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The present investigation aimed to study the ovarian and uterine haemodynamics during the estrous
cycle in buffaloes in correlation with the hormonal changes (estradiol and progesterone) and nitric
oxide. Six cyclic buffalo cows were scanned via transrectal Doppler ultrasonography to evaluate the
normal ovarian and uterine haemodynamics through three successive estrous cycles. Results showed
that the dominant follicle (F1) area, F1 diameter, area, antrum area, coloured area (pixels) and colour
area % attained the highest values (P<0.0001) during the follicular phase. The vascularisation of F1
tended to be higher (P>0.05) on the day of ovulation (Day 0). The diameter and the vascularisation of
the corpus luteum (CL) reached peak values (P<0.0001) at Day 14 and decreased to minimum values
at Day 21. Plasma progesterone (P4) concentrations correlated positively with the diameter of CL (r <
0.37; P<0.01), CL area (r<0.35; P<0.009), and CL colour area (pixels) (r<0.39; P<0.001). Besides, the
estradiol (E2) level correlated with F1 diameter (r<0.19; P<0.0001) and F1 area (r<0.18; P<0.0001).
Peak systolic velocity (PSV) of the ipsilateral ovarian (P<0.082) and uterine (P<0.024) arteries were
higher than those obtained for the contralateral ones. A similar finding was obtained in end-diastolic
velocity (EDV) of the ovarian arteries (P<0.005). In conclusion, the blood flow of the ovary and
uterus recorded in buffaloes varied according to the ovulating ovary, day and phase of the estrous
cycle as well as with the hormonal changes.
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INTRODUCTION

Egyptian buffalo husbandry has been milk fat production that involved substan-
conceded for centuries with widespread tial attention (Ghoneim et al., 2018). In
reproductive management systems, as this addition, buffaloes are considered the
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developing countries (FAO, 2001). Buffa-
loes are considered poor breeders due to
their low fertility (Barile, 2005; Perera,
2011). That is expressed by the delayed
sexual maturity, absence of estrous ex-
pression signs, and the long postpartum
anestrus. The estrous cycle duration in
buffalo is very similar to that of cows
with a mean duration of 21 days (Jainu-
deen & Hafez, 1993), but the changeabili-
ty of the cycle in buffalo is usually asso-
ciated with a high incidence of abnormal
length of estrous cycles linked with nutri-
tional deficiency and abnormalities in
ovarian hormones secretion (Nanda et al.,
2003; Perera, 2008). Despite the intensive
research interest in studying the haemo-
dynamics of the female genital tract of
cattle (Viana et al., 2013; Liittgenau &
Bollwein, 2014; Andelnaby et al., 2018)
buffaloes still possess wild behaviours, so
their genital tract haemodynamics had
received little research interest because of
the strong straining during the rectal exa-
minations and the higher sensitivity of the
rectal wall (rectal bleeding) to every ex-
amination. The follicular vascularity cor-
related strongly with successful preg-
nancy as previously mentioned in cattle
(Siddiqui et al., 2009), buffaloes (Samir et
al., 2019) and mares (Silva et al., 2006).

Doppler ultrasonography is considered
a non-invasive method to determine the
blood velocity within the ovarian follicle
and the developed corpus luteum (CL)
(Brannstrom et al., 1998; Miyazaki et al.,
1998). The blood flow of the follicles
and/or CL correlated with their dimen-
sions in heifers (Siddiqui et al., 2009b)
and mares (Ginther et al, 2007). Fur-
thermore, the changes in the follicular
haemodynamics are indicators of ovula-
tion in heifers (Siddiqui et al., 2010) and
mares (Acosta et al., 2004).

Nitric oxide (NO) is a free radical that
has been related to the mechanism of va-
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sodilation in both male (Gur ef al., 2015;
Abdelnaby et al., 2021a) and the female
genital tract (Abdelnaby et al, 2020).
Likewise, NO acts as a neurotransmitter
as it is produced by neurons, and is me-
tabolised to two products called nitric
oxide metabolites (NOMs) in the form of
nitrate and nitrite (Abdelnaby & Abo El-
Maaty, 2020). Regarding vascular perfu-
sion, NO hinders platelet aggregation, and
prevents platelet adhesion with endothe-
lial cells thus playing a direct role in the
initiation of the vasodilation process in
the reproductive system as previously
reported in cows (Abo El-Maaty & Ab-
delnaby, 2017; Abdelnaby et al., 2021b).

