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Abstract

This study was conducted to determine if correlations exist between the numbers of microscopic follicles comprising ovarian
follicular reserve (OFR) and antral follicle counts (AFCs), and to assess the usefulness of computerized analyses of ovarian
ultrasonograms and magnetic resonance (MR) images for estimating OFR in excised porcine, ovine and bovine ovaries. As a
pre-requisite to these analyses, we characterized and compared ovarian cortical histomorhpology and follicle populations in the
three species varying in prolificacy and overall reproductive longevity, and hence the total number of microscopic and antral
follicles. Ultrasonographic and MR images were obtained at the scanner settings optimized to provide opposing contrasts
between antral follicles and the ovarian stroma. Commercially available ImageProPlus® analytical software was used to calculate
numerical pixel values (NPVs) and pixel heterogeneity (standard deviation of the pixel values) along the computer-generated lines
(4-6) placed in the area corresponding to the ovarian cortex. The numbers of primordial (r=0.38, P <0.01) and intermediate
follicles (r=0.37, P < 0.01) were correlated with the numbers of antral follicles in bovine ovarian sections. The numbers of prim-
ordial (r=0.28, P <0.05), intermediate (r=0.31, P <0.01) and primary follicles (r=0.27, P < 0.05) correlated directly with mean
NPVs of the ultrasonographic ovarian images in cattle. There was a negative correlation between primary follicle numbers and
NPVs of MR images (3D FAST-SPOILED GRADIENT ECHO) of the porcine ovarian cortex (r=—0.31, P < 0.05). To summarize, the
numbers of primordial and intermediate follicles could only be estimated from AFCs in cows. Using ultrasound NPVs, the numbers
of primordial, intermediate and primary follicles could be directly estimated in bovine ovaries and the quantitative image attributes
of MR images were useful for quantifying porcine primary follicles. The bovine ovarian model is compatible with human situation
and hence future studies should be undertaken to ascertain the usefulness of AFCs and ultrasonographic image analyses for
estimating OFR in women.
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3% of their reserve of oocytes remain.>* Premature ovarian
failure (a.k.a. premature ovarian insufficiency, primary
ovarian insufficiency, premature menopause, or hypergona-
dotropic hypogonadism) is the loss of cyclic ovarian func-
tion before the age of 40; it affects 1% of the population.*
The ovarian follicular reserve (OFR) comprises micro-
scopic primordial, transitory (intermediate) and primary
follicles - the oocytes surrounded by a single layer of squa-
mous or cuboidal follicular cells - residing and developing
in the cortex of the ovary."” This reserve represents the abil-

Introduction

The females of mammalian species are born with a set
amount of oocytes, which become activated to complete
oogenesis after the onset of puberty. The proper and coor-
dinated progression of this process results in the release of
viable oocytes throughout the reproductive life.!”
According to a recent Scottish study analyzing the female
egg supply from conception to menopause in 350 women of
various ages, in Europe and the USA, women lose 88%

of their eggs by the age of 30, and by the age of 40 only
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ity of the ovaries to produce functional growing follicles,
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which become responsive to stimulation with both
endogenous and exogenous gonadotropins. Various meth-
ods can be employed to estimate the OFR, but clinical
assessment of ovarian health status relies primarily on the
evaluation of the pool of mature (Graafian) follicles, using
hormonal profiles or follicle counts."” In this approach,
the proper functioning of the ovary is assessed through
the normal development of antral follicles and the release
of hormones involved with their recruitment and matur-
ation. It has generally been assumed that hormonal tests
serving as indicators of the endocrine capacity of large
antral follicles provide an indirect measurement of the fol-
licular reserve pool. Among the static tests, the most
common are basal serum follicle-stimulating hormone
(FSH), basal serum estradiol, and basal serum inhibin-B
level measurements.®>'® Due to considerable individual
variation, determining appropriate cut-off points for hor-
monal tests is very difficult and hence the tests may have
compromised sensitivity. Dynamic testing involves initial
estimation of basal hormone levels followed by ovarian
suppression/stimulation, and then another collection and
testing of serum samples. One of the most widely used
dynamic clinical tests is the clomiphene citrate (estradiol
antagonist) challenge performed in conjunction with
serum FSH measurements.? However, determining the
cut-off point for FSH, as mentioned previously, is a limiting
factor. In addition, the clomiphene citrate challenge test is
often associated with side effects such as pelvic pain, bloat-
ing, nausea, and breast discomfort.? Hence, even though a
few hormonal tests are routinely employed to evaluate
OFR, they appear to fall short of what is considered an
ideal sensitivity. Most importantly, however, no studies to
date have shown a direct association between the results of
the aforementioned hormonal tests and the population
of microscopic ovarian follicles. Measuring serum levels
of anti-Mullerian hormone (AMH) is considered the most
reliable marker of OFR as the granulosa cells of microscopic
ovarian follicles produce the hormone.”!" Circulating AMH
concentrations correlate with the number and activity of the
reserve-pool follicles, but although the test tends to be
more sensitive than measurements of FSH, estradiol, and
inhibin-B levels, it still has a wide range of the cut-off
concentrations.'?

