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Clinical value of prostate segmentation and volume determination
on MRI in benign prostatic hyperplasia
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ABSTRACT
Benign prostatic hyperplasia (BPH) is a nonmalignant pathological enlargement of the prostate, which occurs primarily in
the transitional zone. BPH is highly prevalent and is a major
cause of lower urinary tract symptoms in aging males, although there is no direct relationship between prostate volume and symptom severity. The progression of BPH can be
quantified by measuring the volumes of the whole prostate
and its zones, based on image segmentation on magnetic
resonance imaging. Prostate volume determination via segmentation is a useful measure for patients undergoing therapy for BPH. However, prostate segmentation is not widely
used due to the excessive time required for even experts to
manually map the margins of the prostate. Here, we review
and compare new methods of prostate volume segmentation
using both manual and automated methods, including the
ellipsoid formula, manual planimetry, and semiautomated
and fully automated segmentation approaches. We highlight
the utility of prostate segmentation in the clinical context of
assessing BPH.
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B

enign prostatic hyperplasia (BPH) can result in lower urinary tract
symptoms, and is one of the most common diseases affecting
aging men. BPH can compromise quality of life and is a major
healthcare cost. Despite the high prevalence of BPH, few methods of
accurately assessing prostate volume are actually used in clinical practice. While patient assessment of urinary symptoms dictates the need
for treatment, it is highly subjective, whereas prostate volume change
is a more objective measure of treatment response. The most common
clinical model for approximating the prostate gland size is the ellipsoid
model from transrectal ultrasonography (TRUS) imaging, which has
been shown to underestimate prostate volume for prostates larger than
50 mL and to overestimate prostate volume for glands smaller than 30
mL (1). Despite its limitations, the TRUS method of prostate volume
assessment is preferred in current clinical practice due to its availability
and cost and time efficiency (2). More accurate prostate volume measurement with magnetic resonance (MR) planimetry is time-intensive
and, thus, rarely performed.
Prostate segmentation is an accurate technique for prostate volume
determination that can be used in coregistration with various imaging
modalities, such as magnetic resonance imaging (MRI) with positron
emission tomography and MRI with ultrasonography. Segmentation
can be used for both diagnostic and interventional procedures, including guided biopsies and focal ablation. Newly developed methods of
automated prostate segmentation allow for efficient prostate volume
determination, thereby enhancing decision support systems and computer-aided diagnosis tools.
This article reviews the major methods of prostate volume determination currently in use, including the ellipsoid formula, manual planimetry, and semiautomated and fully automated segmentation. A clinical
overview of BPH is also provided to highlight the utility of prostate segmentation in the clinical management of this disease.
Benign prostatic hyperplasia
Overview
BPH is a pathological process, characterized by the nonmalignant enlargement of the periurethral transition zone of the prostate (3). BPH
involves a net increase in the number of stromal and epithelial cells in
the prostate because of an imbalance between apoptosis and cell proliferation (4). BPH can lead to constriction of the urethra and subsequent
obstruction of urinary flow, inducing detrusor dysfunction. BPH is the
most common cause of lower urinary tract symptoms in aging males,
which include urinary frequency issues, urgency, nocturia, and dysuria.
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The prevalence of BPH increases with
age. In the USA, BPH affects approximately 70% of men 60–69 years old,
80% of those 70 years and older, and
almost 90% by age 90 (5, 6).
Role of prostatic volume determination in
BPH management
There are several subjective and objective clinical parameters to assess the
presence and magnitude of BPH and
lower urinary tract symptoms. The
most common subjective assessment
of lower urinary tract symptoms severity is the international prostatic symptom score index, a questionnaire consisting of seven questions designed to
estimate the severity of irritative and
obstructive voiding symptoms. Objective parameters include measurement
of prostate volume, urinary flow rate,
and postvoid residual bladder volume.
While the correlation between prostate
volume and lower urinary tract symptoms severity is imperfect, studies have
shown that low peak urine flow rate
and high postvoid residual volume
are associated with prostate volumes
above 30 mL (7). Similarly, a study
found that males with prostate volumes over 50 mL were 3.5-fold more
likely to have moderate-to-severe urinary symptoms (8). More importantly,
it has been shown that prostates larger
than 30 mL are significantly associated
with acute urinary retention requiring catheterization, suggesting that
prostate volume may be a predictor of
more serious complications, such as renal injury and hydronephrosis, which
can occur with untreated BPH (7).
In addition to assessing symptom
severity and predicting complications,
prostate volume is a useful factor in
selecting appropriate treatments. BPH
and lower urinary tract symptoms are
commonly treated with two classes
of medication, α-adrenergic receptor
blockers and 5α-reductase inhibitors
(5ARIs), or with surgical intervention.
α-Adrenergic receptor blockers, such
as doxazosin and tamsulosin, provide rapid symptom relief by reducing
smooth muscle tension along the bladder neck, prostate, and urethra (9). The
5ARIs, which include finasteride and
dutasteride, are antiandrogenic drugs
that target the underlying disease pro-

