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a  b  s  t  r  a  c  t

Prostate  volume  is  an important  parameter  to guide  management  of  patients  with  benign  prostatic  hyper-
plasia  (BPH)  and  to deliver  clinical  trial endpoints.  Generally,  simple  2D  ultrasound  (US)  approaches  are
favoured  despite  the  potential  for greater  accuracy  afforded  by  magnetic  resonance  imaging  (MRI)  or
complex  US  procedures.  In this  study,  different  approaches  to estimate  prostate  size  are evaluated  with
a simulation  to select  multiple  organ  cross-sections  and  diameters  from  22  MRI-defined  prostate  shapes.
eywords:
uasi-Monte Carlo simulation
ltrasound
agnetic resonance imaging

rostate
olume
stimation

A  quasi-Monte  Carlo  (qMC)  approach  is  used  to  simulate  multiple  probe  positions  and  angles  within
prescribed  limits  resulting  in  a range  of  dimensions.  The  basic  ellipsoid  calculation  which  uses  two  scan-
ning  planes  compares  well to the  MRI  volume  across  the  range  of  prostate  shapes  and  sizes  (R = 0.992).
However,  using  an  appropriate  linear  regression  model,  accurate  volume  estimates  can  be made  using
prostate  diameters  calculated  from  a single  scanning  plane.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Estimation of a prostate volume is an integral component in
he evaluation of patients with BPH. While measurement per-
ormance is important for routine clinical assessment, precision,
eproducibility and practicality of measurement are crucial to
nable derivation of clinical trial endpoints [6,15].

Volume estimation of the prostate is normally carried out using
rans-rectal US images. The measurement can be made by a plani-

etric method where a stack of 2D slices is constructed by step
ovements of the ultrasound probe. Clinically it is more conve-

ient to make NPUS measurements of prostate diameters in the
atero-lateral (LL), anterio-posterior (AP) and cranio-caudal (CC)
irections from 2D images using the assumption of an ellipsoidal
hape. By displacing the probe the operator determines the orien-
ation for the best estimate of diameters.

Bazinet et al. [3] have noted that volume measured in this way
s inaccurate when compared with US (PUS) or magnetic resonance
Please cite this article in press as: Azulay D-OD, et al. The accuracy of prostat
simulation study using magnetic resonance imaging. Comput Med Imaging G

MR) and conducted a reproducibility trial, finding that differences
n volume estimates of up to 25% could be obtained in successive
PUS examinations of the same patient.

∗ Corresponding author. Tel.: +44 1304 620 314.
E-mail addresses: david-olivier.azulay@pfizer.com,

avid-olivier.azulay@wanadoo.fr (D.-O.D. Azulay).

895-6111/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.compmedimag.2013.09.001
Direct 3D measurements of a volume by PUS or MR  have the
potential to deliver more accurate and reproducible results but
are considerably more expensive, acquisition is time consuming
and, without automated interpretation, analysis is highly labour-
intensive [13,26,1]. US remains widely available to the urologist and
therefore remains the most practical method of estimating prostate
volume [22]. In this study we sought to investigate which estima-
tion method can best be used with 2D NPUS to predict prostate
volume.

Allen et al. [2] have investigated the use of active shape model
(ASM) search for measuring the volumes of the complete gland
and central gland using MR  images. An ASM is a statistical model
of shape, built from a training set of images which have been
segmented (the important surfaces defined) manually [7,9]. For
their study [2] collected twenty two  fat-suppressed MR  images of
prostates from patients diagnosed with BPH attending the urology
clinic at Salford Royal Hospital, UK.

The objective in this study is to simulate volume measurements
by NPUS using the manual segmentation obtained from the ASM
study in order to quantify the limitations on the accuracy and repro-
ducibility of taking this approach. Rahmouni et al. [21] and Lee and
Chung [13] have reported that measurements of volume using MR
e volume measurement from ultrasound images: A quasi-Monte Carlo
raph (2013), http://dx.doi.org/10.1016/j.compmedimag.2013.09.001

accurately represent the volumes of real specimens after prosta-
tectomy. We  therefore take the manually delineated borders of
the prostate used by Allen et al. [2] to be realistic ground truth
representing the prostate boundary.

dx.doi.org/10.1016/j.compmedimag.2013.09.001
dx.doi.org/10.1016/j.compmedimag.2013.09.001
http://www.sciencedirect.com/science/journal/08956111
http://www.elsevier.com/locate/compmedimag
mailto:david-olivier.azulay@pfizer.com
mailto:david-olivier.azulay@wanadoo.fr
dx.doi.org/10.1016/j.compmedimag.2013.09.001
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based on a qMC  (and not a Monte Carlo) method [18]. Sloane et al.
[24] have calculated a convenient set of distributions, which were
downloaded and used for this study (see Fig. 3). Planes generated
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Fig. 1. Example of a 3D rendered prostate: the approximately elliptical bound

Fig. 1a shows a 3D rendered prostate volume from the manually
nnotated data. Axial, sagittal and coronal sections are indicated
nd the corresponding slices through the volume are shown in
ig. 1b–d, with the prostate contour superimposed.