At present, the only option for direct estimation of OFR is
through an increasingly criticized ovarian biopsy.””
Ovarian biopsy involves taking a scalpel biopsy from one
of the ovaries coupled with an ultrasonographic measure-
ment of the size of the ovary. The biopsy is then serially
sectioned and microscopically analyzed to enumerate the
primordial, intermediate, and primary follicles. There are
major drawbacks to this method, in that the distribution of
follicles is not uniform across the cortex in addition to the
obvious invasiveness and possible surgical complications
including adhesions and scarring. Non-invasive techniques
for determining the number of microscopic ovarian follicles
within the ovaries would therefore be a desirable alterna-
tive to currently used methods.

Depending on the species, antral follicle count (AFC) can
be accomplished using transrectal, transvaginal, or transab-
dominal ultrasonography,>™° or magnetic resonance
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imaging.'®!” Recently, Ireland et al.'® have reported the
existence of a positive correlation between the antral follicle
numbers at the peak of the follicular wave (a cohort of
antral follicles stimulated to grow by a transient increase
in serum FSH concentrations), the concentration of circulat-
ing AMH, and the number of healthy primordial, transitory,
and primary ovarian follicles in heifers. This study solidi-
fied the use of ultrasonography to enumerate antral follicles
as a non-invasive estimation of OFR in cows. Cattle are
considered an appropriate model for ovarian processes in
women, as the ovaries and intraovarian structures are of a
similar size, and both species exhibit similar endocrine con-
trol of folliculogenesis and ovarian pathological condi-
tions.'”?° However, similar studies in women and other
mammalian species do not exist.

It has now been established that changes that occur at the
cellular and macromolecular level and affect large propor-
tions of cells may change ovarian morphology sufficiently
to be detected by computerized analysis of ultrasono-
graphic and magnetic resonance (MR) images. Previous
research has shown a correlation between the ultrasono-
graphic image characteristics and histophysiological prop-
erties of antral follicles in domestic ruminants and
women.'**! Changes in the intensity and heterogeneity of
ovarian ultrasonograms have been found to be related to
cell density, thickness, and proliferating cell indices of the
granulosa and theca layer.” The analysis of MR image attri-
butes has also allowed for detecting the microscopic
changes occurring in ovarian structures ex situ.'®"”

Hence, the main objectives of this study were to assess
the suitability of AFCs and computer-assisted analysis of
ultrasonographic and magnetic resonance images for quan-
tifying the reserve pool of ovarian follicles in three animal
species ex situ. Additionally, we described and compared
various histomorphological characteristics of the ovarian
cortex and follicle populations in the three species under
study. Swine, sheep, and cattle were used due to differences
in prolificacy and reproductive longevity, and hence the
total numbers of ovarian follicles present. Our major null
hypotheses were that: (i) microscopic follicle counts would
be correlated with the numbers of ovarian antral follicles on
ovarian ultrasonograms and sequential MR images; and
(if) changes in the quantitative image attributes of the ovar-
ian cortex would be correlated with the number of micro-
scopic  follicles  determined through histological
examinations of the ovarian tissue.

Materials and methods
Experimental design and procedures

Slaughterhouse ovaries were obtained from gilts
(Yorkshire/Landrace x Duroc/Hampshire, = aged  ~6
months), ewe lambs (Suffolk, aged ~7 months), and heifers
(Hereford, aged 15-18 months); five pairs of ovaries were
collected from each species. Corpora lutea (CL) were pre-
sent in two ovaries of one gilt (four on one ovary and five on
the contralateral ovary); in two ewes (each containing one
CL); and in two heifers (one heifer had one CL, one animal
had two CLs on one ovary, and one animal had a CL on each
ovary). Immediately after collection, the ovaries were



578  Experimental Biology and Medicine Volume 240 May 2015

placed in re-sealable plastic bags filled with saline. The tem-
perature was maintained at 37°C. The bags were placed in a
warm thermos and transported to the laboratory; the travel
time was restricted to 1h.