cess to reduce prostate size (9). Patients
with larger prostates may benefit more
from 5ARIs, whereas those with lower
urinary tract symptoms and prostates
<30 mL may benefit from α-adrenergic
receptor blockers alone. When surgical
options are considered, knowledge of
prostate volume and configuration on
imaging can assist clinicians in choosing transurethral prostate resection,
minimally invasive surgery, or open
prostatectomy.
In addition to total prostate volume,
prostate zonal volumes are useful both
in the clinical management and investigative studies of BPH. Studies using
TRUS found that 5ARIs reduce total
prostate volume by 17%–46% and transition zone volume by 7%–25% within
the first year of therapy (10–12). While
total prostate volume and transition
zone volume dynamics in response to
5ARIs are widely accepted, there have
been conflicting reports regarding the
effects of 5ARIs on peripheral zone
volume. Some studies demonstrated
that 5ARIs selectively affect the transition zone, while sparing the peripheral
zone of the prostate (13, 14). Tempany
et al. (14) used 1.5 Tesla (T) MRI and
found a larger reduction in the peripheral zone, although it was not statistically significant. Other longitudinal,
double-blinded studies using volumetric assessment with TRUS found
decreases in both peripheral zone volume and transition zone volume (10,
15, 16). Furthermore, one of these
studies detected a significant positive
correlation between transition zone
index (i.e., the transition zone volume
as a percentage of the whole prostate
gland) and the change in prostate volume for patients on dutasteride (10).
Thus, prostate segmentation not only
allows clinicians to assess the apparent
change in prostate volumes on medical
therapy, it may also allow clinicians to
predict which patients will respond to
the medication, thus avoiding unsatisfactory outcomes and side effects.
Hand-held TRUS requires compression of the prostate to ensure adequate
acoustic coupling between the probe
and the prostate. To some extent this
can be obviated with automated stepper devices that advance the probe in
stepwise increments in the same plane.
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However, the degree of prostate distortion is highly operator-dependent. Indeed, a major problem with TRUS is its
high intraobserver variability, estimated at -21% to +30% of total prostate
volume and -18% to +18% of transition zone volume (17).
MRI has been shown to be more reliable in determining prostate volumes
than TRUS. Furthermore, MRI allows
more accurate differentiation and segmentation of the transition zone and
peripheral zone (18–21). Our group
had validated total prostate volume
derived from image segmentation of
prostate images obtained on a 3.0 T
MRI with the weights of human radical
prostatectomy specimens (22). The use
of prostate imaging segmentation with
high-resolution MRI allows the accurate assessment of drug-induced zonal
prostate volume changes.
Prostate segmentation and volume
measurement techniques
Ellipsoid formula
Accurate prostate volume measurement relies heavily on imaging. Estimates based on digital rectal examination are notoriously inaccurate.
Currently, the two most common modalities for prostate imaging and volume measurement are TRUS and MRI
(23). The ellipsoid model, which is the
original and de facto standard method
of calculating prostate volume, uses the
formula: transverse diameter×anteroposterior diameter×length×0.52 and
assumes that the prostate has a regular
ellipsoid shape (24, 25). This relatively
quick and simple technique can be applied to both ultrasonography and MRI
(Figs. 1, 2). Lee and Chung (23) reported a correlation coefficient of 0.93 for
prostate volume measurements by the
ellipsoid method on MRI, compared
with specimen volumes obtained from
radical prostatectomy, and MacMahon
et al. (26) reported a correlation coefficient of 0.87 for ultrasonography versus planimetry. However, the highly
variable shape of the prostate, which
is not typically a regular shape in most
males, results in widely variable or outlier estimates of volume in individual
cases that are not reflected in Pearson
coefficient scores. Moreover, these eccentric volumes can be difficult to reproduce on serial imaging.
Garvey et al.
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mey (27). It can also be used with MRI.
However, planimetry is much more
time-consuming than the ellipsoid
method, because it requires manual
outlining of the prostate on each consecutive image and is rarely performed
routinely (28, 29).