While Allen et al. [2] addressed the segmentation of both
he whole gland and the central gland, only the whole gland is
onsidered here, as this is what may  be measured using NPUS.
urthermore, internal structures are not necessarily comparable
etween MR  and US images. We  make the assumption that the US-
efined borders are close approximations to the borders defined

n MR  images. Making realistic hypotheses about the range of pos-
ible orientations of the NPUS probe, we have implemented a qMC
ethod to assess the distribution of the error in volume estimates

roduced by the different direct ellipsoidal formulae and the linear
odels extrapolated from these formulae. The errors have been

uccessively quantified with standard linear regression goodness-
f-fit parameters, correlation coefficients and Bland–Altman (BA)
lots.

. Methods

The most common clinical approach to estimating volume
sing NPUS is to capture US images from two approximately
rthogonal planes passing through the centre of the prostate.
ather than collecting US and MR  images from volunteers, we
imulate the US measurements using a qMC  procedure that allows
s to investigate the error distributions arising from varying the
hoices of the US planes used and the analytical methods applied
o produce the volume estimates. The reference volume for the
imulation procedure is a triangulated closed surface defining the
D volume of the prostate derived from manual segmentation of
R images (see Fig. 1a). An evenly distributed selection of pairs

f orthogonal cuts through this surface is simulated to generate
erimeters that would have been obtained from the corresponding
PUS images. There is evidently an infinite number of planes
utting a 3D volume but the generation of a representative subset
s required. Triplets of points distributed on the surface of a
phere are successively picked to define planes that belong to this
ubset.

.1. Devising an evenly distributed set of orthogonal cuts

The general procedure is illustrated with the 2D example
ketched in Fig. 2.

The blue line represents the outer boundary of the 2D slice of
n artificial prostate, the dotted rectangle its bounding box. Cuts
re simulated across this boundary by selecting random pairs of
oints on the circumference of a circle. The figure shows six points
niformly distributed on the circumference of a small circle near
Please cite this article in press as: Azulay D-OD, et al. The accuracy of prostat
simulation study using magnetic resonance imaging. Comput Med Imaging G

he centre of the prostate. A small circle is preferred, rather than
 large one circumscribing the bounding box because the cuts
hould pass close to the centre of the prostate. There are sev-
ral cuts that are geometrically equivalent in that they divide the
re taken to represent the projections that would be observed in NPUS images.

circle into segments whose areas are in the same ratio (e.g. AB,
BC, CD, DE, EF and FA, or AC, AE, BD, BF, CE and DF). However,
only some of those are suitably oriented. To start with the angle
between the probe and the anterior-posterior axis should be small
to reflect probe positioning. The selections are therefore limited by
requiring that this angle should be less than 22.5◦. While some-
what arbitrary, this tolerance probably represents an upper limit
on a human observer’s ability to estimate the orientation of the
LL diameter. On Fig. 2, AD is an acceptable choice because the
angle  ̨ with the AP axis is small, whereas CE is not acceptable
because the angle  ̌ is too large. Then it is assumed that an NPUS
operator should judge fairly accurately the position of the cen-
tre of the prostate which would be close to the middle zone of
the bounding box. In determining next the LL diameter, it is also
assumed that the two  diameters should intersect close to the true
centre.

The extension to 3D is less straightforward because there is
no easy parameterisation that allows fine control over the likely
position and orientation of the plane that is necessary to simu-
late the clinical situation. The obvious extension to Fig. 2 is to
distribute points on the surface of a sphere. However, distributing
points evenly on a sphere is a complex problem [23]. The solu-
tion we have adopted is due to Li et al. [14], which generates a
“low discrepancy” sequence of points by using the terms of the
sequence to approximate the sizes of surface on the sphere defined
by neighbouring groups of points. In other words, each point on
the surface is equidistant to its nearest neighbours. This guaran-
tees the existence of a bounded error (low discrepancy with the
uniform distribution).