Upon arrival to the laboratory, the ovaries were scanned
in a transverse plane in a degassed water bath using a
7.5-MHz linear-array small parts transducer connected to
the Aloka 900-SSD echo camera (Aloka Ltd., Tokyo, Japan).
The transducer was kept at a distance of about 0.5 cm from
the surface of the ovary. Each scan was recorded on a hard
drive of a Pioneer DVD recorder (Pioneer Electronics of
Canada Inc.; Markham, ON, Canada) at the constant set-
tings for an overall gain (60% of maximum value) and
time-gain compensation (0%). All ovaries were then pre-
pared for MRI by removing any excess tissue, put on a plas-
tic wrap in a row of pairs, and placed onto a custom-made
phased array surface coil. The plastic wrap functioned not
only to keep the ovaries in place but also to prevent mois-
ture loss during examination. The ovaries were scanned
using a 1.5 Tesla GE Sigma scanner (General Electric
Medical Systems; Milwaukee, WI, USA) to produce T1-
weighted SPIN ECHO (T1 SE), T2-weighted FAST SPIN
ECHO (T2 FSE), and Tl-weighted 3D FAST-SPOILED
GRADIENT ECHO (3D FSPGRE) images. The T1 SE
sequence was acquired in a coronal plane using the follow-
ing settings: echo time (Tg)=15ms, repetition time
(TR) =480ms, 12 x 9cm field of view (FOV), 2mm/0mm
(slice/gap), 224 x 224 matrix, number of excitations
(NEX) =8, bandwidth (BW)=231.2, and Imaging Option
ZIP 512 (Zero Fill Interpolation). The T2 FSE sequence
was acquired at Ty =50ms, Tr =2000ms, 12 x 9cm FOV,
2mm/0mm (slice/gap), 224 x 224 pixel matrix, NEX =10,
BW =312, and Imaging Option ZIP 512. Lastly, the 3D
FSPGR images were acquired at Tg=4.2ms, Tr=93ms,

flip angle (FA)=15 16x14cm FOV, 1mm/0mm
(slice/gap), 192x192 pixel matrix, NEX=18, and
(@) (b)
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BW =15.63. Such protocols have been found to provide
the optimal, opposing contrasts for antral follicles and the
ovarian stroma.'® The MR image acquisition was attained
using the Efilm Light Software (version 3.1.2. General
Electric Medical Systems; Milwaukee, WI, USA); the
images were saved as MIP images at 10.4x magnification.

Immediately following an MR scan, the ovaries were
transferred to a labelled tube containing Bouin’s fixative,
and then placed in plastic cassettes and put in 70% ethanol
until further tissue processing for histology. Ovarian tissue
sections were subsequently processed in a graded ethanol
and paraffin system, placed into paraffin blocks, and then
sectioned using a standard rotary microtome (Leica
CMB3050 S; Leica Microsystems, Nufiloch, Germany) at a
thickness of 5um; the sections were taken to represent
four evenly spaced regions of each ovary (Figure 1a). The
slides were air-dried and stained with hematoxylin and
eosin as per routine staining techniques.

The slides of the cross-sections were photographed using
a Zeiss Stemi 2000-C dissection microscope with a Leica
Opti-tech OT6246 microscope/video inspection and meas-
urement system and the attached QImaging Qlcam1294
(Leica CM3050 S; Leica Microsystems, NufSloch,
Germany). The images were saved as JPEG files using the
QCapture 2.73.0 software (Quorum Technologies Inc.,
Guelph, ON, Canada) at 10x, 40x and 100x image magni-
fication. The ultrasonographic and MR ultrasound images
were digitized using Adobe PremierePro™ (version 1.5;
Adobe Systems Inc., San Jose, CA, USA) and stored as
BITMAP images. The entire cross-sectional images
(10x image magnification) were used to identify the match-
ing ultrasonographic and MRI images. Microscopic ana-
lyses of the histological sections were done to enumerate
primordial, primary, intermediate, secondary, and pre-
antral follicles (characterized in Figure 2) based on previ-
ously defined microscopic criteria.'* To ensure that all

