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blood flow and ovarian responses/embryo yields. Five Santa Inés ewes were subjected to
a short- (Days 0-6, Group 1) and five to a long-term progesterone-based protocol (Days
0-12, Group 2) to synchronize estrus and ovulations after the superovulatory treatment.
Porcine FSH (pFSH, 200 mg) was administered in 8 decreasing doses over 4 days, start-

Iésazvords' ing on Days 4 and 10 in Groups 1 and 2, respectively. After CIDR removal, all ewes were
Superovulation bred by a ram and embryos were recovered surgically 7 days later. Transrectal ovarian
Color Doppler sonography ultrasonography was performed the day before and on all 4 days of the superovulatory
Blood flow treatment. Both an arbitrary-scale [(0) non-detectable; (1) small; (2) moderate; (3) intense
Antral follicles blood flow] and quantitative analysis of the blood flow area were used to assess the fol-

licular blood flow in color Doppler images. There were no significant correlations between
the arbitrary blood flow scores and superovulatory responses in the ewes of the present
study. However, there was a positive correlation between the quantitative estimates of
follicular blood flow on the final day of the superovulatory treatment, and the number
(DA:1=0.68,P<0.05; DA/TA x 100%: r=0.85, P<0.05) and percentage (DA: r=0.65, P<0.05;
DA/TA x 100%: r=0.91, P<0.001) of unfertilized eggs (DA: Doppler area, TA: total area of
the largest ovarian cross section). This experiment presents a commercially practical tool
for predicting superovulatory outcomes in ewes and evidence for the existence of follicu-
lar blood flow threshold that may impinge negatively on oocyte quality when surpassed
during hormonal ovarian superstimulation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The outcome of superovulatory treatments in sheep

is dependent on a number of different intrinsic and

- . extrinsic factors including, but not limited to, the sea-
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synchronization and insemination, and interval between
successive treatments (Gordon, 1997; Cognie et al., 2003;
Gonzalez-Bulnes et al., 2004; Shipley et al., 2007). In
recent years, the methods of superovulation in sheep
have evolved from upgrading hormones to technological
advancements (Alexander et al., 2010). Follicle-stimulating
hormone (FSH) has been used since the 1980s when stud-
ies demonstrated that it resulted in a higher production of
transferable quality embryos than pregnant mare serum
gonadotropin that was the common choice at the time
(PMSG; D’Alessandro et al., 1996). A few modified proto-
cols have been devised to maximize superovulatory yields
in small ruminants (Shipley et al., 2007; Menchaca et al.,
2010). Despite these and several other improvements, the
lack of predictability and tremendous variation in ovar-
ian response and embryo yields/quality continues to be
a critical issue in multiple ovulation and embryo trans-
fer (MOET) programs. Predicting the outcome of hormonal
ovarian superstimulation is financially vital to commercial
MOET ventures, has important practical advantages, and is
imperative in expanding the application of superovulation
in reproductive research (Bartlewski et al., 2008).

Color Doppler sonography models vascularity and blood
flow in body tissues and organs on ultrasound imaging
(Fleischer and Andreotti, 2005). It is currently used in a
wide range of clinical and diagnostic applications, partic-
ularly in obstetrics and gynecology when assessing the
ovaries, uterus, fetus or placenta. It has also been used to
monitor ovarian blood flow and ovarian responses to hor-
monal treatments during in vitro fertilization protocols in
women (Zaidi et al., 1996).

During antral follicular growth, there is an increased
blood supply to the theca layer comprising the outer wall
of ovarian antral follicles (Lass and Brinsden, 1999; Matsui
and Miyamoto, 2009). Increased blood flow and veloc-
ity are also associated with the ovulatory process, and
there are no apparent differences in these two parame-
ters between spontaneous and induced ovulations (Lass
and Brinsden, 1999). The use of color Doppler sonography
to predict ovarian responses after hormonal ovarian super-
stimulation has recently been studied in cows (Matsui and
Miyamoto, 2009) and horses (Witt et al., 2012), but to the
best of the authors’ knowledge, a similar study has not been
conducted in sheep or any other polyovulatory species.