In addition, the circulating level of
plasma progesterone correlates strongly
with the haemodynamics of ovarian folli-
cles and/or CL (De Tarso et al., 2017).
The evaluation of CL function could be
observed by Doppler ultrasound. The dif-
ferentiation between the functional and
the non-functional CL of similar sizes
could not be detected by ordinary gray-
scale ultrasonography (Viana et al., 2013;
Pinaffi et al., 2015). In buffaloes, the ute-
rine haemodynamics in different stages of
gestation was previously reported (Hus-
sein, 2013; Varughese et al., 2013; Singh
et al., 2018) with exception of one report
in Surti buffaloes by Gaur & Purohit
(2019) who reported elevated blood flow
of follicles and corpus luteum at Day 0
and 13 of the estrous cycle.

Studies of follicular and Iuteal haemo-
dynamics along the estrous cycle in corre-
lation with the hormonal levels of proges-
terone and estrogen are not available for
buffaloes while in cows, ovulation follicu-
lar dynamics and uterine blood flow have
received extensive research interest. Does
the ovulation in buffaloes differ from that
in cows? Does the ovarian or the uterine
arteries haemodynamics vary in buffaloes
during the spontaneous ovulation? Several
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questions need to be answered to under-
stand the ovarian and uterine arteries hae-
modynamics associating follicular and lu-
teal haemodynamics in buffaloes. There-
fore, this study aimed to evaluate the dy-
namics of the follicular and luteal vascu-
larisation of the spontaneous ovulations of
buffalo cows, to find out the differences
in the dynamics of ipsilateral or contralat-
eral blood velocities and volumes in ova-
rian and uterine arteries, and to correlate
the utero-ovarian vascular perfusion with
estradiol, progesterone, and nitric oxide
metabolites (NOMs) as a vasodilator.

MATERIALS AND METHODS

The protocol for animal experiments was
ethically approved by Animal Care and
Use Committee (IACUC) of Faculty of
Veterinary Medicine, Cairo University:
(2018-07V).

Animals and management

This study used six multiparous buffalo
cows, 4-7 years of age and body weight
470-490 kg. The range of body condition
score was from 2.5 to 3 according to the
scoring system by Eversole ef al. (2000).
The buffaloes were raised in the research
farm of the Faculty of Veterinary Medi-
cine, Cairo University, Egypt. The farm is
located in the south part of the Nile Delta
(latitude 30" 01" N; longitude 3121" E).
All animals were scanned daily and com-
pleted at least three complete estrous cy-
cles using Doppler ultrasound to record
the changes in blood flow of the ovary
and uterus from August 2019 to January
2020. Buffaloes were housed under natu-
ral temperature (25 °C) and daylight (10 h
night). Each animal was fed a commercial
concentrate ration (16% crude protein)
and clover (Trifolium alexandrinum) ad
libitum. Animals underwent a routine
physical examination to make a confirma-
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tion on their health and reproductive
status. In addition, rectal and vaginal ex-
aminations were performed for excluding
any reproductive disorders.

Before the beginning of the experi-
ments, all animals were checked for the
onset of estrus twice daily and scanned by
B-mode and colour mode twice a week to
confirm the ovarian rebound of animals (i.
e. presence of corpus luteum).

