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Abstract Background The assessment of pituitary tumor (PT) volume is important in the
treatment and follow-up of patients with PT. Previously, PTvolume estimation has been
performed by conventional geometric equations (CGE) such as abc/2 (simplified
ellipsoid volume equation) and 4mr°/3 (sphere), both presuming a symmetric tumor
shape, which occurs uncommonly in patients with PT. In contrast, three-dimensional
(3D) voxel-based software segmentation takes the irreqular and asymmetric shapes
that PTs often possess into account and might be a more accurate method for PT
volume segmentation.

The purpose of this study is twofold. (1) To compare 3D segmentation with CGE for PT
volume estimation. (2) To assess inter-rater reliability in 3D segmentation of PTs.
Methods Nineteen high-resolution (1mm slice thickness) T1-weighted MRI examina-
tions of patients with PT were independently analyzed and manually segmented, using
the software ITK-SNAP, by two certified neuroradiologists. Concurrently, the volumes
of the PTs were estimated with abc/2 and 4mr?/3 by a clinician, and the results were
compared with the corresponding segmented volumes.

Results There was a significant decrease in PT volume attained from the segmenta-
tions compared with the calculations made with abc/2 (p < 0.001, mean volume 18%

Keywords higher than segmentation) and 4nr°/3 (p < 0.001, mean volume 28% higher than
= pituitary tumor segmentation). The intraclass correlation coefficient (ICC) for the two sets of seg-
volume mented PTs was 0.99.
= volumetric analysis Conclusion CGE (abc/2 and 4nir/3) significantly overestimates PT volume compared
= segmentation with 3D volumetric segmentation. The inter-rater agreement on manual 3D volumetric
= abc/2 software segmentation is excellent.
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Introduction

Pituitary tumors (PTs) comprise around 9 to 16% of all primary
brain and CNS tumors.'~ They appear as mass lesions in the
sella turcica and the sellar region in close vicinity to important
anatomical structures such as the optic chiasm, internal
carotid arteries, and the cavernous sinuses. Tumor volume
and shape are important in the diagnosis and staging of PTs*~®
and patients with known PT are often followed many years
with magnetic resonance imaging (MRI) to estimate tumor
growth. Furthermore, the volume is an important factor in
determining medical, surgical, and oncological intervention
and has been shown to have an important prognostic value.”

In common clinical practice, the size of a PT is often
expressed as the largest diameter or three perpendicular
measurements giving the tumors length, width, and height.
Based on these measurements, the tumors are divided into
microadenomas (largest diameter < 1 cm) and macroadeno-
mas (largest diameter > 1 cm).'® The volume of PTs can be
approximated by conventional geometric equations (CGE)
based on the tumor measurements. However, CGE assume a
totally symmetric shape of the PTs, which rarely is the case.
Three-dimensional (3D) segmentation takes the irregular and
asymmetric shape of the PT into account and might be a more
accurate method of tumor volume estimation.'' However, this
method is time consuming and might be user dependent.

A common CGE to estimate various types of intra-
cerebral lesions, including brain tumors and intracerebral
hemorrhages, is abc/2 (abc corresponding to length [a],
width [b], and height [c] of the lesion).'>""” This equation
is initially derived from the formula of an ellipsoid,
(length)*(width)*(height)*n/6. If T is approximated to 3, the
equation can be simplified as abc/2.'® ~Fig. 1 illustrates
the shape of an ellipsoid. Another CGE, corresponding to the
volume of a sphere ((mean radius)**4* m/3) might also be
used to appreciate the volume of mass lesions.'®

During the past decade, different computer softwares have
been developed to estimate the volume of PTs based on 3D
voxel-based segmentation on MRI sequences. The segmenta-
tion can be performed manually or in a semi-/fully automatic

Fig. 1 lllustration of an ellipsoid. The abc/2 equation for volume
estimation is derived from the equation for an ellipsoid’s volume,
(length)*(width)*(height)*n/6, by approximating m to 3. Picture
published under the Creative Commons Attribution Share Alike 3.0
License, attained from Wikimedia Commons, author Peter Mercator.
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way. Commonly used softwares for intracranial volumetry are
ITK-SNAP?° 3D-Slicer,?' FreeSurfer,?? and OsiriX.23

In this study, we compared the 3D volumetric segmenta-
tion with CGE for estimating PT volumes and assessed inter-
rater reliability for manual segmentation of PTs.

