ability to identify hemorrhage and calcifications more
safely than automated analysis. This was reflected in our study by a
poor agreement (28%) between the manual (46) and automated de-
tection (13) of complete resection.

A promising finding of our study was that both manual and auto-
mated approaches performed similarly regarding preoperative SPD
measures, which is in line with previous work done by Porz et al. [13]
and has been confirmed in a second study [14]. Contrary to previous
analyses, the dataset under investigation, are derived from a clinical
setting with a clinical protocol of a tertiary hospital that includes out-
patient imaging with an overall less rigid imaging protocol. In addition,
this study compared manual and automatic SPD, as recommended by
RANO, instead of volumetric measurement. The reconfirmed pre-
operative agreement suggests that automated analysis is useful for
processing large data sets where manual delineation is prohibitive –

Fig. 2. Comparison of automated (light color) and
manual (dark color) sum product diameter (SPD) for
n = 60 patients.

Table 2
Pre- and postoperative size of enhancing tumor sum product diameter (SPD) from auto-
mated tumor analysis (ATA) and expert rating (Manual).

N Minimum
SPD/mm2

Maximum
SPD/mm2

Mean
SPD/
mm2

Standard
Deviation
SPD/mm2

ATA preoperative 60 254 2819 1330 710
postoperative 47 59 1644 297 354

Manual preoperative
team 1

60 140 3475 1382 776

preoperative
team 2

60 148 3409 1486 779

postoperative
team 3

21 20 742 131 166

Fig. 3. Comparison of automatic (light color) and
manual (dark color) postoperative annotations in
N = 14 patients.
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Fig. 4. Example segmentation for a pre- (upper row) and postoperative image (lower row) of the same patient. The preoperative segmentation includes edema (green), necrosis (red),
enhancing (yellow) and non-enhancing tumor (blue). The postoperative segmentation shows blood products that were wrongly identified as blood products by the algorithm. From left to
right: T1-weighted image, gadolinium-enhanced T1-weighted image, delineation of automated method.

Fig. 5. Example patient (contrast enhanced T1 images) with pre- (left column) and postoperative images (right column). Images in upper row show the manual annotation of two
perpendicular diameters of enhancing tumor preoperatively (left) on 2D sagittal images. Postoperatively (right) measurements include perpendicular diameters of enhancing residual
tumor in two locations. Preoperative segmentation (lower row, left) includes edema (green), necrosis (red), enhancing (yellow) and non-enhancing tumor (blue). Postoperative seg-
mentation (lower row, right 3D overlay) shows the two locations (red circle), identified as residual tumor in manual annotation, as well as scattered small hyperintensities, misclassified
as residual tumor (yellow).
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under the precondition that the automated results need to be checked
by radiologists.

From 92 patients approximately one third of the patients did not
have workable imaging data for automated analysis. In 11 patients the
standard protocol did not include all required sequences. In 4 patients
imaging did not cover the tumor completely in all planes. These ex-
cluded data maybe considered a limitation of this study, but in a proper
sense they indicate the importance of developing imaging sequences
and analysis tools in a joint and clinically-relevant fashion in order to
optimize the extraction of radiological information.

For the preoperative data, automated analysis revealed drawbacks
in some patients whose tumor was located near the skull and abutted
the dura. In these cases ATA could not completely separate signal in-
tensity of the dura and connective tissue of the skull from tumor tissue.
This yielded grossly false over- or underestimation of tumor volumes,
yet a mistake that can be easily detected by the expert reader. These
drawbacks show that manual control for correct segmentation is cur-
rently a precondition for ATA. In addition, training data should be se-
lected accordingly to improve recognition of tumor versus dura and
connective tissue.

An important finding of our study was that automated postoperative
SPD measures revealed a trend towards overestimation.
Postoperatively, the source of error for overestimation was due to
misassignment of tumor to other tissues. The automated evaluation
found residual tumor in 72% (33/46 patients) of the datasets, which
were assigned “completely resected” by manual expert reading. The
major confounder incorrectly segmented and attributed to tumor were
blood products around the resection cavity. Second to postoperative
hemorrhage was erroneous detection of vessels and choroid plexus. For
the latter two, we claim that this does not hamper postoperative
monitoring tumor response, because this bias is likely constant in the
pre- and postoperative setting. The third entity incorrectly segmented
and attributed to tumor were blood products around the resection
cavity. Clinically, using thresholds, such as 98% extent of resection of
GB volume, has proven useful to find significant survival advantage
[15]. In imaging, currently, lesions with one diameter smaller than
10 mm are defined as non-measurable by the latest RANO criteria. Si-
milarly to the clinical approach of thresholding, we suggest the in-
troduction of threshold values for 2-D-based tumor size measurement
that go beyond the current recommendations for non-measurable le-
sions by considering computer-generated 2D measures, which are able
to better capture tumor extent independent of anatomic-plane, and can
avoid an otherwise non-measurable lesion caused by the given or-
ientation, as reported by Reuter et al. [16]. As computer-assisted tumor
volumetry progresses, we expect it to bring new solutions to handle and
better monitor lesions currently defined as non-measurable. This might
also further improve uncertainties resulting from low-levels of agree-
ment about residual enhancing tumor among human raters. It reflects
clinical practice, where subtle differences between hyperintense signal
changes on non-enhanced T1 w and ceT1 w are not easy to recognize
and decision making between blood, residual tumor and vessel induced
signal changes is still – even for experienced neuroradiologists moti-
vated to find consensus – challenging.

Training the software so far has mostly relied on the human rater to
define the different tumor compartments. However, for the difficult
task of detecting and assessing tumor residuals, the recent study [17]
has shown that the percentage agreement between BraTumIA and the
human raters is comparable to the agreement between the human raters
themselves, showing a good consistency level of the automated system.
In the future, training of the ATA system will ideally incorporate such
parameters as morbidity and survival outcome and tumor omics, in
addition to an array of further possible imaging sequences (e.g. sus-
ceptibility-, diffusion-, and perfusion-imaging).

A limitation of the study is the inhomogeneity of sequence acqui-
sition, due to the retrospective nature of the study design. Nearly 20%
of the patients‘ data sets were not available for ATA mostly reasons

unrelated to the requirements of the ATA program. Current efforts to
standardize brain tumor imaging protocols [18] will certainly increase
the performance of ATA.

5. Conclusions

This study provides a stand-alone comparison between a fully au-
tomatic software tool and two expert rater groups from two university
hospitals in a clinical setting which shows no significant differences
between the preoperative automatic and manual results of GB assess-
ment. Maximum diameter and SPD measures following the current
RANO criteria of GB can be promisingly translated into clinical trials in
preoperative evaluation.

Immediate postoperative SPD evaluation for extent of resection
without a priori thresholding are influenced by the amount of post-
operative blood depositions and reactive enhancement of residual
structures neighboring the tumor bed after resection. Thus, such studies
may benefit from a complementation by 3D volumetric criteria that
incorporate a threshold for an extent of resection or residual tumor
volume or by similarly adjusted 2D measures that have to be correlated
with clinical outcome in further studies.
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