The follicular blood flow velocity prior to ovulation and
the duration of the preceding estrus/ovulation synchro-
nization method may both affect ovarian responses and
oocyte competence. Hence, the objective of the present
study in Santa Inés ewes was to assess antral follicu-
lar blood flow during superovulatory porcine FSH (pFSH)
treatment and to compare a semi-quantitative and quan-
titative approach to analyzing color Doppler sonography
images for predicting the superovulatory response after a
short- (6 days) or long-term (12 days) progesterone-based
synchronization protocol.

2. Materials and methods
The present study was performed on ten ane-

strous Santa Inés ewes (aged 2-3 years, mean body
weight: 42.04+1.8kg) housed in the research facility in

Jaboticabal, Sdo Paulo, Brazil (21°15’S, 48°17' W). All ewes
were kept in an outdoor paddock with an easy access to a
covered pen protecting them from extensive sunlight and
heat. The ewes of the present study had lambed twice prior
to the present experiment. Animals received daily balanced
feed ratios containing corn silage (200 g/ewe/day) and had
unlimited access to water and mineral salt licks.

Five ewes were subjected to a short- (Days 0-6, Group 1)
and five to a long-term, progesterone-based protocol (Days
0-12, Group 2; CIDR®, Pfizer-New Zealand) to synchronize
estrus and ovulations after follicle-stimulating hormone
(pFSH) superovulatory regimen (Fig. 1). All ewes received
two injections of 37.5 wg of b-cloprostenol (Prolise®, Arsa,
Argentina) on Day O and at CIDR removal. The super-
ovulatory regimen consisted of 8 i.m. injections of pFSH
(Folltropin®-V; Bioniche Animal Health, Belleville, ON,
Canada) administrated twice daily (40, 40, 30, 30, 20, 20,
10 and 10mg). A single i.m. dose of 300IU of equine
chorionic gonadotropin (eCG; Novormon®, Syntex, Buenos
Aires, Argentina) was given at the time of CIDR withdrawal.
Subsequently, all ewes were bred by a fertile ram and
embryos were recovered surgically 7 days later.

The ova/embryos were collected by laparotomy under
general anesthesia. Each uterine horn was flushed with
40 ml of flushing media (DPBS®, Cultilab, Brazil) at 37 °C.
Flushing media were injected via a 20 G catheter inserted
at the proximal portion of the uterine horn and collected
via a no. 10 Foley catheter inserted at the uterine bifur-
cation. All recovered eggs and embryos were enumerated
and the embryos were maintained in holding media (Hold-
ing Plus®, Cultilab, Brazil). Morphological evaluation was
performed under a stereomicroscope (40x magnification)
using the International Embryo Transfer Society (IETS)
criteria. Briefly, the embryos that developed to the morula
or blastocyst stage at the time of collection were graded
from one to four (1-4), with Grade 1 being excellent,
Grade 2-good/fair, Grade 3-poor and Grade 4-degenerated
(Lindner and Wright, 1993; Rubianes et al., 1995).

Transrectal ovarian ultrasonography was performed the
day before and on all 4 days of the superovulatory treat-
ment. Ultrasonographic examinations were carried out by
one experienced operator using the color Doppler and B-
mode ultrasound system (MyLab VET 30, ESAOTE, Italy)
equipped with a stiffened, variable frequency (6-8 MHz),
linear-array transducer. Ewes were restrained in a stand-
ing position and the abdominal wall was compressed to
facilitate the visualization of the uterus and ovaries. The
rectum was lubricated using hydrosoluble contact gel prior
to insertion of the transducer; the probe was positioned
perpendicularly to the abdominal wall and the bladder
was identified to orientate the visualization of the uterine
horns. The probe was then rotated laterally to both sides to
obtain the images of the ovaries and ovarian antral follicles.

