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Simple Summary: Blood supply of female reproductive organs plays an important role in repro-
ductive performance in cattle. Ovarian and uterine arterial indices (vascularised area) from colour
Doppler imaging provided important information about ovarian activity, supporting clinical diag-
noses and reproductive management decisions in female cattle. However, the information regarding
the relationship between reproductive vascular indices and resumption of follicular activity after
hormonal stimulation for inactive ovaries in infertile dairy cows is scarce; thus, infertile crossbred
dairy cows with inactive ovaries were induced using a 5-day progesterone-based programme. Our
results highlighted that repeat-breeder crossbred dairy cows with greater follicular size and follicular
and uterine arterial indices underwent a resumption of ovarian activity after hormonal stimulation.
Therefore, additional information on follicular and uterine arterial indices that can be helpful in
predicting the resumption of ovarian activity after hormonal stimulation in inactive ovary cows can
be gained by reproductive vascularisation from colour Doppler ultrasonography.

Abstract: An investigation of vascularity of ovarian and uterine arteries after hormonal treatment for
inactive ovaries using the short-term progesterone-based programme had not yet been explored in
repeat-breeder crossbred dairy cows. To investigate the in vivo follicular and uterine arterial indices
as an indicator of successful hormonal stimulation for inactive ovaries in repeat-breeder crossbred
dairy cattle, 59 cows with inactive ovaries were induced with a 5-day progesterone-based protocol.
At the completion of hormonal synchronisation, cows were divided into two groups according to
the size of the largest follicle (LF) on their ovary: small (<10.0 mm) and large (>10.0 mm) LFs.
Vascularities of LF and uterine artery (UtA) were evaluated using a colour Doppler tool. Cows that
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presented with large LF had greater follicular and UtA vascular indices (p < 0.001) and pregnancy
rate (p < 0.01) than cows bearing small LF on their ovary. There was a positive correlation (p < 0.001)
between follicular size and LF and UtA vascular indices. Our findings highlighted that in vivo LF
and UtA vascular indices at the completion of hormonal stimulation might be a promising indicator
for predicting success in ovarian response to hormonal stimulation for inactive ovaries of infertile
crossbred dairy cows.

Keywords: fixed-time artificial insemination; infertile dairy cows; pregnancy rate; preovulatory
follicle; ovarian inactivity; ovarian resumption; reproductive failure; vascular index

1. Introduction

In dairy production, poor reproductive capacity of heifers and cows leads to economic
losses due to deceased production and additional cost on management [1,2]. Repeat
breeding is an important reproductive problem that leads to infertility in dairy cows [3].
The high incidence of repeat breeders has been found in 42.3% of dairy herds [4]. Low
fertility is partly a result of ovarian dysfunction or impaired function in repeat-breeder dairy
cows [5]. Due to the importance of low fertility in dairy cows, a hormonal treatment using
a short-term 5-day progesterone (P4)-prostaglandin F,, (PGF)-gonadotropin-releasing
hormone (GnRH)-based protocol has been widely used to achieve synchronising ovulation
of dominant follicle (DF) before fixed-time artificial insemination (FTAI) in dairy cows [6].
Unfortunately, information regarding hormonal treatment in repeat-breeder dairy cows
with inactive ovaries using the short-term 5-day P4-PGF-GnRH-based programme is scarce.

Under clinical evaluation of reproductive organs using an invasive method, ovarian
dysfunction was related to dystrophy of the vascular system in infertile cows [7]. As a
non-invasive method, transrectal colour Doppler ultrasonography is considered to be an
effective technique for the quantitative evaluation and clinical application of arterial blood
flow not only in beef cows [8], but also in dairy cows [9]. Recently, our research group in
the study of beef cows [10] and other research teams in the study of mares [11,12] and in
dairy heifers [13] demonstrated that the reproductive vascular index, as indicated by the
coloured area (pixels and %) of reproductive organ sections from the Doppler sonogram
images, is able to indicate the blood supply of the female reproductive system. However,
the investigation of vascularity of ovarian and uterine arteries after the hormonal treatment
for inactive ovaries using the short-term P4-based programme has not yet been investigated
in repeat-breeder crossbred dairy cows. To the best of the researchers’ knowledge, a greater
knowledge of uterine and ovarian biologies is essential to increase the applied reproduction
in female ruminant animals [8,14].

Taken together, these observations led us to hypothesise that the vascular index
(coloured area) of the ovary and uterine artery (UtA) would be able to apply as an indi-
cator of successful hormonal induction for ovarian dysfunction in infertile dairy cows.
The main objective of the present research was to investigate the in vivo follicular and
UtA vascular indices as an indicator of successful hormonal synchronisation for inactive
ovaries in repeat-breeder crossbred dairy cows using the short-term (5 days) P4-PGF-GnRH-
based programme.

2. Materials and Methods
2.1. Ethics, Animals, Management, and Determination of Ovarian Inactivity

All procedures were approved by the Animal Care and Use Committee of Maejo
University (MACUCO035A/2564). Mutiparous crossbred Holstein-Friesian (75.0-87.5%)
dairy cows from the dairy farms of the Lamphun Dairy Cooperative Limited, Thailand were
used in the present study. At the beginning of the study, selected dairy cows were recorded
for their lactation number (mean =+ standard deviation (SD); 2.7 £ 1.09), body condition
score (BCS; 3.1 £ 0.55), insemination number (4.6 &= 1.50), days open (263.4 £ 14.91 days),
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and mean of daily milk production (13.5 4= 1.01 kg/day). Crossbred dairy cows were reared
indoors in a free-stall barn and were milked twice a day. They were fed ad libitum with
chopped maize silage and fresh Napier grass (Pennisetum purpureum) and supplemented
with a commercial concentrate. Clean drinking water and mineralised salt bricks were
provided ad libitum.

