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To investigate the development of treated and untreated hormonal anovulatory follicles 
(AnOV) associated with uterine and ovarian vascularization, rectal Doppler ultrasound 
of seven Arabian mares was performed before and after the development of an AnOV. In 
addition to measuring the diameter, area and volume of the follicle, daily colour and pow-
er Doppler scans were analysed in order to measure red, blue and power blood flow areas 
in pixels. Serum levels of estradiol (E2), progesterone (P4), leptin, insulin-like growth 
factor-I (IGF-1) and nitric oxide (NO) were measured as well. The diameter (cm), area 
(cm2), volume (cm3), area in pixels, antral area in pixels, circumference, and percentage 
change in circulation of the AnOV progressively increased (P<0.0001) after the disap-
pearance of uterine oedema compared to the values obtained during oedema. The blue, 
total colour and power areas of the AnOV increased after the disappearance of uterine 
oedema (P<0.0001). When the antral area was excluded, the percentage of the granu-
losa layer in the colour and power Doppler decreased after the disappearance of uterine 
oedema. The ipsilateral uterine horn and uterine body had significantly (P<0.0001) high 
blue and red blood flow vascularization areas in the presence of uterine oedema. The 
AnOV was associated with low P4, IGF-1 (P<0.001), and leptin (P<0.05). Treatment of 
the AnOV follicle with GnRH resulted in its luteinization and induced ovulation 9 and 
30 days later. It can be concluded that an abrupt increase in blood flow due to decreased 
progesterone and E2 and increased IGF-1 causes anovulation. The absence of oestrous 
behaviour and high uterine-oedema-associated follicular and ipsilateral uterine horn 
vascularization are predictors of ovulation failure. 
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In the last two decades, Doppler technology has been extensively used in reproduc-
tive diagnostics to examine ovarian [2, 3, 4, 5, 6, 12, 15, 16, 17, 18, 24, 36, 38], and 
uterine [1, 8, 9, 13, 14, 22, 23, 25, 26, 32, 39] blood flow in mares.

In mares, the incidence of failure of ovulation of the dominant follicle near the end 
of oestrus has been shown to be low (5%) in comparison to both the autumn transition 
period (20%) [34] and the period preceding the ovulatory wave (25%) [30]. The num-
ber of mares developing dominant anovulatory follicles during the transitional period 
varies among reports, e.g. 15 of 15 [43], nine of ten [20], or three of eight [21]. The 
development of a dominant follicle, whether anovulatory or ovulatory, is associated 
with a follicular wave and a deviation process wherein the developing dominant fol-
licle continues to grow, and alternate subordinate follicles undergo atresia [31]. The 
attributes of deviation are comparable for occasional anovulatory follicular waves 
with dominant follicles and seasonal ovulatory waves [7].

This study aimed to investigate the changes in AnOV dimensions and blood flow 
associated with peripheral blood hormone levels and uterine blood flow in the case of 
an anovulatory follicle in Arabian mares, in the presence of uterine oedema and after 
its disappearance.  

Materials and Methods

Animals and ultrasound scanning. The animals used in the study were healthy, 
adult, cycling Egyptian Arab mares (n = 7) belonging to the Ministry of the Interior 
(30.0276°N, 31.2101°E), aged 4–11 years and weighing 320 ± 30 kg. Feeding and 
housing conditions were uniform for all mares. They were kept individually in an 
indoor paddock under natural light and temperature with artificial lighting at night. 
They were fed a commercial concentrated feed ration and hay with clean water. 

One mare was subjected to daily Doppler ultrasound examination (SonoAceR3, 
Medison, Samsung, South Korea) (Figure 1A-C). The others were diagnosed and 
treated (Figure 1 D-L) until two consecutive ovulations had been diagnosed, with the 
day of treatment designated as day 0. The study was performed in accordance with 
the guidelines of the Institutional Animal Care and Use Committee (IACUC) of the 
Faculty of Science, Cairo University, and the National Research Centre. Blood flow 
vascularization (Figure 1) area was determined as previously described for ovarian 
follicles [3, 4], uterine horns, and uterus [23]. Blood flow was measured by colour and 
power Doppler only in the case of the largest ovarian follicle associated with uterine 
oedema (Days 1-5), after uterine oedema (days 6 to 10), and on days 11 to 17. The 
total coloured area is the sum of the blue and red areas in pixels. The coloured area 
% is the ratio of the total coloured area in pixels to the follicle area in pixels. The 
granulosa coloured area % is the ratio of the coloured area to the follicle area minus 
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the antral area. The power area % is the ratio of the power area in pixels to the follicle 
area. The granulosa power area % is the ratio of the power area to the follicle area 
minus the antral area.