b

c

Formula=
length×width×height×0.52
Estimated volume=
5.90×5.65×7.22×0.52=125 mL

Figure 1. a–c. Axial (a, c) and sagittal (b) transrectal US images. Ellipsoid prostate volume
measurement on transrectal US image using the formula length×width×height×0.52.
a

b
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Formula=
length×width×height×0.52
Estimated volume=
5.3×4.1×2.5×0.52=28.2 mL

Figure 2. a–c. Ellipsoid prostate volume measurement on triplane axial (a), sagittal (b),
coronal (c) T2-weighted MR images using the formula right-to-left (R-L) diameter×anteriorposterior (A-P) diameter×superior-inferior (S-I) diameter×0.52.

Manual planimetry
Planimetry of the prostate includes
a subjective assessment of the prostate margin based on serial segmentation of planar images with dedicated

image-processing software (26). This
method produces more accurate results than the ellipsoid method, with a
correlation coefficient of 0.93 reported
on ultrasonography by Terris and Sta-

Semiautomated segmentation
To overcome the inefficiency and
subjectivity of planimetry, semiautomated methods of prostate volume
calculation have been developed.
Automatic segmentation algorithms
overcome the limitations imposed by
the complexity of shapes and images
through the use of shape and appearance models that serve to automatically detect the margin of the prostate
(30). Automated procedures relieve radiologists of time-consuming manual
segmentation, while maintaining high
levels of accuracy and reproducibility,
equal to or even greater than those of
the manual method (31).
Until recently, however, no fully automated segmentation tool was available. The first automated algorithms
were semiautomated and employed a
priori knowledge of prostate location
to generate a final prostate contour. In
many instances, the segmentation can
be initiated by contouring of the prostate on one or more of the MR images.
This serves as a basis for estimating the
contour(s) on additional slices. Other semiautomated methods make use
of region-intensity based approaches
in which the user “teaches” the algorithm what a prostate looks like and
the algorithm finds tissue of similar
intensity. Jia et al. (32) reported prostate volumes obtained with a semiautomated tool using necropsy volumes
as the gold standard. Their method
included a first step of manually circling inside the prostate as an initial
“estimate” of the prostate boundary
on each T1-weighted axial slice without a need for precision. Then, these
circles were automatically evolved to
the actual border of the prostate with
a two-dimensional “boundary evolve”
algorithm, in which a gradient magnitude filter was applied to determine
the structure’s boundary. After copying the evolved contour to the axial
T2-weighted MR data set, minor border adjustments and segmentation of
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the prostate from the rectum, which
is difficult for most algorithms, were
performed manually. They reported a
correlation coefficient of 0.98 for prostate volume measured by this semiautomated method (32). Similarly, Vikal
et al. (33) used a semiautomated approach that included manual initial
selection of the approximate center of
the prostate in the middle slice. This
information was integrated with a priori knowledge of prostate shape and the
contour was used as the initial estimate
for the neighboring slices where the
same steps were repeated. They reported Dice similarity coefficients (DSC,
a measure of the similarity between
manual and automatic segmentations)
of 0.93, 0.80, and 0.86 for the method in the midsection, apex, and base
of the gland, respectively. Although
much more rapid than planimetry,
semiautomated programs still require
some manual user input for expert
evaluation and editing of the algorithm’s contour estimates (33).
Fully automated segmentation
Fully automated prostate segmentation algorithms have been developed
recently and they can be summarized
as contour shape-based, region-based,
and supervised and unsupervised classification techniques (34). Contourand shape-based models use prostate
boundary information for segmentation, whereas region based models use
local intensity or statistics for segmentation and supervised and unsupervised models use features such as signal intensity on images or additional
features, like filters, to separately classify the prostate and background regions
(34). Technical details of these methods have been described extensively
elsewhere and are beyond the scope of
this review (34).
Automated prostate segmentation algorithms are under development. Makni et al. (35) combined a deformable
model and a probabilistic framework to
develop an automated prostate segmentation tool for MRI. Their technique included a statistical shape model as an
a priori starting point, and gray-level
distribution was modeled by fitting histogram modes with a Gaussian mixture.
Then, Markov fields were used to introduce contextual information regarding

