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Abstract

Purpose

We estimated the volume of vestibular schwannomas by an ice cream cone formula using
thin-sliced magnetic resonance images (MRI) and compared the estimation accuracy
among different estimating formulas and between different models.

Methods

The study was approved by a local institutional review board. A total of 100 patients with
vestibular schwannomas examined by MRI between January 2011 and November 2015
were enrolled retrospectively. Informed consent was waived. Volumes of vestibular schwan-
nomas were estimated by cuboidal, ellipsoidal, and spherical formulas based on a one-com-
ponent model, and cuboidal, ellipsoidal, Linskey’s, and ice cream cone formulas based on a
two-component model. The estimated volumes were compared to the volumes measured
by planimetry. Intraobserver reproducibility and interobserver agreement was tested. Esti-
mation error, including absolute percentage error (APE) and percentage error (PE), was
calculated. Statistical analysis included intraclass correlation coefficient (ICC), linear regres-
sion analysis, one-way analysis of variance, and paired t-tests with P < 0.05 considered sta-
tistically significant.

Results

Overall tumor size was 4.80 £ 6.8 mL (mean tstandard deviation). All ICCs were no less
than 0.992, suggestive of high intraobserver reproducibility and high interobserver agree-
ment. Cuboidal formulas significantly overestimated the tumor volume by a factor of 1.9 to
2.4 (P <0.001). The one-component ellipsoidal and spherical formulas overestimated the
tumor volume with an APE of 20.3% and 29.2%, respectively. The two-component ice
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cream cone method, and ellipsoidal and Linskey’s formulas significantly reduced the APE to
11.0%, 10.1%, and 12.5%, respectively (all P< 0.001).

Conclusion

The ice cream cone method and other two-component formulas including the ellipsoidal and
Linskey’s formulas allow for estimation of vestibular schwannoma volume more accurately
than all one-component formulas.

Introduction

Vestibular schwannomas are benign tumors that arise most commonly from the nerve sheath
of the vestibular portion of cranial nerve VIII [1]. Size of the vestibular schwannomas is a fac-
tor influencing the choice of treatment [2-5]. Small vestibular schwannomas can be either
managed conservatively [6] or treated by radiosurgery [3, 7], while large vestibular schwanno-
mas often require surgical intervention. According to the International RadioSurgery Associa-
tion (IRSA) guidelines, in general, radiosurgery is effective for vestibular schwannomas less
than 3 cm in diameter, while microsurgery is the first choice for vestibular schwannomas
larger than 3 cm in diameter [8]. Tumor size has been used as an important prognostic factor
for preserving cochlear and facial nerve function [5, 9, 10]. Change of tumor size has been
used as an indicator of treatment response [11]. Moreover, it must be followed in patients
receiving either conservative or aggressive treatments [10, 12].

In vestibular schwannomas, tumor volume can be measured based on slice-by-slice plani-
metry [13, 14]. Although planimetry has been regarded as the standard method in measuring
vestibular schwannoma volume, it is rather time-consuming [15] and not convenient in daily
practice. Alternatively, the tumor size can be estimated rapidly based on cuboidal [16, 17],
spherical [18], or ellipsoidal [13-15, 17, 19-23] formulas based on either one- [16, 19, 23] or
two- [18, 24-28] component model. Despite the increasing use of volume-estimating formulas,
estimation accuracy among these formulas has, to our knowledge, never been verified in a
single study to date. We hypothesized that the estimation accuracy will be different among
formulas based on different assumption of shapes and be different between one- and two-com-
ponent models. We estimated the volume of vestibular schwannomas by an ice cream cone
formula using thin-sliced MRIs and compared the estimation accuracy among different esti-
mating formulas and between different models.

Materials and methods
Patient population

This retrospective study was approved by the institutional review board of the Tri-Service
General Hospital. Written informed consent was waived because of the retrospective nature.
Between January 2011 and November 2015, a total of 137 patients diagnosed with vestibular
schwannoma underwent brain magnetic resonance imaging (MRI) at our hospital. Patients
with bilateral lesions (n = 2), solely intracanalicular lesions (n = 20), or ill-defined margins
(n = 3), or without thin slice sequences (n = 12) were excluded (S1 Fig). Finally, a total of 100
patients were enrolled into this study (41 men and 59 women; age range, 22-92 years; mean
age + standard deviation, 54.7 + 14.8 years). Demographic characteristics of the 100 patients
are shown in Table 1.
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Table 1. Demographic characteristics of 100 patients with vestibular schwannoma.

Age (years) Mean 54.8
Maximal 92
Minimal 22
Sex Male 41
Female 59
Lesion side Right 49
Left 51
Groups of tumor volume Small (<1.0 mL) 34
Medium (1.0~4.0 mL) 33
Large (>4.0 mL) 33

https://doi.org/10.1371/journal.pone.0192411.t001

Image acquisition

MRI protocols for the study patients were shown in S1 Table. Tumor volume was measured in
the axial plane on thin-slice contrast-enhanced T1-weighted images (T1WI) in 83 patients and
on either fast imaging employing steady-state acquisition-cycled phases (FIESTA-C) or bal-
anced fast field echo sequences (bFFE) in the others. Slice thickness ranged from 0.8 to 2 mm,
including 16 2D images with a slice thickness of 0.9 to 2 mm with zero gap, and 84 3D images
with a slice thickness of 0.8 to 1.4 mm zero interpolated (ZIP) by a factor of 2 to approximately
0.4 to 0.7 mm.

Tumor volume calculation

All measurements were performed using a picture archiving and communication system
(PACS; EBM Technology, Taipei, Taiwan). Tumor volume calculated by planimetry was
regard as standard in this study. The tumor was outlined manually slice-by-slice using polygo-
nal region-of-interest (ROI). The area of each ROI was calculated automatically by the PACS
viewer (EBM viewer; EBM Technology). The tumor volume then was calculated by multiply-
ing the summation of the areas by the slice thickness.