Doppler ultrasonography

All animals were subjected to trans-rectal
Doppler ultrasonographic scanning to
determine the follicle growth and ovula-
tion by monitoring the corpus luteum. The
ovarian structures (Fig. 1 A-D) were
monitored using Real-Time B-mode 12
MHz linear array transducer (SonoAceR3,
Samsung, Medison, South Korea). Ovar-
ian follicles were counted and classified
into recruited small follicles (<5 mm),
selected medium-sized (>5 to <10 mm,
Fig. 1A), and deviated dominant follicle
(>10 mm, Fig. 1B, D) according to their
diameter (Abdelnaby et al., 2018). For
blood flow mapping, the colour flow
mode (CFM) was activated and the blood
flow of follicle and developing CL was
recorded (Fig. 1C). All the scans were
performed by the same analyser. The ima-
ges and video clips of B-mode, colour,
and spectral Doppler were saved until
further analysis. The dominant follicle
(F1) was identified when its diameter
reached at least 10 mm. The disappea-
rance of the F1 and the formation of CL at
its site one to two days later was conside-
red the time of ovulation (Day 0) as pre-
viously reported by Abo El-Maaty & Ab-
delnaby (2017a). The measurement of the
CL diameter recorded throughout the es-
trous cycle included the early luteal
growth phase (early-luteal, days 1 to 7);
luteal static phase (mid-luteal, days 8 to
14), and luteal regression phase (late-lute-
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Fig. 1. Ultrasonograms revealing the ovarian follicles in grey (left split) and colour mode (right
split) of the small and medium follicles on Day 6 (A); the large ovulating follicle (F1) on Day 0 (B);
the mature corpus luteum on Day 7 (C); the regressing corpus luteum blood flow beside the next
ovulating follicle on Day 13 (D); the middle uterine artery on Day 8 (E) and ovarian artery on Day
1 (F) with colour Doppler and their blood flow with spectral Doppler.
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al, days 15 to 21; Abo El-Maaty & Ab-
delnaby, 2017b). Days from day —7 to
ovulation (day 0) were considered the pre-
ovulatory follicular phase. The estrous
phase started from the day when the
dominant follicle reached 10 mm in di-
ameter till ovulation time. The ovulation
day (day 0) was the last day of the estrous
phase where the last scanning of the
dominant follicle indicated maximum
diameter, area, antrum area, and vascula-
tisation area then disappeared on the fol-
lowing day scanning. The direction of
blood flow within the uterine (Fig. 1E)
and the ovarian artery (Fig. 1F) was de-
termined by colour mode. The peak sys-
tolic velocity (PSV), end-diastolic veloc-
ity (EDV), and time-average mean veloc-
ity (TAMV) were recorded for the ipsilat-
eral and the contralateral artery of the
ovary and uterus by the spectral Doppler
(Hassan et al., 2017; Satheshkumar et al.,
2017). The resistance index (RI), the pul-
satility index (PI), and the sys-
tolic/diastolic (S/D) Doppler indices were
also automatically determined by the
Doppler scanner. The blood flow volume
(BFV) was estimated by the scanner de-
pending on either the diameter or the area
(Fig. 1E-F) of the blood vessel and those
depending on the diameter (VFD) were
included in the analysis. The equation of
BFV = the blood vessel cross-sectional
area X time-averaged velocity (TAMYV)
was used.

Image analysis

The stored Doppler images and video
clips in the Doppler scanner were expor-
ted and analysed at each examination
(Mabher et al., 2020a,b). The vascularisa-
tion area within the follicles and the cor-
pora lutaec of the colour Doppler mode
moving toward the transducer (red) and
away from the transducer (blue) were
outlined using the magnetic lasso tool of
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the Photoshop CC software (1990-2013,
Adobe Systems) to determine their areas
in pixels (Abdelnaby, 2020a,b). The mag-
netic lasso tool was used to outline the
area, the antrum area, and the coloured
area then each measurement was used to
count the selected areas in pixels (Abdel-
naby et al., 2021c). The thickness of the
follicle wall (granulosa area) was esti-
mated by measuring the area of the folli-
cle (the external outlined boundary) then
measuring the antrum area (the internal
outlined one e.g. non-echogenic follicular
fluid area) then the follicle wall or the
granulosa area was obtained by subtract-
ing the antrum area from the follicle area
(Abdelnaby et al., 2018). The percentage
of the colour area in the follicle or CL
was measured by dividing the colour area
by their total area (Acosta et al., 2003).

Blood sampling and assays

Following each Doppler ultrasound ex-
amination of buffaloes, blood samples
were collected via jugular vein punctures
in plain vacuum tubes. The blood samples
were centrifuged at 3,000 rpm for 10
minutes and sera were harvested and
stored at —20 °C till further assay. Proges-
terone (P4, EIA-1561), and estradiol (E2
EIA-2693) were analysed using ELISA
commercial kits (DRG, Germany). The
sensitivity of the assay was 0.045 ng/mL
and test intra- and inter-precisions were
5.4% and 9.96% for P4. The sensitivity of
the assay for E2 was 9.7 pg/mL with test
intra- and inter-precisions of 6.81% and
7.25%. The concentration of nitric oxide
(NO) was measured as previously repor-
ted (Abdelnaby et al., 2016; 2021d). The
sensitivity of the assay was 0.225
mmol/L. The intra- assay and inter-assay
coefficients of variation were 5.3% and
6.9%, respectively.

439



Ovarian and uterine haemodynamics during the estrous cycle of Egyptian buffaloes in relation to ....

Statistical analysis

Simple one-way ANOVA was used to
study the effect of days and phases of the
estrous cycle of buffaloes on the follicular
and luteal dynamics, haemodynamics, and
the ovarian and the uterine arteries hae-
modynamics (SPSS 20.0, 2016). Dun-
can’s Multiple Range Test was used to
differentiate between significant means.
P value <0.05 was considered significant.
Phases of the estrous cycle included the
luteal growth phase (days 1-7); the luteal
static phase (days 8-14), and the luteal
regression phases (days 15-21) whereas
the period from day —7 till ovulation (day
0) was considered the pre-ovulatory pha-
se. Paired sample t-test was used to com-
pare the haemodynamics of the ipsilateral
and the contralateral arteries of the ovar-
ian and the uterine arteries as well as fol-
licular and luteal parameters. Pearson cor-
relation coefficient was used to study the
correlation between blood flow parame-
ters, ovarian hormones, and nitric oxide.

