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Abstract

Twenty-eight pluriparous and non-lactating Santa Inés sheep were synchronized with vaginal sponge and an intramuscular (IM)
injection of 37.5 ug of cloprostenol on random days of the estrous cycle (D0); day 6 (D6), at 7:00 am, the devices were removed,
and after 24 h (D7), GnRH analog (25 ug of lecirelin) was administrated. Fixed-time artificial insemination (FTAI) with cervical
traction by the transcervical route was performed 52 to 58 h after sponge removal. Doppler velocimetry of both uterine arteries
was performed on D0, D2, D4, and the morning of D6 (every 48 h), and then every 12 h from D6 to D8 (7:00 a.m. and 7:00 p.m.).
We analyzed the peak systolic velocity (PSV), end-diastolic velocity (EVD), time-averaged maximum and mean velocity
(TAMAX, TAMEAN), pulsatility index (PI), resistance index (RI), systolic/diastolic ratio (S/D), arterial diameter (AD), and
blood flow volume (BFV), with the objective of evaluating the hemodynamic behavior of blood flow velocity parameters of the
uterine artery during a short-term progesterone synchronization protocol in ewes. With respect to phases, we noted increases in
the means of TAMAX and TAMEAN and decreases of EDV, PI, and RI (P < 0.05). S/D, EDV, TAMEAN, PI, RI, SD, AD, and
BFV showed differences between the time of progesterone insertion and the estimated time of ovulation (which was considered
the last evaluation) (P < 0.05). The PI and RI values were different when comparing the times of insertion and withdrawal of the
progesterone device (P12.53—1.54 and R10.76-0.68) (P < 0.05). The PI was different with respect to side (P < 0.001), but no side
effect was seen in the RI. In conclusion, the two uterine arteries behave differently under the effect of progesterone (intravaginal
sponges) and the effect of estradiol during the follicular phase, and estrous phase was responsible for increasing uterine blood
flow.
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common causes of subfertility (Ferrusola et al. 2014). Spectral
Doppler ultrasonography has become an indispensable tool
for the clinical evaluation of female reproductive fertility. In
veterinary medicine, there are two types of Doppler ultra-
sound systems currently in use: continuous wave and pulsed
wave (Herzog and Bollwein 2007). They are most useful for
estimating blood flow resistance in vessels, and consequently,
the hemodynamic viability of organs and structures (Ginther
2014; Beltrame et al. 2017). There is vast information regard-
ing vascular changes in the sheep uterus, which has been
generated by different techniques (Saunders et al. 1998;
Sprague et al. 2009). However, there are no cutoffs and refer-
ences to establish normal and pathological findings related to
the uterus in ewes.

The early diagnosis of uterine dysfunction triggered by a
vascular disorder is crucial for the application of therapeutic
strategies to maximize fertility and delay tissue damage in the
female reproductive tract. In addition, Doppler ultrasonogra-
phy is an excellent tool to eliminate females before the repro-
ductive season, since it increases the possibility of identifying
reproductive problems (absence, increase, or reduction of
blood flow) not diagnosed by conventional ultrasonography.

During a synchronization protocol, differences in vascular-
ization may be due to fluctuations in progesterone (P4) con-
centrations. At times, an increase in P4 concentration may
exert a negative relationship on the size of the dominant folli-
cle. On the other hand, withdrawal of the P4 device promotes
follicular growth and subsequent ovulation of a young follicle
(Menchaca et al. 2017).

However, despite the considerable effort to validate this
imaging modality in small ruminants, reference values have
not yet been established. In a study using pulsed-wave
Doppler ultrasonography in Brazil, with respect to the uterus,
only the physiological behavior of the Doppler parameters
during pregnancy were studied (Beltrame et al. 2017).
Corroborating the scarcity of reports, in the ovine species,
there is a lack of information about the behavior of hemody-
namic indices and parameters of blood flow velocity of the
uterine artery during synchronization protocols. This makes it
difficult to interpret any values, and their associations with
physiological or pathological conditions. Thus, the objective
of this study was to evaluate the hemodynamic behavior of
blood flow velocity parameters of the uterine artery during a
short-term progesterone synchronization protocol in ewes.