Before the start of this experiment, all cows were confirmed to have no clinically
evident condition of dystocia, retained placenta, metritis or mastitis. A reproductive
management procedure that used for inseminating cows before classified as repeated-
breeders was insemination of cows based on a visual detected oestrus. Repeat breeder
dairy cows that had been defined as a failure to conceive from three or more regularly
spaced inseminations in the absence of detectable clinical abnormalities [15] were selected.
At the beginning of the study, ovarian ultrasound scans (a 7.5 MHz linear-array ultrasonic
probe; HS-1600V, Honda Electronics, Japan) were performed by a single operator to evaluate
the structures of the follicles and corpus luteum (CL). A total of 60 selected repeat-breeder
dairy cows were classified as having inactive ovaries, indicating ovarian inactivity when a
follicular structure less than 5 mm [16] was detected in two consecutive examinations, in
the disappearance of a CL or cyst on their ovaries, and no oestrous signs during the 7-day
period between the examinations [17].

2.2. Hormonal Synchronisation of Repeat-Breeder Dairy Cows with Ovarian Inactivity Using the
Short-Term (5 Days) P4-PGF-GnRH-Based Programme and FTAI

The short-term 5-day P4-PGF-GnRH-based programme of the present study was
adapted from a previous study [18]. At the beginning of the hormonal protocol for ovula-
tion synchronisation (day 0), a total of 60 selected repeat-breeder dairy cows with ovarian
inactivity were implanted with an exogenous P,-releasing device with 1.38 g of P4 (con-
trolled internal drug release (CIDR), Eazi-Breed; Zoetis Inc., Mahuhu Crescent, Auckland,
New Zealand), concurrent with an injection of P4 (50 mg; Steraloids, Inc., Newport, R,
USA), and CIDR inserts were removed from the vagina on day 5. On day 5, all dairy cows
received a 250 ug dose (cloprostenol) of PGF (Estrumate, MSD Animal Health, Upper Hutt,
Wellington, New Zealand). On day 8, a 10 ug dose (buserelin) of GnRH (Receptal, MSD
Animal Health, Upper Hutt, Wellington, New Zealand) was administered concurrently
with the FTAl in all dairy cows. The FTAI was performed on day 8 using a single dose of
frozen-thawed semen. The completion of hormonal synchronisation period was designated
as day 8.

2.3. Determination of Resumption of Ovarian Activity in Repeat-Breeder Dairy Cows (with
Inactive Ovaries) after Hormonal Synchronisation and Animal Group

On the day of the FTAI (day 8), uterine arterial and ovarian ultrasound scans were
performed by a single operator to evaluate the structures of the main arterial vessels
supporting the uterus (>5.0 mm in diameter) and the ovarian largest follicle (LF). The
relative position and dimensions of the ovarian LF and UtA were sketched on ovarian and
UtA charts. Based on the healthy status, a cow was excluded from further experiment if
lameness could be identified during the hormonal synchronising period. Thus, repeat-
breeder dairy cows with ovarian inactivity (n = 59) were divided into two groups according
to the LF size on their ovaries [19]: small LF (<10.0 mm in diameter; n = 21) and large
LF (>10.0 mm in diameter; n = 38), as indicated by the successful hormonal treatment for
inactive ovaries.

2.4. Evaluation of In Vivo Follicular and Uterine Arterial Indices

To visualise the ovarian LF structure and UtA on the day of the FTAI (day 8), transrectal
colour Doppler ultrasonography was performed by a single operator using a 7.5 MHz linear-
array ultrasonic probe (HS-1600V; Honda Electronics, Toyohashi, Aichi, Japan) for B mode
(grey scale) and Doppler functions (colour flow mapping and power Doppler functions).
The amount of cross-sectional tissue areas of ovarian LF (LF < 10.0 mm and LF > 10.0 mm)
and UtA contralateral and ipsilateral to the LF ovary in which vascularisation was indicated
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as vascular areas, as well as being quantified from the Doppler colour sonogram images
using the procedures described for beef cows [10] and mares [12]. Briefly, Doppler colour
images per pixel density were created using Adobe Photoshop CC software (1990-2017,
Adobe system). The Magnetic Lasso tool in Adobe Photoshop CC was applied to outline
the power and coloured areas of the ovarian LF and UtA and to subsequently count each
area (pixels). The LF antrum was also outlined, and the areas were presented based on
distribution of pixels. On the basis of these measurements, thus, ovarian LF vascular indices
were expressed as the LF coloured area in pixels (area of the LF colour power Doppler) and
the LF coloured area in percentage (area of the LF colour power Doppler [pixels]/LF area
without antrum [pixels]). The UtA vascular index was expressed as the UtA coloured area
in pixels (area of the UtA colour power Doppler).

2.5. Pregnancy Diagnosis

All dairy cows were diagnosed as pregnant using transrectal ultrasonography on day
30 post-FTAIL Uterine ultrasound scans were performed by one examiner to determine the
structures of the uterine horns. Dairy cows were defined as pregnant when the embryonic
vesicle could be found in the uterine horn.

