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Purpose: The negative correlation between BPH-size and incidence of prostate cancer (PCa) is well-documented in the literature,
however the exact mechanism is not well-understood. The present study uses histo-anatomical imaging to study prostate volume
in correlation to prostate capsule thickness, and glandular epithelial cell density within the peripheral zone (PZ).

Materials and Methods: Specimens were selected from radical prostatectomies ranging from 20 to 160 mL based on ease of ana-
tomical reconstruction by the slides. A total of 60 patients were selected and underwent quantitative measurements of prostate
capsule thickness and glandular epithelial density within the PZ using computer-based imaging software. Pearson’s correlation
and a stepwise multiple linear regression analysis was conducted to determine the relationship between these measured param-
eters and the clinical characteristic of these patients.

Results: Pearson’s correlation analysis revealed a strongly significant, negative correlation between prostate volume and glandular
epithelial cell density (r(58)=-0.554, p<0.001), and a strongly significant, positive correlation between prostate volume and aver-
age capsule thickness (r(58)=0.462, p<0.001). Results of multiple regression analysis showed that average glandular epithelial cell
density added statistically to this prediction (p<0.05).

Conclusions: The results suggest that growth of the transition zone in BPH causes increased fibrosis of the PZ, leading to atrophy
and fibrosis of glandular cells. As 80% of PCa originates from the glandular epithelium within the PZ, this observed phenomenon
may explain the inverse correlation between BPH and PCa that is well-documented in the literature.
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INTRODUCTION the male population over the age of 50 years showing either
clinical and/or histological evidence of BPH [1]. Both PCa

Prostate cancer (PCa) and benign prostate hyperplasia  and BPH are characterized by proliferation of prostatic tis-
(BPH) are the two most common urological disorders affect-  sue. In the United States, PCa accounts for 20% of all new
ing older males, with PCa being amongst the most common  cancer diagnoses and has been the leading cause of new
types of cancers affecting males, and with more than half of  cancer cases in males in recent years. Second only to lung
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cancer in cancer related deaths, PCa kills more than 33,300
males each year, and males have a 12% chance of develop-
ing invasive PCa throughout their lifetime [2] While there
has been correlations shown between the presence of BPH
and PCa, recent studies have shown an inverse correlation
in the size of the prostate in relation to clinically significant
cancer. Review of the literature has revealed very few stud-
ies attempting to explain the mechanism through which
BPH may inhibit the development of PCa [1,3] Previous
studies have shown that larger prostates are associated with
increased capsule thickness and greater extent of glandular
atrophy within the peripheral zone (PZ), suggesting an ex-
pansion of the transition zone (TZ) of the prostate against
its capsule causing secondary compression-induced atrophy
and fibrosis of glandular tissue within the PZ [4,5]

Limited studies have been reported about BPH-related
histomorphological changes of prostatic glands. One prelimi-
nary pilot study has been completed in which prostate size
was compared to prostate capsule thickness and prostate
glandular density in small and large prostates [6] Based on
this preliminary study, we have analyzed the histomorpho-
logical features in prostates of all sizes, utilizing a similar
pixel imaging technique described in the previous paper,
allowing for isolation of glandular epithelium and measure-
ment of glandular epithelial volume alone.

MATERIALS AND METHODS

In order to examine the relationship between histologi-
cal changes within the PZ and BPH, a retrospective study
was conducted comparing the overall volume of the prostate
with the following two parameters: (1) glandular epithelial
cell density within the PZ next to the capsule; and (2) thick-
ness of the peripheral fibrotic layer (also called the ‘surgical
capsule’ or ‘capsule).