Materials and Methods

Patients and MRI Scans

Between January 2013 and October 2015, 126 trans-sphenoi-
dal endoscopic pituitary operations were performed on 123
patients at the Sahlgrenska University Hospital, Gothenburg,
Sweden. In 24 cases (19%), the patient underwent a gadolinium
enhanced T1-weighted MRI (Sagittal 3D, Fast Field Echo, TR 8.3
milliseconds, TE 3.8 milliseconds, flip angle 8, number of slices
200, FOV 251 mm, image acquisition matrix252 x 222 recon-
structed to 560 x 560, acquired vx size1 x 1 x 1 mm,recon-
structed vx size 0.5 x 0.5 x 1) on a 3T Achieva dStream
(Philips Medical Systems; Best, the Netherlands). The sequence
was intended for neuronavigation during surgery.

Of these 24 patients, one case was excluded from the
volumetric analysis due to disturbing artifacts on the MRI
after a previous PT operation. Three other cases were excluded
because of poor image quality, i.e.,, movement artifacts. One
examination was lost in the image storing process. The
remaining 19 examinations were included in this study.

Volume Segmentation

All 3D volumetric segmentations were performed indepen-
dently by two certified neuroradiologists (A.K., D.Z.) blinded
from each other. The DICOM image series were imported to the
open-source software ITK-SNAP software (Version 3.4.0, Uni-
versity of Pennsylvania, United States). Using the paintbrush
mode in the ITK-SNAP software, the tumor tissue was manu-
ally outlined in each axial and/or coronal image slice, excluding
encased vessels and intact pituitary tissue. The volume of each
PT was automatically calculated in ITK-SNAP in the “volume
and statistics” window, where the value represents the pro-
duct of the number of segmented voxels multiplied by the
voxel volume. =Fig. 2 shows the workspace within ITK-SNAP.

Equations for Volume Approximation
Using the segmentations as overlay (i.e., the tissue the
neuroradiologists interpreted as tumor) and the ruler tool
in ITK-SNAP, the diameters of the PTs were measured by one
clinician (K.L.). First, a line was drawn through the PT to
measure the maximal diameter found in the axial slices (a,
length). In the same slice, a line perpendicular to (a) marked
the largest width (b). The height (c) was measured by multi-
plying the number of slices with visible tumor tissue by the
slice thickness (1 mm).

All diameters were estimated twice in each case and a
mean value was calculated for (a), (b), and (c).

PT volumes were generated according to the equations:

1. abc/2
2. 4nr®/3 (sphere, r = the mean radii of the measurements a,
b, and c).
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Fig.2 View of three-dimensional segmentation of a pituitary tumor. The tumoris marked in red on axial (upper left), sagittal (upper right), and

coronal views (lower right) on magnetic resonance images.

Statistical Analysis

The systematic differences between the segmented volumes
and the volumes attained from equations 1 and 2 were tested
by the Wilcoxon Signed rank test. A mean value of the two
segmented volumes for each PT was used. All tests were two
tailed and conducted at 0.05 significance level.

The agreement for volumetric segmentation between our
two raters was described by 95% confidence interval (CI) as
limits of agreement, intra-individual SD (IISD) and by intra-
class correlation coefficient (ICC, Shrout-Fleiss, random set
1CC"?) and graphically presented by a Bland-Altman plot.
[ISD was interpreted as the difference between subject’s
measurement and the true value was expected to be less
than 1.96*1ISD.

Results

There was a significant difference between 3D volumetric
segmentations and the volumes attained by abc/2 (p < 0.001)
and 4mm/3 (p < 0.001), respectively. The mean volume calcu-
lated by abc/2 was 18% larger and the mean volume calculated

by 4mr/3 was 28% larger than the mean volume attained from
the 3D volumetric segmentations.

The mean volume calculated with 4mr®/3 was 9% larger
(p < 0.001) than the mean volume calculated with abc/2.

The data are presented in =Table 1 and illustrated
in =Fig. 3.

No significant difference was found between the segmen-
tations by our two raters (p = 0.541). The mean difference in
volume between the two raters was — 36.4 mm? (limits of
agreement — 943.4- 870.6). IISD was 319.52. ICC was
0.99. =Fig. 4 shows the difference in the segmentations
between the two raters in a Bland-Altman plot.