Materials and methods
Animals
The experiment was conducted during two periods between

September 2016 (n=14) and March 2017 (n=14) in
Colatina, Brazil (LAT 19°, 40" 7" S LON 40°, 53’ 9" W).
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Twenty-eight pluriparous and non-lactating Santa Inés ewes,
with 4 +2 years and average weight of 60 kg, were studied.
They were fed Panicum maximum cv. Aruana grass and sup-
plemented with 280 g of concentrate/ewe/day (soybean meal
and milled corn, 14.3% crude protein). Water was provided ad
libitum. A gynecological exam was performed on all animals
before the study. Only animals lacking reproductive abnor-
malities, as detected by conventional ultrasonography or a
clinical exam, were used. The sheep were dewormed and vac-
cinated and otherwise considered healthy during a general
physical examination.

Experimental design

Females were synchronized using a vaginal sponge impreg-
nated with 60 mg of medroxyprogesterone (MAP
Progespon®, Intervet, Schering-Plough) and an intramuscular
(IM) injection of 37.5 pg of cloprostenol (0.5 ml Prolise®,
Tecnopec, Brazil) on random days of the estrous cycle, con-
sidered to be day zero (DO).

On day 6 (7:00 am) of the protocol, devices were removed,
and after 24 h (D7), a GnRH analog (25 pg lecirelin) was
administrated via an IM injection (Gestran Plus®, Tecnopec,
Brazil). A transcervical FTAI with cervical traction was per-
formed 52 to 58 h after device removal with cooled semen
collected from a fertile male (200 x 10° sperm in 0.25 ml).

Doppler velocimetry of both uterine arteries was performed
by transrectal ultrasonography on D0, D2, D4, and the morn-
ing of D6 (every 48 h) and every 12 h from D6 to D8
(7:00 a.m. and 7:00 p.m.). This was performed on standing
and unsedated animals by a single operator. In order to avoid
unnecessary stress, examinations were conducted near the
stalls.

Color Doppler ultrasonography

A color Doppler ultrasound (Z6 Vet, Mindray®) device
equipped with a multifrequency linear transducer (5—
10 MHz) was used for analysis. To obtain transrectal images,
we used an adapter/extender with the transducer to facilitate
intrarectal guidance and movement. The ultrasonic device was
used to detect and display the right and left uterine arteries.

Uterine artery location

The uterine artery was located transrectally, skull laterally to
the bladder, using the external iliac artery as a reference point.
From this, we lateralized the transducer by viewing the uterine
artery in a cross-section and sliding it dorsally to the branch of
the iliac artery (Beltrame et al. 2017). Alternatively, we
followed the method described for cattle by Ginther et al.
(2007), in which the location of the uterine artery is obtained
from the abdominal aorta, turning the probe up and
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monitoring its end portion relative to a branching iliac artery.
The angulation of the gate was not used since it was viewed in
the uterine artery in cross-section.

Dynamics of the uterine artery indices

As described above, we analyzed parameters of blood flow
speed and hemodynamic indices; namely peak systolic veloc-
ity (PSV) (cm/s), end-diastolic velocity (EVD) (cm/s), time-
averaged maximum and mean velocity (TAMAX, TAMEAN
cm/s), pulsatility index (PI), resistance index (RI), and
systolic/diastolic ratio (S/D). The blood flow volume (BFV)
(ml/min) was determined using the algorithm described by
Bollwein et al. (2002). Arterial diameter (AD) (mm) was de-
termined using the free Image]® software.

With the exception of BFV, all hemodynamic parameters
were calculated automatically by the ultrasound Doppler de-
vice, after obtaining at least three systolic peaks in the same
speed range. We used a sample volume of 1 mm (gate), trans-
ducer frequency of 7.5 MHz, pulse repetition frequency (PRF)
of 1.0 KHz, and wall filter (WF) of 171 KHz.