RESULTS

Follicle populations

Days of the estrous cycle of buffaloes
influenced (P<0.001) the number of dif-
ferent follicular sizes (Table 1). The mean
number of the small follicles (Fig. 2A)
was high on days 10, 11, 12, and 14.
However, days —7 and —5 presented a low
number of small follicles that achieved a
minimum on day -3 (Fig. 2A). Number of
small follicles (mean + standard devia-
tion) on day 0 was 2.64+0.99. The num-
ber of medium follicles reached >2 on
days -7, 2, 3, 4, 5, and 17 (Fig. 2A).
Mean medium follicles number on day 0
was 1.45+0.67 while the average number
of large follicles (= 0.50) started to in-
crease from day —4 to reach 1.0 on day —3
then decreased again on days —2 and 0.
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Mean number of large follicles on day 0
was 0.73+0.45. However, days 2, 3, 5, 14,
17 had no large follicles (Fig. 2A). The
mean number of the small follicles was
high during the mid-luteal phase
(3.25+0.83). The early Iuteal phase
marked the highest number of medium
follicles (1.97+0.77) while the follicular
phase showed a high number of large fol-
licles (0.69+£0.47). During the follicular
phase, mean number of total follicles
reached the highest value on day 0
(4.82+0.95).

Follicle growth

The diameters of different follicular size
categories were influenced (P<0.0001) by
the days of the estrous cycle (Table 1).
The minimum and maximum small folli-
cles’ diameters were observed on days 4
and 11 (Fig. 2B). Mean diameter of small
follicles on day 0 was 4.21+0.58 mm. The
diameter of the medium follicles reached
9.80 mm on day —7 which declined to low
values on day —2 , day -3, and day 0 (Fig.
2B). Mean diameter of medium follicles
on day 0 was 5.65+0.64 mm. The follicu-
lar phase was characterised by larger di-
ameters of small follicles and the domi-
nant one. The medium follicle diameter
ascended linearly from the follicular
phase to reach the highest value during
the late luteal phase (Table 1, Fig. 2B).
Three follicular growth waves could be
identified in buffaloes (Fig. 2A). Wave 1
started from day —7 and ended on day 2.
Wave 2 started from day 2 and ended on
day 9. Wave 3 started from day 9 and
ended on day 18. Depending on the in-
crease in the number of small, medium,
and large follicles (Fig. 2A) and the
changes in their diameters (Fig. 2B), it
could be noticed that the fate of the fol-
licular wave ended by ovulation but the
fate of the two luteal waves (waves 2,3)
ended by regression or atresia.
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Fig. 2. A) Number of follicles; B) diameters of the follicles and corpus luteum (CL); C) dominant
follicle (F1) area, F1 colour area, CL area and CL colour area; D) F1 and CL colour area percent-
ages; E) pulsatility index (PI) of ipsilateral ovarian artery (IpsiOv), ipsilateral uterine artery (IpsiUt)
contralateral ovarian artery (ContrOv) and contralateral uterine artery (ContrUt); F) resistance index
(RI) IpsiOv, IpsiUt, ContrOv and ContrUt along the days of the estrous cycle. Data are presented as
means and SD.

(251371195 px) (Fig. 2C). F1 antrum
area increased (P<0.0001) linearly from
day —4 to reach the highest value by day 0
(16446=1171 px; Fig. 2C). F1 granulosa
area increased (P<0.0001) linearly from

Corpus luteum and dominant follicle de-
velopment and vascularisation

The dominant follicles (F1) started

growth from day 9 then continued growth
to reach a maximum mean diameter of
11.64+0.41 mm on day 0 (Fig. 2B). F1
area ascended (P<0.0001) from day —4 to
achieve a maximum value on day 0
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day —5 to reach maximum value on day 0
(8691+679 px). The F1 area, antrum area,
the granulose area, follicle coloured area
(2512+181 px), colour area % (9.98+0.38
%), and the granulose colour area %
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(29.0442.69%) increased (P<0.0001)
linearly from the early luteal phase till
their maximum values on day 0 (Table 1).