Discussion

This study shows that the pituitary tumor volumes esti-
mated by CGE are significantly larger in comparison to the
results of 3D volumetric segmentations, which is in agree-
ment with a recent study.'’ One reason for this difference
ought to be that CGE assumes a symmetric shape of PTs,
while segmentation accounts for the frequent asymmetric
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Table 1 Patients’ age, sex, and pituitary tumor are presented. Measurements from pituitary tumors presurgery and results from
volumetric segmentation and volume estimation by abc/2 and 4nr3/3 equations are listed

Age at op. Sex Diameters (a,b,c), Knosp classification, Segmentation, abc/2, cm? 4nr’/3, cm®
mm dx; sin cm? (mean)
61 M 20.3,12.5,11.0 0,1 1.06 1.39 1.63
56 M 17.6,13.5,12.0 1,0 1.07 1.43 1.56
55 F 19.8,13.4,11.0 2,0 1.15 1.46 1.67
30 M 14.4,11.7, 19.0 0,0 1.52 1.60 1.78
62 M 18.8,13.3,15.0 0,1 1.58 1.88 2.03
68 F 22.0,17.2,22.5 2,1 3.34 4.25 4.55
63 F 24.3,15.8, 19.5 0,1 3.47 3.74 4.11
68 M 27.0, 21.3, 21.0 2,0 4.11 6.02 6.44
69 F 26.3, 20.1, 21.0 2,1 4.17 5.54 5.92
34 F 25.8,22.3, 26.0 0,2 5.55 7.48 7.89
61 M 31.2, 23.1, 29.5 3a, 1 7.52 10.63 11.41
74 M 25.5, 18.0, 30.5 2,2 7.56 7.00 7.86
55 F 28.6, 21.2, 34.0 3a, 1 9.09 10.30 11.40
74 F 32.5, 23.5, 36.0 1,1 10.01 13.75 15.11
58 M 28.8, 22.1, 32.0 1,1 10.15 10.18 11.04
33 M 35.5,22.7,28.0 3a, 3a 10.37 11.29 12.43
36 M 35.3,24.3,37.0 2,0 13.96 15.91 17.52
60 M 30.4, 29.7,43.0 3a, 2 18.63 19.43 21.27
11 M 49.1, 38.9, 49.0 1,4 38.30 46.75 49.82
Mean 8.03 9.48 10.29
p-Value <0.001 <0.001

and irregular appearance of PTs. Therefore, 3D volumetric
segmentation is believed to represent a closer estimate of the
true PT volume compared with CGE.

Previous studies evaluating volumetric measure-
ments using the abc/2 equation for cerebral hemorrhages

Difference (%) from the

have shown diverse results.'>'82425 yy et al showed a
high correlation between abc/2 and manual slice-by-
slice segmentation for volumetric assessment of acoustic
neuromas.’® Sreenivasan et al similarly found good agree-
ment between abc/2 and segmentation for smaller masses.

segmented volume

Fig. 3 The diagram illustrates the difference (in %) between the volumes attained by segmentations and the equations abc/2 and 4mr?/3.
The x-axis shows the segmented volume (the mean value of two independent segmentations per PT, performed by two certified
neuroradiologists) of the pituitary tumors in increasing order. PT, pituitary tumor.
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Fig. 4 The Bland-Altman plot showing the difference in measured pituitary tumor volume in 19 patients. The volumetric segmentations were

performed independently by two certified neuroradiologists.

However, for larger tumors this correlation was poorer,?’

which is in concordance with our study that only included
pituitary macroadenomas, i.e., tumors with the largest
diameter > 1cm.

Davies et al recently compared PT volumes calculated by
an ellipsoid equation with volumes attained from manual
slice-by-slice segmentation28 and found a good correlation
between the two methods. However, the correlation
decreased with increased tumor size. In contrary to our
results, in their study the ellipsoid equation tended to
underestimate the volume compared with segmentation
for larger PTs. These divergent results could partially be
due to different methods of measuring the diameters (a),
(b), and (c). Further, the slice thickness of the MRI scans is an
important variable and is not mentioned by Davies et al.