A plane is fully determined from the selection of three distinct
points. Because these points are drawn from an evenly spaced
sequence (and not from a random sequence), the simulation is
e volume measurement from ultrasound images: A quasi-Monte Carlo
raph (2013), http://dx.doi.org/10.1016/j.compmedimag.2013.09.001

Fig. 2. Principle of the cut selection procedure on the schematic of a 2D slice: the ˛
cut is accepted but not the  ̌ cut because it is too far from the AP axis. The BC cut
would be equally accepted as its angle is  ̨ as well, even though it does not pass
through the center of the circle.

dx.doi.org/10.1016/j.compmedimag.2013.09.001
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Fig. 3. Example of three possible cuts in 3D. Three points from the uniform distribution of 50 points on a sphere are chosen to define each cutting plane; (a) cut defining CC
and  LL on the coronal plane, (b) defining AP and CC on the sagittal plane, (c) defining AP and LL along the transverse plane. (c) is an example of an extreme cut that passes
just  through the central sphere trimming the top of the prostate horizontally.

Table 1
Linear regressions on the top 5% and 10% estimates. Every one of the 10 listed formulae generates a different set of 22 estimates that was used to predict the 22 fixed MR
volumes. All the SEb are statistically significant (p‡ < 0.001) demonstrating the appropriateness of the linear fits. The likelihoods of the �2 observations were calculated as
well  to confirm the validity of the linear regressions (Q′′ > 0.1, Q′ > 0.01 and Q� > 0.001). The CI of the average Vd is printed in the last column. The first three linear regressions
on  the top 5% estimates are illustrated in Fig. 7.

Top 5% Top 10%

Vd (cm3) MR = a + bVd R SEb Vd CI(Vd) MR = a + bVd R SEb Vd CI(Vd)

AP.CC.LL 2.43+0.962Vd
′′ 0.992 0.028‡ 44.2 1.14 2.80+0.974Vd

′′ 0.990 0.030‡ 43.3 1.23
AP  . LL2 0.08+0.894Vd

′′ 0.983 0.037‡ 50.2 1.63 0.65+0.920Vd
′′ 0.987 0.033‡ 48.2 1.40

CC  . LL2 −5.16 + 0.818Vd
′′ 0.983 0.034‡ 61.3 1.64 −3.88 + 0.822Vd

′′ 0.981 0.036‡ 59.4 1.71
LL  . CC2 −6.38 + 0.819Vd

′′ 0.976 0.041‡ 62.6 1.94 −5.73 + 0.824Vd
′′ 0.975 0.042‡ 61.5 1.96

LL  . AP2 8.13+0.995Vd′ 0.969 0.057‡ 37.0 2.21 8.52+1.024Vd′ 0.968 0.059‡ 35.6 2.23
CC  . AP2 5.87+1.031Vd′ 0.965 0.062‡ 37.9 2.32 6.62+1.047Vd′ 0.964 0.065‡ 36.6 2.38
AP  . CC2 −1.37 + 0.900Vd

� 0.961 0.058‡ 51.5 2.46 −1.04 + 0.918Vd′ 0.965 0.056‡ 50.1 2.35
AP3 11.36+1.090Vd� 0.948 0.082‡ 30.8 2.83 12.30+1.114Vd� 0.941 0.090‡ 29.3 3.01
LL3 −7.34+ 0.708V � 0.941 0.057‡ 73.9 3.00 −6.90+ 0.740V � 0.956 0.051‡ 70.1 2.61
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CC3 −6.18+ 0.673Vd � 0.887 0.078‡ 75.9 

y close neighhbours would miss the center of the sphere and
herefore the approximate center of the prostate. These extreme
ases contribute to the observed variability in volume estimates.

There are three formulae for calculating volumes based on dif-
erent ellipsoidal approximations, requiring up to three diameters
the �/6 term will be omitted when referring to a specific formula
o simplify the notations):

spherical �/6 × d3
1,

spheroidal �/6 × d2
1 × d2 which falls into either the egg-shaped

prolate (d1 < d2) or disk-shaped oblate (d1 > d2) categories,
ellipsoidal �/6 × d1 × d2 × d3.

ach one of the three diameters d1, d2 and d3 can successively be
P, CC and LL leading to ten possibilities (see Table 1).

The LL, AP and CC diameters in the transverse and sagittal planes
hould all intersect at their middle point and be perpendicular to
ach other, which means that the sagittal plane needs to be per-
endicular to the transverse one while containg the AP diameter.
trict perpendicularity between planes, not diameters, is main-
ained during the qMC  simulation to prevent the overestimation of
he CC diameter. That is due to the latent inclination of the sagittal
lane which artificially increases the CC diameter when manually
easured [8].