The tumor volume was estimated based on one- and two-component models, respectively.
Cartoon illustrations of a vestibular schwannoma with measurements for the tumor volume
estimation in the one- and two-component models were depicted in Figs 1 and 2, respectively.
Conceptually, the vestibular schwannoma was separated into extracanalicular and intracanali-
cular components. In the one-component model, the tumor volume was estimated for the
whole tumor and solely the extracanalicular component using cuboidal, ellipsoidal, and spheri-
cal formulas, respectively. In the two-component model, the volumes of extra- and intracanali-
cular components were estimated independently using ice cream cone, cuboid, ellipsoid, and
Linskey’s formula, respectively. All formulas used for tumor volume estimation were demon-
strated in Table 2.

The tumor volume estimated by each of the aforementioned formulas was generated auto-
matically by Microsoft Excel 2010 after manually keying in parameters including slice thick-
ness, slice number, diameters, and the area of each slice containing the tumor.

Intraobserver reproducibility and interobserver agreement

Tumor volume was estimated independently by two observers under the supervision of C.J.J.

(more than 10 years of experience in neuroradiology). Observer 1 (H.H.H., four years of radi-
ology residency) performed all measurements twice at an interval of three months to examine
the intraobserver reproducibility. Observer 2 (Y.H.L., three years of radiology residency) only
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Fig 1. Cartoon illustration of one-component formulas on the axial plane. (a) A vestibular schwannoma is divided conceptually into intra- and
extracanalicular components. (b) The intra- and extracanalicular components are included in the volume calculation. (c) Only the extracanalicular
component is included in the volume calculation. In (b) and (c), parameter A is the largest diameter of the tumor on the axial plane, parameter B is the
largest diameter perpendicular to parameter A on the axial plane, and parameter C (not shown in this Fig) is the height calculated by the product of slice
thickness and the number of slices containing the tumor.

https://doi.org/10.1371/journal.pone.0192411.g001

estimated the tumor volume by the ABC/2 formula and the ice cream cone method once in 30
randomly selected cases to examine the interobserver agreement.

Analysis of estimation error

Estimation errors were expressed by percentage error (PE), which was defined as [(estimated
volume—standard volume) / standard volume] x100%, and absolute percentage error (APE),

Jf& J(\\\ N

a. b. C.

Fig 2. Cartoon illustration of two-component formulas on the axial plane. (a) In the ice cream cone formula, the tumor is separated into cone and
ball components. An axial line is drawn along the axis of the internal acoustic canal (IAC), and then a base line is drawn from the posterior margin of
the internal orifice of the IAC and perpendicular to the axial line. The height of the cone (parameter H) is derived from the axial line, and the diameter
of the base of the cone (parameter D) is derived from the base line. (b) In Linskey’s method, parameter X represents the cross-sectional diameter of the
midpoint of the bony edges of the IAC, and parameter Y is the length of the IAC. (c) In the two-component ellipsoidal or cuboidal method, parameter

a” is the longest dimension of the intracanalicular component, parameter “b” is perpendicular to “a,” and parameter “c” (not shown in this figure) is
the height of the intracanalicular component.

https://doi.org/10.1371/journal.pone.0192411.9002
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Table 2. Formulas to estimate tumor volume based on the one- and two-component models.

Model Assumption Formula
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Note: A, maximal diameter of the tumor on axial image; abc, length, width, and height of the intracanalicular
component of the tumor; B, the maximal diameter orthogonal to A on the axial image; C, height of the tumor
calculated by the product of slice thickness and the number of slices containing the tumor; D,, averaged diameter; D,
diameter of base of the “cone portion”; H, height of the “cone portion”; V, tumor volume; V;, volume of
intracanalicular component of tumor; V., volume of extracanalicular component of tumor; X, cross-sectional

diameter of midpoint of the intracanalicular canal; Y, length of the intracanalicular canal.

https://doi.org/10.1371/journal.pone.0192411.t1002

which was defined as absolute value of PE. Mean PE and mean APE were used to represent the
bias and prediction accuracy of measurements, respectively.

Statistical analyses

Statistical analyses were performed using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). Linear
regression analysis was used to evaluate the relationship between all estimating formulas and
planimetry. Intraclass correlation coefficients (ICC) and Bland-Altman plots were applied to
evaluate the intraobserver reproducibility and interobserver agreement. One-way analysis of
variance plus post hoc analysis with Tukey correction and paired ¢-test were used for group
comparisons. P < 0.05 was defined as statistically significant.

Results
Standard and estimated tumor volumes

The tumor volumes calculated by planimetry and estimated by different formulas based on
one- and two-component models were shown in Table 3. Cuboidal formulas significantly
overestimated the tumor volume relative to planimetry (4.8 mL) no matter based on the one-
component (11.75 mL using the whole tumor for estimation, P < 0.001; 9.32 mL using the
extracanalicular component to represent the tumor, P = 0.007) or two-component (10.26 mL,
P =0.001) model. Estimates obtained from the other formulas did not differ from planimetry
regarding the tumor volume. Linear regression analysis showed a significantly positive correla-
tion between the estimated tumor volume using any estimating formula and the standard
tumor volume (all R* > 0.980; P < 0.001).
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Table 3. Tumor volumes measured by planimetry and estimated by one- and two-component formulas.