Blood sampling and hormone assays. Daily blood samples were collected from 
all mares via jugular vein punctures into plain vacuum tubes. Serum was harvested 
and stored at −20°C until hormone determination. Sensitivity of the assay to pro-
gesterone (P4, EIA-1561) was 0.045 ng/mL and the intra- and inter-precision were 5.4 
and 9.96, respectively. The estradiol (E2 EIA-2693) sensitivity of the assay is 9.714 pg/
mL, and test intra- and inter-precisions are 6.81 and 7.25. In the Leptin Sandwich 
assay (EIA-2395), the lower limit of detection was 1.0 ng/mL, with intra-assay and 
inter-assay coefficients of variation of 3.1% and 9.7%. The sensitivity of the insulin-
-like growth factor-I assay (IGF-1 600, EIA-4140) was 1.29 ng/mL, with intra- and 
inter-precisions of 6.62 and 7.79. All the hormones were assayed using commercial 
ELISA kits (DRG, International Inc., USA). To measure nitric oxide metabolites 
(NO), serum samples were mixed with an equal volume of freshly prepared Griess 
reagent and incubated for 10 minutes at room temperature; absorbance was measured 
at 540 nm using a microtitre plate reader. Nitrite (NO2) standards (0–50 mM) were 
used to determine NOM concentrations in each well as in the previous measurements 
in our laboratory in mares [3, 4]. The intra- and inter-assay coefficients of variation 
for the NOM assay were 5.3% and 6.9%, respectively. The sensitivity of the assay 
was 0.225 mmol/L.

Image analysis. The blood flow area in the follicle wall, uterine horns and uterine 
body was measured in pixels, as previously described in cows [7] and mares [3, 4, 23], 
using Adobe PhotoShop CC software (1990-2013, Adobe Systems). 

Statistical analysis. Data are presented as Mean ±SEM (standard error of mean) 
using SPSS software [40]. Simple one-way ANOVA was used to test the effect of the 
phase of the oestrous cycle on the follicle diameter (cm), area (cm2), volume (cm3), 
area in pixels, follicle antrum area in pixels, area of granulosa layer in pixels, blue 
and red areas in pixels, power area in pixels, colour and power area percentages of the 
follicle and granulosa layer in pixels, and blue, red and power areas in pixels of the 
ipsilateral and contralateral uterine horns and uterine body. Duncan’s Multiple Range 
Test was performed to compare significant differences between means at P<0.05.

Results and discussion

The diameter (cm), area (cm2), volume (cm3), area in pixels, antral area in pi-
xels, circumference, and circulation % of the AnOV (Table 1, Figure 2) increased 
(P<0.0001) progressively after the disappearance of uterine oedema compared to the 
values during oedema. The blue, total colour and power areas of the AnOV increased 
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Fig. 1. Ultrasonogram of uterine oedema: A – with colour Doppler during development of untreated 
AnOV follicle, B – with power Doppler. C – AnOV with colour (right) and power (left) Doppler 5 
days before anovulation. D – day 0 – AnOV with diameter >60 mm treated with GnRH. E – day 2 
after GnRH with power and F – colour Doppler. G – day 7 after GnRH with power and H – next 
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after the disappearance of uterine oedema (P<0.0001). The total colour and power 
area of the AnOV decreased (P<0.0001) after disappearance of uterine oedema and 
after 13 days. When the antrum area was excluded, the percentage of granulosa co-
lour and power area decreased (P<0.0001) after the disappearance of uterine oede-
ma. The ipsilateral uterine horn and uterine body had significantly (P<0.0001) larger 
blue and red blood flow vascularization areas during uterine oedema. The AnOV was 
associated with low progesterone (P4) from days 1–5 and days 5–10, compared to 
days 11–18, when another dominant follicle developed. IGF-1 (P<0.001) and leptin 
(P<0.05) decreased after the disappearance of uterine oedema. 