.2. Simulation algorithm

One potential approach could have been the exhaustive enu-
Please cite this article in press as: Azulay D-OD, et al. The accuracy of prostat
simulation study using magnetic resonance imaging. Comput Med Imaging G

eration of perfectly orthogonal cutting diameters across the 3D
olume. However, in a practical situation, the positions and angles
f the diameters and planes are estimated visually and therefore
f limited precision. Rahmouni et al. [21] and Kim and Kim [12]
d

 −5.83+ 0.686Vd � 0.894 0.077‡ 74.0 3.98

have reported that the choice of the transducer orientation relative
to the prostate is operator dependent. The transverse slice is
determined first since it is less error prone when delimited by the
human eye [17,11]. As a consequence, some flexibility has been
introduced in the automated procedure: for instance the longest
diameter is drawn at the expense of true orthogonality. We  set
the tolerances on perpendicular angles between diameters to 5◦

and on middle point localisations to a 5% precision of the lengths
of respective diameters. The purpose is to compensate for both
the visual imprecision of the operator and the potential shape
deformation of the prostate due to the probe.

The steps implemented to achieve the qMC simulation are
summarised in the following algorithm:

Algorithm 2.1.
1: define points of a sphere such that each point is equidistant to its

nearest neighbours
2: repeat
3: choose a triplet of points from this uniform distribution to define

a  transverse plane
4: compute the 2D transverse slice
5: search the longest AP diameter within the 22.5◦ tolerance angle

of the real AP axis
6: search the longest LL diameter which is orthogonal to the AP

diameter within the 5◦ tolerance angle and intersects at their
middle points within the 5% tolerance distance

7:  compute the 2D sagittal slice which is perpendicular to the
transverse one and contains the AP segment

8:  search the longest CC diameter which is orthogonal to the AP
diameter within the 5◦ tolerance angle and intersects at their
middle points within the 5% tolerance distance
e volume measurement from ultrasound images: A quasi-Monte Carlo
raph (2013), http://dx.doi.org/10.1016/j.compmedimag.2013.09.001

9:  until all triplets of points have been exhausted

A distribution of n = 50 points on the sphere was chosen, describing
C50

3 = 19,  600 distinct planes, out of which m = 4808 are properly
oriented. Each accepted pair of planes provides estimates of the LL,

dx.doi.org/10.1016/j.compmedimag.2013.09.001
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Fig. 4. Averages of the top 5% estimates for the t

C and AP diameters from which ten estimated volumes are com-
uted: one with each of the formulae and every combination of
arameters. These are the estimates to be compared with the true
olume obtained from the manual segmentation of the MR images.
n NPUS imaging an operator would normally seek to maximise the
iameters. Kim and Kim [12] have shown that experienced oper-
tors produce larger estimates than beginner and trained ones. So
ll the main statistics in Section 3 are derived from the top 5% (240
argest) volume estimates to reflect how a user would be likely to
ecide on the maximum measured prostate size.

The figure of 5% is selected to provide sufficient statistics to
onstruct a linear model, constrained to produce the largest esti-
ates. The threshold is rather arbitrary and we include figures in

able 1 representing models calculated using the largest 10% for
omparison.

.3. Error prediction for the linear models

Each formula for calculating the volume from measured diam-
ters corresponding to each pair of planes provides average and
ariance values for the volume of each of the 22 images. This forms a
raining set that is used to define a linear model of the form y = a + bx.
he predictor, x, corresponds to one of the spherical, spheroidal or
llipsoidal estimates and the outcome, y, is the true MR  volume [5].

Leave-one-out cross-validation analyses were completed in
rder to quantify the sensitivity of these linear models [20]. For
very formula, 22 distinct training sets are created including 21
verages, by leaving one average out from the original set and a
ew linear regression calculated for each of them.

.4. Assessing the agreement of the estimates with the MR
olumes

Bland and Altman [4] described a statistical procedure that here
an be used to evaluate the relative concordance between assumed
round truth from MR  and simulated NPUS imaging as a function
f prostate size. The BA plot shows how the difference between
easurements of the same quantity is related to the mean of the
easurement. If the differences follow a normal distribution with

verage ave and standard deviation SD then 95% of their values
hould be within the limits ave ± 1.96 × SD,  also called limits of
greement (LoA).

. Results
Please cite this article in press as: Azulay D-OD, et al. The accuracy of prostat
simulation study using magnetic resonance imaging. Comput Med Imaging G

Fig. 4 indicates that application of different ellipsoidal approx-
mations from the top 5% estimates tend to systematically overes-
imate or underestimate the true prostate volume. This error can
e corrected by training a regression model that allows measured
mulae and each prostate, sorted by MR volume.

values to predict the true volume. Here we use a linear model of
the form y = a + bx for simplicity. A slope lower or higher than 1
will correct for overestimates and underestimates respectively
[27,11].