The diameter (Fig. 2B) and area (Fig.
2C) of CL increased (P<0.0001) from day
2 till day 14 then declined to the lowest
value on day 21 with a transient increase
on days 17 and 19 (Table 2). The CL co-
lour area % (Fig. 2D) had the highest va-
lues on day 10 (P<0.0001). The lowest
CL colour area (Fig. 2C) was observed on
days 0 (2336+770 px) and day 2. The CL
diameter, area, and colour area % (Table
2) started to increase from the early luteal
phase (P<0.0001), reached a plateau at the
mid-luteal phase then decreased from the
late-luteal phase to the lowest values
(9.05£1.64 mm, 16712+4702 px, 14.92+
5.45%, respectively) on day 0.

When the diameter, area, colour area
and colour area % of the F1 and the CL
were compared using paired sample t-test
(Table 3), they differed significantly
(P<0.0001). Their colour areas (r= —0.25:
P<0.0001) and the colour area % (r=
—0.43: P<0.0001) correlated negatively.

Ovarian arteries’ blood flow

The PSV, EDV, and TAMV, Doppler
indices (RI, PI), and BFV of both ipsilat-
eral and contralateral ovarian arteries
(Table 4) were affected by days and
phases of the estrous cycle. The pulsatility
index (PI) of the IpsiOv (Fig. 2E) was
high (P<0.0001) on days —3 and —4 than
on days 11 and 18. The ContraOv PI in-

creased (Fig. 2E, P<0.0001) on day 17,
day 18, day —7, and day —2 then decreased
on days 5 and —5. The IpsiOv PI correla-
ted positively with the ContraOv PI
(r=0.208; P<0.0001). The RI of the ipsila-
teral ovarian artery (IpsiOv, Fig. 2F)
showed the lowest value on day 18
whereas the highest value (P<0.003) was
observed on day —3. RI of the contralat-
eral ovarian artery (ContraOv, Fig. 2F)
increased on day 14 compared to day —4.
The IpsiOv RI correlated positively with
the ContraOv RI (r=0.358; P<0.0001).
The IpsiOv RI had the lowest value
(P<0.016) during the late luteal phase
compared to the follicular and the mid-
luteal phases. The ContraOv RI was low
(P< 0.016) during the follicular phase and
high during the late luteal one.

The IpsiOv PSV (Fig. 3A) declined
(P<0.0001) on day 21, day 0, day —7, and
day —2 and showed the lowest velocity on
day —4. The ContraOv PSV (Fig. 3A) was
high (P<0.0001) on day 21, day —7, and
day 3 and presented a minimum value on
day 16. The IpsiOv PSV was higher
(P<0.082) than the ContraOv PSV (Table
6) and both demonstrated a week correla-
tion (r=0.14; P<0.011). The EDV of the
IpsiOv was low (P<0.0001; Fig. 3B) on
day —4 and high on days -2, —7, and 21.
The ContraOv EDV (Fig. 3B) declined
(P<0.0001) on day 16 and reached a
maximum velocity on day 21. The IpsiOv
EDV value was higher (P<0.005) than
those in the contralateral one with strong

Table 3. Diameter, area, colour area, and colour area percentage (mean+SD, n=6) of dominant folli-

cle (F1) and corpus luteum (CL), and their correlation

Parameter F1 r Correlation P value
Diameter, mm 9.15+1.57° 11.984+2.82° 0.063 0.253
Area, px 17089+4911° 28662+12107* -0.050 0.370
Colour area, px 1282+703° 5644+2689" -0.250 0.0001
Colour area, % 6.94+2.09° 19.52+4.12° -0.430 0.0001

Mean with different superscripts (a, b) within the rows are significantly different at P<0.05.
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Fig. 3. A) Peak systolic velocity (PSV) of the ipsilateral ovarian and uterine arteries (IpsiOv; IpsiUt)

and contralateral ovarian and uterine arteries (ContrOv; ContrUt) (A);

B) end diastolic velocity

(EDV) of IpsiOv, IpsiUt, ContrOv and ContrUt; C) time average mean velocity (TAMV) of IpsiOv,
IpsiUt, ContrOv and ContrUt; D) systolic/diastolic velocity (S/D) of IpsiOv, IpsiUt, ContrOv and
ContrUt; E) blood flow volume (BFV) of IpsiOv, IpsiUt, ContrOv and ContrUt; F) estradiol (E2);
progesterone (P4) and nitric oxide (NO) concentrations concentrations during the estrous cycle of

buffaloes. Data are presented as means and SD.

