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LABORATORY INVESTIGATION

Effects of slice thickness and head rotation when measuring
glioma sizes on MRI: in support of volume segmentation
versus two largest diameters methods
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Abstract This paper presents a study of the effects of
scanning parameters variability when assessing glioma
sizes on MRI. A database of lesions of various shapes and
sizes, segmented on 3D-SPGR MRI images, was acquired
on 65 patients with low-grade glioma. Simulations of large
slice thickness and patient’s head rotation were performed,
allowing us to study their influence on two size indices: the
bi-dimensional diameter product index (computed with the
two largest diameters method) and the equivalent diameter
index (computed with the volume segmentation method).
Results show that thick slices and axial plane rotation can
induce average (maximal) uncertainties on the bi-dimen-
sional diameter product index between 32 and 6 % (150 %)
for small and large tumors (size range 0.5-286 ml). The
uncertainty on the equivalent diameter index, for the same
categories of tumors, drops below 8 and 0.1 % (23 %). This
study shows that the volume segmentation method is sub-
ject to less variability inherent to scanning conditions
compared to the two largest diameters method. It also
emphasizes the need for strict clinical guidelines on the
replication of scanning conditions when performing MRI
follow-ups on patients harboring small tumors. These
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implications await confirmation on a series of real patients
being re-scanned with FLAIR MRI.

Keywords MRI - Brain tumor - Low-grade glioma -
Longitudinal growth quantification

Introduction

Assessing the evolution of tumor size by morphological
longitudinal MRI follow-up plays a prominent role in
neuro-oncology. This holds especially true for diffuse low-
grade glioma, as radiological evolution is often the only
measure available to capture the disease progression before
treatment [ 1-3], after surgery [4], after chemotherapy [5, 6]
or after radiotherapy [7].

Testifying to the importance of the analysis of radio-
logical changes on MRI when evaluating treatment effi-
cacy, the response assessment in neuro-oncology (RANO)
group recently updated the original definition of the
MacDonalds criteria of radiological response for the spe-
cific case of low-grade glioma [8]. These revised criteria
now rely on the measure of the two largest tumor diameters
(i.e linear measurements). Other authors recommend a full
3D-segmentation of the tumor on all available axial slices
(i.e. perimeter method), leading to an estimation of the
tumor volume, from which an equivalent spherical diam-
eter can be computed [9]. Two arguments support the latter
approach:

— It has been clearly shown that perimeter-based methods
are less subject to intra- and inter-rater variability on a
large series of high-grade glioma [10],

— Equivalent diameter evolution of diffuse low grade
gliomas (DLGG) appears to be linear, thus facilitating
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Initial tumor

Rotation

Fig. 1 Illustration of MRI scanning conditions and pipeline of the
reslicing of binary segmented volumes, illustrated on a tumor from
our database. Two parameters are controlled: (1) the orientation of the

the estimation of annual growth rates from a pair of
successive images [11].

However, the influence of the variability in MRI scanning
setup and imaging parameters on these distinct indices of
glioma size remains unknown. In this work, we studied two
sources of variations in the scanning conditions: rotation of
the reference axial plane (i.e. patient’s head rotation) and
modification of the slice thickness, as illustrated in Fig. 1.

By generating images simulating different image acqui-
sition conditions, we sought to quantify their influence on
the measures of the two main size indices used to monitor
radiological DLGG evolution.

Material

Patients: a database of 65 patients with low-grade (WHO
grade II) glioma was used. This database was extensively
described in [12]. Patients were all treated with surgery.
Tumoral resection was either total or partial (i.e. with
residual volume above 10 ml) if the tumor infiltrated
functional areas. MRI images were acquired either imme-
diately after surgery (25 cases), or between 3 to 6 months
after surgery (40 cases).