(a) A diagram illustrating the topographic location of cross-sections (two from near-middle (NM) and two from near-pole (NP) regions of each ovary) used for

comparative histological assessment and computer-assisted image analyses of the ovarian cortex; (b) demonstration of line placement (4-6 lines per cross-section) for
image analysis using the Image ProPlus® analytical software. Computer-generated lines with the length corresponding to the area occupied by ovarian cortex (on the
basis of earlier histological examinations of ovarian histograms) were drawn at approximately 10, 12, 2, 4, 6, and 8 o’clock positions. A special care was taken to avoid
visible antral follicles and, in the ultrasonographic images, the lines at 12 and 6 o’clock positions were frequently omitted due to the presence of reflection artifacts
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Follicle category
and features/Species

Porcine

Primordial

An oocyte surrounded
by a partial or complete
layer of squamous
follicular cells

Intermediate

Follicles containing both
squamous and cuboidal
follicular cells

Primary

Follicles with a single
layer (complete or
partial) of cuboidal
granulosa cells

Secondary

Follicles with multiple
layers of granulosa cells

Bovine

Pre-antral

Follicles with one or
more small areas filled
with follicular fluid

Figure 2 Histomorphological classification and photographic reproductions of porcine, ovine and bovine follicles at 100x (dark gray background) or 40x image

magnification (light gray background).

follicles were accounted for, a mark was made randomly on
each side of the slide and follicles were counted in a clock-
wise motion until the mark was in view again. For each
slide, the diameter of the largest and smallest follicle in
each category was measured, at 40x or 100x image magni-
fication, to calculate the mean follicular size. At the
same time, the diameters of the cross section of the ovary
as well as the percentage of the diameter represented
by the cortex (defined as a region containing microscopic
ovarian follicles) were determined. Antral follicle numbers

were taken directly from the ultrasonograms and MR
images.

Image analysis was completed on all of the ultrasound,
T1 SE, T2 FSE, and 3D FSPGRE images using a line tech-
nique in the Image ProPlus® analytical software (Media
Cybernetics Inc., San Diego, CA, USA). A computer-
generated line was drawn in the area corresponding to
the ovarian cortex; the length of the line was determined
using the previously calculated percentage of the diameter
corresponding to the cortex. At least four lines were used



580 Experimental Biology and Medicine Volume 240 May 2015

for each image (Figure 1b). The line analysis was used to
calculate the average pixel intensity (NPVs) and pixel het-
erogeneity (standard deviation (SD) of the pixel values)
along the lines.

The numbers and sizes of follicles in different categories
were compared between the three species studied by one-
way analysis of variance, and the numbers of follicles in the
near-middle (NM) sections of the ovary were compared to
those in the two near-pole (NP) sections by a Student -test
(SigrnaPlot® version 11.0; Systat Software Inc., Richmond,
CA, USA). Pearson Product Moment correlations were
determined among echotextural and MRI parameters, and
the numbers of follicles in each category except for AFCs.
Significance was set as P < 0.05. All values are expressed as
mean £ SEM.

Results
Histomorphology and ovarian follicle numbers

The mean diameter and percentage of the diameter span-
ning the ovarian cortex did not vary (P > 0.05) between the
near-middle (NM) and near-pole (NP) transverse ovarian
sections in the three species under study. The diameter of
porcine ovarian cross-sections averaged 15.741.2mm,
approximately 16% of which corresponded to the cortex
(164+£1.6%). Ovine cross-sections were the smallest
(P <0.05), with an average diameter of 9.1+ 0.6 mm, and
the percentage of the diameter spanning the cortex approx-
imating 25% (24.7 +1.2%). Bovine ovaries had the largest
cross-sectional diameters, averaging at 26.4 +£1.2 mm, with
the percentage of diameter occupied by the cortex equal to
9.8+1.0%. The percentage of the ovarian diameter span-
ning the ovarian cortex was greater (P <0.05) in sheep
than in pigs, and they both were greater (P <0.05) com-
pared to that in cattle.

With regards to the distribution of ovarian follicles
within the cortex in the three species under study, the por-
cine microscopic follicles tended to be clustered together
while bovine and ovine follicles were scattered unevenly.
The total number of follicles in all size classes as well as the
numbers of primordial and secondary follicles per cross-
section were greatest in the porcine ovaries, followed by
the bovine and ovine sections (P <0.05; Table 1).

