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A B S T R A C T

Ten normal prostates, 22 benign prostatic hyperplasia (BPH) and 29 prostate cancer (PC) were morphometrically
analyzed with regard to mean nuclear area (MNA), mean nuclear perimeter (MNP), mean nuclear diameter
(MND), coefficient of variation of the nuclear area (NACV), mean nuclear diameter maximum (MDx), mean
nuclear diameter minimum (MDm), mean nuclear form ellipse (MNFe) and form factor (FF). The relationship
between nuclear morphometric parameters and histological type, Gleason score, methods of sample collection,
presence of metastases and survival time of canine PC were also investigated. Overall, nuclei from neoplastic
cells were larger, with greater variation in nuclear size and shape compared to normal and hyperplastic cells.
Significant differences were found between more (small acinar/ductal) and less (cribriform, solid) differentiated
PCs with regard to FF (p < 0.05). MNA, MNP, MND, MDx, and MDm were significantly correlated with the
Gleason score of PC (p < 0.05). MNA, MNP, MDx and MNFe may also have important prognostic implications
in canine prostatic cancer since negatively correlated with the survival time. Biopsy specimens contained nuclei
that were smaller and more irregular in comparison to those in prostatectomy and necropsy specimens and
therefore factors associated with tissue sampling and processing may influence the overall morphometric
evaluation.

The results indicate that nuclear morphometric analysis in combination with Gleason score can help in canine
prostate cancer grading, thus contributing to the establishment of a more precise prognosis and patient's
management.

1. Introduction

Cancer cells are notoriously characterized by nuclear changes, such
as enlargement, variations in shape and modification of the chromatin
pattern, which morphologically express the ongoing genetic and
epigenetic changes occurring during carcinogenesis and the degree of
nuclear differentiation (Sorensen, 1992). However, the evaluation of
these nuclear alterations often lacks of objectivity and reproducibility
(Baak et al., 1989). Therefore, the current trend in histopathology is to
translate nuclear morphological changes into quantifiable features with
digital image analysis through the quantitative nuclear morphometry.

Nuclear morphometry is significantly associated with histopatholo-
gical grading of numerous types of cancer in humans (Bierhoff et al.,
2003; Kontak and Campbell, 2003; Li et al., 2003) and it is considered
an useful diagnostic predictor of recurrence and metastasis in different

tumors in animals, such as mast cell tumor (Maiolino et al., 2005;
Strefezzi et al., 2003), cutaneous squamous cell carcinoma (Maiolino
et al., 2002), seminoma (Maiolino et al., 2004), mammary tumors
(Ciurea et al., 1992; De Vico and Maiolino, 1997; Destexhe et al., 1995;
Simeonov and Simeonova, 2007), acanthomatous ameloblastoma
(Martano et al., 2006), anal sac (Simeonov and Simeonova, 2008)
and melanocytic tumors (Roels et al., 2000).

Despite several studies demonstrating the value of the morpho-
metric methods in prognosis and as indicators of malignant potential of
human prostate cancer (PC) (Diamond et al., 1982; Kavantzas et al.,
2001; Partin et al., 1992), a detailed nuclear morphometric analysis has
never been reported in canine prostate cancer.

A standardized histopathological classification of canine PC in order
to identify the degree of differentiation or grading is currently lacking,
although a subjective histological assessment may be based on different
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parameters, such as invasiveness, cellular morphology and mitotic
index whose prognostic usefulness is however yet to be validated.
Compared to human PC, the Gleason grading system, although applied
in the canine scenario (Palmieri and Grieco, 2015), is not traditionally
accepted and validated for grading canine prostatic carcinomas and
even when considered in men, Gleason grading may be biased by
interobserver and intraobserver variations. When using the revised
version for Gleason scoring, estimated interobserver reproducibility
is> 80% (Melia et al., 2006). However, reproducibility remains critical
in all grading systems due to the subjective semiquantitative evaluation
of the slides and the different degree of pathology training. Quantitative
nuclear morphometry has therefore several advantages, such as obtain-
ing objective and reproducible measurements, detecting not obvious
nuclear changes, being potentially applicable to small tissue specimens
and allowing fine numerical results to be statistically analyzed so that
the probability level of a classification based on quantitative data can
be calculated.

Many studies have demonstrated that a computer-based nuclear
morphometry system can refine the prognostic information provided by
the Gleason scoring system (Hurwitz et al., 1999; Khan et al., 2003;
Zhang et al., 2000). Additionally, the World Health Organization
(WHO) recommends to use nuclear morphometry in prostate cancer
(Epstein et al., 2004).