Model Formula Volume Mean volume SD P value Mean APE SD Mean PE SD
Planimetry \A 4.8 6.78
One-component C Vi 11.75 16.6 <0.001 140.5 31.0 140.5 31.0
Vee 9.32 15.11 0.007 65.2 36.2 57.1 48.1
18 Vi 5.88 8.3 0.893 21.8 13.2 20.3 15.5
Vec 4.66 7.55 1.000 24.7 20.7 -21.5 24.0
S Vi 6.05 8.45 0.845 29.2 17.3 28.6 18.2
Vec 4.84 7.8 1.000 22.0 19.9 -17.3 24.2
Two-component Ice cream cone V. 5.25 7.85 0.998 11.0 10.5 1.6 15.1
Linskey’s (S+E) Vi 5.43 8.26 0.991 12.4 10.6 7.1 14.8
C+C \£ 10.26 15.35 0.001 111.4 23.9 111.4 23.9
E+E V. 5.13 7.68 0.999 10.0 8.6 5.7 11.9

APE, absolute percentage error; C, cuboidal; E, ellipsoidal; PE, percentage error; S, spherical; SD, standard deviation; V, total tumor volume; V.., volume of

extracanalicular component of tumor.

https://doi.org/10.1371/journal.pone.0192411.t003

Intraobserver reproducibility and interobserver agreement

On Bland-Altman plots (Figs 3 and 4), all data fell within the acceptable ranges and most of
them were close to zero. In relative quantification, 95% limits of agreement shown as average
difference + 1.96 standard deviation of the difference were -11.8% to 10.5% (-0.7 + 11.2%) for
planimetry, -22.1% to 15.7% (-3.2 + 18.9%) for the ABC/2 formula, and -22.9% to 22.9%

(0.0 £22.9%) for the ice cream cone method in intraobserver analysis, as well as -32.4% to
21.9% (-5.3 £ 27.1%) for the ABC/2 formula and -27.4% to 30.0% (1.3 + 28.7%) for the ice
cream cone method in interobserver analysis. There was a trend of higher difference in large-
sized tumors and higher difference-to-average ratio in small-sized tumors.

ICC:s of the tumor volume between the first and second measurements of observer 1 were
0.999, 0.997, and 0.997 for planimetry, and the ellipsoidal and ice cream cone formulas, respec-
tively. The ICCs of the tumor volume between the measurements of observers 1 and 2 were
0.992 for both ellipsoidal and ice cream cone formulas. Bland-Altman plots and ICCs sug-
gested high intraobserver reproducibility and high interobserver agreement.

APE and PE

Estimation errors of all formulas based on one- and two-component models were shown in
Figs 5 and 6, respectively. In the one-component model, all formulas demonstrated a positive
mean PE using the whole tumor for calculation, suggesting overestimation of the tumor vol-
ume. When the extracanalicular component was used to represent the tumor for calculation,
the cuboidal formula still had a positive mean PE, while the ellipsoidal and spherical formu-
las showed a negative mean PE. This finding suggested that the cuboidal formula overesti-
mated the tumor volume, while the ellipsoidal and spherical formulas underestimated the
tumor volume. The ellipsoidal formula showed significantly lower APE and PE than the
spherical formula regardless of whether the whole tumor was used for calculation or not

(P < 0.05). The ellipsoidal formula did not differ from the spherical formula in either APE or
PE (P = 0.66-0.77) using the extracanalicular component for calculation. On the other hand,
the cuboidal formula showed significantly higher APE than the ellipsoidal and spherical for-
mulas regardless of whether the whole tumor or the extracanalicular component was used
for calculation (P < 0.001).
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Fig 3. Bland-Altman plots demonstrate intraobserver reproducibility of (a, b) planimetry, and the (c, d)
ellipsoidal and (e, f) ice cream cone formulas, with difference and difference-to-average ratio as the Y axis,
respectively. Note: SD, standard deviation.

https://doi.org/10.1371/journal.pone.0192411.9003

PE of the cuboidal formula was more distant from zero than that for the ellipsoidal and
spherical formulas (P < 0.001), suggesting higher bias introduced by the cuboidal formula.
APE using the extracanalicular component was significantly lower than that using the whole
tumor for calculation in the cuboidal and spherical formulas (both P < 0.05) but not in the
ellipsoidal formula (P = 0.32). PE using the extracanalicular component was significantly
lower than that using whole tumor for calculation in all formulas (all P < 0.001). In addition,
the ellipsoidal and spherical formulas significantly underestimated tumor size using the extra-
canalicular component for calculation in contrast to overestimation of tumor size using the
whole tumor for calculation.

In the two-component model, the cuboidal formula showed significantly higher APE and
PE than the ellipsoidal, Linskey’s, and ice cream cone formulas (all P < 0.001). The ice cream
cone formula showed similarly lower APE and PE as the ellipsoidal and Linskey’s formulas.
A comparison of APE and PE between one- and two-component formulas was shown in Fig
7. Compared to the one-component model, the two-component model using the ice cream
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Fig 4. Bland-Altman plots demonstrate interobserver agreement of the (a, b) ellipsoidal and (c, d) ice cream cone formulas,
with difference and difference-to-average ratio as the Y axis, respectively. Note: SD, standard deviation.

https://doi.org/10.1371/journal.pone.0192411.9g004

cone formula had significantly lower APE regardless of whether the whole tumor or the
extracanalicular component was used for calculation (both P < 0.001). Taking PE into con-
sideration, the one-component model using the whole tumor for calculation overestimated
tumor size significantly than the two-component model using the ice cream cone formula
(P < 0.001). On the contrary, the one-component model using the extracanalicular compo-
nent for calculation underestimated tumor size significantly more than did the ice cream
cone formula (P < 0.001).

In the 17 cases of non-enhanced MR imaging, smaller size and higher APE and PE of
the ice cream cone method were found (volume 3.0 + 4.1 mL, APE 12.3 + 12.5% and PE
6.2 + 16.6%) than that of the other 83 cases with contrast-enhanced images (volume 5.2 + 7.2
mL, APE 10.7 + 10.0%, and PE 0.7 + 14.8%) but without statistical significance (P = 0.229,
0.569, 0.172 for volume, APE, and PE, respectively).