Table 1 Mean (+SEM) follicular counts in each size category (number of
follicles/cross section) from histological slides of the porcine, ovine, and
bovine ovaries (each species: n =10 ovaries)

Follicle category/

Species Porcine Ovine Bovine
Primordial 91.8+7.9a 17.6+2.5¢c 32.6+3.3b
Intermediate 29.9+4.2b 8.7+1.3c 349+4.1a
Primary 8.7+1.1 6.8+0.8 56+1.6
Secondary 3.2+0.6a 1.1+0.2¢c 1.6+0.2b
Pre-antral 0.7+0.1a 0.2 +0.09b 0.2 +0.06b
Antral 10.4+£0.8a 3.5+0.3b 8.7 £0.6ab
Total 144.8+10.8a 37.5+4.2c 83.9+8.0b

The number of intermediate ovarian follicles was greatest
in bovine ovarian sections, followed by porcine and ovine
ovaries (P < 0.05). The number of pre-antral follicles did not
differ (P > 0.05) between ovine and bovine ovarian sections
but they were greater (P <0.05) in porcine ovaries. The
number of antral follicles did not differ (P > 0.05) between
porcine and bovine ovarian sections, but there were signifi-
cantly less antral follicles in ovine ovaries. There were no
differences (P > 0.05) in mean numbers of primary follicles
per cross-section among the three species under study.

In the porcine ovaries, there was a significant difference
in follicle distribution between NM and NP ovarian sec-
tions (Table 2), with the NP sections containing fewer fol-
licles than NM sections; the difference in follicle counts was
significant for primary, secondary, and pre-antral follicles.
In ovine ovarian sections, there was no overall difference in
follicle numbers between the NM and NP sections
(P > 0.05); however, no pre-antral follicles were detected
in the NP ovarian sections. In cattle, the overall difference
between NM and NP sections was approaching to signifi-
cance (P =0.07), but post-ANOVA tests did not reveal sig-
nificant differences in any size category. The average
follicular diameter for primordial, intermediate, primary,
secondary, and pre-antral follicles in each species studied
is shown in Table 3. There were numerical differences in
follicle sizes but only the secondary and pre-antral ovarian
follicles were significantly larger in pigs compared with
sheep.

Table 2 Differences in follicle numbers (mean + SEM) between the near-
middle (NM) and near-pole (NP) cross sections of the porcine, ovine, and
bovine ovaries

Average no. of
follicles per

Average no. of
follicles per

Follicle cross-section cross-section
Species category (NM sections) (NP sections)
Porcine Primordial 95.1+9.8 88.6+12.3
Intermediate 35.4+6.9 245+4.4
Primary 10.9+2.1a 6.4+0.7b
Secondary 3.4+0.9a 0.2+0.7b
Pre-antral 0.9+0.2a 0.4+0.1b
Antral 11.4+1.3 9.7+0.9
Ovine Primordial 17.1+£3.1 18.0+4.0
Intermediate 79+1.5 9.8+6.6
Primary 6.5+1.0 6.8+0.8
Secondary 1.4+0.3 0.8+0.3
Pre-antral 0.5+0.1 ND
Antral 3.9+0.5 3.0+0.5
Bovine Primordial 36.4+£6.9 29.4+£6.0
Intermediate 35.6+21.0 34.9+8.3
Primary 6.8+3.4 5.0+1.5
Secondary 1.7+£0.4 1.3+04
Pre-antral 0.2+0.1 0.3+0.1
Antral 8.7+0.7 78+1.2

Note: Within rows, mean values denoted by different letters vary significantly
(P <0.05).

Note: Within rows, means denoted by different letters vary significantly (P < 0.05).
ND: not detected.



Correlations among the numbers of follicles in different
categories

Correlations were found among follicle numbers in differ-
ent size categories (Table 4). Significant albeit moderate cor-
relations existed between the number of primordial and
intermediate as well as between the number of primordial
and primary follicles in each species studied. A significant
positive correlation between primordial and secondary fol-
licles was only recorded in bovine ovaries. In pigs, the num-
bers of pre-antral ovarian follicles correlated directly with
the numbers of intermediate, primary, secondary, and
antral follicles. Correlations between the numbers of
antral and primary follicles, and between antral and sec-
ondary porcine follicles approached to significance
(P <0.08). Lastly, significant correlations detected in
bovine ovarian cross-sections but not in porcine or ovine
ovaries included the correlations between the numbers of:
primordial and secondary follicles, primordial and antral
follicles, intermediate and secondary follicles, intermediate