Table 1 shows the linear models derived from the training data
corresponding to each of the ellipsoidal calculations along with
their correlation coefficients R, standard error of the slope (SEb),
mean value of the estimated volume and 95% confidence interval
around the mean.

The statistical significance of the linear regression parameters
can be estimated by the probability (Q) of the chi-square distri-
bution [19]. Values of Q greater than 0.1 represent believable fits.
The linear model is adequate to extrapolate the true volume of the
prostate, especially when the AP . CC . LL,  AP . LL2, CC . LL2 or LL . CC2

formula is used.
The size of the 95% confidence interval (CI) of the average as

a proportion of the average itself is about 3% for the first four
ranked estimates. The arbitrary top 5% criterion reflects the experi-
ence of the operator searching for the maximum diameters. A less
experienced operator is more likely to miss these maxima; this is
quantified by the extension to 10%, that is to say the addition of
5% lower volumes to the previous calculations. Using the top 10%
clearly results in slightly lower volume estimates (around 2 cm3),
however the model parameters and standard errors are not affected
greatly by the acceptance threshold.

Fig. 5 shows the variation in the correlation coefficient that
arises when predicting the true (MR) volume for each of the train-
ing set using a model constructed in a leave-one-out manner from
the remaining data. Values for the three-diameter ellipsoidal cal-
culation and the two estimates using only two  diameters with the
highest correlation are shown. Fig. 6 shows the Bland–Altman plots
e volume measurement from ultrasound images: A quasi-Monte Carlo
raph (2013), http://dx.doi.org/10.1016/j.compmedimag.2013.09.001

Left-out prostate (#)

Fig. 5. Leave-one-out correlation coefficient R from the linear regressions on the
top  5% estimates. The horizontal dotted lines display the corresponding values of
the complete training set shown in Table 1.

dx.doi.org/10.1016/j.compmedimag.2013.09.001
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ig. 6. BA plots for the three direct formulae. Estimates are obtained from the top
%  largest volumes and scales are preserved across the plots to facilitate the visual
omparisons.

The means � and standard deviations � of three of the formulae
nd their respective diameters are listed in Table 2 along with the
easured ground-truth volume (MR).
Table 2 also shows the distribution of the 4808 simulated ellip-

oidal volumes for each prostate as a histogram. The vertical bar
n the histogram marks the reference volume, that is to say the 0%
eviation from the MR  volume.

. Discussion
Please cite this article in press as: Azulay D-OD, et al. The accuracy of prostat
simulation study using magnetic resonance imaging. Comput Med Imaging G

A good linear model depends on the reproducibility of the devi-
tion, rather than its amplitude. For instance, in Table 2, the CC . LL2

irect estimate systematically overestimates the MR  by 39% on
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average; however its derived linear model is acceptable as an esti-
mate according to the goodness-of-fit parameters R and SEb in
Table 1.

[4] explain why  correlation coefficients can be misleading to
quantify the quality of the agreement between two measure-
ments and suggest more appropriate calculations to perform better
assessments. They complement the standard linear regression plot
presented in Fig. 7 by the examination of the estimate errors, i.e.
the differences between the real and approximated values (Fig. 6).
The CI of the LoA are delimited by the gray bands whose widths are
both equal to 1.96 × CI(± LoA).

The CC . LL2 formula exhibits wide gray bands delimiting the 95%
LoA confidence intervals. Those are inadequate for an approxima-
tion method even if the correlation coefficient R for the CC . LL2

model is appealingly high in Table 1. Conversely, the spheroidal
AP . LL2 estimate is satisfactory according to both its correlation
coefficient and its BA plot notwithstanding the fact that its perfor-
mance is undermined by the extreme outlier #17 (see also Fig. 5).
The high correlation of the AP . LL2 model approximation indicates
that most of the prostates in the sample can be reasonably approxi-
mated as oblate spheroids with circular cross-section in the coronal
plane (the LL and CC diameters are often of similar length in Table 2).
Examination of the shape of prostate #17 indicates that its shape
approximates a prolate spheroid with a circular cross-section in the
transverse plane. Fig. 5 reveals that the correlation coefficient of
the AP . LL2 spheroidal model is better than those of the ellipsoidal
model when this prostate does not contribute to the model. The
correlation coefficient is slightly higher than the ellipsoidal model
in that case.