MRI data: MRI data was acquired on a 1.5 T scanner
with a 3D-SPGR sequence, and a voxel spatial resolution
of 1 x 1 x 1 mm®. Low-grade glioma are non-enhancing
tumors, that display on SPGR images darker intensities
than the surrounding white matter. Resection cavities have
intensities corresponding to the dark CSF.

Manual segmentation: manual segmentation was per-
formed by an expert neurosurgeon on 3D-SPGR MRI data.
Both the lesion and the residual tumor were segmented, as
detailed in [12]. By definition, the lesion is considered to be
the combination of the residual tumor and the resection
cavity. Only 56 patients had some residues visible on the
MRI data.

Lesion and residue volumes: lesions and residues cov-
ered a wide range of shapes and volumes, with the following
volume values (av. stands for average):
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Slice

axial plane via a rotation (by an angle of o) around an axis
perpendicular to the sagittal plane direction, and (2) the axial slice
thickness (o in mm)

— Lesions: av. = 96.7 ml, min = 3.7 ml, max = 286.4 ml.
— Residues: av. = 11.3 ml, min =0.5 ml, max = 62.0 ml.

This large variety of shapes and sizes provided a diverse set
of cases to study the effect of scanning parameters on the
measurement of tumor sizes. Indeed, longitudinal monitor-
ing of tumor expansion is required for both initial lesions
(potentially large and with roughly bulky shapes) and
residues (potentially small and elongated along the resection
margins). We therefore studied size measurements on both
segmented lesions and residues as a group of 121 segmented
tumors encoded on binary masks with values O and 1.

Method
Simulation of scanning conditions via reslicing

We generated several series of new segmented tumors from
the reference binary masks containing the manual contours
traced by a neurosurgeon on 3D-SPGR MRI scans acquired
at high spatial resolution (voxel size of 1 x 1 x Imm®).
Simulation of new scanning conditions involved three
computational steps illustrated in Fig. 1, which define the
following reslicing pipeline:

(1) Rotation of the tumor, performed on the binary
volume.

(2) Selection of the position of the first slice along the
direction orthogonal to the axial plane which we will
call the axial direction.

(3) Aggregation of adjacent slices to generate thicker
ones.

Rotation of the binary masks was applied around the
direction orthogonal to the sagittal plane, with an angle of
o degrees. It was performed using tri-linear interpolation
and thresholding of the interpolated pixel intensity values
at 0.5.

For MRI acquisitions with large slice thickness, even if
the axial plane orientation is preserved, slice positions can
be shifted, depending on the selection of the position of the
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first axial slice. We therefore simulated large slice thick-
ness volumes with n different shifts (in mm) of the axial
slice position for a slice thickness of » mm.

Aggregation of adjacent slices was performed via slice
averaging, as in [13], with uniform odd-length kernels of size
3,5 and 7mm in the axial direction. The size of the averaging
kernel corresponded to the new slice thickness (¢ mm). Odd
sizes were used to have symmetric kernels and therefore
evenly aggregate the image information contained below
and above the new axial slice. Thresholding was applied on
the averaged slices to generate new binary segmented vol-
umes. Thresholding was based on a majority voting fusion
(MVF) rule, setting a voxel to 1 if its value was 1 in at least
half of the combined slices. The MVF rule corresponds to a
threshold value of the averaged slices set to 0.5.

Computation of tumor size indices

For each series of simulated binary volumes containing
segmented tumors, we computed the tumor volume Vi
(in ml) by counting the number of voxels of value 1.
Two different tumor indices (and associated computation
methods) were used to characterize the tumor size:

— The bi-dimensional diameter product (also known as
the MacDonald index):

e value: product of the two orthogonal maximum
diameters, measured on the axial slice with the
largest bi-dimensional product (in mmz).

Fig. 2 Average RMSE of D,,,
ng and BP index measures. a,
b RMSE versus slice thickness
. c—d RMSE versus rotation by
an angle of o° of the axial plane,
combined with different slice
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e notation: BP (for bi-dimensional product).
— The equivalent diameter:

e value: diameter of the sphere having a volume equal
to Vr (in mm).
e notation: D,, (for diameter equivalent).