The progesterone concentrations were positively correlated (Table 2) with AnOV 
diameter (r=0.55; P<0.01), area (r=0.78; P<0.0001), and antrum area (r=0.78; 
P<0.0001), and negatively with the blue area (r=−0.72; P<0.0001), power area and 
granulosa power area % (r=−0.52; P<0.0001), total colour area and granulosa colo-
ur area % (r=−0.73; P<0.0001), total colour area % (r=−0.71; P<0.0001), granulo-
sa power area  (r=−0.59; P<0.0001), and the ipsilateral uterine horn blue (r=−0.71; 
P<0.0001), red, and power areas (r=−0.57; P<0.0001). 

Estradiol (E2) was equally positively correlated (Table 2) with the blue blood flow 
area, total colour area, and total granulosa colour area % (r=0.37; P<0.01), but nega-
tively with the red blood flow area (r=−0.37; P<0.01).

IGF-1 correlated negatively with the AnOV diameter (r=−0.46; P<0.01), but posi-
tively with the blue (r=0.35; P<0.05) and power area and the granulose power area % 
(r=0.44; P<0.01), the total colour area and granulosa colour area % (r=0.36; P<0.05), 
the total colour area % (r=0.38; P<0.05), and the granulosa power area (r=0.45; 
P<0.01). Leptin had negative correlations with diameter, area and antral area, but 
positive correlations with all AnOVs, the blue granulosa layer, and power vasculari-
zation (Table 2).

This study reported a spontaneous untreated anovulatory follicle among 15 ovulatory 
follicles and another case of a treated AnOV among 13 ovulating follicles. According 
to our previous findings, the incidence of haemorrhagic anovulatory follicles (HAFs) 
ranges from 5% to 20% of oestrous cycles during the early and late ovulatory season 
[33], and their development has been associated with low concentrations of anti-
-Müllerian hormone in mares [29]. The untreated mare with spontaneous AnOV in 
the current study was young, aged 4–5 years, while the treated one was <20 years. 

ovulatory wave. I – day 9 after uterine oedema with power (left) and colour (right) Doppler. J – next 
ovulating follicle 31 mm in diameter (left) and regressing luteinized AnOV 41 mm in diameter 
(right). K ���������������������������������������������������������������������������������������–�������������������������������������������������������������������������������������� day 30 after GnRH second ovulating follicle of 35mm with colour Doppler and L �������–������ uter-
ine body after breeding with power Doppler
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Table 1
Dimensions of an AnOV follicle, vascularization of the follicle and uterus in colour and power Doppler, and 
hormonal changes during the development of an untreated AnOV follicle

Item
Days 1-5 

during uterine 
oedema

Days 6-10
after uterine 

oedema

Days 11-18
after uterine 

oedema
P-value

1 2 3 4 5

Diameter (cm) 3.40a ±0.04 4.03b ±0.06 4.23c ±0.04 <0.0001

Area (cm2) 10.93a ±0.33 15.56b ±0.40 17.00c ±0.33 <0.0001

Volume (cm3) 17.51a ±0.68 30.98b ±1.17 35.30c ±0.99 <0.0001

Area (pixels) 67 195a ±1531 98 301b ±7379 132 257c ±1645 <0.0001

Antrum area (pixels) 60 674a ±1531 91 780b ±7380 125 736c ±1645 <0.0001

Granulosa area 6521 ±10,51 6521 ±0.01 6521 ±0,01 =0.40

Circumference 913a ±19 1211b ±59 1452c ±34 <0.0001

Circulation (%) 73.40a ±0.62 76.15b ±0.32 80.00c ±0.47 <0.0001

Blue blood flow area 4257c ±77 2589b ±256 1607a ±128 <0.0001

Red blood flow area 1492a ±32 1629b ±29 1696b ±14 <0.0001

Total coloured area 5749c ±50 4218b ±228 3304a ±115 <0.0001

Power blood flow area 5706c±158 2839b ±145 2464a ±26 <0.0001

Coloured area (%) 8.59c ±0.15 4.73b ±0.49 2.51a ±0.12 <0.0001

Coloured granulosa area (%) 88.16c ±0.76 64.7b ±3.49 50.7a ±1.76 <0.0001

Power area (%) 8.49c ±0.12 3.18b ±0.33 1.87a ±0.04 <0.0001

Power granulosa area (%) 87.51c ±2.42 43.53b ±2.23 37.8a ±0.39 <0.0001

Blue ipsilateral horn area 2407c ±32 2185b ±121 1929a ±36 <0.0001
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1 2 3 4 5