correlation between them (r=0.204;
P<0.0001). The ContraOv EDV reached
the lowest (P<0.003) velocity during the
mid-luteal phase (Table 4). The IpsiOv
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TAMYV (Fig. 3C) increased (P<0.0001) on
days -7, 0, 12, and day 21 and showed the
lowest velocity on day —4. The ContraOv
TAMV (Fig. 3C) reached a maximum
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value (P<0.0001) on day 21 and day —7
with very low velocity on day —4 and day
18. TAMYV of both ovarian arteries corre-
lated positively (r =0.127; P<0.022). The
ratio between the systolic and the diastolic
velocities (S/D) of the IpsiOv (Fig. 3D)
increased (P<0.021) on day —3 compared
to day 18. The ContraOv S/D (Fig. 3D)
achieved a maximum (P<0.0001; Table 4)
on day 17 and a minimum on day —4. The
S/D of IpsiOv and ContraOv arteries cor-
related positively (r=0.27; P<0.0001). The
IpsiOv S/D (P<0.023) reached a minimum
during the late luteal phase. The Contra-
Ov S/D (P<0.005) decreased during the
follicular and the early luteal phase com-
pared to the mid and late luteal phases.
The IpsiOv BFV (Fig. 3E) has in-
creased (P<0.0001; Table 4) to an opti-
mum volume on day 2. The ContraOv
BFV (Fig. 3E) achieved the highest vol-
ume (P<0.003) on day 2 and the lowest
volume on day —4 and both were strongly
correlated (1=0.37; P<0.0001). The IpsiOv
BFV declined linearly (P<0.02) from the
follicular phase to reach the lowest vol-
ume during the late luteal phase (Table 4).

Uterine arteries blood flow

The IpsiUt PI increased (P<0.0001; Fig.
2E, Table 5) to a high value on day 18
and decreased to a low value on day 17.
Both uterine arteries’ PI correlated posi-
tively (r=0.343; P<0.0001; Table 6).
Moreover, the maximum value of Contra-
Ut PI was noticed (P<0001; Table 5) du-
ring the late luteal phase. RI of the ipsilat-
eral uterine artery (IpsiUt) showed a
marked increase (P<0.001; Fig. 2F, Table
5) on days 11 and 19. The lowest value
was observed on day —2. The RI of the
contralateral uterine artery (ContraOv)
became high on day 2 compared to day 17
(P<0.0001; Fig. 2F). The IpsiUt PSV (Fig.
3A) increased (P<0.004) to reach the
highest velocity on day —3 and decreased
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gradually to the lowest one on day 17.
The ContraUt PSV (Fig. 3A) increased
(P<0.0001) on day 18 and decreased to
the lowest values on days 16 and 17 (Fig.
3A). The IpsiUt PSV was higher
(P<0.024) than that in the ContraUt PSV.
Both IpsiUt and Contra Ut PSV correlated
positively (r=0.244; P<0.0001). The PSV
of ipsilateral (P<0.001) and contralateral
(P<0.038) uterine arteries descended line-
arly from the follicular phase to reach a
low velocity during the late luteal phase
(Table 5). The IpsiUt EDV values (Fig.
3B) were high (P<0.04) on all days of the
spontaneous ovulating estrous cycle ex-
cept days 11, 14, and 18 compared to day
17 (3.05 cm/s). The ContraUt EDV was
high on day -3 (4.45 cm/s), day —4 (4.54
cm/s), day 21 (4.47 ci/s), and day 4 (4.78
cm/s) compared to days 16, 2, and 11
(3.46, 3.43 and 3.39 cm/s, respectively).
The correlation between EDV of the two
uterine arteries was low (r=0.200;
P<0.0001). The highest ContraUt EDV
(P<0.035) was observed during the fol-
licular phase (Table 5).

The IpsiUt TAMYV (Fig. 3C) ascended
(P<0.002) on days 2, 7,9, 12, 16, and 19
in comparison to days 17 and 18. The
ContraUt TAMV (Fig. 3C) showed in-
crements (P<0.0001) on days 10, 12, -3,
and 0 compared to days 16 and 17. The
TAMYV of the two uterine arteries corre-
lated together (r =0.429; P<0.0001; Table
6). The lowest ContraUt TAMV was ob-
vious during the late luteal phase (Table
5). The IpsiUt S/D (Fig. 3D) increased
(P<0.001) on days 14 and 17, but de-
creased on days 5 and —2. The ContraUt
S/D (Fig. 3D) became high (P<0.004) on
day 2 and low on day 17. The S/D of both
uterine arteries correlated weekly together
(r=0.112; P<0.043).
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Table 6. Resistance index (RI), pulsatility index (PI), peak systolic velocity (PSV), end diastolic
velocity (END), time average mean velocity (TAMV), systolic/diastolic ratio (S/D), blood flow vol-
ume (BFV) of the ipsilateral and the contralateral ovarian and uterine arteries (mean+SD, n=6) and