2.6. Statistical Analysis

The animal groups (LF < 10.0 mm and LF > 10.0 mm) were included in the statistical
model, as class variables and lactation number, insemination number, and BCS were also
included in the statistical model as covariates. Student’s ¢ test was used to compare the
means of LF and UtA diameters, LF and UtA areas in pixels, and LF area in percentage
between dairy cows with LF < 10.0 mm and with LF > 10.0 mm. Data of LF and UtA
diameters, LF and UtA areas in pixels, and LF area in percentage are expressed as the
mean =+ standard error of the mean (SEM). Chi-square analysis was used to compare
the percentages of the pregnancy rate (PR) between dairy cows with LF < 10.0 mm and
with LF > 10.0 mm. Linear regression was applied to evaluate the linear relationship
between ovarian LF diameter and reproductive vascular indices (LF and UtA indices).
Linear correlations between ovarian LF diameter and reproductive vascular indices were
considered as perfect, very strong, strong, moderate, low, and negligible correlations when
the correlation coefficient (r) was 1.00, >0.90, 0.70-0.90, 0.50-0.70, 0.30-0.50, and 0.00-0.30,
respectively [20]. A probability of p value < 0.05 indicated a significant difference.

3. Results
3.1. Ovarian LF and UtA

The average LF size was greater in cows with LF > 10.0 mm in diameter than in cows
with <10.0 mm in diameter on their ovary (13.6 £ 0.32 mm vs. 8.6 & 0.34 mm; Figure 1a).
On the day of the FTAI, cows that presented with large LF (>10.0 mm in diameter) had a
greater (p < 0.001) diameter of UtA ipsilateral to the LF ovary than cows bearing small LF
(£10.0 mm in diameter) on their ovary (13.5 £ 0.25 mm vs. 11.0 & 0.49 mm; Figure 1b).
However, none of diameters of UtA contralateral to the LF ovary differed (p > 0.05) between
cows bearing small and large LFs on their ovary (10.5 & 0.36 mm vs. 11.3 £ 0.24 mm;
Figure 1c).

3.2. In Vivo Follicular and Uterine Arterial Indices

On the day of the FTAI, cows that presented with large LF (>10.0 mm in diame-
ter) had a greater (p < 0.001) coloured area of the LF in pixels and in percentage than
cows bearing small LF (<10.0 mm in diameter) on their ovary (6459.7 &+ 921.96 pixels vs.
1000.9 £ 136.29 pixels and 6.3 = 0.33% vs. 2.1 &£ 0.18%, respectively). Moreover, cows that
presented with large LF (>10.0 mm in diameter) had a greater (p < 0.001) coloured area
in pixels of UtA ipsilateral (206,388.3 &= 8923.79 pixels vs. 110,608.7 &+ 7261.98 pixels) and
contralateral to the LF ovary (143,123.7 & 6721.79 pixels vs. 97,205.5 & 7999.78 pixels) than
cows bearing small LF (<10.0 mm in diameter) on their ovary.
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Figure 1. Box plot showing the distribution and the variability of diameters of ovarian LF (a) and
UtA ipsilateral (b) and contralateral (c) to the LF ovary on the day of the FTAI in repeat-breeder
crossbred dairy cows (with ovarian inactivity) after receiving the short-term P4-based programme
(n =59). Cows were evaluated and classified according to the LF diameter on the day of the FTAL LF,
largest follicle; FTAI, fixed-time artificial insemination; UtA, uterine artery. ** p < 0.01.

3.3. Association between Ouvarian LF Diameter and Reproductive Vascular Indices

There was a substantially positive relationship (r = 0.78, p = 0.0001) between the
diameter of the LF and the coloured area in percentage of the LF on the day of the FTAI
(Figure 2a). There was also a moderately positive association between the diameter of the
LF (mm) and coloured area in pixels of the LF (r = 0.61, p = 0.0001; Figure 2b) and between
the coloured area in pixels of UtA ipsilateral to the LF ovary (r = 0.66, p = 0.0001; Figure 2c).
The diameter of the LF was positively correlated with the coloured area in pixels of UtA
contralateral to the LF ovary (minimal correlation; r = 0.40, p = 0.001; Figure 2d).

3.4. Pregnancy Rate (PR)

Cows with ovarian inactivity that presented with a large LF (>10.0 mm in diameter)
had greater (p = 0.007) PR than cows bearing a small LF (<10.0 mm in diameter) after the
end of synchronisation treatment (50.0% vs. 14.3%; Figure 3).
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Figure 2. Relationship between ovarian LF diameter and LF (a,b) and UtA vascular indices (¢,d) on

the day of the FTAI in repeat-breeder crossbred dairy cows (with ovarian inactivity) after receiving the

short-term P4-based programme (1 = 59). LF, largest follicle; FTAI, fixed-time artificial insemination;

UtA, uterine artery.
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Figure 3. The pregnancy rate (%) on 30 days post-FTALI of repeat-breeder crossbred dairy cows (with

ovarian inactivity) after receiving the short-term P4-based programme (1 = 59). Cows were evaluated
and classified according to the LF diameter on the day of the FTAIL LF, largest follicle; FTAI fixed-time

artificial insemination. ** p < 0.01.
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4. Discussion