Fig. 4 demonstrates that the direct ellipsoidal calculation is con-
sistently close to the truth when restricted to the top 5% estimates.
Nevertheless there are significant variations as indicated by the
horizontal range of all the histograms displayed in Table 2: esti-
mates can vary from −50% to +20% which is in agreement with
the observation of a high variability in reproducibility studies by
[3]. The histograms also reveal that the majority of the qMC  ellip-
soidal volumes underestimate the true value. Because the prostate
is not a perfectly ellipsoidal object [21], the probability of coming
across an orientation which captures the three largest diameters in
a given pair of orthogonal planes at the same time is quite low. This
explains why  underestimation is expected and justifies the use of
the largest volumes only in the analysis [16,10,22].

The volume based on the ellipsoidal choice benefits from nar-
rower confidence intervals, but requires the acquisition of both the
transverse and sagittal planes. The AP . LL2 linear regression appears
e volume measurement from ultrasound images: A quasi-Monte Carlo
raph (2013), http://dx.doi.org/10.1016/j.compmedimag.2013.09.001

to be of good accuracy but is obtained from the transverse plane
only; [10], [25] and [28] raised the same practical consideration
in terms of clinical feasibility. As determined by Fig. 4, the spher-
ical formula provides a lower limit on the volume estimate if the
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oidal and two  spheroidal models). An overestimate is found on the right side of the
nds centered around their line equation.
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Table  2
Means (�) and standard deviations (�) for the volume estimates for three of the formulae: ellipsoid (AP . CC . LL)  and spheroids (AP . LL2 and CC . LL2) together with the values of
the  diameters giving rise to these volumes for each image of the 22 subjects. These are derived from the 5% highest volumes obtained in the qMC  simulation. The histograms
show  the distribution of all the ellipsoidal volumes (grey) as a percentage deviation from the MR volume (indicated by the vertical dotted line), while the bins shown in red
represent the 5% largest estimates used to derive the statistics shown. The average deviation of each estimate from the true volume is denoted �. Overall estimates of � and
�  appear at the foot of the table.