their correlation

Parameter Ipsilateral Contralateral r Correlation P value
Ovarian RI 0.757+0.47 0.759+0.53 0.358 0.000
Ovarian PI 1.52+0.13 1.52+0.13 0.208 0.000
Ovarian PSV 15.19+3.55 14.7743.174 0.140 0.011
Ovarian EDV 3.66+0.97 3.47+0.92 0.204 0.000
Ovarian TAMV 3.59+9.91 3.49+0.87 0.127 0.022
Ovarian S/D 4.32+1.03 4.35+1.004 0.270 0.000
Ovarian BVF 75.6+10.7 76.3+9.9 0.372 0.000
Uterine RI 0.85+0.03 0.85+0.03 0.031 0.573
Uterine PI 2.34+0.125 2.35+0.120 0.343 0.000
Uterine PSV 28.42+5.05 27.65+4.96 0.244 0.000
Uterine EDV 4.16+£0.98 4.05+1.01 0.200 0.000
Uterine TAMV 4.59+1.120 4.52+1.145 0.429 0.000
Uterine S/D 6.96+1.23 6.86+1.19 0.112 0.043
Uterine VF(D) 149.8+14.0 150.4+12.8 0.332 0.000

The IpsiUt BFV reached peak volu-
mes (P<0.0001) on days 9, 16, 19, and 0
with low volumes on days —3 and 17 (Fig.
3E). The ContraUt BFV exhibited high
volumes (P<0.001) on days 18, 21, and —7
with low volume on day -3 (Fig. 3E). The
BFV of the two uterine arteries correlated
positively (r=0.332; P<0.0001).

Blood ovarian hormones and nitric oxide
levels

E2 concentrations (Fig. 3F) increased
(P<0.041) during the follicular phase
compared to the late luteal phase (Table
2). P4 concentrations decreased on day 3
and day 21 (P<0.0001) and maintained
high values from day 11 to day 16 (Fig.
3F). Blood P4 (P < 0.0001) increased li-
nearly from the early luteal phase to reach
the highest concentrations during the mid-
luteal (5.76+0.87 ng/mL) then declined to
reach the lowest concentrations during the
follicular phase on day 0 (4.10+1.47
ng/mL). NO levels reached peak value on
day 5 and descended to the lowest values
during the mid-luteal phase (Table 2). P4
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levels correlated with the diameter of CL
(r=0.37; P<0.01), CL area in pixels (r
=0.35; P<0.009), and CL colour area in
pixels (r=0.39; P<0.001).

DISCUSSION

The increase in the number of small folli-
cles during the mid-luteal phase and that
of medium follicles during the early-luteal
phase in buffaloes of this study is in
agreement with our previous report (El-
Shahat & Kandil, 2012). The recruitment
of the small follicles is continuous
throughout the estrous cycle in three to
four waves of growth, and the selection of
the follicles during the early luteal phase
is destined to regress but the selection of
the follicles at the late-luteal phase is fol-
lowed by deviation and ovulation which is
confirmed by the growth and develop-
ment of small follicles throughout the
estrous cycle. A similar finding was ob-
tained in cows (Roche et al., 1991).