Relationship between estimation errors (APE and PE) and tumor size

In the one-component model using the extracanalicular component to represent the tumor,
APE was correlated significantly positively with standard tumor volume (y = 3.135x + 50.126;
r* = 0.334, P < 0.001) using the cuboidal formula, and significantly negatively with standard
tumor volume using the ellipsoidal (y = -1.317x + 30.978, r* = 0.186, P < 0.001) and spherical
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Fig 5. Comparisons of estimation errors among cuboidal, ellipsoidal, and spherical formulas based on one-
component model regarding (a) APE and (b) PE. Note: *P < 0.05; **P < 0.001.

https://doi.org/10.1371/journal.pone.0192411.9005

(y = -1.070x + 27.162, r* = 0.132, P < 0.001) formulas. There was no correlation between APE
and standard tumor volume (P = 0.16-0.90) in all formulas based on the one-component
model using the whole tumor for calculation and all formulas based on the two-component
model.
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Fig 6. Comparisons of estimation errors among cuboidal, ellipsoidal, Linskey’s and ice cream cone formulas
based on two-component model regarding (a) APE and (b) PE. Note: *P < 0.05; **P < 0.001.
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PE was correlated significantly positively with standard tumor volume using the cuboidal
(y = 3.917x + 38.255, r* = 0.305, P < 0.001), ellipsoidal (y = 1.959x — 30.873, r* = 0.305,
P < 0.001) and spherical (y = 1.905x — 26.443, * = 0. 285, P < 0.001) formulas in the one-com-
ponent model with the extracanalicular component used to represent the tumor, as well as
using the Linskey’s (y = 0.646x + 3.994, * = 0. 294, P = 0.003) and ice cream cone (y = 0.815x
~2.321, 7% =0. 113, P < 0.001) formulas in the two-component model.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192411

February 13,2018 10/16


https://doi.org/10.1371/journal.pone.0192411.g006
https://doi.org/10.1371/journal.pone.0192411

@’PLOS | ONE

Vestibular schwannomas: Accuracy of tumor volume estimation

40 A

20 A

Error(%)

-30 -

* %

%k

* %

B APE
OPE

One component (V,) One component (V,.) Two component

Fig 7. Comparisons of estimation errors among one-component ellipsoidal formulas using whole tumor and extracanalicular components of
tumor, and two-component ice cream cone formula regarding (a) APE and (b) PE. Note: **P < 0.001; V,, volume of the whole tumor; V., volume of
the extracanalicular component of tumor.
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Discussion

Planimetry is rather time-consuming and manpower demanding especially for large tumors
[10] although it has served as the standard method in many studies of volumetric measure-
ment of vestibular schwannomas [10, 13, 17, 20, 21, 23, 29-32]. Our previous study has
shown significantly longer measurement time for planimetry (551 + 330 seconds) than for
ellipsoid formula (48 + 9 seconds) on thin-sliced MR images [33]. Therefore, estimation of
tumor volume is considered beneficial for obtaining volume information of vestibular
schwannoma faster and easier than planimetry in daily practice. Several methods have been
increasingly applied to estimate the volume of vestibular schwannomas, including cuboidal
[16, 17, 28], spherical [18, 24-26], and ellipsoidal [13-15, 19-23, 34] formulas no matter
using either one- [16, 19, 23] or two-component models [18, 24-28]. In our study, an ice
cream cone method was proposed to estimate the volume of vestibular schwannoma. Our
study further compared results of the ice cream cone formula to those of the cuboidal,
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spherical, and ellipsoidal formulas based on one- and two-component models. Our study
demonstrated that all formulas gave high and positive correlations with planimetry in esti-
mating vestibular schwannoma volume regardless of whether the one- or two-component
model was used. Our results are consistent with those of Yu et al. [13], which showed a high
correlation between the ellipsoidal (ABC/2) formula and planimetry. In addition, our study
also examined the intraobserver reproducibility and interobserver agreement of estimating
methods, showing sufficiently high intraobserver reproducibility and interobserver agree-
ment both qualitatively and quantitatively.

In the Bland-Altman analysis, it is not surprised that the inter- and intraobserver variations
were higher in smaller size tumor due to the limitation of the minimal unit of measurement
(0.01cm for diameter and 0.01mL for volume). The 95% limits of intraobserver agreements of
planimetry were +11.2%, which were within, and even better than, the range of previous stud-
ies [15, 31]. The estimating formulas, such as the ABC/2 formula and ice cream cone method
which were calculated by multiple linear measurements of diameters, introduced larger intra-
and interobserver variances with 95% limits of intra- and interobserver agreements ranging
from +18.9 to £28.7%. However, the variances were even comparable to those of the planime-
try in previous studies (22.1% to 26%) [15, 31].