B-mode ultrasonography was used to visualize and
measure all ovarian antral follicles >3 mm in diameter at
1.5-3x image magnification and variable depths. The mean
diameter (average of two dimensions, vertical and horizon-
tal) of each identified follicle was taken from still images.
After identification of the follicles, the color Doppler was
used to determine intraovarian blood flow. The settings of
the scanner (Doppler sampling frequency (PRF)=1.4 kHZ
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Day Group 1 (n=5) Group 2 (n=5)
0 CDORJ CDORJ
1 CIDR CIDR
2 CIDR CIDR
3 CIDR CIDR
4 CDRJ CIDR
5 CDRY CIDR
6 | CIDRremoval day [JJlT [ CIDR
7 | | CIDR
8 CIDR
9 CIDR
10 CDRJ]
11 CIDRH
12 CIDR removal day [lil T[]
13 | |

CIDR - Controlled Internal Drug Release device

l - 37.5 ng of D-cloprostenol i.m.

l - porcine FSH treatment (200 mg of pFSH given i.m. in 8 decreasing doses over 4 days)
- Ultrasound and color Doppler imaging

[]- 300 IU of equine chorionic gonadotropin (eCG) i.m.

Fig. 1. A timeline of the superovulatory treatments in two groups of Santa Inés ewes (each n=5). subjected to either short- (Group 1) or long-term estrus
synchronization protocol (Group 2).

Fig. 2. Color Doppler ultrasonograms of ovine ovaries obtained during the superovulatory porcine follicle-stimulating hormone (pFSH) treatment of
anestrous Santa Inés ewes and classified as exhibiting non-detectable (A), small (B), moderate (C) or intense (D) blood flow (arbitrary scale: 0-3). White
arrows indicate ovarian antral follicles.
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and color gain=70% or just below the background noise
level recorded in a motionless animal) remained constant
for the duration of the study.

Both an arbitrary-scale [(0) non-detectable; (1) small;
(2) moderate; (3) intense blood flow; Fig. 2] and quantita-
tive analysis of the blood flow area (Image]®) were used
to assess the follicular blood flow in Doppler images. In the
still images containing the cross-sectional area of the ovary
with the strongest color Doppler signal, the ovary was out-
lined manually and the total ovarian area (TA) recorded.
Subsequently, the color Doppler area (DA) representing fol-
licular blood flow was computed for each ovary. Finally, a
Doppler Area percentage (DA/TA x 100%) was obtained for
each day and for each Santa Inés ewe.

All data were analyzed on a per ewe basis. Single
time-point observations were compared between the two
groups of ewes by Student’s t-test. Proportions of ewes with
viable/degenerated embryos and unfertilized eggs were
compared by x2-test (Brandt and Snedecor formula for
the analysis of proportions). Two-way repeated measures
ANOVA (SigmaPlot® for Windows®, Version 11.0, Systat
Software Inc., USA) was used to analyze changes in fol-
licular diameters, ovarian cross-sectional area and blood
flow in the two groups of animals over time. Holm-Sidak
test was used for a post-ANOVA comparison of individual
mean values. All data sets that failed normality and/or equal
variance tests were transformed by the natural logarithm
prior to analyses. Correlations between ovarian responses
(number of corpora lutea and unovulated luteinized folli-
cles), superovulatory yields (number of unfertilized eggs,
numbers and percentages of unfertilized ova, viable and
degenerated embryos, and embryo recovery rates), follicle
sizes, and blood flow scores were determined using Pear-
son Product Moment analyzes. Differences and correlations
with P<0.05 were considered statistically significant. Data
were expressed as mean 4+ SEM.

3. Results

The difference in mean daily numbers of all detectable
antral follicles >3 mm between the two groups of ewes
approached to significance (Group 1: 6.2 +0.4 and Group
2: 9.2+ 1.3 follicles/ewe; P=0.06) but there were no sig-
nificant differences from 1 day before until the end on the
superovulatory treatment. Mean daily diameters and the
average size of the largest ovarian follicle present (max-
imum follicle diameter) increased (P<0.05) from 1 day
before to 2 days after the beginning of the superovulatory
treatment in Group 1, and from the first to the third day of
the treatment in Group 2 animals (Fig. 3). Maximum follicle
diameter increased (P<0.05) from Day 2 to Day 3 in Group
2 ewes (Day 0=first day of superovulatory treatment). On
the first day of pFSH treatment, Group 1 ewes exceeded
(P<0.05) Group 2 animals in mean follicle diameter.