Table 3 Mean (+SEM) diameter (um) of microscopic ovarian follicles in
swine, sheep, and cattle

Follicle category/

Species Porcine Ovine Bovine
Primordial 25.0+8.2 36.94+9.9 30.0+7.6
Intermediate 34.6+19.6 40.3+13.1 42.2+14.8
Primary 67.4+13.2 66.0+10.0 68.4+8.4
Secondary 141.3+18.8a 98.6+16.0b 112.0+19.9ab
Pre-antral 386.6+78.8a 201.4+589b 247.4+52.6ab

Note: Within rows, mean values denoted by different letters vary significantly
(P <0.05).
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and antral follicles, and between primary and secondary
follicles.

Correlations between quantitative attributes
of ultrasonographic/MR images and microscopic
follicle numbers

Correlations between image characteristics determined by
computer-assisted analyses of ovarian cortex and follicle
numbers are summarized in Table 5. Significant albeit
moderate correlations existed between ultrasound pixel
intensity (NPVs) and the numbers of primordial, inter-
mediate, and primary ovarian follicles determined in
bovine ovaries. A significant negative correlation was
recorded between the pixel intensity of 3D FSGRE
images and the numbers of primary follicles in pigs.
There was a significant positive correlation between the
numbers of secondary follicles and pixel heterogeneity
values of 3D FSGRE of ovine ovaries. Additionally, the
correlations between ultrasound pixel intensity and pri-
mary follicle counts as well as between 3D FSGRE pixel
intensity and the numbers of primordial follicles
approached to significance. For ovine ovaries, the two
negative correlations approaching significance (P=0.07)
were recorded between the numbers of primordial fol-
licles and 3D FSGRE pixel heterogeneity, and between
the numbers of intermediate ovarian follicles and ultra-
sound pixel heterogeneity values.

Discussion

Documenting the differences in ovarian macro- and micro-
scopic morphology among the three species varying in
body size, prolificacy, and reproductive longevity is import-
ant as it can facilitate tailoring the optimal technique(s) for
determining the OFR. The average diameter and area of

Table 4 Summary of correlations among the numbers of follicles in different size categories

Porcine Ovine Bovine
Follicle category/Species r P-value r P-value R P-value
Primordial and intermediate 0.71 <0.001 0.73 <0.001 0.72 <0.001
Primordial and primary 0.37 <0.05 0.64 <0.001 0.52 <0.001
Primordial and secondary NS NS 0.57 <0.001
Primordial and pre-antral NS NS NS
Primordial and antral NS NS 0.38 <0.01
Intermediate and primary NS NS NS
Intermediate and secondary NS NS 0.61 <0.001
Intermediate and pre-antral 0.36 <0.05 NS NS
Intermediate and antral NS NS 0.37 <0.01
Primary and secondary NS NS 0.29 <0.05
Primary and pre-antral 0.33 <0.05 NS NS
Primary and antral 0.26 0.08 NS NS
Secondary and pre-antral 0.34 <0.05 NS NS
Secondary and antral 0.29 0.06 NS NS
Pre-antral and antral 0.39 <0.01 NS NS

Note: Correlations approaching to significance (P < 0.10) are italicized.
NS: not significant; r: coefficient of correlation.
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Table 5 Summary of correlations among the numbers of follicles in different size categories and image attributes of ovarian ultrasonographic,
T1-weighted SPIN ECHO (T1 SE), T2-weighted FAST SPIN ECHO (T2 FSE), and T1-weighted 3D FAST-SPOILED GRADIENT ECHO (3D FSPGRE) images