After approved by the Institutional Review Board of
the Texas Tech University Health Sciences Center, Lubbock,
Texas, USA (approval number: 1.20-128). Informed consent
was waived by the board. Sixty patients were selected who
had undergone radical prostatectomy between 2010 and
2020. Patient selection was based on ease of reconstruction
of the prostate anatomy by the anatomical slides to identify
the exact location of measurements. Grossing techniques
vary greatly among pathologists, with some using sagittal or
transverse cuts, while others use coronal cuts, leading to dif-
ferences in the orientation of the prostate within anatomical
slides. In order to obtain reproducible measurements from
corresponding areas of the prostate, patients were selected
from a group of two pathologists who consistently utilized
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transverse dissection of prostate specimens and who provid-
ed clear anatomical diagrams of the locations of those cuts
within the prostate. Specimens were taken from prostates
of all sizes, with prostate volume ranging from 20 mL to 160
mL. A total of 60 patients were selected for the quantita-
tive measurements. None of these patients had undergone
any previous ablative (such as transurethral resection of the
prostate including laser or partial prostatectomy) or medi-
cal (such as androgen deprivation therapy or alpha-blockers)
treatment. Previous studies have shown that the PZ is
mainly present in the dorsal aspect of the prostate, it is less
pronounced at the lateral aspects, and it phases out towards
the anterior aspect, base, and apex. Due to these anatomi-
cal findings, slides of interest were chosen that represented
the two most equatorial slices (on the dorsal aspect, halfway
between the base and the apex of the prostate, see also Fig.
1). Not all prostate specimens and slices were usable due to
extension of PCa into areas of interest or due to inability
to reconstruct the anatomy of the prostate. Two equatorial
slices were measured at the 4:00, 6:00, and 800 positions of
the posterior portion of the prostate, resulting in 6 measure-
ments per prostate specimen. Measurements from the infe-
rior and superior portions of the equatorial region allowed
development of a representative three-dimensional structure
analysis of prostatic tissue regarding prostatic glandular
epithelial tissue and the prostate capsule within the PZ.
Once selected, the H&E slides of each prostate were

6:00

Fig. 1. Anatomical diagram of the prostate. A transverse section ex-
tending from anterior to posterior prostate, through the mid-gland,
across the urethra, within the equatorial zone of the prostate, showing
the different zones of the prostate-the anterior stroma (AS), transition
zone (TZ), and peripheral zone (PZ). Measurements were taken at the
4:00, 6:00, and 8:00 regions, above and below the equatorial zone, as
shown in the upper left-hand corner. L, left; R, right.
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Fig. 2. Example of a small prostate (31 mL) for image processing. Thick
lines indicate measurements for average capsule thickness. Normal
glands are indicated by “+” symbol. (A) Showing H&E stain at 50x
magnification. (B) Glandular pixel visualization of the same prostate
specimen after pixel intensity processing, excluding surrounding con-
nective tissue and non-glandular structure in the peripheral zone.

examined using light microscopy (LEICA DM 100; LEICA,
Wetzlar, Germany) via 5% objective lens. Images were ac-
quired using a LEICA MC170 HD camera (LEICA) and its
associated LEICA Application Suite software (LEICA). Im-
age acquisition was standardized by juxtaposing the outer
boundary of the prostate capsule along the edge of the
image as close as possible. Initial processing was completed
within LEICA Application Suite (LEICA), allowing image
sharpening and adjustment of contrast prior to the image
being saved to our files. Further processing was achieved
using ImagedJ (National Institutes of Health, Bethesda, MD,
USA), a Java-based open-source image processing software [7]
Measurement calibration was achieved using the image of
a transparent ruler under the same magnification specifica-
tions described previously. A linear measurement of 1 mm of
ruler allowed the software to determine the number of pix-
els contained within 1 mm of imaging. With this calibration,
prostate capsule thickness was calculated using the average
of three linear measurements from the outer edge to the in-
ner edge of the prostate capsule, where there was absence of
glandular atrophy and surrounding fibrosis. Glands within
the capsule appeared atrophic.