Mean arbitrary blood flow scores increased (P<0.05)
between Days 0 and 1 and Days 1 and 2 in both groups
of ewes studied, and between Days 2 and 3 of the super-
ovulatory pFSH treatment in Group 2 (Fig. 4). Group 1 ewes
had greater (P<0.05) blood flow scores than Group 2 ani-
mals on Days 0 and 2. The mean cross sectional area of the
ovaries did not vary between the two groups of ewes nor

over time and the difference in daily estimates of the color
Doppler area (DA) approached to significance (P=0.09);
in both groups of ewes, it appeared to be greatest on the
last two days of the superovulatory treatment. The relative
color Doppler area (DA/TA x 100%) rose (P<0.05) from 1
day before to 2 days after the beginning of the superovula-
tory treatment in Group 1 ewes.

There were no significant correlations between the arbi-
trary blood flow scores and superovulatory responses in
the ewes of the present study. Positive correlations were
recorded between the quantitative estimates of follicular
blood flow on the final day of the superovulatory treat-
ment and the number (DA: r=0.68, P<0.05; DA/TA x 100%:
r=0.85, P<0.05) and percentage (DA: r=0.65, P<0.05;
DA/TA x 100%: r=0.91, P<0.001) of unfertilized eggs.
Lastly, the correlations between cross sectional ovarian
area (TA) and embryo recovery rates on the last two days of
the superovulatory treatment approached to significance
(r=0.60, P=0.07 and r=0.57, P=0.09; for the penultimate
and last day of the treatment, respectively).

Ovarian responses and embryo yields summarized in
Table 1 did not differ (P>0.05) between superovulated
ewes subjected to a short- (Group 1) or long-term (Group 2)
estrus synchronization protocol. All ewes had luteal struc-
tures detected at laparotomy 7 days after CIDR removal. A
mean of 5.9 embryos and 3.6 transferable quality embryos
(Grades 1-3) were obtained from a donor ewe in this exper-
iment. Only 10% of all collections contained no embryos
and 30% yielded no viable embryos. In 70% of the ewes,
however, less than the average number of Grade 1-3
embryos was collected. A significant positive correlation
was recorded between the numbers of corpora lutea and
recovered embryos (r=0.76; P<0.05; data not shown).

4. Discussion

In cows, the number of small antral follicles with
detectable blood flow at the beginning of the gonadotropin
treatment may be used to predict the superovulatory
response (Matsui and Miyamoto, 2009). A marked increase
in ovarian blood flow associated with the development of
multiple ovulatory-sized follicles seems to be related to
the effectiveness of hormonal ovarian superstimulation in
mares (Witt etal.,2012).In humans, clinical research in this
area has provided sufficient evidence to suggest that ovar-
ian perfusion is a likely predictor of IVF outcomes (Zaidi
et al., 1996). In contrast to those findings in monovulatory
species, the results of the present study in Santa Inés sheep
do not present a large amount of quantitative relationships
between antral follicular blood flow and superovulatory
outcomes. The only significant correlations in this study
were confined to the final day of the 4-day pFSH regimen
and were, quite unexpectedly, indicative of oocyte qual-
ity/fertilizing ability in superovulated ewes.

The blood supply to ovarian antral follicles is closely
related to the follicular growth (i.e., number and size of
vesicular follicles) and physiological status (i.e., growing
vs. atretic), and the color Doppler ultrasonography may be
used to assess the thickness of the follicular wall (Matsui
and Miyamoto, 2009). However, there were no differences
in the number of all follicles >3 mm in diameter in the
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Fig. 3. Mean and maximum daily diameters of all antral follicles >3 mm in size detected ultrasonographically in ten anestrous Santa Inés ewes that
underwent the multiple-dose, porcine follicle-stimulating hormone (pFSH) treatment after a short- (6 days, Group 1) or long-term progesterone-based
protocol (12 days, Group 2) to synchronize estrus and ovulations after the superovulatory regimen. a-c, A-D: P<0.05; *denotes a significant difference

between the two groups.