The aim of the present study was to investigate whether quantitative
measurements of nuclear variables could be used as objective diagnos-
tic and, if possible, prognostic criteria for prostate cancer in dogs. We
evaluated the relationship between nuclear morphometric features and
histological type, Gleason score, metastases, type of sample collection,
and survival time with the purpose to evaluate whether morphometric
parameters may be useful in predicting the biological behavior of
canine PC or distinguishing between certain histological subtypes of PC,
as well as whether different methods of sample collection may have
profound implications in the final morphometric evaluation.

2. Materials and methods

2.1. Samples

Sixty-one prostatic samples were examined. All samples were
formalin-fixed, and paraffin wax-embedded, and sections (4 μm) were
stained with hematoxylin and eosin (HE). These included 10 normal
prostates, 22 benign prostatic hyperplasia (BPH) and 29 prostate
carcinomas (PC). PCs were classified according to the growth patterns
described by the human WHO classification of Tumors of the Urinary
System and Male Genital Organs (Epstein et al., 2004) and adapted to
canine PCs (Palmieri et al., 2014). Based on this classification system,
the following growth patterns were identified: cribriform (14/29), solid
(9/29) and small acinar/ductal (6/29). PC samples were further
classified according to the Gleason grading - the most useful prognostic
predictor of prostate cancer in men (Gleason, 1966) - that has been
recently updated by the International Society of Urological Pathology
(Epstein et al., 2016) and further applied in dogs (Palmieri and Grieco,
2015). Gleason grading assigns numerical grade (Ali et al., 2001; Baak,
1983; Baak et al., 1989; Bektas et al., 2009; Bierhoff et al., 2003) based
on the architectural pattern of the tumor with a progressive lack of the
differentiated acinar pattern from Grade 1 to Grade 5. Grades 1, 2 and 3
represent tumors that most closely resemble normal prostate gland,
while Grades 4 and 5 are tumors showing increasingly abnormal
glandular architecture (Gleason, 1966; Palmieri and Grieco, 2015). A
primary grade is assigned to the most prevalent pattern, while the
second most prevalent pattern is the secondary grade. The final Gleason
score is then obtained by adding the primary and secondary grades
together. If there is only one pattern, its grade is simply doubled to
reach the score. Based on the Gleason system, canine PCs were graded
as Grade 5 (21/29), Grade 4 (5/29) and Grade 3 (3/29). The final
Gleason score (GS) was as follows: GS10 (18/29), GS9 (7/29), GS8 (4/

29).
PC specimens were represented by tissues samples collected during

necropsy (n = 13), prostatectomy (n = 5) or biopsy (by ultrasound or
explorative laparotomy; n = 8).

In 3 cases, the information about the type of sample was not
available.

Metastases were observed in 10 cases.
Survival times were available only in 8 cases (all GS10), ranging

from 42 to 320 days.

2.2. Morphometric analysis

Nuclear morphometric analysis was performed on HE-stained sec-
tions by means of a microscope (Olympus) connected to a digital
camera system and a computer equipped for image analysis (Image Pro
Plus Program). For each specimen, 10 images of cell fields with a 40×
objective lens were randomly captured, encompassing all cellular areas
of the slide.

A total of 100 nuclei from intact cells that were not superimposed
and had sharp nuclear limits were traced with the help of a computer
mouse. All areas with evidence of hemorrhage, necrosis, inflammation,
surgical crush injury and fixation artifact were excluded.

All tracings were conducted by a single observer to minimize
interobserver variance.

The following parameters were measured (Fig. 1): mean nuclear
area (MNA, μm2), mean nuclear perimeter (MNP, μm), coefficient of
variation of the nuclear area (NACV) (SD/MNAx100), mean nuclear
diameter (MND; μm), mean nuclear diameter maximum (MDx, μm),
mean nuclear diameter minimum (MDm, μm). NACV was calculated to
express variations in size in individual cases.

From these basic data (direct parameters), so-called form factors
were derived. They are nonparametric measures and quantitatively
express the shape of a structure. The form factors selected in this study
aimed to determine the deviation of a perfect circle of a nuclear section
examined. The following form factors were derived: mean nuclear form
factor or roundness factor (perimeter2/4π × area) (FF) and mean
nuclear form ellipse or LS ratio (longest diameter/shortest diameter)
(MNFe).