The Color Deconvolution plugin, a freely available add-
on to Imaged, was applied to images taken from the PZ.
The Color Deconvolution plugin uses a method described
by Ruifrok and Johnston [8] to separate individual dyes in
stained specimens. We used the included H&E 3,3-Diami-
nobenzidine vector to isolate glandular epithelial tissue
from surrounding stroma. Further contrast processing was
applied to increase the color differences between glandu-
lar epithelial tissue and surrounding stroma. Nerves, blood
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vessels, empty space outside the capsule, and other artifacts
were manually cropped out of our image. The image was
then converted to grayscale and a threshold was applied to
eliminate pixels under a certain color intensity value cutoff,
allowing removal of surrounding stroma and leaving only
pixels representing glandular epithelial tissue behind (Fig.
2B). The measuring tool was then used to determine the sur-
face area percentage occupied by glandular epithelial tissue
alone, giving us an accurate and quantitative estimation of
glandular epithelial volume for the tissue sample.

Statistical analysis

Descriptive statistics were performed and are summa-
rized in Table 1 as mean+standard deviation, median (inter-
quartile range) for continuous variables, and as frequency
(percentage) for categorical variables. Average glandular
epithelial cell density and average capsule thickness were
calculated using the six measurements. Pearson’s correlation
was conducted to assess the correlation between prostate vol-
ume with average capsule thickness and glandular epithelial
density. A stepwise multiple linear regression analysis was
conducted to build a prediction model after testing for as-
sumptions of linearity, heteroscedasticity, independence, out-
liers, multicollinearity, and residuals. A significance level of
p<005 was set as statistically significant. All the statistical
analyses were performed using SPSS version 26 (IBM Corp,
Armonk, NY, USA).

RESULTS

Prostate volume ranged from 20 mL to 160 mL, with
a mean of 5553 mL and a standard deviation of 3327 mL.
Average epithelial cell density ranged from 001 to 024, with
a mean of 009 and a standard deviation of 0.05. Average
prostate capsule thickness ranged from 142 mm to 10.88 mm,
with a mean of 6,78 mm and a standard deviation of 2.82
mm. Results from Pearson’s correlation analysis suggest that
there is a strongly significant, negative correlation between
prostate volume and glandular epithelial cell density, (r(58)—
0554, p<0.001) and a strongly significant, positive correlation
between prostate volume and average capsule thickness
(r(68)=0462, p<0.001). The multiple regression model tested
the association between prostate volume with the following
independent variables: age, race, height, weight, Charlson
Comorbidity Index, ASA (American Society of Anesthesiolo-
gists) Physical Status Classification System, smoker, prostate
specific antigen (PSA), PSA density, Gleason Score of final
pathology reading, pathologic stage, tumor volume, aver-
age capsule thickness, and average glandular epithelial cell
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Table 1. Patient demographics and characteristics
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Variable n (%) Mean+SD Median (IQR) Minimum  Maximum

Age (y) 63.5+7.68 64 (58.25-69.75) 35 75
Height (cm) 176.8+7.47 178.05 (172.72-182.88) 160.02 191.01
Weight (kg) 91.77£17.76 92.08 (77.86-101.60) 63.37 151.95
Charlson Comorbidity Index 4.55+1.41 4 (3-5) 2 9
ASA Physical Status Classification System 2.5+0.54 2(2-3) 2 4
PSA (ng/mL) 10.11+£9.94 .3(5.16-10.82) 1.4 68.39
PSA density 0.27+0.26 0.19(0.11-0.34) 0.02 1.72
Gleason Score of final pathology reading® 6.88+0.46 7(7-7) 6 8
Prostate volume (mL) 55.53+33.27 20 (31.25-71.5) 20 160
Tumor volume (mL) 7.12+5.67 5.26 (3.05-9.15) 0.81 30
Average glandular epithelial cell density 0.09+0.05 0.09 (0.05-0.12) 0.01 0.24
Average capsule width (mm) 6.78+2.82 7.30 (4.47-9.26) 1.42 10.88
Race

White 43(71.7)

Black 7(11.7)