Comparison of tumor size indices

The root mean squared errors (RMSE) of D,, and BP were
computed by comparing the values measured on the
original (reference) volumes and the resliced volumes.

The values of the signed differences, denoted AD,, and
ABP, subtracting the estimate on the original volume from
the estimate on the resliced volume were determined for all
cases. A negative AD,, value therefore corresponds to an
underestimation of the tumor size, after reslicing.

To better understand the meaning of these errors, their
values are expressed in percentage with respect to the
original value of the studied index.

We clustered the database of the 121 tumors (either
residues or lesions) into four categories, based on their D,
value, as follows: C; = {10mm < D,, <20mm} , C, =
{20mm < D,, < 40mm}, C3 = {40mm < D,, < 60mm},
C4 = {D.y > 60mm}. The repartition of cases in each
group was the following: C; (18), C, (44), C3 (38) and C4
(21). These categories will be used to report the variability
of tumor size index measurements and assess the potential
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<« Fig. 3 Histograms of errors for slice thickness ¢ = 3 mm (blue) and

o = 5 mm (green) for the four categories of tumor volume size.
a Errors on AD,,. b Errors on ABP. Signed errors all verify the t-test
for being centered except for BP in class C1 (at p < 0.05)

influence of the initial tumor size on their sensitivity to
scanning conditions.

Results
Effect of slice thickness increase

Changing the slice thickness was combined with testing
different shifts of the axial slices. We compared size
indices for slice thickness value ¢ = 1lmm versus ¢ = 3, 5
or 7mm and report maximal error over all possible shift
values, for a given slice thickness.

We plotted in Fig. 2a, the RMSE values versus G to
visualize the average effect of the slice thickness on the
tumor size index measures. At ¢ = 7mm, a maximal
RMSE of 10 % for D,, and 22 % for BP was obtained. We
also plotted the RMSE of ng to enable direct comparison
of the indices with homogeneous units of mm?. The max-
imal RMSE of qu over o, reaching 13 % was still below
the maximal RMSE of the BP index. Histograms of AD,,
and ABP values over the four tumor size categories are
reported in Fig. 3a,b for two slice thickness values (c = 3
or 5mm). These histograms confirm larger average and
maximum errors for larger slice thickness. They also show
a higher sensitivity of BP compared to D,,, especially for
small tumor sizes (C;.z classes) where the maximal
uncertainty in the size index varies between 50 and 100 %.
Average and maximal |AD,,| and |ABP| values, in percent
and millimeters, for each tumor size category, are reported
in Tables 1 and 2. From these results, we can summarize
the following observations:

— Larger slice thickness introduces less uncertainty in the
D,, index compared to the BP index.

— For the D,, measure, small tumors are more affected
than large ones. This is especially important when
considering the maximal potential error: 0.3 to 4.0 %
for tumors in categories C,, C;, C4 versus 10.6 to
17.5 % for tumors in category C,. For the BP measure,
all tumor categories are affected by a large maximal
error from 150.3 to 79.7 %.

— Comparing errors for a given scanning condition, the mean
values of errors for ng are statistically similar or smaller
(p < 0.05) than for BP for all tumor size categories.

— A test on the variance of the signed errors shows that the
variances for ABP are statistically different (p < 0.005)

and greater than the variances for Ang for centered

differences (i.e. mean of errors being subtracted), for all
classes except C, for which they are statistically equal
(p < 0.005).

— The means of errors for D,, can explain (p < 0.005)
the means of errors for BP (with different variances).
Means of errors are not 0 and should therefore be
checked with table values provided by such study.

— Regarding the comparison of scanning conditions for a
given index measure, the means of errors clearly
remain larger for BP than for Dﬁq, and both increase
with larger o.