In the present study, repeat-breeder crossbred dairy cows with ovarian inactivity
that failed to emerge from the large LF (>10.0 mm in diameter) at the completion of
the synchronised ovulation were observed to have lower LF and UtA vascular indices
(vascularised area in pixels and %) than those of infertile cows emerging from the large
LF on their ovary. To the best of the researchers” knowledge, this is the first investigation
to provide data on in vivo LF and UtA vascular indices as an indicator of successful
hormonal synchronisation for inactive ovaries in repeat-breeder crossbred dairy cows
using a 5-day Py-based protocol. Additional information on follicular and uterine arterial
indices that can be helpful in predicting resumption of ovarian activity after hormonal
stimulation in inactive ovary cows can be gained by reproductive vascularisation from
colour Doppler ultrasonography. The results of the present study support the hypothesis
that the vascular index (coloured area) of ovary and UtA can be applied as an indicator
of successful hormonal induction for ovarian dysfunction in repeat-breeder dairy cows.
Although the information regarding the relationship between ovarian and uterine arterial
indices and the resumption of follicular activity after hormonal stimulation in infertile dairy
cows is scarce, the blood flow to the preovulatory follicle (POF) is markedly reduced in
heat-stressed beef cows (vascularised area in pixels and %) with a synchronised ovulatory
cycle [10] and heat-stressed dairy cows (Doppler index) with a spontaneous oestrous
cycle [21]. Similar to normally cyclic dairy cattle [22], the vascularity (vascularised area
in pixels) of POF and CL is a valuable predictor of pregnancy outcomes in fertile dairy
cows. For these female dairy cattle, cows with a high POF vascular index underwent a
normal pregnancy [22]. Investigations in normal beef heifers and cows receiving the 7-day
Co-Synch + CIDR protocol [23] have observed that blood flow (vascularised area in pixels)
of large POF (14.1-17.5 mm in diameter) tended to be greater than small POF (10.8-12.8 mm
in diameter). Moreover, the significant increase in vascularity (vascularised area in percent)
in POF (>11.5 mm in diameter) suggested that systemic hormonal stimulation may locally
induce the ovulatory process [24]. In the cyclic buffalo model, a previous study applied
the total blood supply (vascularised area in pixels) of ovarian follicles for predicting the
effective hormonal synchronisation that the total blood flow to the DF was greater in
females receiving the CIDR-PGF-based protocol than buffaloes receiving the Ovsynch-
CIDR-based protocol at oestrous onset [25]. Thus, this strongly implies that ovarian and
UtA vascular indices may provide an important indicator to evaluate normal, impaired,
and synchronised ovaries in large female ruminants.

At the completion of a hormonal synchronisation period in this study, in vivo LF and
UtA vascular indices (vascularised area in pixels and %) were greater in inactive ovary
cows with large LF after hormonal stimulation than in cows without large LF on their
ovary. The purpose of this study was to gain a better understanding of the resumption of
ovarian activity after treatment with hormonal protocol in inactive ovary cows in which
the returned growth of ovarian follicles and subsequently POF emergence results not
only through hormonal stimulation, but also through a greater blood supply to uterus
and follicles. As stated above, in the fertile cow model, Acosta et al. [26] also found
that normally cyclic cows had a greater blood flow to POF after hormonal treatment
with GnRH. In the present study, administration of the exogenous P treatment (CIDR)
in combination with GnRH and PGF in repeat-breeder dairy cows resulted in a 64.4%
(38/59) responsive rate of presented large-sized LF at the completion of the synchronised
ovulation. For these responsive cattle, cows had greater follicular and UtA vascular
indices on the day of the FTAI Investigations in beef cows receiving CIDR in combination
with GnRH, PGF, and equine chorionic gonadotropin have observed that, during the
preovulatory period, POF vascularisation positively correlated with POF growth rates
and vasodilator (oestradiol; E2) levels and tended to associate with POF growth rate in
ovulating cows [10]. The blood flow of ovarian artery and middle UtA changed after the
end of ovarian superstimulation in dairy cows that previously synchronised with CIDR
and received follicle stimulating hormone [27]. The significant increase in vascularisations
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in large LF and UtA ipsilateral and contralateral to the LF ovary, in the present study,
suggested that the reproductive blood system may supply enough nutrients, hormones,
and growth factors to support follicular growth during hormonal stimulation in inactive
ovary cows. The supplies of nutrients, hormones, and growth factors to follicular cells
for supporting ovarian activity needs adequate blood flow [28], and maintenance of the
follicular vascularisation is important for supporting follicular health [29], maturation, and
ovulation [30]. In the present study, inactive ovary cows that returned to ovarian activity
as indicated by the emerged large LF and subsequent increase in pregnancy outcome,
had greater follicular and UtA vascular indices than cows that failed to emerge large LF
after hormonal stimulation. In turn, inadequate ovarian vascularity can act as the trigger
that leads to bovine follicular atresia [31]. Although no evaluation of E2 concentrations
in inactive ovary cows with large LF after hormonal stimulation was attempted in the
present experiment, our results supported the findings of Lopes et al. [32], who reported
that follicular size was directly associated with E2 concentrations on the day of artificial
insemination (Al) with larger POF related with greater E2 production from POF in dairy
cows. A greater growth rate of ovarian follicle increased the E2 production from the
granulosa cells of the POF [33]. On a cellular level, ovarian E2 (vasodilator) causes a
rapid dilation of blood vessels and subsequently an increase in vascularities of POF [10]
and UtA [8,34]. Investigations in dairy cows receiving exogenous E2 have observed that
the blood flow to UtA increased in response to E2 treatment [35]. In the present study,
the PR was higher in cows bearing a large LF with a greater LF vascularisation than in
cows bearing a small LF with a lesser LF on the day of the FTAIL This pattern of results is
consistent with the previous study that a greater follicle size on the day of the Al and a high
POF blood flow on the day of the Al in dairy heifers that became pregnant compared with
non-pregnant heifers [36]. In beef and dairy cattle, the size of the ovarian follicle is not the
only indicator that predicts success in ovarian response to hormonal treatment at the end of
the synchronisation programme [23,36]. Other parameters such as the correlation between
larger POF and high blood flow to POF have confirmed greater rates of establishment of
pregnancy [23,36]. Considering the former scenario, POF blood flow on the day of the
Al proved to be a better indicator compared to size to evaluate the fate of POF and its
effect on conception rate as there was no significant variation in POF diameter among
the pregnant, complicated pregnancy, and pregnant dairy cows [22]. This is possibly due
to the close relationship between POF diameter and blood flow in which an increase in
vascular support to POF is related to greater chances of pregnancy outcome [23,36,37].
Although the ovulation of POF was not evaluated in the present experiment, we speculated,
based on previous data, that the ovulating cows had greater blood flow volume compared
with the non-ovulating cows [8] and the ovulating POF had the highest percent of the
vascularised area in cows [37]. Investigations in dairy cows receiving exogenous PGF or
E2 have observed the lower ovulatory synchrony found in the PGF cows compared to
the E2 cows [38]. This low response may be explained by the presence of less developed
follicles which was indicated by the observed low blood flow of POF [38]. Moreover, under
field trial, evaluation of blood flow to reproductive organs using Doppler ultrasonography
allows for the determination of highly receptive recipients and could improve pregnancy
outcome in embryo transfer programmes [39]. For application of the colour Doppler
technology in the field, the relationship between reproductive vascularisation pattern and
response to hormonal treatment in the present study might be indicative for practitioners
using the colour Doppler tool in the selection of highly responsive cows for insemination
after the end of the synchronisation protocol.