Red ipsilateral horn area 1453b ±22 1251a ±53 1205a ±15 <0.0001

Power ipsilateral horn area 3292c ±97 2597b ±75 2414a ±23 <0.0001

Blue contralateral horn area 1070a ±45 1332b ±113 1559c ±38 <0.0001

Red contralateral horn 981c ±15 835b ±58 698a ±11 <0.0001

Power contralateral horn area 2203a ±100 2269ab ±65 2393b ±28 =0.025

Blue uterine body area 4715b ±36 4511b ±218 3916a ±38 =0.001

Red uterine body area 1229b ±25 1042a ±29 1011a ±9.59 <0.0001

Power uterine body area 3457a ±11 3554b ±57 3641b ±21 <0.0001

P4 (ng/ml) 1.18a ±0.14 1.36a ±0.24 3,35b ±0.25 <0.0001

E2 (pg/ml) 180 ±4,3 169 ±8.4 169 ±9.5 =0.593

IGF-1 (ng/ml) 269b ±11.3 227a ±7.9 227a ±5.8 =0.001

Leptin (ng/ml) 1.40b ±0.09 1.23a ±0.03 1.19a ±0.03 =0.026

NO (µmol/l) 32.59 ±2.86 30.69 ±2.23 30.62 ±1.66 =0.26

Means with different superscripts (a, b, c) within rows are significant at P<0.05

However, anovulation is more common in mares older than 20 years, tends to recur in 
individuals, and is most common during the late follicular phase [41]. Although the 
non-treated anovulatory follicle did not become haemorrhagic for 12 days after disap-
pearance of uterine oedema, it had a higher maximum diameter than the average ovu-
latory follicle diameter in Arabian mares [3]. The treated AnOV follicle was detected 
five days after predicted ovulation, and its diameter exceeded 60 mm. In agreement 
with our results, some anovulatory follicles achieve a size that is indistinguishable 
from the most extreme width of an ovulatory follicle [33, 43]. The natural occurrence 
of a spontaneous luteinized anovulatory follicle is difficult to predict [19]. In contrast 
with the increased power, blue and red blood flow area before the occurrence of the 
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AnOV in the presence of uterine oedema, when both the ovulatory and anovulatory 
follicle were 25 to 30 mm in diameter, the blood flow area was small in the anovula-
tory follicle compared to the ovulatory follicle [16]. Although the power blood flow 
vascularization area of the AnOV appeared to be the largest in comparison with sub-
sequent growing dominant and subordinate follicles (Figure 1C), when the granulosa 
power Doppler vascularization percentage was counted, it proved to be the smallest 

Table 2
Pearson correlation coefficients among circulating hormones, follicle dimensions, blood flow and ipsilateral 
uterine horn blood flow during AnOV development

Item E2
(pg/ml)

P4
(ng/ml)

Leptin
(ng/ml)

IGF-1
(ng/ml)

Max diameter (cm) –0.13+ 0.55** –0.62** –0.46**

Area (pixels) –0.32+ 0.78*** –0.52* –0.32+

Antrum area (pixels) –0.32+ 0.78*** –0.89*** –0.32+

Blue blood flow area 0.37* –0.72*** 0.89*** 0.35*

Red blood flow area –0.37* 0.61*** –0.88*** –0.22+

Power blood flow area (pixels) 0.21+ –0.52** 0.63** 0.44**

Total coloured area 0.37* –0.73** 0.88*** 0.36*

Total coloured area (%) 0.29+ –0.71*** 0.81*** 0.38*

Coloured granulosa area (%) 0.37* –0.73*** 0.88*** 0.36*

Power granulosa area 0.22+ –0.59*** 0.67** 0.45**

Power granulosa area (%) 0.21+ –0.52** 0.63*** 0.44**

Blue ipsilateral horn area 0.39* –0.71*** 0.97*** 0.13+

Red ipsilateral horn area 0.33* –0.57*** 0.86*** 0.35*

Power ipsilateral horn area 0.26+ –0.57*** 0.70** 0.46**

+means P>0.05; *means P<0.05, **means P<0.01, ***means P<0.0001
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Fig. 2. Means: diameter (A), area in pixels (B), antrum area (C), power blood flow vascularization 
(D), granulosa power area % of growing follicles associated with the AnOV (E), blue and power 
vascularization of uterine horns and uterine body (F)