Effect of axial plane orientation

We illustrate in Fig. 2c¢,d the average RMSE values for D,
and BP size indices comparing measures before and after
rotations of the axial plane by an angle o in the range
[—20°4-20°] with a 5° increment. RMSE plots are provided
for different slice thickness values and for the shift of the
position of the first axial slice generating maximal error.
We observed symmetric effects of positive and negative
rotations on the RMSE values. The level of the RMSE for
D,, remains small as the rotation angle increases (between
1.5 and 2.5 % when ¢ = 3mm and between 3 and 4 %
when ¢ = 5Smm). BP however is more affected by the
rotation and reaches a maximal RMSE of 35 % as rotation
angle increases. In all cases, the maximal RMSE for BP
remains higher than the maximal RMSE for ng (5and 8 %
for c = 3 and S5Smm).

Histograms similar to those in Fig. 3 were obtained (but
are not shown in this article) when studying the signed
errors AD,, and ABP for a rotation of the axial plane by an
angle o in the range [—20° + 20°], combined with a slice
thickness increase of 6=3 or Smm. Average and maximal
|AD.,;| and |ABP| values, in percent and millimeters, for
each tumor size category, are reported in Tables 1 and 2.
From these results, we can summarize the following
observations:

— Adding axial plane rotation to large slice thickness
leads to a systematic increase (by 5-11 %) of errors for
the BP index, while the errors for the D,, index remain
stable (increase by 0.1-0.9 %).

— Small tumors are the most affected by axial plane
rotation, for both size index measures.

— Larger slice thickness leads to larger effects of the axial
plane rotation on the uncertainty of the tumor size
index measures.

— Increasing the amplitude of the axial plane rotation can
increase, decrease or preserve the size index measures
D,, and BP, depending on the shape of the tumor.
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Table 1 Average and upper bound uncertainties (in percent) of size index measures with respect to (w.r.t.) different scanning conditions: ¢ = 3

or 5 mm and o in the range [—20°, 20°])

|AD,,| (%) Average Max
C, C, C; Cy C, C, Cs Cy

w.rt. 6 = 3 mm 32 0.8 0.2 0.1 10.6 2.5 1.0 0.3
w.rt. 6 = 3 mm and o 4.1 1.0 0.3 0.1 13.5 3.5 1.0 0.3
w.rt. 6 =5 mm 6.9 1.7 0.6 0.2 17.5 4.0 2.1 0.7
w.rt. o =5 mm and o 7.5 1.9 0.7 0.3 22.8 5.7 2.3 0.8
|ABP| (%)

w.rt. 6 =3 mm 16.0 12.7 7.8 6.1 71.9 52.8 239 14.1
w.r.t. c = 3 mm and o 25.8 24.0 16.1 11.6 94.5 150.3 77.4 37.8
w.rt. c =5 mm 24.3 20.6 14.0 7.3 63.8 79.7 55.0 15.2
w.rt. 6 =5 mm and o 1.6 29.5 20.6 13.2 68.6 121.6 77.4 41.5

Table 2 Average and upper bound uncertainties (in mm and mm?) of size index measures with respect to (w.r.t.) different scanning conditions:

o = 3 or 5 mm and a in the range [—20°, 20°])

|AD,,| (mm) Average Max
C, C, Cs Cy C, C, Cs Cy

w.rt. 6 = 3 mm 0.51 0.23 0.12 0.07 1.97 0.70 0.48 0.23
w.rt. 6 = 3 mm and o 0.65 0.28 0.15 0.09 1.97 1.02 0.48 0.23
w.rt. 6 =5 mm 1.07 0.48 0.29 0.15 3.07 1.0 1.01 0.47
w.rt. o =5 mm and o 1.16 0.54 0.35 0.23 3.35 1.24 1.11 0.53
|ABP|(mm?)