Porcine Ovine Bovine
Species/Quantitative image attribute and follicle category r P-value r P-value r P-value
Pixel Intensity Primordial and U/S (7.5 MHz) NS NS 0.28 <0.05
Primordial and T1 SE NS NS NS
Primordial and T2 FSE NS NS NS
Primordial and 3D FSGRE -0.25 0.10 NS NS
Intermediate and U/S (7.5 MHz) NS NS 0.31 <0.01
Intermediate and T1 SE NS NS NS
Intermediate and T2 FSE NS NS NS
Intermediate and 3D FSGRE NS NS NS
Primary and U/S (7.5 MHz) -0.25 0.09 NS 0.27 <0.05
Primary and T1 SE NS NS NS
Primary and T2 FSE NS NS NS
Primary and 3D FSGRE —0.31 <0.05 NS NS
Secondary and U/S (7.5 MHz) NS NS NS
Secondary and T1 SE NS NS NS
Secondary and T2 FSE NS NS NS
Secondary and 3D FSGRE NS NS NS
Pixel Heterogeneity Primordial and U/S (7.5 MHz) NS NS NS
Primordial and T1 SE NS NS NS
Primordial and T2 FSE NS NS NS
Primordial and 3D FSGRE NS -0.29 0.07 NS
Intermediate and U/S (7.5 MHz) NS —0.29 0.07 NS
Intermediate and T1 SE NS NS NS
Intermediate and T2 FSE NS NS NS
Intermediate and 3D FSGRE NS NS NS
Primary and U/S (7.5 MHz) NS NS NS
Primary and T1 SE NS NS NS
Primary and T2 FSE NS NS NS
Primary and 3D FSGRE NS NS NS
Secondary and U/S (7.5 MHz) NS NS NS
Secondary and T1 SE NS NS NS
Secondary and T2 FSE NS NS NS
Secondary and 3D FSGRE NS 0.32 <0.05 NS

Note: Correlations approaching to significance (P < 0.10) were italicized.
NS: not significant; r: coefficient of correlation.

ovarian cross-sections were largest in cattle, followed by
porcine and ovine ovarian tissue samples. Variations
in the percentage of the ovary occupied by the cortex
between the three species were also observed; it was great-
est in the sheep, followed by that in pigs and then cows,
which seems to indicate an inverse relationship with ovar-
ian dimensions.

There were differences in follicle distribution patterns in
the three species under study. In porcine ovaries, the micro-
scopic follicles were distributed in clusters while in cows
and sheep they were scattered unevenly. It has been demon-
strated that in litter-bearing species, the follicles are typic-
ally distributed in clusters.?? Porcine follicles (intermediate,
secondary, and pre-antral) were located primarily in the
inner sections of the ovary. In sheep, the microscopic

follicles were evenly distributed between the inner and
outer ovarian sections; however, no pre-antral follicles
were found in the outer ovarian sections. A likely explan-
ation for this phenomenon could be that pre-antral follicles
in the near-pole (NP) regions of the ewe’s ovary do not
develop possibly due to unfavourable conditions such as
a lower blood supply and hypoxia. The antral follicles are
significantly larger than pre-antral follicles, so when they
enlarge they could “re-colonize” the NP ovarian segments
located farther from the ovarian hilus. Similarly, more
favorable conditions for the development of porcine pri-
mary, secondary, and pre-antral follicles can exist in the
near middle (NM) as compared with the NP segments of
the ovary. This particular aspect of folliculogenesis requires
more research.



The pig consistently had the greatest number of ovarian
follicles, with the exception of intermediate and primary
follicles, while the sheep generally had the least follicles.
Of the follicles comprising the follicular reserve, the pigs
and sheep had the most primordial follicles, whereas
cows had the greatest number of intermediate follicles.
A study by Ireland et al.'® also showed that intermediate
follicle counts were higher than those of primordial ovarian
follicles in cows, which suggests that the intermediate fol-
licles are the major component of the bovine follicular
reserve. A plausible reason for higher numbers of inter-
mediate than primordial follicles in the cow could be a
high apoptotic rate of primordial follicles or a prolonged
lifespan of the intermediate follicles. Interestingly, there
was no difference in the number of primary follicles
among the three species, suggesting the existence of the
species-specific rates of follicular growth and apoptosis
between the primordial and primary stages. Similarly, the
pattern of follicular development after recruitment from the
reserve pool (i.e., secondary stage onwards) appears to
differ between pigs and ruminant species. If the rates of
follicular growth and apoptosis were constant for ovarian
follicles throughout their lifespan, the numbers of follicles
in every size class should be positively correlated with the
numbers of follicles in a previous stage. However, such a
linear relationship was not consistently seen in all three
species studied. For all stages, the changes in follicle num-
bers do not appear to be regular indicating that there exists
tremendous interspecies and perhaps even individual vari-
ability in follicle populations especially during the early
stages of folliculogenesis. This is then reflected in variations
in antral/vesicular follicle numbers.?*~*

The sizes of microscopic ovarian follicles determined in
the present study were similar to those previously reported
by Kerong et al.,?® Muruvi et al.,”” and Aearts?® for porcine,
ovine, and bovine ovaries, respectively. Microscopic follicle
size does not appear to be related to the size of the ovary;
secondary and pre-antral follicles were significantly larger
in pigs compared with sheep, but all types of microscopic
follicles in sheep and cows had similar diameters. Ovarian
dimensions were consistently smallest in sheep followed by
pigs and cows.