An assumption may be that PTs with strict intrasellar
growth (Knosp grade: 1-2) have a more symmetric tumor
shape compared with PTs that extend into the cavernous
sinus (Knosp grade: 3-4). As CGEs assume a symmetrical
tumor shape, CGE estimated volumes of Knosp grade 1-2
may be closer to the segmented volumes compared with
Knosp grade 3-4 tumors, which may be more irregular in
shape. In this study, 14 patients had a Knosp grade 1-2 tumor
and 5 patients had a Knosp grade 3-4 tumor.

For Knosp grade 1-2 tumors, abc/2 overestimated the
volumes by 22% compared with the segmentations; for
Knosp grade 3-4 tumors, abc/2 overestimated the volumes
by 18% compared with the segmentations. For Knosp grade
1-2 tumors, 4mr>/3 overestimated the volumes by 34% com-
pared with the segmentations; for Knosp grade 3-4 tumors,
4mr®/3 overestimated the volumes by 28% compared with the
segmentations. However, when comparing the overestima-
tion of PT volumes by abc/2 or by 4mr®/3, there was no
significant difference between Knosp grade 1-2 and Knosp
grade 3-4 tumors.

The 3D volumetric segmentations in this study were
performed using ITK-SNAP, a well-documented software
that has been used in numerous research articles for volu-
metric segmentation.?®=3? The inter-rater agreement of the
3D segmentations was very high suggesting that it is a
reproducible method for volume estimation. In general,
our two observers had a good agreement per PT. The relative
difference in volume tended to be larger for the smaller PTs
and, considering that our study consists of macroadenomas,
it is possible that there is a considerable intervariability for
3D segmentation of microadenomas. Previously John et al
evaluated the inter-rater reliability for manual segmentation
of the superior, inferior, and middle frontal gyri with a high
correlation between their observers.>?

The MRI scans we used were of high resolution with thin
slice thickness (1 mm) and voxel sizes of < 1 mm?>. MRI with
considerably higher slice thickness is common. Luft et al
examined the impact of slice thickness on MRI-based seg-
mentation by using Ni-doped agarose gel phantoms with
known volume and concluded that volumetric error posi-
tively correlated to the slice thickness.>*

Software segmentation most likely results in a more
accurate volume estimation for PTs compared with CGEs,
but it requires initial learning and is time consuming. ITK-
SNAP and similar modern segmentation software provide
various algorithms to segment structures automatically. In
this study, we initially tried to segment the PTs automatically
in ITK-SNAP but observed that nearby structures (carotids,
intact pituitary gland, and parts of the cavernous sinuses)
were erroneously included by the automatic segmentations.

Reliable automatic/semiautomatic segmentation is, due
to time restraints, a prerequisite for a viable introduction
of volumetric segmentation into clinical routine. It is current-
ly an important field of research. Boers et al presented a
fully automatic method for segmentation of subarachnoid
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hemorrhage on whole brain CT scans and validated it by
comparing it to manual segmentation done in ITK SNAP
24.0 on 30 patients.35 Gaonkar et al proposed a method of
semiautomatic tumor segmentation based on geodesic dis-
tance transform.>® Ambarki et al evaluated an automatic
method to measure intracranial volume in the software SyMRI
and found it reliable.3” Qui et al developed an algorithm for
volumetric measurement of the ventricles with good results.>®

Segmentation of PTs, using high-quality MRI scans, may
be a good estimate of the true PT volume as compared with
traditional geometrical equations. However, the true PT
volume can only be attained by anatomical dissection or
by measurement of the tumor volume resected in the
operating room. The volume and shape of PTs are important
variables that can directly affect the surgical and radio-
surgical treatment. Therefore, fast and precise volumetric
techniques can facilitate the surgical and radiosurgical plan-
ning in the management of patients with PT. Our findings
highlight the need for further research as well as further
development of volumetric techniques.

Conclusion

CGE (abc/2 and 4n11>/3) significantly overestimates PTvolume
compared with 3D volumetric segmentation. The inter-rater
agreement on manual 3D volumetric software segmentation
is excellent.

CGE can be a time-effective way to get an approximation
of the PT volume, but based on the inaccuracy of CGE
compared with 3D segmentation found in this study, we
would not recommend the use of CGE to estimate PT volume.
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