Statistical analysis

Normality was tested using the Kolmogorov—Smirnov test.
Arithmetic means and standard errors were calculated for all
variables. To determine differences by time, uterus side, and
phase (progesteronic (DO until D6) x estrogenic (D7 and DS))
on estimates of uterine hemodynamics as reflected by the
study variables (PSV, EVD, TAMEAN, TAMAX, RI, PI,
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S/D, AD, BFV), statistical analyses were performed using the
MIXED procedure of SAS (SAS Inst., Inc., Cary, NC). A
difference was considered significant at P < 0.05. Pearson cor-
relations were used to verify the degree of association between
the methods and variables.

Results

The Doppler parameters and the diameter of the uterine artery
showed significant changes during the short-term progester-
one synchronization protocol (Fig. 1).

All variables (PSV, EDV, TAMAX, TAMEAN, PI, RI,
SD, AD, and BFV) presented differences (P <0.05) ac-
cording to the evaluation day, during the protocol. The
variables PSV, TAMAX, TAMEAN, RI, SD, and BFV
did not differ between the time of P4 insertion and the
estimated time for ovulation (which was considered the
last evaluation (P> 0.05), except EDV and AD, which
were higher, and PI which presented lower mean in ovu-
lation than at DO (P> 0.05)). The PI and BFV averages
were lower in the evaluation of progesterone device with-
drawal (D6M) when compared with the moment of inser-
tion (D0) (PI 2.53-2.08 and BFV 53.38-38.75, respec-
tively for insertion (D0) and withdrawal (D6M) of the
P4 device) (P<0.05) (Fig. 1).

Overall TAMEAN and TAMAX tended to follow the same
pattern during the protocol, with a slight decrease after inser-
tion of the sponge to D1 (P> 0.05) and afterward, a gradual
increase until D8 (P < 0.05). AD and BFV initially decreased,
and then increased (minimum of 2.26 mm and 25.60 ml/min
on D1, maximum of 3.04 mm (D8A) and 53.38 ml/min (D0),
respectively) (P < 0.05).

Over the two phases, which included the presence of the
progesterone device and the estimated period of ovulation
(when the estradiol concentration was increasing, after remov-
al of the P4 device), we found evidence of increases (P < 0.05)
of the mean values of TAMAX and TAMEAN and decreases
(P<0.05) of EDV, PI, RI, and S/D (Table 1). However, PSV
(35.89+1.39), AD (2.76 +0.08), and BFV(40.13 + 6.26) did
not show differences (P> 0.05).

Means of the variables with respect to the right and left
uterine arteries are presented in Table 2. The PSV (36.95 +
0.62), EDV (11.98+0.32), TAMAX (16.00+0.47), and
TAMEAN (9.42 £0.24) were higher in the right side
(P <0.05), while PI (2.06+0.10), RI (0.73 £0.02), and AD
(2.82 £0.04) were higher in the left side (P < 0.05).

In general, Doppler parameters and the diameter of the
uterine artery showed significant correlations, with the
exception of AD, PSV, and BFV with PI, RI, and S/D
(Table 3). The parameter BFV showed highly significant
coefficients (P<0.001), positive low to medium magni-
tudes with PSV, EDV, TAMAX, TAMEAN, and AD; PI,
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Table 1 Doppler parameters and the diameter of the uterine artery
(mean *+ standard error), measured by transrectal Doppler
ultrasonography during a short-term progesterone synchronization proto-
col with progesterone (D0-D6) and estradiol (D7-D8) phases

Progesterone phase Estradiol phase
Parameter Mean + SE Mean + SE
PSV (cm/s) 36.67+0.72% 35.38+0.80%
EDV (cm/s) 10.95+0.37° 10.22+0.39°
TAMAX (cm/s) 14.59 + 0.45" 15.83 +0.48°
TAMEAN (cm/s) 8.14+0.23" 938027
PI 1.85+0.08° 1.42+0.06°
RI 0.75+0.02° 0.68+0.02°
SD 9.09+1.41° 529+1.51°
AD (mm) 2.79+0.05* 2.89+0.05°
BFV (ml/min) 46.85+3.80" 46.72 £3.95%