Hispanic 10 (16.6)
Smoker

Non-smoker 30(50.0)

Prior smoker 18 (30.0)

Current smoker 12 (20.0)
Surgical approach

Open 22 (36.7)

Laparoscopic 36 (60.0)

Robotic 2(3.3)
Pathologic stage

No cancer found in final prostatectomy specimen 1(1.7)

pT2 44(733)

pT3 15 (25.0)
Pathologic nodal stage

NX 15 (25.0)

NO 43(71.7)

N1 2(3.3)

SD, standard deviation; IQR, interquartile range; ASA, American Society of Anesthesiologists; PSA, prostate specific antigen.

*:Case with no cancer in final specimen was excluded.

Table 2. Summary of multiple linear regression

Parameter B SE, p-value 95% Cl lower 95% Cl upper
(Constant) 68.39 18.48 <0.001 31.38 105.40
Average capsule width 2.25 1.64 0.175 -1.03 5.53
Average glandular epithelial cell density -3.11 0.99 0.003 -5.10 -1.12

B, unstandardized regression coefficient; SE,, standard error of the coefficient; Cl, confidence interval.

density. In our study, the multiple regression model statisti-
cally significantly predicted prostate volume. Out of all the
variables in the model, only average glandular epithelial cell
density added statistically to the prediction (p<0.05), conclud-
ing that for every 1% increase in average glandular epithe-
lial cell density, the prostate volume decreases by 311 mL.
Regression coefficients and standard errors can be found in
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Table 2. Based on the adjusted R2, average glandular epithe-
lial cell density explained 30.7% of the variability in prostate
volume (Fig. 3).

DISCUSSION

Understanding the intricacies of prostate anatomy is es-
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Fig. 3. Average capsule width and average glandular epithelial cell
density plotted against prostate volume with linear predictors and
95% confidence interval.

sential for analyzing the physiologic interactions between
BPH and PCa. Anatomically, the prostate can be divided
into an inner TZ, an anterior stroma (AS), and an outer PZ
surrounded by a capsule as illustrated in Fig. 1 [4] There is
a small central zone surrounding the ejaculatory ducts near
the base of the prostate. The majority of the prostate’s glan-
dular tissue 1s found in the PZ [4] In young adult males, the
prostatic capsule is a dense fibromuscular tissue composed
of an inner smooth muscle layer and an outer collagenous
membrane [4] The literature unanimously agrees that BPH
growth originates in the prostate’s TZ which increases in
length and volume during the disease process [9] In contrast,
PCa arises from glandular tissue of the PZ in up to 85% of
cases [10] The anatomical location of these disease processes
may be key in understanding the pathophysiology underly-
ing the relationship/interaction between BPH and PCa.

There is overwhelming evidence in the literature for an
inverse relationship between BPH size and PCa incidence [10]
Patients with large BPH prostates experience lower inci-
dence of PCa and less severe PCa disease than patients with
smaller prostates [11] The mechanism of this relationship is
still not well understood, and new research techniques have
focused on this in recent years. Ultrasound, magnetic reso-
nance imaging, and mathematical models have all been ap-
plied to investigate structural changes in prostate anatomy
that underlie BPH and PCa [12-14]

It 1s well documented in the literature that prostate
volume inversely correlates with incidence and severity of
PCa [10]. Furthermore, numerous studies have proven that
the majority of growth in BPH originates in the TZ [15]
However, prostatic hyperplasia is limited by the fibrous
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Fig. 4. Example of a large prostate (113 mL), showing atrophy and
fibrosis as well as a thick capsule covering the entire H&E image (12
mm) at 50x magnification. This image reveals severe gland atrophy
when compared to a smaller prostate as seen in Fig. 2A.

prostatic capsule which resists growth from the TZ [14] The
opposing forces of TZ growth and capsular constraints cause
increasing pressure on the glandular tissue of the PZ. This
compression-induced force ultimately transforms the archi-
tecture of the PZ’s glandular tissue into atrophic fibrosis
contributing to a thickening prostatic capsule in large BPH
prostates (an example is demonstrated in Fig. 4) [4]