ewes of the present study and the thickness of the fol-
licular wall does not vary between small, medium-sized
and large antral follicles (including preovulatory ovarian
follicles) in sheep (Duggavathi et al., 2006). Enhanced pro-
duction of transferable quality embryos has been reported
in cyclic ewes with large numbers of small antral folli-
cles (2-3 mm in diameter; Cognie et al., 2003). However,
in a recent study in anestrous ewes, the numbers of
small antral follicles at the beginning of the superovu-
latory treatment were not correlated to superovulatory
responses (Bartlewski et al., 2008). Upon further analysis
of our present data, no significant correlation was found
between follicle size and follicle blood flow, which is sim-
ilar to the findings of Bollwein et al. (2010). Veiga-Lopez
et al. (2006) suggested that large follicle size was related
to reduced embryo recovery, fertilization and viability in
ewes. However, in a study using an ultrasound-guided fol-
licle aspiration in heifers, oocyte viability did not seem
to be directly related to follicular diameter (Vassena
et al., 2003) and hence any changes in ovarian perfusion

associated with varying sizes of antral follicles present may
not be indicative of potential embryo yields and quality
after superovulation.

Technical considerations cannot be ruled out as a plau-
sible reason for the lack of more significant results in this
study. However, a combination of methods implying inher-
ent accuracy was employed in the present experiment.
Experienced operators obtained images of ovarian cross-
sections limiting any error in this step and a quantification
analysis was applied to enhance objectivity and accuracy
of results. A more likely case is a limitation in the imag-
ing technology as using the 2D color Doppler sonography,
the image acquisition and analysis were restricted to a
plane with the strongest Doppler signal. In the ewes of
the present study, the ovulation rate ranged from 5 to
26. Therefore, even though the strongest signal in color
Doppler sonography was consistently represented in all
images, it was likely not a complete representation of the
follicular blood flow in the animals with high numbers of
growing antral follicles.
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Fig. 4. Summary of arbitrary blood flow scores, the color Doppler area (DA), the cross sectional ovarian area (TA), and the relative color Doppler area
(DA/TA x 100%) determined in ten anestrous Santa Inés ewes that underwent the multiple-dose, porcine follicle-stimulating hormone (pFSH) treatment
following a short- (6 days, Group 1) or long-term progesterone-based estrus synchronization protocol (12 days, Group 2). a-c A-D P<0.05; *denotes a

significant difference between Group 1 and Group 2 animals.

The direct relationship between the quantitative blood
flow estimates on the last day of the superovulatory treat-
ment and the numbers/percentages of unfertilized eggs
in Santa Inés ewes is most perplexing. No other trials, to
the best of our knowledge, reported the link between high
blood flow and reduced oocyte viability. This result directly
contradicts the generally accepted opinion that the greater

Table 1

ovarian and follicular blood flow is associated with the
greater health of intraovarian structures, primarily because
of increased oxygen levels (Van Blerkom et al., 1997; Van
Blerkom, 1998; Clark and Stokes, 2011). In cattle, studies
have indicated that high blood flow to the preovulatory fol-
licle was associated with increased oocyte recovery, higher
incidences of resultant embryo cleavage and development

Superovulatory responses after a multiple-dose, 4-day porcine follicle-stimulating hormone (pFSH) treatment initiated in anestrous Santa Inés ewes 4 days
(Group 1) or 10 days (Group 2) after insertion of Controlled Internal Drug Release (CIDR) devices.

Group No. of No. of No. of viable No. of No. of Recovery Viability % of % of
CL luteinized embryos unfertilized degenerated rate (%) rate (%) unfertilized degenerated
unovulated (Grades 1-3) eggs embryos eggs embryos
follicles (Grade 4)
1 8 1 2 3 3 100 25 37.5 37.5
8 1 0 3 2 62.5 0 60 40
6 1 4 1 0 833 80 20 0
10 0 1 6 0 70 14.3 85.7 0
26 0 18 1 0 73.1 94.7 53 0
Mean+SEM 11.6+3.6 0.6+0.2 50+£33 28409 1.0+£0.6 778+6.5 42.8+18.8 41.7+143 15.0+95
2 10 0 6 0 3 90 66.7 0 333
15 2 2 0 8 66.7 20 0 80
5 0 3 0 1 80 75 0 25
12 0 0 10 0 833 0 100 0
11 0 0 0 7 63.6 0 0 100
Mean+SEM 10.6+1.6 04404 22411 2.0+2.0 3.8+1.6 76.7+5.0 323+16.2 20.0+£20.0 47.7+184
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in vitro, and an increased pregnancy rate after embryo
transfer (Siddiqui et al., 2009). Similar findings have been
obtained in human IVF cycles (Nargund et al.,, 1996; Van
Blerkom et al., 1997).