# MR AP CC LL AP.CC.LL � AP LL AP . LL2 � CC LL CC . LL2 �

1 � 21.7 2.4 4.1 3.9 19.8 −8.9% 2.4 4.3 22.4 +3.6% 3.7 4.2 33.5 +54.4%

�  0.1 0.2 0.2 0.6 2.8% 0.0 0.1 0.5 2.3% 0.3 0.1 1.0 4.6%

2  � 23.0 2.7 3.9 4.2 22.9 −0.2% 2.7 4.2 24.7 +7.6% 3.9 4.2 35.8 +56.0%

�  0.1 0.1 0.1 0.4 1.7% 0.1 0.1 0.8 3.3% 0.1 0.1 1.1 4.8%

3  � 24.5 2.8 4.0 3.9 22.8 −6.8% 2.8 4.3 27.0 +10.2% 3.6 4.3 34.3 +40.2%

�  0.1 0.3 0.3 0.3 1.3% 0.1 0.1 1.4 5.5% 0.2 0.1 1.1 4.4%

4  � 30.1 3.2 4.6 3.9 30.0 −0.4% 3.1 4.7 35.4 +17.3% 3.7 4.7 43.0 +42.7%

�  0.1 0.4 0.4 0.5 1.6% 0.1 0.1 1.9 6.4% 0.1 0.1 2.2 7.3%

5  � 31.1 3.3 4.4 3.9 28.7 −7.7% 3.1 4.8 37.1 +19.2% 3.6 4.9 44.5 +43.0%

�  0.1 0.6 0.6 0.8 2.5% 0.2 0.2 2.9 9.5% 0.1 0.2 2.4 7.7%

6  � 33.1 3.4 4.3 4.3 33.2 +0.4% 3.3 4.6 36.6 +10.8% 4.2 4.6 46.5 +40.6%

�  0.1 0.2 0.3 0.4 1.3% 0.1 0.1 0.9 2.7% 0.1 0.1 1.5 4.6%

7  � 34.1 3.8 4.4 4.2 35.8 +5.0% 3.7 4.6 40.0 +17.3% 4.0 4.5 42.0 +23.0%

�  0.1 0.2 0.2 0.4 1.1% 0.2 0.1 1.5 4.3% 0.3 0.2 1.3 3.7%

8  � 34.3 3.5 5.0 4.1 37.5 +9.3 % 3.2 4.9 40.2 +17.0 % 4.2 4.8 49.8 +45.0 %

�  0.2 0.3 0.3 1.3 3.7% 0.2 0.2 3.2 9.4% 0.5 0.4 4.0 11.7%

9  � 34.4 3.6 4.5 3.8 31.3 −8.9% 3.2 4.8 39.1 +13.7% 3.6 4.9 44.6 +29.7%

�  0.2 0.5 0.5 1.3 3.7% 0.2 0.2 2.0 5.9% 0.1 0.1 1.6 4.6%

10  � 36.3 3.2 4.7 4.5 35.2 −2.9% 3.0 4.8 36.7 +1.1 % 4.5 4.9 56.1 +54.8 %

�  0.1 0.2 0.2 0.7 2.0% 0.2 0.1 1.4 3.8% 0.1 0.1 1.5 4.2%

11  � 37.9 3.1 4.6 4.4 31.8 −16.2 % 2.9 5.1 38.9 +2.7 % 4.0 5.0 53.3 +40.7 %

�  0.2 0.5 0.4 1.1 2.8% 0.2 0.2 1.7 4.5% 0.2 0.2 2.1 5.6%

12  � 39.9 3.7 4.3 4.9 40.4 +1.2% 3.7 4.9 47.1 +18.0% 4.3 4.9 54.3 +35.9%

�  0.1 0.1 0.1 0.5 1.4% 0.1 0.1 1.5 3.8% 0.1 0.1 0.7 1.8%

13  � 42.6 3.4 5.0 4.8 41.9 −1.6% 3.2 5.3 47.3 +11.2 % 4.7 5.3 67.9 +59.6 %

�  0.1 0.3 0.3 0.9 2.1% 0.2 0.1 2.2 5.1% 0.2 0.1 1.3 3.2%

14  � 46.5 3.7 5.3 4.2 43.5 −6.4 % 3.3 5.6 53.5 +15.0 % 4.2 5.6 68.7 +47.7 %

�  0.2 0.4 0.3 1.1 2.4% 0.1 0.1 2.2 4.7% 0.1 0.1 2.3 5.0%

15  � 48.7 4.1 4.8 4.9 50.2 +3.0 % 4.1 5.0 54.4 +11.7 % 4.7 5.1 62.9 +29.1 %

�  0.1 0.2 0.2 0.5 1.0% 0.1 0.1 1.5 3.1% 0.1 0.1 1.5 3.1%

16  � 50.2 3.6 5.4 4.5 45.6 −9.2 % 3.4 5.7 58.2 +15.9 % 4.1 5.8 70.5 +40.4 %

�  0.2 0.7 0.6 1.8 3.6% 0.2 0.2 3.8 7.5% 0.1 0.1 3.0 6.0%

dx.doi.org/10.1016/j.compmedimag.2013.09.001
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Table  2 (Continued)

# MR AP CC LL AP.CC.LL � AP LL AP . LL2 � CC LL CC . LL2 �

17 � 55.0 4.5 5.3 4.6 57.0 +3.7 % 4.4 5.7 74.8 +36.1 % 4.1 5.7 69.5 +26.4 %

�  0.1 0.7 0.7 0.9 1.6% 0.1 0.2 5.5 9.9% 0.1 0.2 4.7 8.5%

18  � 57.8 4.0 5.4 5.0 56.6 −2.1 % 3.7 5.5 59.6 +3.2 % 4.8 5.6 78.8 +36.3 %

�  0.2 0.4 0.3 2.8 4.9% 0.3 0.2 2.4 4.2% 0.2 0.2 3.2 5.6%

19  � 58.5 3.9 5.4 5.3 58.1 −0.7 % 3.8 5.5 61.0 +4.2 % 5.4 5.4 83.0 +41.8 %

�  0.1 0.1 0.2 0.9 1.5% 0.1 0.1 1.4 2.3% 0.2 0.1 1.5 2.6%

20  � 62.9 4.4 5.2 5.2 60.8 −3.4 % 4.4 5.4 66.4 +5.6 % 5.1 5.2 73.3 +16.5 %

�  0.2 0.2 0.1 1.8 2.9% 0.2 0.1 2.5 3.9% 0.3 0.2 2.3 3.7%

21  � 90.5 5.0 6.0 6.1 96.0 +6.0 % 5.0 6.2 101.9 +12.6 % 6.0 6.1 118.0 +30.4 %

�  0.1 0.1 0.1 1.3 1.5% 0.1 0.1 1.0 1.1% 0.1 0.0 0.7 0.8%

22  � 95.8 5.0 5.8 6.1 92.7 −3.2 % 5.0 6.2 101.1 +5.6 % 5.8 6.3 117.9 +23.1 %

�  0.2 0.2 0.2 1.5 1.6% 0.2 0.1 3.0 3.1% 0.2 0.1 2.5 2.7%

� 44.9 3.6 4.8 4.6 44.2 −2.3 % 3.5 5.1 50.2 +11.8 % 4.4 5.1 61.3 +39.0 %

� 0.1 0.3 0.3 1.0 2.2 % 0.1 0.1 2.0 4.8 % 0.2 0.1 2.0 4.8%

Table 3
Mapping between measured values of first three non-planimetric approximations of Table 1 and the estimates of true (MR) volume Ve using the regression models of Fig. 7.
The  left column provides some example values of the measured direct volume Vd . The remaining columns show the corresponding estimates Ve of the true (MR) volume
derived from each model, together with their CI.