Overall, based on our findings, this study directly points to an association between
POF growth and reproductive system blood supply regarding an increase in the size of LF
in activated ovary cows caused by adequate blood flow to UtA and ovaries for supporting
growth of follicular cells after hormonal induction, and subsequently an increase in fertility.
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5. Conclusions

Follicular and uterine arterial indices from colour Doppler imaging provided impor-
tant information about the resumption of ovarian activity, supporting clinical diagnoses and
reproductive management decisions in infertile dairy cows. Our findings highlighted that
a positive correlation between ovarian follicular size and LF and UtA vascular indices (vas-
cularised areas) was observed at the completion of hormonal stimulation in repeat-breeder
cows with ovarian inactivity. Repeat-breeder crossbred dairy cows with greater follicular
size and reproductive vascular indicators (LF and UtA indices) underwent a resumption
of ovarian activity after hormonal stimulation. Therefore, in vivo LF and UtA vascular
indices on the day of the FTAI might be a promising indicator for predicting success in
ovarian response to hormonal stimulation for inactive ovaries of infertile crossbred dairy
cows; however, new and larger studies are necessary.

Author Contributions: Conceptualization, P.Y., C.Y,, ].P. and T.M.; methodology, P.Y., M.S., ].]. and
W.U.-k.; investigation, N.M.; data curation, N.P,; writing—original draft preparation, P.Y.; writing—
review and editing, P.S.,, RM., WL, KS, CL.,, WT,, HVD,, P-C.T. and TM.; supervision, T.M.;
funding acquisition, C.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Research and Researchers for Industries, National Research
Council of Thailand, grant number N41A640259.

Institutional Review Board Statement: The study was conducted according to the ethical principles
and guidelines for the use of animals of the National Research Council of Thailand and approved by
the Animal Care and Use Committee of Maejo University (approval number: MACUCO035A /2564).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Acknowledgments: The authors thank the president of the Lamphun Dairy Cooperative Limited,
who allowed the study to be conducted, and all the dairy farmers and veterinary practitioners
who cooperated with the realisation of this project. This work was supported by the Research and
Researchers for Industries, National Research Council of Thailand (N41A640259). This research
work was partially supported by Chiang Mai University, Thailand. We also acknowledge the World
Med Equipment Co., Ltd., Bangkok, Thailand (Tiwakorn Wongsankom), for providing the colour
Doppler tool.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Taylor, V.].; Hattan, A.J.; Bleach, E.C.L.; Beever, D.E.; Wathes, D.C. Reproductive Function in Average and High Yielding Dairy
Cows. BSAP Occas. Publ. 2001, 26, 495-498. [CrossRef]

2. De Vries, A. Economic Value of Pregnancy in Dairy Cattle. J. Dairy Sci. 2006, 89, 3876-3885. [CrossRef]

3. Yusuf, M.; Nakao, T.; Ranasinghe, R.B.; Gautam, G.; Long, S.T.; Yoshida, C.; Koike, K.; Hayashi, A. Reproductive Performance of
Repeat Breeders in Dairy Herds. Theriogenology 2010, 73, 1220-1229. [CrossRef] [PubMed]