Antral follicular wall permeability is limited by a
distinct blood barrier which prevents a direct contact
between maternal blood and ova, protecting the haploid
ova from the attack by autologous antibodies as well as any
potentially damaging substance in the blood stream. Super-
ovulatory treatments produce supraphysiological levels of
blood flow in the ovary. The increased level in blood flow
may be associated with an accumulation of serum compo-
nents in the supporting structure of the ovarian follicles,
which would negatively affect the quality but not num-
bers of ovareleased after superovulation. However, current
research lacks a thorough investigation into this area leav-
ing only logical speculation.

One of such substances could be nitric oxide (NO) that
plays a crucial role in folliculogenesis, regulating angio-
genesis and steroid production (EL-Sherry et al., 2013).
Basini et al. (1998) have demonstrated that treatment with
the NO donor reduces progesterone and estradiol produc-
tion by granulosa cells, possibly by reducing the activity
of P450 side-chain cleavage (Basini et al., 1998; Faes et al.,
2009). Follicular estradiol in turn enhances NO production
and may cause a rapid dilation of blood vessels by acti-
vating endothelial nitric oxide synthase (eNOS; EL-Sherry
et al,, 2013). It has been suggested that NO may potenti-
ate the preovulatory actions of luteinizing hormone (LH;
EL-Sherry et al., 2013). In ovarian antral follicles, NO may
act as both a surviving (Chung et al., 1995) and cyto-
toxic factor to granulosa cells (Hurwitz et al., 1992; Ellman
et al,, 1993). It was suggested that NO could be consid-
ered a “Janus-faced” molecule, where a signal transduction
pathway, activated by a low concentration of NO could
be involved in the elimination of cells whose replicative
activity is already reduced whereas high levels of NO are
cell-protective (Basini et al., 1998). Anteby et al. (1996)
found an inverse correlation between ovarian artery pul-
satility index and NO3/NO, concentrations in follicles. This
could lead to the concept of a threshold value where an
exceptionally high level of blood flow to the ovary would
potentially resultin alow level of NO triggering a detrimen-
tal signaling pathway (Basini et al., 1998). In the present
study, the two sheep with DA/TA x 100% values close to
20% had ostensibly more unfertilized eggs. However, the
specific reason(s) for a higher blood flow in some of the
ewes remain unknown.

There was a discrepancy between the blood flow esti-
mates using the arbitrary scale or quantitative analysis.
One explanation may reside in human error. As the color
Doppler imaging is not selective for follicular blood flow,
the vasculature around and supplying the ovary were also
present in the ultrasonographic images. For some images,
evaluators may have scaled higher due to the uninten-
tional bias from the presence of other than follicular blood
flow sources. Another possibility is that ovarian area may
have increased without follicular blood flow increasing in
the plane of image acquisition, which has contributed to
the differences found in the results of this study. Lass and
Brinsden (1999) have demonstrated that a greater size of

follicles is associated with a greater ovarian volume. Inter-
estingly, the sectional ovarian area (TA) on the last 2 days of
the pFSH treatment tended to be positively correlated with
embryo recovery rate suggesting that an increased ovar-
ian volume may be associated with higher ovulation rates
and/or improved gamete/embryo transport after super-
ovulation.

To summarize, this study presents a practical tool in
a commercial and research setting to aid in predicting
ovarian responses and superovulatory yields in sheep. The
results of the present study indicate that there exists a
threshold in follicular blood flow levels that impinges nega-
tively on oocyte quality. However, additional research into
the links between follicular blood flow and the percentage
of viable embryos is essential in further establishing, to the
best of our knowledge, this novel finding. More research is
also needed to deduce why certain ewes responded to the
superovulatory protocols differently, with some exhibiting
much higher blood flow, although this may very well be
due to individual predispositions. Finally, it is also possible
that a 4-day ovarian stimulation protocol is less likely to be
successful compared with a 3-day pFSH treatment because
the negative correlation between the increased blood flow
and oocyte quality was found only on the fourth day of the
superovulatory treatment.
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