Vd = AP . CC . LL Ve = 2.43 + 0.962Vd Vd = AP . LL2 Ve = 0.08 + 0.894Vd Vd = CC . LL2 Ve = −5.16 + 0.818Vd

Vd Ve ± CI(Ve)cm3 Ve ± CI(Ve)cm3 Ve ± CI(Ve)cm3

20 21.68 ± 1.81 17.97 ± 2.85 11.19 ± 3.39
30  31.31 ± 1.41 26.91 ± 2.26 19.37 ± 2.79
40  40.93 ± 1.17 35.86 ± 1.81 27.54 ± 2.25
50  50.56 ± 1.19 44.80 ± 1.63 35.72 ± 1.83
60  60.18 ± 1.46 53.75 ± 1.79 43.90 ± 1.65
70  69.81 ± 1.88 62.69 ± 2.24 52.07 ± 1.76
80  79.43 ± 2.37 71.64 ± 2.83 60.25 ± 2.12
90  89.06 ± 2.90 80.58 ± 3.49 68.43 ± 2.64
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100  98.68 ± 3.44 8

P diameter is used and an upper limit if the LL diameter is used.
enerally speaking the AP diameter is the shortest and the LL diam-
ter is the longest, with the result that the AP . LL2 oblate spheroid
rovides a suitable estimate of volume.

The regression lines specified in Fig. 7 allow us to estimate
he true volume of the prostate given specific measurements of
he ellipsoidal (AP . CC . LL),  oblate (AP . LL2) and prolate (CC . LL2)
pproximations. Table 3 lists the estimated values Ve correspond-
ng to examples of each of these direct measurements Vd together

ith associated confidence limits.
For instance, a direct volume of 50 cm3 using the AP . LL2 approx-

mation will result in a 95% chance that the true volume is 44.8
m3.

Using this table as a guide, measured values of each of these
hree approximations can be translated into an estimated true vol-
me.

The results of the leave-one-out exercise in Fig. 5 shows how
Please cite this article in press as: Azulay D-OD, et al. The accuracy of prostat
simulation study using magnetic resonance imaging. Comput Med Imaging G

ensitive the linear models are to large prostates. [16], [13] and [10]
lready noticed that correlation coefficients were different if small
r large prostates were categorised. The ellipsoidal model estimate
s clearly more stable across all the leave-one-out tests.
 4.20 76.61 ± 3.23

5. Conclusion

Using ground truth from manually segmented MR  images of
the prostates the precision of direct volume estimates given by
several approximation formulae was  evaluated. This has been
achieved with simulations of NPUS measurements covering a range
of reasonable combinations of capture planes and estimates of the
prostate dimension in each of these.

Despite the relatively small number of subjects, our observa-
tions are consistent with previously published results, such as the
high variability of replicates [3], the sensitivity of the direct volume
estimations to large prostates [16,13,22] and the good accuracy and
practicality of the AP . LL2 estimates [10].

We have measured the parameters of a regression formula
that generates an estimate of prostate volume, using an ellipsoidal
approximation, that is more accurate than simply using the direct
ellipsoidal calculation. This estimate requires the measurement
e volume measurement from ultrasound images: A quasi-Monte Carlo
raph (2013), http://dx.doi.org/10.1016/j.compmedimag.2013.09.001

of prostate diameters in two orthogonal planes. Using a single
plane, a volume estimate of good accuracy can be also obtained
from the regression model for the spheroidal model based on
AP . LL2. The slope of this model is less than unity, indicating that

dx.doi.org/10.1016/j.compmedimag.2013.09.001


 ING Model

C

8 ical Im

a
t

r
v
a
fi
e
a
m

m

R

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

ARTICLEMIG-1208; No. of Pages 8

D.-O.D. Azulay et al. / Computerized Med

n estimate based only on the direct spheroidal formula would
end to overestimate the volumes of large prostates.

We  have demonstrated the use of a simulation study for inter-
ogating sources of variability in estimating prostate volumes. This
ariability arises from factors such as image planes not intersecting
t the centre or not being accurately perpendicular, operator pro-
ciency in finding the largest diameters, oddly shaped prostates,
tc.. This has resulted in an understanding of the sources of vari-
bility, and hence has enabled us to identify the most appropriate
easurement strategy.
The approach could also be extended to optimise volume esti-

ation in other organs such as the liver by studying the 3D shape.
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