4. Lim, H.-J,; Yoon, H.-B.; Im, H.; Park, ].; Cho, Y.; Jeong, Y.-S.; Ki, K.-S.; Im, S.-K. Survey on the Incidence of Reproductive Disorders
in Dairy Cattle. . Emb. Trans. 2015, 30, 59-64. [CrossRef]

5. Mogheiseh, A ; Kafi, M.; Golestani, N.; Roshan-Ghasrodashti, A.; Nazifi, S.; Mirzaei, A. Follicular Fluid Composition of Ovulatory
Follicles in Repeat Breeder Holstein Dairy Cows. Asian Pac. ]. Reprod. 2019, 8, 124-134. [CrossRef]

6.  Garcia-Ispierto, I.; Lopez-Gatius, F. Effects of Different Five-Day Progesterone-Based Fixed-Time AI Protocols on Follicular/Luteal
Dynamics and Fertility in Dairy Cows. J. Reprod. Dev. 2014, 60, 426-432. [CrossRef]

7. Skovorodin, E.; Mustafin, R.; Bogoliuk, S.; Bazekin, G.; Gimranov, V. Clinical and Structural Changes in Reproductive Organs and
Endocrine Glands of Sterile Cows. Vet. World 2019, 13, 774-781. [CrossRef]

8. Moonmanee, T.; Navanukraw, C.; Yama, P; Jittumnong, J. Uterine Artery Flow Velocity Waveform, Arterial Flow Indices,

Follicular Dynamics, and Sex Hormones during Preovulatory Period in Synchronized Ovulatory Cycle of Bos indicus Beef Cows.
Reprod. Biol. 2018, 18, 99-108. [CrossRef]


http://doi.org/10.1017/S0263967X00034194
http://doi.org/10.3168/jds.S0022-0302(06)72430-4
http://doi.org/10.1016/j.theriogenology.2010.01.016
http://www.ncbi.nlm.nih.gov/pubmed/20226515
http://doi.org/10.12750/JET.2015.30.1.59
http://doi.org/10.4103/2305-0500.259170
http://doi.org/10.1262/jrd.2014-063
http://doi.org/10.14202/vetworld.2020.774-781
http://doi.org/10.1016/j.repbio.2018.01.008

Animals 2022, 12,292 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Darbaz, I; Sayiner, S.; Ergene, O.; Seyrek Intas, K.; Zabitler, E; Evci, E.C.; Aslan, S. The Effect of Comfort- and Hot-Period on the
Blood Flow of Corpus Luteum (CL) in Cows Treated by an OvSynch Protocol. Animals 2021, 11, 2272. [CrossRef]

Jitjumnong, J.; Moonmanee, T.; Sudwan, P.; Mektrirat, R.; Osathanunkul, M.; Navanukraw, C.; Panatuk, J.; Yama, P.; Pirokad, W.;
U-krit, W,; et al. Associations among Thermal Biology, Preovulatory Follicle Diameter, Follicular and Luteal Vascularities, and Sex
steroid Hormone Concentrations during Preovulatory and Postovulatory Periods in Tropical Beef Cows. Anim. Reprod. Sci. 2020,
213,106281. [CrossRef]

Silva, L.A.; Gastal, E.L.; Beg, M.A.; Ginther, O.J. Changes in Vascular Perfusion of the Endometrium in Association with Changes
in Location of the Embryonic Vesicle in Mares. Biol. Reprod. 2005, 72, 755-7761. [CrossRef] [PubMed]

Abdelnaby, E.A.; Abo El-Maaty, A.M. Dynamics of Follicular Blood Flow, Antrum Growth, and Angiogenic Mediators in Mares
from Deviation to Ovulation. J. Equine Vet. Sci. 2017, 55, 51-59. [CrossRef]

Silva, L.A.; Ginther, O.J. Local Effect of the Conceptus on Uterine Vascular Perfusion during Early Pregnancy in Heifers.
Reproduction 2010, 139, 453-463. [CrossRef] [PubMed]

Kourousekos, G.D.; Theodosiadou, E.K.; Lymberopoulos, A.G.; Belibasaki, S.; Boscos, C. Effect of Aflatoxin B1 on Blood Serum
Oestradiol-17p and Progesterone Concentrations during the Luteal Phase and the Synchronized Oestrus of Goats. Anim. Reprod.
2018, 15, 75-83. [CrossRef]

Jaureguiberry, M.; Giuliodori, M.].; Mang, A.V,; Madoz, L.V.; Pothmann, H.; Drillich, M.; de la Sota, R.L. Short Communication:
Repeat Breeder Cows with Fluid in the Uterine Lumen Had Poorer Fertility. J. Dairy Sci. 2017, 100, 3083-3085. [CrossRef]
Lopez-Helguera, I.; Colazo, M.G.; Garcia-Ispierto, I.; Lopez-Gatius, F. Factors Associated with Ovarian Structures and Intrauterine
Fluid in the Postpartum Period in Dairy Cows. J. Dairy Sci. 2016, 99, 3925-3933. [CrossRef]

Xu, C.; Xia, C,; Sun, Y;; Xiao, X.; Wang, G.; Fan, Z,; Shu, S.; Zhang, H.; Xu, C.; Yang, W. Metabolic Profiles using 1 H-Nuclear
Magnetic Resonance Spectroscopy in Postpartum Dairy Cows with Ovarian Inactivity. Theriogenology 2016, 86, 1475-1481.
[CrossRef]