Whether the tumor volume is estimated accurately is an important issue. However, it rarely
has been noticed in contrast with the increasing use of estimating formulas for vestibular
schwannomas. For example, Abaza et al. [16] used the cuboidal formula to determine the
tumor volume of vestibular schwannomas using the one-component model in 1996 and Baser
et al. [28] used the two-component model in 2002 without any concern for its inaccuracy in
volume estimation. It was until 2012 when Walz et al. [17] cubed the maximal linear dimen-
sion and concluded it to be inaccurate for volume estimation. We found that the formula used
by Walz et al. overestimates the tumor volume by a factor of 6.8 on a meta-analysis. Our results
showed a significant overestimation of the tumor volume using the cuboidal formula by a fac-
tor of 1.9 to 2.4 using the one-component model and 2.1 using the two-component model.
The method of Walz et al. [17] overestimates the tumor size even more than the cuboidal for-
mula by multiplying three orthogonal diameters of the tumor as in our study. The ellipsoidal
formula (also called the ABC/2 formula) has been applied increasingly to estimate the volume
of vestibular schwannomas since 2000 [13-15, 17, 19-22]. The ellipsoidal formula has been
shown to overestimate the volume of a non-ellipsoidal object, such as an irregularly shaped
intracerebral hematoma [35-38]. Prior studies have shown a wide variation of overall estima-
tion errors ranging from 37% overestimation [19] to 15.6% underestimation [21] for vestibular
schwannoma. Such discrepancy is can be attributed partly to whether the intracanalicular
component of the tumor is included or not. Theoretically, inclusion of the intracanalicular
component of vestibular schwannoma will lead to overestimation of tumor volume, while its
exclusion might cause underestimation of tumor volume. In our study, an overall 20.3% over-
estimation of tumor volume was encountered with the ellipsoidal formula when the whole
tumor was estimated. On the contrary, the overall tumor volume was underestimated by
21.5% when only the extracanalicular component was used for estimation. Our results are con-
sistent with those of prior studies showing 35% to 37% overestimation when the whole tumor
was estimated [15, 19], and with those showing 4.1% to 15.6% underestimation when only the
extracanalicular component was used for estimation [13, 19, 21]. Similar to the ellipsoidal for-
mula, the spherical formula similarly overestimated the tumor volume by 28.6% when the
whole tumor was estimated and underestimated the tumor volume by 17.3% when only the
extracanalicular component was used for estimation.

Compared to all formulas based on the one-component model, the ice cream cone formula
and other two-component formulas significantly reduced the APE. Excluding the cuboidal
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formula, two-component formulas reduced the APE approximately by half. The ice cream
cone formula did not differ from Linskey’s formula or the ellipsoidal formula regarding either
APE or PE. Our results suggest that the ice cream cone formula is equivalent to Linskey’s for-
mula and the ellipsoidal formula and it allows for more accurate estimation of vestibular
schwannoma volume than all one-component formulas regardless of whether the whole
tumor or the extracanalicular component is used for estimation.

In the one-component model using the ellipsoidal and spherical formulas and using the
extracanalicular component to represent the tumor, APE was correlated significantly nega-
tively with standard tumor volume because the intracanalicular component occupied more
percentage of the whole tumor when the tumor was smaller, causing more underestimation.
On the other hand, there was almost always overestimation of tumor volume when the cuboi-
dal formula was used, thus the effect of underestimation caused by using the extracanalicular
component to represent the tumor could partially neutralize the overestimation of the cuboi-
dal formula, causing lower APE. There was no correlation between APE and standard tumor
volume in all formulas based on the one-component model using the whole tumor for calcula-
tion and all formulas based on the two-component model. However, PE was correlated signifi-
cantly positively with standard tumor volume using the cuboidal ellipsoidal and spherical
formulas in the one-component model with the extracanalicular component used to represent
the tumor, as well as using the Linskey’s and ice cream cone formulas in the two-component
model, which meant a tendency of overestimation in large-sized tumors and underestimation
in small-sized tumors. It is assumed to be caused by two reasons. First, the tumor tends to be
more irregularly-shaped when the tumor is larger, causing more overestimation. In the studies
of volume estimation of intracerebral hematoma [36, 37], similar tendency were found. Sec-
ond, in the two-component model, when the tumor is small, the intracanalicular component
often tends to be more likely to be ellipsoidal, rather than cone-shaped, which caused underes-
timation of the tumor size when the cone formula was used to estimate the volume of an
ellipsoid.

To our knowledge, correlation of different estimation methodologies with the exact tumor
volumes of acoustic neuromas at surgery has never been reported yet. Although the planimetry
was regarded as the gold standard in our study, the volume it provided was still a mathematical
estimate. Although all the two-component formulas, except the cuboidal formula, showed sig-
nificantly lower APE and PE than that of the one-component formulas when using planimetry
as the gold standard, we did not know for sure whether this observation holds true if the exact
tumor volumes at surgery were used as a reference. On the other hand, tumor volumes esti-
mated by ellipsoidal and spherical formulas based on one-component model were not differ-
ent from those estimated by two-component formulas in our study.

Some software products have been developed to allow quick volumetric measurements.
However, these products are not available everywhere and often require learning to use the
functions. In contrast, in the ice cream bone method, it is easy to measure four individual vari-
ables and simple to compute the tumor volume using the formula created on either Microsoft
Excel, which is a popular software and easy to be used, or OpenOffice Calc, which is a free
software.

Our study has four limitations. First, MRI protocols used in our study were not uniform.
While some patients received thin-sliced contrast-enhanced T1WI, others received steady
state imaging sequences without contrast enhancement. It is known that steady state imaging
sequences demonstrate much poorer soft tissue contrast than contrast-enhanced T1WI. Nev-
ertheless, steady state imaging sequences allow for better soft tissue-fluid contrast than con-
trast-enhanced T1WI for edge recognition and volume estimation. The tumor volume as well
as the APEs and PEs of the ice cream cone method measured on the non-enhanced images did
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not differ from those measured on contrast-enhanced images in our study. Second, due to the
lack of coronal thin-sliced images, the height of the lesion (dimension C) was calculated by the
product of slice thickness and the number of slices containing the tumor, instead of directly
measuring the height on coronal images. This may be a potential source of error. Third, the
two observers of our study were residents under the supervision of the same senior neuroradi-
ologist who judged about whether the ROI was properly drawn or not. It makes this compari-
son not exactly "interobserver". Nevertheless, the supervisor did not draw the ROI himself.
Finally, our study was retrospective and did not provide longitudinal follow-up. A prospective
study to evaluate the temporal evolution of volume of vestibular schwannoma after treatment
with consideration of the accuracy and precision of volume estimating tool is warranted.