FF is a measure of nuclear roundness and represents a dimensionless
size-invariant shape descriptor that yields a minimal value of 1.00 for a
perfect circle and increase as the shape of a contour deviates from
circularity. In nuclear morphometry, roundness is indicative of a
regular nuclear morphology such as that of a normal cell or a benign
proliferative condition. FF is therefore reflective of the degree of
deviation from a perfect circle of the 2D binary shape of a nucleus.

MNFe is a measure of ellipticity and it corrects the nuclear round-
ness determination for smooth elliptical nuclei. In a round circle, MNFe
values correspond to 1; if the object is elliptical, the MNFe is> 1.This
shape descriptor is a reliable tool to assess the change in shape and
outline of the nucleus.

2.3. Statistical analysis

A statistical analysis was carried out to study the significance of
differences of the morphometric parameters (MNA, MNP, NACV, MDx,
MDm, FF, MNFe) between normal prostates, BPH and PC, as well as
histological types, tumor grading and type of sample. The nuclear
parameters between all the groups overall were compared using
Analysis of variance (ANOVA) and between the individual groups using
the post hoc Bonferroni-Holm Multiple Comparisons Test. A t-test was
used to evaluate the differences between metastatic and non-metastatic
lesions. The relationship between each nuclear parameter and survival
time was verified by the Spearman correlation using GraphPad Prism.
The accepted level of significance was p < 0.05.
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3. Results

The mean values of the nuclear morphometric parameters in normal
prostates, BPH and PC are given in Table 1; and those for tumors of
different histological subtype, Gleason grade, Gleason score, type of
collection and association with metastases are given in Table 2.

A statistically significant increase of MNA (normal vs. BPH, BPH vs.
PC = p < 0.01; normal vs. PC = p < 0.05), MNP (normal vs. PC,
BPH vs. PC = p < 0.01; normal vs. BPH = p < 0.05), MND (normal
vs. PC, BPH vs. PC = p < 0.01; normal vs. BPH = p < 0.05), MDx
(normal vs. BPH, BPH vs. PC = p < 0.01; normal vs. PC = p < 0.05)
and MDm (p < 0.01) was observed from normal to hyperplastic and
neoplastic prostates. Moreover, PCs showed statistically significant
higher NACV (p < 0.01) and MNFe (p < 0.01) compared to normal
prostates and BPH, while no differences in FF were revealed between
the three conditions, although a slightly higher value has been observed
in PCs compared to normal prostates and BPH.

Solid and cribriform PCs were characterized by significant higher
values of FF compared to small acinar/ductal PCs (p < 0.05). NACV,
MNFe and FF were higher in the cribriform compared to the other two
histological subtypes of PCs, although there was no statistical differ-
ence. MNA, MNP, MND, MDx, MDm were higher in solid PC compared
to cribriform and small acinar/ductal PC, although the differences were
not statistically significant.

No statistically significant differences were observed between the
three Gleason grades, although Grades 5 and 4 were characterized by
higher MNA, MNP, NACV, MND, MDx, MDm, MNFe and FF compared
to Grade 3.

Regarding the final Gleason score, MNA (p < 0.01), MNP
(p < 0.01), MND (p < 0.01), MDx (GS10 vs. GS8 = p < 0.01; GS9
vs. GS8 = p < 0.05) and MDm (GS10 vs. GS8 = p < 0.01; GS9 vs.
GS8 = p < 0.05) were higher in G9 and G10 compared to G8. NACV
and FF were higher in GS10 compared to GS9 and GS8, although the
differences were not statistically significant. MNFe was higher in GS9
compared to GS10 and GS8, although the differences were not
statistically significant.

Samples collected during necropsies showed a significant higher
MNA compared to biopsies (p < 0.05). Samples collected during
necropsy showed a significant higher MNP compared to the other two
groups (p < 0.01).

Although non metastatic lesions were characterized by higher MNA,
MNP, NACV, MND, MDm, MNFe and FF compared to metastatic
tumors, the only parameter with a statistically significant difference
was MDx (p < 0.05).

The values of each nuclear parameter in the 8 cases with different
survival times are summarized in Table 3 and Fig. 2.

The neoplastic cell MNA, MND, MDx and MNFe and survival times
were significantly correlated as evidenced in Table 4.

4. Discussion

Computerized image analysis allows accurate and objective evalua-
tion of nuclear morphology and it has been used to show that increases
in nuclear size and irregularity of nuclear shape are more frequently
detected in malignant tumors than nonmalignant borderline tumors.