Spencer, J.A.; Carnahan, K.; Shafii, B.; Price, W.J.; Dalton, J.; Ahmadzadeh, A. Pregnancy Outcomes Are Not Improved by
Administering Gonadotropin-Releasing Hormone at Initiation of a 5-Day CIDR-Cosynch Resynchronization Protocol for Lactating
Dairy Cows. J. Dairy Sci. 2018, 101, 8524-8531. [CrossRef]

Bryan, M.A.; B6, G.; Mapletoft, R.].; Emslie, ER. The Use of Equine Chorionic Gonadotropin in the Treatment of Anestrous Dairy
Cows in Gonadotropin-Releasing Hormone/Progesterone Protocols of 6 or 7 Days. J. Dairy Sci. 2013, 96, 122-131. [CrossRef]
Hinkle, D.E.; Wiersma, W.; Jurs, S.G. Applied Statistics for the Behavioral Sciences, 2nd ed.; Houghton Mifflin: Boston, MA, USA,
1988; 682p.

Honig, H.; Ofer, L.; Kaim, M.; Jacobi, S.; Shinder, D.; Gershon, E. The Effect of Cooling Management on Blood Flow to the
Dominant Follicle and Estrous Cycle Length at Heat Stress. Theriogenology 2016, 86, 626—634. [CrossRef]

Varughese, E.E.; Brar, P.S.; Ghuman, S.S. Vascularization to Preovulatory Follicle and Corpus Luteum-a Valuable Predictor of
Fertility in Dairy Cows. Theriogenology 2017, 103, 59-68. [CrossRef] [PubMed]

de Tarso, S.G.S.; Apgar, G.A.; Gastal, M.O.; Gastal, E.L. Relationships between Follicle and Corpus Luteum Diameter, Blood Flow,
and Progesterone Production in Beef Cows and Heifers: Preliminary Results. Anim. Reprod. 2016, 13, 81-92. [CrossRef]

de Castro, N.A.; Leonardi, C.E.P; Singh, J.; Schneider, A.; Gongalves, P.B.; Oliveira, EC.; D’Avila, C.A.; Ferreira, R; Gasperin, B.G,;
Moreira, E.M.; et al. The Role of Prostaglandin F2«c on Ovulation and LH Release in Cows. Braz. J. Vet. Res. Anim. Sci. 2021, 58,
e175001. [CrossRef]

Samir, H.; Kandiel, M.M.M.; El-Maaty, A.M.A.; Sediqyar, M.; Sasaki, K.; Watanabe, G. Ovarian Follicular Changes and Hemody-
namics in Egyptian Buffaloes under CIDR-PGF2« and Ovsynch-CIDR Estrus Synchronization Treatments. J. Reprod. Dev. 2019,
65, 451-457. [CrossRef] [PubMed]

Acosta, T.].; Hayashi, K.G.; Ohtani, M.; Miyamoto, A. Local Changes in Blood Flow within the Preovulatory Follicle Wall and
Early Corpus Luteum in Cows. Reproduction 2003, 125, 759-767. [CrossRef] [PubMed]

Abdelnaby, E.A.; Abo El-Maaty, A.M.; El-Badry, D.A. Ovarian and Uterine Arteries Blood Flow Waveform Response in the First
Two Cycles Following Superstimulation in Cows. Reprod. Domest. Anim. 2020, 55, 701-710. [CrossRef]

Devesa, ].; Caicedo, D. The Role of Growth Hormone on Ovarian Functioning and Ovarian Angiogenesis. Front. Endocrinol. 2019,
10, 450. [CrossRef]

Reynolds, L.P,; Grazul-Bilska, A.T.; Redmer, D.A. Angiogenesis in the Female Reproductive Organs: Pathological Implications.
Int. J. Exp. Pathol. 2002, 83, 151-163. [CrossRef]

Acosta, TJ.; Miyamoto, A. Vascular Control of Ovarian Function: Ovulation, Corpus Luteum Formation and Regression. Anin.
Reprod. Sci. 2004, 82-83, 127-140. [CrossRef]

Moonmanee, T.; Navanukraw, C.; Uriyapongson, S.; Kraisoon, A.; Aiumlamai, S.; Guntaprom, S.; Rittirod, T.; Borowicz, P;
Redmer, D. Relationships among Vasculature, Mitotic Activity, and Endothelial Nitric Oxide Synthase (eNOS) in Bovine Antral
Follicles of the First Follicular Wave. Domest. Anim. Endocrinol. 2013, 45, 11-21. [CrossRef]

Lopes, A.S.; Butler, S.T.; Gilbert, R.O.; Butler, W.R. Relationship of Pre-Ovulatory Follicle Size, Estradiol Concentrations and
Season to Pregnancy Outcome in Dairy Cows. Anim. Reprod. Sci. 2007, 99, 34—43. [CrossRef] [PubMed]