Conclusion

The ice cream cone method and other two-component formulas including the ellipsoidal and
Linskey’s formulas allow for estimation of vestibular schwannoma volume more accurately
than all one-component formulas.

Supporting information
S1 Fig. Schematic of patient enrollment.

(TIF)

S1 Table. MRI protocol of the 100 cases of vestibular schwannomas.
(DOCX)

Author Contributions

Conceptualization: Hsing-Hao Ho, Chih-Wei Wang, Yi-Lin Yu, Dueng-Yuan Hueng, Hsin-I
Ma, Chun-Jung Juan.

Data curation: Hsing-Hao Ho, Ya-Hui Li, Jih-Chin Lee.
Formal analysis: Hsing-Hao Ho, Hsin-I Ma, Chun-Jung Juan.
Investigation: Hsing-Hao Ho, Hsin-I Ma, Chun-Jung Juan.

Methodology: Hsing-Hao Ho, Chih-Wei Wang, Yi-Lin Yu, Dueng-Yuan Hueng, Chun-Jung
Juan.

Supervision: Jih-Chin Lee, Dueng-Yuan Hueng, Hsin-I Ma, Hsian-He Hsu, Chun-Jung Juan.
Writing - original draft: Hsing-Hao Ho.

Writing - review & editing: Hsin-I Ma, Chun-Jung Juan.

References

1. Goldberg HI. Extraaxial brain tumors. In: Atlas SW, editor. Magnetic resonance imaging of the brain and
spine. New York: Raven Press; 1991. p. 327-77.

2. Al Sanosi A, Fagan PA, Biggs ND. Conservative management of acoustic neuroma. Skull Base. 2006;
16(2):95-100. Epub 2006/11/02. https://doi.org/10.1055/s-2006-934112 PMID: 17077873.

3. Chen JC, Girvigian MR. Stereotactic radiosurgery: indications and results—part 2. Perm J. 2006; 10
(1):9-15. Epub 2006/04/01. PMID: 21519448.

4. Tan M, Myrie OA, Lin FR, Niparko JK, Minor LB, Tamargo RJ, et al. Trends in the management of ves-
tibular schwannomas at Johns Hopkins 1997—-2007. Laryngoscope. 2010; 120(1):144—9. Epub 2009/
10/31. https://doi.org/10.1002/lary.20672 PMID: 19877188.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192411 February 13,2018 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192411.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192411.s002
https://doi.org/10.1055/s-2006-934112
http://www.ncbi.nlm.nih.gov/pubmed/17077873
http://www.ncbi.nlm.nih.gov/pubmed/21519448
https://doi.org/10.1002/lary.20672
http://www.ncbi.nlm.nih.gov/pubmed/19877188
https://doi.org/10.1371/journal.pone.0192411

@° PLOS | ONE

Vestibular schwannomas: Accuracy of tumor volume estimation

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Falcioni M, Fois P, Taibah A, Sanna M. Facial nerve function after vestibular schwannoma surgery. J
Neurosurg. 2011; 115(4):820-6. Epub 2011/06/21. https://doi.org/10.3171/2011.5.JNS101597 PMID:
21682562.

Kaltoft M, Stangerup SE, Caye-Thomasen P. Facial nerve function after vestibular schwannoma sur-
gery following failed conservative management. Neurosurgery. 2012; 70(2):278-82; discussion 82.
https://doi.org/10.1227/NEU.0b013e31822f7d5f PMID: 21808214.

Pellet W, Regis J, Roche PH, Delsanti C. Relative indications for radiosurgery and microsurgery for
acoustic schwannoma. Adv Tech Stand Neurosurg. 2003; 28:227—-82; discussion 82—4. Epub 2003/03/
12. PMID: 12627811.

Stereotactic Radiosurgery for Patients with Vestibular Schwannomas [Internet]. 2006.

Bloch O, Sughrue ME, Kaur R, Kane AJ, Rutkowski MJ, Kaur G, et al. Factors associated with preserva-
tion of facial nerve function after surgical resection of vestibular schwannoma. J Neurooncol. 2011; 102
(2):281-6. https://doi.org/10.1007/s11060-010-0315-5 PMID: 20694574

Li D, Tsimpas A, Germanwala AV. Analysis of vestibular schwannoma size: A literature review on con-
sistency with measurement techniques. Clin Neurol Neurosurg. 2015; 138:72—7. Epub 2015/08/19.
https://doi.org/10.1016/j.clineuro.2015.08.003 PMID: 26282911.

Plotkin SR, Halpin C, Blakeley JO, Slattery WH 3rd, Welling DB, Chang SM, et al. Suggested response
criteria for phase Il antitumor drug studies for neurofibromatosis type 2 related vestibular schwannoma.
J Neurooncol. 2009; 93(1):61-77. https://doi.org/10.1007/s11060-009-9867-7 PMID: 19430883.

Nakamura H, Jokura H, Takahashi K, Boku N, Akabane A, Yoshimoto T. Serial follow-up MR imaging
after gamma knife radiosurgery for vestibular schwannoma. AJNR Am J Neuroradiol. 2000; 21
(8):1540-6. PMID: 11003293.

Yu YL, Lee MS, Juan CJ, Hueng DY. Calculating the tumor volume of acoustic neuromas: comparison
of ABC/2 formula with planimetry method. Clin Neurol Neurosurg. 2013; 115(8):1371-4. Epub 2013/02/
05. https://doi.org/10.1016/j.clineuro.2012.12.029 PMID: 23375462.

Varughese JK, Wentzel-Larsen T, Vassbotn F, Moen G, Lund-Johansen M. Analysis of vestibular
schwannoma size in multiple dimensions: a comparative cohort study of different measurement tech-
niques. Clin Otolaryngol. 2010; 35(2):97—103. https://doi.org/10.1111/j.1749-4486.2010.02099.x PMID:
20500578.