w.r.t. 6 = 3 mm 64 130 211 375 255 458 807 1407
w.rt. 6 = 3 mm and o 110 250 449 663 642 1342 3449 2580
w.r.t. c = 5 mm 100 224 403 430 324 680 2449 1508
w.rt. 6 =5 mm and o 132 316 579 759 633 1410 3449 2960
Discussion As an outcome of our study, we observed that the upper

In this work we presented a study designed to quantify the
uncertainties related to the variability in scanning condi-
tions when measuring brain tumor sizes on MRI. Given the
rare occurrence of the pathology, and the cost of such
study, it is not possible to acquire a large database of MRI
images on low-grade glioma patients scanned with differ-
ent axial plane orientations and slice thicknesses. We
therefore opted for a simulation framework of these two
scanning conditions.

A comprehensive set of experiments, exploiting a large
database of manually segmented low-grade gliomas, was
performed to evaluate the uncertainties of two tumor size
index measures: the bi-dimensional diameter product
index, used for response assessment in neuro-oncology
[8, 10, 14], and the equivalent diameter index, used in
radiological longitudinal monitoring of low-grade glioma
growth [2, 9].
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bounds of measurement variability under varying scanning
conditions highly depend on the size of the tumor. We
summarized these upper bounds expressed in percent
(Table 1) and mm (Table 2), for the two most common
large slice thickness values used in clinical setting (3 and
Smm), dividing the tumors into four volume categories.
These results confirm that the bi-dimensional diameter
product BP is very sensitive to scanning conditions. Hence,
a minor response (defined by a 25 % decrease of BP) might
be observed as a pure effect of variability in scanning
conditions, leading to erroneous classification of a patient as
a responder while the tumor volume is in fact unchanged.
On the other hand, the volume-based index D, shows
greater stability over the different scanning conditions for
all tumor size categories. In particular, it is interesting
to note that the maximal variability of the D,, size index is
close to Imm for tumors with a diameter greater than
20mm (typical size in preoperative screening). This 1mm
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variability sets the limits of the accuracy one can reach
when estimating quantitatively the tumor size evolution on
two longitudinal MRI examinations performed with dif-
ferent orientations of the axial plane. For tumors with
diameter smaller than 20mm (typical size of postoperative
residues), the maximal variability of the D,, size index is
comprised between 2 and 3mm, which precludes any
reliable estimation of growth rates. These results, which
await confirmation on a series of real patients being scan-
ned with FLAIR MRI, highlight the importance of defining
standard guidelines for the choice of the MRI axial plane
orientation and positioning of a reference slice that could
be easily applied across any institution. Automated meth-
ods for reproducible axial slice positioning could be easily
implemented in the near future [15-17]. As a manual
alternative, the axial plane joining the knee to the splenium
of the corpus callosum (on the mid-sagittal view of the
corpus callosum) could define a slice of reference to
acquire, leading to a simple guideline to follow (see
Fig. 1).

Finally, this paper contributes to the enforcement of
volume segmentation methods rather than the currently
recommended two largest diameters method when assess-
ing glioma size evolution on MRI [8, 18]. Initial recom-
mendations to use the two largest diameters method go back
to the time when MRI images were printed and not acces-
sible in the DICOM format. Several studies since then have
demonstrated the unreliability of this method, due to high
inter-observer [10] and intra-observer [19] variability.
Volume segmentation methods can now be easily imple-
mented on any workstation with a DICOM viewer, and such
measure should be part of the standard of care, despite the
fact that it is more time-consuming. Hopefully, advances in
semi-automated brain tumor segmentation tools should help
overcome this limitation.

In conclusion, patient follow up using MRI scans with
large slice thickness (3 mm and above) requires precise
control and replication of the patient’s head position to
quantify tumor growth from size index measures. The two
largest diameters method is not appropriate for large MRI
slice thickness, even when patient’s head position is con-
trolled. The studied volume segmentation method provides
reliable measures for growth quantification of tumors
above a certain size. For small tumors, exact replication of
scanning conditions is mandatory.
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