Means with different superscripts (a, b) are significantly different (P <
0.05)

Abbreviations: PSV, peak systolic velocity (cm/s); EDV, end-diastolic
velocity (cm/s); TAMAX, time-averaged maximum velocity (cm/s);
TAMEAN, time-averaged mean velocity (cm/s); PI, pulsatility index; R/,
resistance index; S/D, systolic/diastolic ratio; HR, heart hate (bpm); AD,
arterial diameter (mm); BFV, blood flow volume (ml/min)

RI, S/D, and AD had negative correlation coefficients of
low to medium magnitudes with EDV, TAMAX, and
TAMEAN (with the exception of EDV and AD, which
were not significant); and PI, RI, and S/D presented high
and positive mutual pairwise correlations (P <0.001).

Table 2 Hemodynamic parameters in the right and left uterine arteries
(mean =+ standard error) of sheep during a short-term progesterone syn-
chronization protocol

Parameter Uterine artery
Right Left

PSV (cm/s) 36.95+0.62° 34.82+0.67°
EDV (cr/s) 11.98+0.32* 11.15+£0.36°
TAMAX (cm/s) 16.00£0.47 14.14+£0.49°
TAMEAN (cnv/s) 9.42+£0.24° 8.09+0.26°
PI 1.76 +0.09° 2.06+0.10°
RI 0.70+0.02° 0.73£0.02°
S/D 6.80+1.46° 8.33+1.54°
AD (mm) 2.70+0.04* 2.82+0.04°
BFV (ml/min) 40.42 £4.12° 39.85 +4.64°

Means with different superscripts in the same column are significantly
different (P < 0.05)

Abbreviations: PSV, peak systolic velocity (cm/s); EDV, end-diastolic
velocity (cm/s); TAMAX, time-averaged maximum velocity (cm/s);
TAMEAN, time-averaged mean velocity (cnv/s); P/, pulsatility index; R/,
resistance index; S/D, systolic/diastolic ratio; AD, arterial diameter (mm);
BFV, blood flow volume (ml/min)
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Table 3  Pearson’s rank correlation coefficients for the relationships
between the peak systolic velocity (PSV), end-diastolic velocity (ED),
time-averaged maximum velocity (TAMAX), time-averaged mean veloc-
ity (TAMEAN), pulsatility index (PI), resistance index (RI), systolic/

diastolic velocity ratio (S/D), heart hate (HR), arterial diameter (AD)
and blood flow volume (BFV) of uterine artery blood flow Doppler pa-
rameters in sheep during a short-term progesterone synchronization
protocol

D parameter PSV EDV TAMAX TAMEAN PI RI S/D AD
EDV 0.42%* -

TAMAX 0.61%* 0.72%% -

TAMEAN 0.57** 0.69%* 0.95%%* -

PI 0.04 —0.62%%* —0.62%%* —0.60%* -

RI 0.08 —0.75%* —0.52%%* —0.53* 0.82%%* -

S/D —0.04 — 0.20%* —0.38%* —0.38% 0.65%%* 0.67%%* -

AD -0.1% —0.06 —0.17%* —0.11%* 0.07 0.01 0.10 -
BFV 0.37%* 0.22%* 0.23%* 0.19%* 0.04 0.03 0.05 0.45%*

*P<0.05; %P <0.01

Abbreviations: D Parameter, Doppler parameter; PSV, peak systolic velocity (cm/s); EDV, end-diastolic velocity (cm/s); TAMAX, time-averaged
maximum velocity (cm/s); TAMEAN, time-averaged mean velocity (cm/s); P, pulsatility index; R/, resistance index; S/D, systolic/diastolic ratio; AD,

arterial diameter (mm); BF'V, blood flow volume (ml/min)

Discussion

Uterine arteries are the vessels most frequently used to deter-
mine Doppler parameters in gynecology (Panarace et al. 2006;
Petridis et al. 2017; Beltrame et al. 2017). The blood flow
indices and Doppler parameters in the present study are the
first measures of hemodynamic changes in the uterine vascu-
lature during a short-term progesterone synchronization pro-
tocol in ewes. We have thus provided reference values for
changes in uterine blood flow during short-term progesterone
synchronization protocols in sheep (Table 1).