Cross JJ, Baguley DM, Antoun NM, Moffat DA, Prevost AT. Reproducibility of volume measurements of
vestibular schwannomas—a preliminary study. Clin Otolaryngol. 2006; 31(2):123-9. https://doi.org/10.
1111/j.1749-4486.2006.01161.x PMID: 16620331.

Abaza MM, Makariou E, Armstrong M, Lalwani AK. Growth rate characteristics of acoustic neuromas
associated with neurofibromatosis type 2. Laryngoscope. 1996; 106(6):694—9. PMID: 8656953.

Walz PC, Bush ML, Robinett Z, Kirsch CF, Welling DB. Three-dimensional segmented volumetric anal-
ysis of sporadic vestibular schwannomas: comparison of segmented and linear measurements. Otolar-
yngol Head Neck Surg. 2012; 147(4):737-43. Epub 2012/05/17. https://doi.org/10.1177/
0194599812447766 PMID: 22588731.

Linskey ME, Lunsford LD, Flickinger JC. Neuroimaging of acoustic nerve sheath tumors after stereo-
taxic radiosurgery. AUNR Am J Neuroradiol. 1991; 12(6):1165-75. Epub 1991/11/01. PMID: 1763744.

Yamada |, Tsunoda A, Noguchi Y, Komatsuzaki A, Shibuya H. Tumor volume measurements of acous-
tic neuromas with three-dimensional constructive interference in steady state and conventional spin-
echo MR imaging. J Magn Reson Imaging. 2000; 12(6):826—-32. PMID: 11105020.

van de Langenberg R, de Bondt BJ, Nelemans PJ, Baumert BG, Stokroos RJ. Follow-up assessment of
vestibular schwannomas: volume quantification versus two-dimensional measurements. Neuroradiol-
ogy. 2009; 51(8):517—24. Epub 2009/05/07. https://doi.org/10.1007/s00234-009-0529-4 PMID:
19418046.

Roche PH, Robitail S, Regis J. Two- and three dimensional measures of vestibular schwannomas and
posterior fossa—implications for the treatment. Acta Neurochir (Wien). 2007; 149(3):267-73; discus-
sion 73. Epub 2007/03/08. https://doi.org/10.1007/s00701-006-1093-x PMID: 17342379.

Bathla G, Case BM, Berbaum K, Hansen MR, Policeni B. Vestibular Schwannomas: Do Linear and Vol-
umetric Parameters on MRI Correlate With Hearing Loss? Otol Neurotol. 2016; 37(8):1168-73. https://
doi.org/10.1097/MAQ.0000000000001150 PMID: 27466888.

Bathla G, Policeni B, Hansen MR, Berbaum K. Calculating the Tumor Volumes in Vestibular Schwanno-
mas: Are the ABC/2 and Volumetric Methods Comparable? Otol Neurotol. 2017; 38(6):889-94. https://
doi.org/10.1097/MAO.0000000000001423 PMID: 28394785.

Linskey ME, Flickinger JC, Lunsford LD. Cranial nerve length predicts the risk of delayed facial and tri-
geminal neuropathies after acoustic tumor stereotactic radiosurgery. Int J Radiat Oncol Biol Phys.
1993; 25(2):227-33. Epub 1993/01/15. PMID: 8420870.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192411 February 13,2018 15/16


https://doi.org/10.3171/2011.5.JNS101597
http://www.ncbi.nlm.nih.gov/pubmed/21682562
https://doi.org/10.1227/NEU.0b013e31822f7d5f
http://www.ncbi.nlm.nih.gov/pubmed/21808214
http://www.ncbi.nlm.nih.gov/pubmed/12627811
https://doi.org/10.1007/s11060-010-0315-5
http://www.ncbi.nlm.nih.gov/pubmed/20694574
https://doi.org/10.1016/j.clineuro.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26282911
https://doi.org/10.1007/s11060-009-9867-7
http://www.ncbi.nlm.nih.gov/pubmed/19430883
http://www.ncbi.nlm.nih.gov/pubmed/11003293
https://doi.org/10.1016/j.clineuro.2012.12.029
http://www.ncbi.nlm.nih.gov/pubmed/23375462
https://doi.org/10.1111/j.1749-4486.2010.02099.x
http://www.ncbi.nlm.nih.gov/pubmed/20500578
https://doi.org/10.1111/j.1749-4486.2006.01161.x
https://doi.org/10.1111/j.1749-4486.2006.01161.x
http://www.ncbi.nlm.nih.gov/pubmed/16620331
http://www.ncbi.nlm.nih.gov/pubmed/8656953
https://doi.org/10.1177/0194599812447766
https://doi.org/10.1177/0194599812447766
http://www.ncbi.nlm.nih.gov/pubmed/22588731
http://www.ncbi.nlm.nih.gov/pubmed/1763744
http://www.ncbi.nlm.nih.gov/pubmed/11105020
https://doi.org/10.1007/s00234-009-0529-4
http://www.ncbi.nlm.nih.gov/pubmed/19418046
https://doi.org/10.1007/s00701-006-1093-x
http://www.ncbi.nlm.nih.gov/pubmed/17342379
https://doi.org/10.1097/MAO.0000000000001150
https://doi.org/10.1097/MAO.0000000000001150
http://www.ncbi.nlm.nih.gov/pubmed/27466888
https://doi.org/10.1097/MAO.0000000000001423
https://doi.org/10.1097/MAO.0000000000001423
http://www.ncbi.nlm.nih.gov/pubmed/28394785
http://www.ncbi.nlm.nih.gov/pubmed/8420870
https://doi.org/10.1371/journal.pone.0192411

@° PLOS | ONE

Vestibular schwannomas: Accuracy of tumor volume estimation

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kondziolka D, Lunsford LD, McLaughlin MR, Flickinger JC. Long-term outcomes after radiosurgery for
acoustic neuromas. N Engl J Med. 1998; 339(20):1426—33. Epub 1998/11/13. https://doi.org/10.1056/
NEJM199811123392003 PMID: 9811917.