Fortune, J.E.; Rivera, G.M.; Evans, A.C.; Turzillo, A.M. Differentiation of Dominant Versus Subordinate Follicles in Cattle. Biol.
Reprod. 2001, 65, 648-654. [CrossRef]


http://doi.org/10.3390/ani11082272
http://doi.org/10.1016/j.anireprosci.2020.106281
http://doi.org/10.1095/biolreprod.104.036384
http://www.ncbi.nlm.nih.gov/pubmed/15576822
http://doi.org/10.1016/j.jevs.2017.04.003
http://doi.org/10.1530/REP-09-0363
http://www.ncbi.nlm.nih.gov/pubmed/19920117
http://doi.org/10.21451/1984-3143-2017-AR939
http://doi.org/10.3168/jds.2016-11406
http://doi.org/10.3168/jds.2015-10615
http://doi.org/10.1016/j.theriogenology.2016.05.005
http://doi.org/10.3168/jds.2017-13491
http://doi.org/10.3168/jds.2012-5452
http://doi.org/10.1016/j.theriogenology.2016.02.017
http://doi.org/10.1016/j.theriogenology.2017.07.042
http://www.ncbi.nlm.nih.gov/pubmed/28779610
http://doi.org/10.21451/1984-3143-AR797
http://doi.org/10.11606/issn.1678-4456.bjvras.2021.175001
http://doi.org/10.1262/jrd.2019-035
http://www.ncbi.nlm.nih.gov/pubmed/31406064
http://doi.org/10.1530/rep.0.1250759
http://www.ncbi.nlm.nih.gov/pubmed/12713439
http://doi.org/10.1111/rda.13668
http://doi.org/10.3389/fendo.2019.00450
http://doi.org/10.1046/j.1365-2613.2002.00277.x
http://doi.org/10.1016/j.anireprosci.2004.04.022
http://doi.org/10.1016/j.domaniend.2013.03.002
http://doi.org/10.1016/j.anireprosci.2006.04.056
http://www.ncbi.nlm.nih.gov/pubmed/16777360
http://doi.org/10.1095/biolreprod65.3.648

Animals 2022, 12,292 11 of 11

34.

35.

36.

37.

38.

39.

Honnens, A.; Weisser, S.; Welter, H.; Einspanier, R.; Bollwein, H. Relationships between Uterine Blood Flow, Peripheral Sex
Steroids, Expression of Endometrial Estrogen Receptors and Nitric Oxide Synthases During the Estrous Cycle in Mares. . Reprod.
Dev. 2011, 57, 43-48. [CrossRef]

Rawy, M.; Mido, S.; El-Sheikh Ali, H.; Derar, D.; Megahed, G.; Kitahara, G.; Osawa, T. Effect of Exogenous Estradiol Benzoate on
Uterine Blood Flow in Postpartum Dairy Cows. Anim. Reprod. Sci. 2018, 192, 136-145. [CrossRef] [PubMed]

Siddiqui, M.A.R.; Almamun, M.; Ginther, O.]. Blood Flow in the Wall of the Preovulatory Follicle and Its Relationship to Pregnancy
Establishment in Heifers. Anim. Reprod. Sci. 2009, 113, 287-292. [CrossRef] [PubMed]

Abdelnaby, E.A.; Abo El-Maaty, A.M.; Ragab, R.S.A.; Seida, A.A. Dynamics of Uterine and Ovarian Arteries Flow Velocity
Waveforms and Their Relation to Follicular and Luteal Growth and Blood Flow Vascularization During the Estrous Cycle in
Friesian Cows. Theriogenology 2018, 121, 112-121. [CrossRef] [PubMed]

Pfeifer, L.EM.; Siqueira, L.G.B.; Arashiro, E.K.N.; de Castro, N.A.; Viana, ]. H.M. Prostaglandin F2« or Estradiol Benzoate to
Induce Ovulation in Timed Artificially Inseminated Dairy Cows. Pesqui. Agropecu. Bras. 2016, 51, 738-744. [CrossRef]

Pugliesi, G.; de Melo, G.D.; Ataide, G.A., Jr.; Pellegrino, C.; Silva, J.B.; Rocha, C.C.; Motta, I.G.; Vasconcelos, J.; Binelli, M. Use
of Doppler Ultrasonography in Embryo Transfer Programs: Feasibility and Field Results. Anim. Reprod. 2018, 15, 239-246.
[CrossRef] [PubMed]


http://doi.org/10.1262/jrd.10-023T
http://doi.org/10.1016/j.anireprosci.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29550273
http://doi.org/10.1016/j.anireprosci.2008.07.008
http://www.ncbi.nlm.nih.gov/pubmed/18768270
http://doi.org/10.1016/j.theriogenology.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30144733
http://doi.org/10.1590/S0100-204X2016000600005
http://doi.org/10.21451/1984-3143-AR2018-0059
http://www.ncbi.nlm.nih.gov/pubmed/34178147

	Introduction 
	Materials and Methods 
	Ethics, Animals, Management, and Determination of Ovarian Inactivity 
	Hormonal Synchronisation of Repeat-Breeder Dairy Cows with Ovarian Inactivity Using the Short-Term (5 Days) P4-PGF-GnRH-Based Programme and FTAI 
	Determination of Resumption of Ovarian Activity in Repeat-Breeder Dairy Cows (with Inactive Ovaries) after Hormonal Synchronisation and Animal Group 
	Evaluation of In Vivo Follicular and Uterine Arterial Indices 
	Pregnancy Diagnosis 
	Statistical Analysis 

	Results 
	Ovarian LF and UtA 
	In Vivo Follicular and Uterine Arterial Indices 
	Association between Ovarian LF Diameter and Reproductive Vascular Indices 
	Pregnancy Rate (PR) 

	Discussion 
	Conclusions 
	References