We found differences in EDV, TAMAX, TAMEAN, PI, R,
and S/D according to the phase of the protocol. These differ-
ences may be due to progesterone and estradiol (E2) changes.
Both RI and PI increased when blood perfusion decreased,
and it decreased when blood perfusion was increasing
(Petridis et al. 2017). In a synchronization protocol, there are
times when serum P4 concentrations have a negative relation-
ship with the size of the dominant follicle, and when higher
progesterone levels cause regression of the dominant follicle
(with the presence of an internal device). On the other hand,
device withdrawal promotes follicular growth and thus allows
for the ovulation of a young follicle (Menchaca et al. 2017).

In lactating Holstein cows, Rawy et al. (2018) showed that
PI and RI values decreased while TAMAX, BFV, and diame-
ter of uterine arteries increased in response to E2 administra-
tion. These events were associated with an increase in blood
flow, as evidenced by the corresponding increase in blood
flow velocity. Although this is the first description of a hemo-
dynamic pattern during a short-term progesterone-duration
synchronization protocol, given the existence of the two
phases in the protocol (P4 x E2), our results suggest different
physiological behaviors and different values of some variables

(Fig. 1). With respect to BFV, although there were no differ-
ences in relation to the phases, differences were identified with
respect to the evaluated time points (Fig. 1). In bitches, ovu-
lation and the early luteal phase are characterized by high
blood flow velocities and low PI and RI values (Koster et al.
2001). We found similar patterns in the ewes (Fig. 1).

A study of cows during the estrous cycle showed that uter-
ine blood flow had a characteristic pattern. Although several
factors are known to be involved in the regulation of uterine
blood flow, estradiol appears to be responsible for vasodila-
tion (Mattioli et al. 2001; Rawy et al. 2018). Our results show
a similar pattern in ewes, with decreases in RI and PI. In
contrast, progesterone appears to exhibit a negative effect on
uterine perfusion (Fig. 1).

Except for BFV and S/D, all other variables differed ac-
cording to the evaluated side. This is in contrast to results
described for cattle by Rawy et al. (2018), who did not identify
differences in hemodynamic variables, but it emphasizes that
sheep mostly present multiple ovulations, and, in this case,
different ovarian performance can explain uterine changes
and these results (Table 2).

In humans, Doppler ultrasonography provides several pa-
rameters that can be used as indicators of uterine efficiency
(Idowu et al. 2017). Esmaeillou et al. (2015) and Alcazar
(1998) suggested a cutoff value of 0.45 for the RI. Achiron
et al. (1993), in a postpartum and postabortal bleeding study,
showed 100% specificity and 60% sensitivity, using an RI
cutoff level of <0.35.

Doppler ultrasonography could be an alternative to inva-
sive procedures. This imaging modality has improved the di-
agnosis of male and female reproductive tract disorders in
animals and humans (Ferreira et al. 2007; Blanco et al.
2011; Ortiz-Rodriguez et al. 2017). The existence of a pattern
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of behavior may help in the early identification of any change
in the uterus. Vascular perfusion is critical for the correct di-
agnosis of various uterus and ovary pathologies and the
prompt implementation of appropriate treatment. Related to
the uterus, our results suggest hemodynamic values that can
be used to guide decisions.

In conclusion, the two uterine arteries behave differently
under the effect of progesterone (intravaginal sponges) and the
effect of estradiol during the follicular phase, and the estrous
phase was responsible for increasing uterine blood flow. Thus,
even though our results suggest a pattern during a normal
short-term progesterone synchronization protocol, more stud-
ies of uterine hemodynamic patterns are needed to better de-
termine the indexes and changes that might indicate patholog-
ical situations, and other potential Doppler applications, to
assure their reliability for use as part of regular gynecological
veterinary evaluation.
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