Kondziolka D, Subach BR, Lunsford LD, Bissonette DJ, Flickinger JC. Outcomes after gamma knife
radiosurgery in solitary acoustic tumors and neurofibromatosis Type 2. Neurosurg Focus. 1998; 5(3):
e2. Epub 2006/11/23. PMID: 17112219.

Flickinger JC, Lunsford LD, Linskey ME, Duma CM, Kondziolka D. Gamma knife radiosurgery for
acoustic tumors: multivariate analysis of four year results. Radiother Oncol. 1993; 27(2):91-8. Epub
1993/05/01. PMID: 8356233.

Baser ME, Makariou EV, Parry DM. Predictors of vestibular schwannoma growth in patients with neuro-
fibromatosis Type 2. J Neurosurg. 2002; 96(2):217-22. https://doi.org/10.3171/jns.2002.96.2.0217
PMID: 11838793.

Vokurka EA, Herwadkar A, Thacker NA, Ramsden RT, Jackson A. Using Bayesian tissue classification
to improve the accuracy of vestibular schwannoma volume and growth measurement. AUONR Am J Neu-
roradiol. 2002; 23(3):459-67. Epub 2002/03/20. PMID: 11901019.

Tang S, Griffin AS, Waksal JA, Phillips CD, Johnson CE, Comunale JP, et al. Surveillance after resec-
tion of vestibular schwannoma: measurement techniques and predictors of growth. Otol Neurotol.
2014; 35(7):1271-6. Epub 2014/06/11. PMID: 24914795.

Lawson McLean AC, McLean AL, Rosahl SK. Evaluating vestibular schwannoma size and volume on
magnetic resonance imaging: An inter- and intra-rater agreement study. Clin Neurol Neurosurg. 2016;
145:68-73. https://doi.org/10.1016/j.clineuro.2016.04.010 PMID: 27101086.

Harris GJ, Plotkin SR, Maccollin M, Bhat S, Urban T, Lev MH, et al. Three-dimensional volumetrics for
tracking vestibular schwannoma growth in neurofibromatosis type 1. Neurosurgery. 2008; 62(6):1314—
9; discussion 9-20. PMID: 18824998.

Ho HH, Tasi MT, Hsu HH, Juan CJ. Does Slice Thickness Matter on Measuring Tumor Volume of
Acoustic Neuromas? Comparison between Ellipsoid Formulas and Planimetry. J Radiol Sci. 2017; 42
(007):1-9.

Fiirgaard B, Pedersen CB, Lundorf E. The size of acoustic neuromas: CT and MRI. Neuroradiology.
1997; 39(8):599-601. PMID: 9272500.

Kothari RU, Brott T, Broderick JP, Barsan WG, Sauerbeck LR, Zuccarello M, et al. The ABCs of mea-
suring intracerebral hemorrhage volumes. Stroke. 1996; 27(8):1304-5. Epub 1996/08/01. PMID:
8711791.

Huttner HB, Steiner T, Hartmann M, Kohrmann M, Juettler E, Mueller S, et al. Comparison of ABC/2
estimation technique to computer-assisted planimetric analysis in warfarin-related intracerebral paren-
chymal hemorrhage. Stroke. 2006; 37(2):404-8. https://doi.org/10.1161/01.STR.0000198806.67472.
5c PMID: 16373654.

Wang CW, Juan CJ, Liu YJ, Hsu HH, Liu HS, Chen CY, et al. Volume-dependent overestimation of
spontaneous intracerebral hematoma volume by the ABC/2 formula. Acta Radiol. 2009; 50(3):306—11.
Epub 2009/01/29. https://doi.org/10.1080/02841850802647039 PMID: 19173095.

Wang CW, Liu YJ, Lee YH, Hueng DY, Fan HC, Yang FC, et al. Hematoma shape, hematoma size,
Glasgow coma scale score and ICH score: which predicts the 30-day mortality better for intracerebral
hematoma? PLoS One. 2014; 9(7):e102326. Epub 2014/07/17. https://doi.org/10.1371/journal.pone.
0102326 PMID: 25029592.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192411 February 13,2018 16/16


https://doi.org/10.1056/NEJM199811123392003
https://doi.org/10.1056/NEJM199811123392003
http://www.ncbi.nlm.nih.gov/pubmed/9811917
http://www.ncbi.nlm.nih.gov/pubmed/17112219
http://www.ncbi.nlm.nih.gov/pubmed/8356233
https://doi.org/10.3171/jns.2002.96.2.0217
http://www.ncbi.nlm.nih.gov/pubmed/11838793
http://www.ncbi.nlm.nih.gov/pubmed/11901019
http://www.ncbi.nlm.nih.gov/pubmed/24914795
https://doi.org/10.1016/j.clineuro.2016.04.010
http://www.ncbi.nlm.nih.gov/pubmed/27101086
http://www.ncbi.nlm.nih.gov/pubmed/18824998
http://www.ncbi.nlm.nih.gov/pubmed/9272500
http://www.ncbi.nlm.nih.gov/pubmed/8711791
https://doi.org/10.1161/01.STR.0000198806.67472.5c
https://doi.org/10.1161/01.STR.0000198806.67472.5c
http://www.ncbi.nlm.nih.gov/pubmed/16373654
https://doi.org/10.1080/02841850802647039
http://www.ncbi.nlm.nih.gov/pubmed/19173095
https://doi.org/10.1371/journal.pone.0102326
https://doi.org/10.1371/journal.pone.0102326
http://www.ncbi.nlm.nih.gov/pubmed/25029592
https://doi.org/10.1371/journal.pone.0192411