The present results demonstrate that area, mean diameter and
ellipticity of the nucleus are the most appropriate nuclear morpho-
metric parameters for differentiating between PCs with different
survival times. The same parameters, including the nuclear perimeter
(MNP), may be also useful to identify different histopathological
grades.

In our study, we observed an increased size of the nuclei proceeding
from normal to hyperplastic to neoplastic prostate, most likely reflect-
ing an increase in DNA synthesis and cell proliferative activity. In a
previous study of advanced human gastric cancer there was a sig-
nificant correlation between nuclear area of cancer cells and expression
of p53, Ki67 labelling index and DNA ploidy of the tumors (Ikeguchi
et al., 1999). Human hepatocellular carcinoma cells with large nuclear
area have more chances to invade blood vessels resulting in intrahepa-
tic and distant metastases compared to neoplastic cells with small
nuclear area (Ikeguchi et al., 1998). Moreover, as expected, cells from
malignant lesions have more irregular nuclear shapes than normal and
hyperplastic epithelial cells and this may be considered an indicator of
genetic instability and intratumoral heterogeneity (Gisselsson et al.,
2001).

In addition, we observed an increase of the nuclear area and
perimeter in less differentiated tumors (solid and cribriform PCs) that
may reflect the different degree of cell differentiation and proliferative
activity of neoplastic cells.

Regarding the Gleason grade, significant alterations in the nuclear

Fig. 1. Illustration of parameters for quantitative estimation of nuclear morphometry in canine prostatic lesions.
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structure have been described by Veltri et al. (2007) between and
within Gleason grading patterns 3/4 and 4/5. Recently, Ali et al. (2001)
using a total of seven nuclear features could differentiate Gleason grade
patterns 3 vs. 4 with a classification accuracy of 84%. However, in our
cases, none of the nuclear parameters were significantly correlated with
the Gleason grade.

On the other hand, when considering the overall Gleason score of
canine PC, a significant correlation with MNA, MNP, MND, MDx, and
MDm was detected.

Quite interestingly, survival time has a significant inverse correla-
tion with MNA, MNS, MDx and MNFe in canine prostate cancer,
matching similar results in human PC (Bektas et al., 2009; Choi et al.,
1999; Martinez-Jabaloyas et al., 2002; Zhang et al., 2000).

No significant differences were observed between metastatic and
non-metastatic canine PCs, as already reported by Diamond et al.
(1982) in men with a mean nuclear area of 31 μm2 and 30.7 μm2 for

those patients who were free of metastases post-operatively and those
with metastases. Our findings may suggest that canine PCs are generally
malignant or potentially malignant since anaplastic features occur
regardless of the presence or absence of metastases. Nuclear parameters
should therefore not necessarily considered potential predictors of
metastases in canine PCs.

Finally, we compared nuclear morphometry on needle biopsy,
prostatectomy and necropsy specimens to determine whether any of
those methods of sample collection may affect nuclear parameters and
values. Nuclear morphometry from biopsy specimens revealed nuclei
that were smaller and more irregular in comparison to those in
prostatectomy or necropsy specimens.

Altered nuclear features may be attributed to compression artifacts
from the passage of the needle through the prostatic tissue, although
our biopsies were devoid of any microscopic signs of tissue trauma.
Moreover, nuclear injury should occur at the edge of the biopsy
specimen and not diffusely throughout it.

Other possible factors would be the different impact of tissue
shrinkage during the histological processing between biopsy and
surgical specimens (Baak et al., 1989) or the intratumoral heterogeneity
(Fujikawa et al., 1997). Limited amount of tissue is retrieved with
biopsy and it is not reflective of the wide range of size and shape that
may exist in the same tumor, which is otherwise better represented in
prostatectomy or necropsy samples. However, it is most likely that a
delayed fixation and/or excessive air drying of the tissue may influence
the nuclear parameters (Baak et al., 1989; Serratosa et al., 1988). In
previous studies, the average values for the mean nuclear volume, mean
nuclear area and form factor of neoplastic prostatic cells in biopsy
samples were significantly smaller than those within prostatectomy
specimens (Mohler et al., 1994; Zhang et al., 1999), as in our cases.
Voges et al. (1992) reported an increased hepatocyte nuclear volume
due to delayed fixation of rat liver, most likely caused by the continuous
transcriptional activity occurring between collection and fixation and
leading to an artefactual rounding of the nuclei. This may also apply to
our prostatic samples if we consider that in clinical and necropsy
practice, a time lag exists between prostate removal and start of the
fixing procedure compared to a rapid fixation of biopsy samples.
Therefore nuclear morphometry performed on biopsy specimens more
accurately reflects reality than does analysis of prostatectomy and
necropsy samples. Alternatively, an immediate start and rapid comple-
tion of fixation may be desirable to preserve the nuclear morphology of
non-biopsy specimens.