The anatomical capsule in young males is a ‘false cap-
sule’ that forms posteriorly and laterally around the prostate
(and is mainly absent in the anterior aspect of the prostate).
This anatomical capsule derives from the periprostatic pelvic
fascia and is composed of smooth muscle cell layers with an
outer collagenous layer [16] As outlined in our study, large
BPH prostates develop a fibrotic and collagenous layer in-
wardly from the anatomical capsule, giving the appearance
of thickening of the anatomical capsule. Since the introduc-
tion of BPH surgery, experienced urologists call this thick-
ened fibrotic layer in large BPH the ‘surgical capsul€, a well-
known phenomenon in large BPH prostates (>80 mL, where
the surgical capsule allows the surgeon an easy enucleation
of the BPH component/removal of the adenoma) [17] This
surgical phenomenon is much less pronounced and smaller
prostates.

As the TZ grows, it compresses cells within the PZ caus-
ing changes in tissue organization and development of fi-
brotic layers adjacent to the anatomical capsule.

The results of our study showed that expansion of the
TZ seen in BPH causes histo-anatomical changes within the
PZ. The decreased glandular density and increased capsular
thickness seen in larger prostates suggest that growth of
the TZ causes widespread atrophy and apoptosis of the PZ
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glands along with fibrosis of tissue surrounding the glands.
This widespread fibrosis and collagen deposition within
PZ tissues represent the thickened surgical capsule seen in
larger prostate specimens. The histo-anatomical changes in
tissue architecture with widespread atrophy and apoptosis
of the PZ glandular epithelium seen in large BPH prostates
may be one of the main mechanisms causing the reduced
PCa incidence described in many clinical studies.

In a previous pilot study, 20 prostates that fell into a
small (<30 mL) or large (>70 mL) category were measured
and analyzed, which found that prostate volume correlated
directly with capsule thickness and inversely with glandular
tissue density. In this follow-up study, we selected 60 pros-
tates ranging from 20 mL to 160 mL with no size exclusions.
Even with the diversity in volume, the data upheld the
previous results: epithelial cell density decreased and capsule
thickness increased with prostate volume. To our knowledge,
this study analyzing prostate specimen with pixel imaging
technology is the largest of its kind, and it further supports
the previous findings in providing a potential mechanism by
which BPH may be protective against PCa.

Although sample size has increased significantly from
the previous pilot study, we are still aware of some study
limitations. Reconstructing prostatic anatomy from dozens
of slides proved challenging. Additionally, slides that were
affected by PCa had to be excluded as cancerous tissue
disrupted the normal PZ and capsular architecture. Addi-
tionally, capsule thickness varies significantly within each
prostate and in some cases, the boundary between prostate
capsule and BPH tissue can be difficult to identify.

Despite these limitations, this study provides further evi-
dence in supporting the hypothesis that BPH may be protec-
tive against PCa. We hope our study encourages other clini-
cians and researchers to further investigate the relationship
between PCa and BPH. If the hypothesis of protective
features within BPH against PCa is correct, it will impact
future diagnosis and treatment of BPH and PCa.

CONCLUSIONS

This study outlines a possible mechanism of the histo-
anatomical changes explaining the well-documented inverse
correlation between BPH and PCa. The TZ enlargement in
BPH patients compresses the PZ against the prostate’s ana-
tomical capsule and causes the capsule to thicken while si-
multaneously inducing glandular atrophy and fibrosis with-
in the PZ. This mechanism, in large BPH prostates, may be
protective against PCa. Our study should encourage further
investigation into the relationship between prostate volume
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and the incidence and severity of PCa. If the hypothesis is
correct, there will be relevant clinical implications on the fu-
ture diagnosis and treatment of BPH and PCa.
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