a

b

Figure 3. a, b. Axial T2-weighted MR image (a) shows sample segmentation with manual
planimetry (red) and automatically generated approaches (green). The three dimensional (3D)
reconstructed MR image (b) shows the whole prostate gland (green) and transitional zone
(red) 3D models generated from an automated segmentation approach.
a

b

c

d

Baseline

One-year
follow-up

Figure 4. a–d. Clinical case of a patient with BPH on finasteride (5-α reductase inhibitor)
therapy. Axial T2-weighted MR images show prostate gland at baseline volume of 99 mL (a)
and after one year on therapy, prostate volume was reduced to 89 mL (10% reduction) (c).
The 3D-reconstructed MR images generated from the automated segmentation approach
show the whole gland (green) and transitional zone (red) at baseline (b) and after one year on
therapy (d).

voxels’ neighborhoods. Final labeling
optimization was based on Bayesian a
posteriori classification, estimated with
an iterative conditional-mode algorithm. Their technique generated satisfactory results, with an overlap ratio
of 0.83, and was both computationally
feasible and efficient (35). Klein et al.
(36) used a technique in which nonrigid registration of a set of prelabeled
atlas images were used. In their model,
each atlas image was nonrigidly registered with the target patient image and,
subsequently, the deformed atlas-labeled images were fused to yield a single segmentation of the patient image.
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They reported a median DSC of 0.85 in
50 patients (36). Recently, Fotin et al.
(37) used a normalized gradient field
crosscorrelation method for automated
prostate localization from T2-weighted
MRI. This three-dimensional segmentation technique was validated on a
dataset of over 500 T2-weighted prostate MR images, derived from two independent sets of cases of different
origins. The method achieved mean
localization errors of 4.06±0.33 mm
on the first and 3.10±0.43 mm on the
second test dataset, a remarkable result
in view of the volume of the prostate
(Figs. 3, 4) (37).
Garvey et al.

Conclusion
Applications of accurate prostate segmentation go beyond simple volume
determinations, prostate-specific antigen
density measurements, and follow-up of
BPH patients. They extend to multimodal
and multitime point image fusion, with
implications for automated detection, biopsy, and image-guided therapy. Ideally,
these images will then be integrated into
a picture archiving and communication
system for direct and permanent clinical
access. Automatic segmentation methods promise to improve the reliability
of prostate volume measurements and
reduce tedious manual segmentation,
while providing an excellent template
on which to fuse other types of imaging
for computer-aided diagnosis and interventional procedures.
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