Based on our findings, we suggest that MNA, MNP, MND, NACV and
MNFe may be considered appropriate morphometric parameters for
differentiating benign from malignant canine prostatic lesions in
histological specimens, while MNA, MNP, MND, MDx and MDm should
be used to differentiate PCs with different Gleason scores. MNA, MNS,
MDx and MNFe may also have important prognostic implications in
canine prostate cancer. Moreover, factors associated with tissue sam-
pling and processing, which are not specific to cancer histologic

Table 3
Values of nuclear morphometric parameters in the 8 cases of canine prostate cancer with different survival rates.

Case no. 1 Case no. 2 Case no. 3 Case no. 4 Case no. 5 Case no. 6 Case no. 7 Case no. 8

Survival (days) 87 42 220 160 320 130 55 190
MNA (μm2) 151.74 168.60 139.10 94.02 107 129.05 174 127.10
MNP (μm) 46.41 46.96 41.54 34.20 36 40.05 46.10 40
NACV 0.24 0.23 0.23 0.34 0.75 0.34 0.27 0.26
MND (μm) 13.90 14.65 13.31 10.94 11.67 12.82 14.89 12.72
MDx (μm) 9.71 11.17 9.51 7.49 1.08 9.97 11.23 9.17
MDm (μm) 16.20 16.82 18.37 12.57 17.59 16.19 19.52 16.16
MNFe 1.67 1.50 1.93 1.68 2.89 1.62 1.74 1.76
FF 1.130 1.041 0.9898 0.979 0.964 0.988 0.968 1.003

MNA, mean nuclear area; MNP, mean nuclear perimeter; NACV, coefficient of variation of the nuclear area; MND, mean nuclear diameter; MDx, mean nuclear diameter maximum; MDm,
mean nuclear diameter minimum; MNFe, mean nuclear form ellipse; FF, form factor.

Fig. 2. Nuclear morphometric parameters and survival rates (days) in eight cases of
canine prostatic carcinoma. Tumors with less survival rates have a higher MNA, MND,
MDx and MNFe compared to tumors with high survival rates (p < 0.05).

Table 4
Correlation coefficient (r) between the survival time and nuclear morphometric para-
meters.

Spearman r p value

Survival (days) vs. MNA −0.74 0.046⁎

Survival (days) vs. MNP −0.72 0.052
Survival (days) vs. NACV 0.45 0.267
Survival (days) vs. MND −0.74 0.046⁎

Survival (days) vs. MDx −0.86 0.010⁎

Survival (days) vs. MDm −0.06 0.898
Survival (days) vs. MNFe 0.83 0.015⁎

Survival (days) vs. FF −0.44 0.273

MNA, mean nuclear area; MNP, mean nuclear perimeter; NACV, coefficient of variation of
the nuclear area; MND, mean nuclear diameter; MDx, mean nuclear diameter maximum;
MDm, mean nuclear diameter minimum; MNFe, mean nuclear form ellipse; FF, form
factor.

⁎ Statistically significant (p < 0.05).
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features, should be considered before approaching any morphometric
analysis since they have a significant influence on the nuclear size and
shape of prostate cells.

We suggest that morphometric analysis, combined with a Gleason
scoring system and ideally prognostic molecular markers, may be used
in grading tumor malignancy and classifying borderline lesions in the
routine clinical setting. Ancillary computerized morphometry can be
complementary to the histopathological examination by providing
several numerical parameters with increased objectivity and it might
improve our understanding of the diagnostic and prognostic features of
canine PC.

The results do not permit as of now a precise classification of PCs in
terms of prognosis since the data concerning the evolution of this tumor
have been analyzed in a small number of cases. However, these
preliminary results may allow the establishment of fixed minimum
and maximum values for each parameter investigated in order to
classify PCs in a rapid and precise manner in terms of degree of
differentiation which makes this a method of great interest to the
pathologists. Once the diagnosis of PC is made by histopathology,
tumor grading should include nuclear morphometry in order to predict
patient's outcome and survival rate. Clearly the potential for applying
quantitative histomorphometry and nuclear morphometry as new
“biomarkers” will require further validation.
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