The ovarian follicles dynamics (re-
cruitment and selection) was functional in
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the usual manner because of the defi-
ciency of the progesterone hormones
(Roy et al.,, 1972). The present finding
demonstrated an important variation in
the ovarian haemodynamics in buffaloes
between the follicular and luteal phases of
the estrous cycle. One of these differences
is thought to be the increase in follicle
area in pixels, follicle antrum area in pix-
els, and follicle coloured area in pixels in
the follicular phase than those during the
luteal one. Moreover, on the day of estrus,
the blood flow in the dominant follicle
achieved the highest value. Also, the per-
centage of coloured pixels of the domi-
nant follicles (F1) was higher in the fol-
licular and early luteal phases than that in
the late luteal phase (6.64+2.02;
6.5542.30 vs. 5.29+1.94, respectively).
Similar finding was observed in Surti buf-
faloes by Gaur & Purohit (2019) where
the blood flow in the largest follicle did
not vary throughout the estrous cycle ex-
cept near to or at the day of estrus
(P<0.05) where this abrupt elevation in
the blood flow of the ovulatory follicle
was marked the time of estrus and ovula-
tion. Similarly to our findings that the F1
area, colour area, antrum area, and granu-
lose area increased in a linear pattern
from day —7 till the highest values on the
day of ovulation, in cattle, Abdelnaby et
al. (2018) recorded that the antrum area
and coloured area of ovulatory follicles
increased rapidly from day —4 to reach
high values on day 0. Depending on our
observation, the deviation of the dominant
follicle started from day 10 in a slow pat-
tern and was completed on day 19. Once
deviation is completed, the preovulatory
follicle attains a larger area due to the
increase of its antrum. In cattle, the blood
flow of the largest follicles before devia-
tion was similar to those in the second
largest one (Acosta et al., 2005).
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Assessment of vasculature of CL du-
ring the estrous cycle was performed to
suspect the subsequent pregnancy in
Egyptian buffaloes (Lasheen et al., 2018).
In the present study, the size of CL and
their blood flow were elevated at day 2
and reached maximum values on day 14
then decreased to reach the basal level on
day 21. Similarly, the size and blood flow
to CL in Surti buffaloes increased linearly
from day 5 to day 13 then declined with
an abrupt decrease in the CL blood flow
on day 16 of the estrous cycle (Gaur &
Purohit, 2019). In this study, the CL di-
ameter decreased gradually to reach the
lowest one on day 20. This decrease in
CL blood flow on day 14 was attributed to
the onset of luteolysis and release of
PGF2a from the endometrium (Miyamoto
et al.,2009).

Our results showed that the PSV and
EDV of the ipsilateral ovarian arteries
were higher than those of the contralateral
one. This was attributed to the increases
in blood flow to the ovary till ovulation
and after the day of ovulation (Bollwein
et al., 2002) while the other ovarian and
uterine blood flow indices (RI, PI,
TAMYV, S/D, BFV) were similar during
the estrous cycle. A similar finding was
observed in the cow (Ando et al., 2007;
Abdelnaby et al., 2018). The increased
PSV and EDV of the ipsilateral ovarian
artery could be attributed to the fact that it
supplies the growing dominant follicle
and the developing and mature corpus
luteum and prepares the uterus to receive
the ovum and maintain the conceptus if
breeding is intended.

The strong association of peripheral
blood progesterone with the diameter and
blood flow of CL is similar to previous
reports in buffaloes (Gaur & Purohit,
2019) and cows (De Tarso et al., 2017).
In this respect, Acosta et al. (2003) ob-
served that the CL blood flow correlated
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with their growth, volume, and plasma
progesterone concentration. On the other
hand, the levels of estrogen (E2) in-
creased (P<0.041) during the follicular
phase than those recorded in the late
luteal phase. Also, E2 level correlated
strongly with the diameter and vascularity
of dominant follicles and negatively with
the diameter of CL and CL area in pixels.
E2 plays an essential role in the haemo-
dynamics of the genital tract due to its
vasodilator role (Acosta et al, 2003).
Both E2 levels and follicular blood flow
increased markedly after administration of
GnRH. These increased the metabolic
function of the follicular cells (Acosta et
al., 2004). At the time of estrus, the in-
creased E2 promoted the release of endo-
thelial nitric oxide synthase, which
abruptly increased the blood flow and
vasodilatation (Acosta ef al., 2003). The
variation of NO in buffalo serum was
concomitant with the estrus phase and
follicular dynamic (Abdelnaby & Abo-El-
Maaty, 2020). The higher concentration
of NO in the follicular phase of the es-
trous cycle in the present finding showed
its role in follicular growth. A similar
finding was obtained in mares (Abo-El-
Maaty & El-Shahat, 2012). NO plays an
important role in follicular development
because of its many roles in vasodilata-
tion, steroidogenesis, and control of ovar-
ian follicular permeability (Dixit & Par-
vizi, 2001). The increase of blood flow to
the medium follicles and their association
with their highest number and the highest
concentration of NO recorded during the
early luteal phase of this study refer to the
selection of a dominant follicle and re-
duced follicular atresia (Augustin et al.,
2001; Reynolds et al., 2002).

CONCLUSION

Buffaloes showed three follicular waves.
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The ipsilateral ovarian and uterine arteries
had higher blood flow compared to the
non-ovulating contralateral ones. The
corpus luteum still functioned and pro-
duced progesterone and showed vasculari-
sation till the following ovulation time.
The dominant follicle required more time
from reaching 10 mm till ovulation (>7
days) and this time may depend on their
blood supply through its ovarian artery.
Both uterine and ovarian blood flow de-
pended mainly on the ovulating side. The
negative correlation between the CL and
F1 blood flow could help in predicting the
time of ovulation.
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