Both intermediate and primary follicle numbers were
found to be significantly correlated with AFCs in the cow.
As two of the three categories of the follicular reserve can be
directly estimated from the numbers of antral follicles, it
can be concluded that AFC is a decent predictor of the
OFR in cows. In the pig, the correlation between the num-
bers of primary and antral follicles only approached to sig-
nificance, and hence using AFCs to estimate the numbers of
this subset of follicular reserve in porcine ovaries may be
associated with a significantly higher degree of error. Since
there were no correlations between the reserve pool follicles
and the number of antral follicles in ovine ovaries, enumer-
ating antral follicles cannot be used to determine the follicu-
lar reserve in sheep.

Significant correlations were recorded between the num-
bers of primordial, intermediate, and primary follicles, and
the pixel intensity (NPVs) of bovine ultrasonographic ovar-
ian images. Conversely, there were no significant
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correlations between the quantitative attributes of MR
images techniques and microscopic follicle counts in
cows. Further studies using a three-dimensional (3D) ultra-
sound®?*” combined with computerized image analyzes
could potentially find a strong, direct correlation between
the ovarian follicular reserve and AFCs. Intermediate fol-
licle numbers and ultrasonographic NPVs exhibited a
slightly higher correlation coefficient compared to that for
primordial and primary follicle numbers; this could be due
to a greater abundance of intermediate follicles in bovine
ovaries. Nevertheless, ultrasound imaging appears to be a
useful method for estimtaing OFR in cows. This is of
importance because reproductive ultrasonography and
computerized image analysis of ovarian ultrasonograms
are also applicable to human clinical practice.*® The
bovine experimental model is accessible, malleable, lends
itself to quantitative assessments, and is appropriate for the
development of new ovarian imaging strategies in
women,>2031 including the estimation of OFR.

A significant negative correlation has been found
between the numbers of primary follicles pixel intensity
of the 3D FSGRE ovarian images in pigs. There were no
other significant correlations between the follicles of the
reserve pool and ultrasonographic or MR image attributes
in all three species under study. Almost a complete lack of
quantitative correlations between MR image characteristics
and ovarian follicular populations is difficult to explain.
Future studies aimed to include a larger portion of the ovar-
ian cortex into analyses may be necessary to ameliorate the
use of both imaging techniques for estimating OFR in dif-
ferent mammalian species.

To summarize, one of the objectives of this study was to
examine porcine, ovine, and bovine ovaries for correlations
between the OFR and antral follicles counts. However, the
present results do not completely support the hypothesis
that antral follicle numbers reflect the size of ovarian follicle
reserve. The best results were obtained in the cow where
both primary and intermediate follicle numbers were cor-
related with AFCs. Another purpose of this study was to
find a non-invasive, precise technique to estimate the ovar-
ian follicle reserve. Other techniques that are used include
an ovarian biopsy, which is highly invasive and can actually
cause a decrease in the ovarian follicular reserve due mainly
to the development of adhesions.’” Also, because of the
uneven distribution of the follicles, it may not be an accur-
ate estimator of OFR in all species albeit in cows there were
no apparent differences in the numbers of follicles at differ-
ent regions of the ovary. The primordial, primary, and inter-
mediate follicle numbers could be estimated from
ultrasonographic pixel intensity of bovine ovarian cortex,
and these were the most promising correlations found in
the present experiment. Although these correlations were
rather moderate, it can be anticipated that they might
become more pronounced with the ensuing advances in
ovarian imaging techniques and computerized image ana-
lysis. Since the ultrasound technology is less expensive and
more accessible, this procedure would be preferred both in
humans and animal species of veterinary interest. Future
studies should be conducted to see if the results observed in
cows would be reproduced in women. Ultrasound imaging
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combined with computer-assisted analysis of ovarian ultra-
sonograms can be easily accomplished in women and,
based on the similarities between bovine and human ovar-
ian morphology, may prove to be very useful non-invasive
techniques in monitoring female fertility.
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