F3O – follicle on the ovulating ovary, F5C and F6C – follicles on the contralateral ovary (A-E)

 A 

 C  D 

 E  F 

 B 
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(Figure 1D). Similarly, the mean blood flow area was two times greater for the 30 mm 
ovulatory follicles than for anovulatory follicles of the same diameter [33].

Compared to the ovulatory follicles [3, 4], the AnOV had a similar diameter from 
day 1 to day 5, after which its diameter, area and blood flow area progressively in-
creased after the disappearance of uterine oedema (Day 5). Similarly, the dominant 
anovulatory follicles 30 mm in diameter had a smaller diameter with lower blood flow 
area than the ovulatory follicles on each day beginning on day 1, when the follicles 
were 25 mm or greater [16]. The reduced blue and power vascularity, coloured area 
%, and coloured granulosa area % could be associated with reduced proliferation of 
endothelial cells in follicle capillaries and reduced theca vascularity [37]. Similar to 
the high percentage of AnOV wall (granulosa area) in the colour (88.16±0.76) and po-
wer (87.51± 2.42) Doppler signals from day 1 to day 5, a higher percentage of follicle 
wall with colour Doppler (90%±4%) has been observed in a group of haemorrhagic 
anovulatory follicles (HAF) [33]. This increase in the percentage of follicle wall in 
the colour and power Doppler was attributable to vascularization of the follicle wall 
in the area of expected ovulation (apical area) in mares with an HAF, but not in mares 
that ovulated with different follicle diameters [33].

The decrease in progesterone to below 2 ng/ml for five successive days before 
transformation of the follicle into an AnOV and 5 days after transformation into an 
AnOV indicates the role of this hormone in the maturation and ovulation of the domi-
nant follicle, which was clearly observed when P4 increased to above 3 ng/mL during 
the development of the next dominant follicle. This progesterone may be produced by 
luteinization of the AnOV after the diameter increases and the follicle is filled with 
echoic particles, or by the next dominant or subordinate granulosa cells, in order to 
avoid a second anovulation [33, 41]. The decreasing blood flow in the AnOV was 
significantly correlated with a decrease in leptin. In contrast, in the preovulatory fol-
licle, nutritional deficiencies due to short-term feed restriction are compensated for 
by an increase in vascularization, through a decrease in both systemic and intrafolli-
cular leptin concentrations [28]. The significantly decreased systemic concentrations 
of IGF-1, E2 and leptin when uterine oedema diminished in the mare with the AnOV 
might be the cause of anovulation, since intrafollicular IGF-1 decreased and was asso-
ciated with high E2 in mares during the final stages of follicular growth above 40 mm, 
as well as those with impending ovulation [11]. The significant positive correlations 
of IGF-1 with all cases of AnOV power and blue vascularization are indicative of the 
role of this hormone in regulating follicle function and ovulation. In granulosa cells 
of mature follicles, IGF-1, together with gonadotropins, promotes hormone secretion 
and follicular growth and prevents apoptosis. Similarly, preovulatory follicle blood 
flow has been correlated with plasma concentrations of IGF-1 and E2 in buffaloes [42] 
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and mares [35]. The decreased systemic E2 in the case of AnOV could result from 
decreased follicular meiosis activating sterols (MAS), which play a physiological role 
during preovulatory maturation [10]. The decrease in the area of the granulosa layer, 
proliferation-associated decrease in E2 and P4 concentrations, and anovulation could 
be associated with decreased concentrations of vascular endothelial growth factor 
(VEGF), which is essential for normal follicular angiogenesis and function [27]. 

This study concluded that the anovulatory follicle attains a maximum diameter 
higher than that of an ovulatory one, with a high antral area and apparent vascular 
perfusion during the follicular growth phase, as well as a small blue and power blood 
flow area after the disappearance of oestrus signs and uterine oedema. Anovulatory 
follicles vary in terms of vascular perfusion, which helps in selecting follicles for 
assisted reproductive techniques.
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