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Abstract

Reproductive wastage in the form of early embryo loss represents a significant economic
forfeiture for sheep producers. There is substantial ambiguity surrounding the causes and
preventative strategies for early embryo loss, primarily due to the limited capacity to detect early
pregnancy (<day 30 gestation). Experimentation with progesterone (P,) supplementation as a
mitigation measure for loss has yielded inconclusive results, warranting further investigation into
its efficacy. As such, the objective of this study was to determine the earliest point of gestation
transrectal ultrasound (TRUS) can diagnose pregnancy (including multiples), as well as
investigate whether the addition of exogenous P4 can reduce embryo loss. Merino ewes (n=62)
were synchronised and inseminated artificially (Al) via laparoscopy 60 hours post sponge
removal (day 0) and were randomly allocated into either a control (no CIDR), CIDR on day 0
(CIDR @DO0) or CIDR on day 3 (CIDR @D3) treatment groups. CIDRs were removed from both
groups on day 17 post Al. Each ewe was subjected to TRUS on days 10, 12, 14, 17, 19 and 28.

Blood was also collected from all ewes on day 19 of gestation for a P4 blood assay, against
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which TRUS diagnoses could be compared. All ewes were also subject to transabdominal
ultrasound on day 54 of pregnancy which was the standard against which all TRUS diagnoses
were compared to analyse the accuracy of pregnancy detection via TRUS. The accuracy of
TRUS for correctly diagnosing ewes as pregnant on days 12, 14, 17, 19, and 28, was 62.2%,
50.0%, 64.9%, 86.5% and 100%, respectively, while the percentage of ewes correctly
diagnosed as having multiples on the same days, was 40.6%, 22.6%, 38.2%, 50% and 97.2%
respectively. The accuracy of detecting pregnancy (and multiples) was similar (P>0.05) on days
12, 14 and 17, though differed significantly (P<0.05) from days 19, 28 and 54, between which,
there was no difference (P>0.05). Embryo loss was found to occur predominantly prior to
implantation since embryo loss (%) varied significantly (P<0.05) between ovulation (DO0), pre-
(D12 and 14) and peri-implantation (D17 and 19). There was no major change in percent
embryo loss following peri-implantation (P>0.05). Exogenous P, from DO was found to increase
embryo loss (P<0.05), while P,from D3 was of no advantage (P>0.05; similar to the control). In
summary, TRUS is capable of detecting early embryos and has reaffirmed earlier conclusions of
loss occurring prior to implantation (<day 19 gestation). It can also be concluded that
progesterone supplementation in early pregnancy is of little benefit, if provided later in
pregnancy it is also expected to have little effect, due to majority of losses occurring prior to

implantation.

Key Words: early embryo loss, sheep, transrectal ultrasound, progesterone supplementation
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Introduction

It has been estimated that between 20-30% of all fertilised ova are lost within the first month of
gestation (Edey, 1969, Quinlivan et al., 1966). This substantial rate of embryo loss in early
pregnancy (<day 30 of gestation) is further supported by the fact that sheep possess high
fertilisation rates (>90-95%) (Diskin and Morris, 2008, Mitchell et al., 1999, Restall et al., 1976)
and experience few late-gestational losses (Dixon et al., 2007). Consequently, early embryo
loss represents a significant economic forfeiture for sheep producers. Moreover, considerable
uncertainty surrounds the exact cause, timeline and prevention of early embryo loss. Numerous
factors have been linked to early losses, including maternal age (Mulvaney, 2011, Shorten et
al., 2013), nutrition (Abecia et al., 1997, Parr et al., 1982, Vifoles et al., 2012), genetics (Bodin
et al., 1992), endocrine factors (Ashworth et al., 1989, Diskin and Niswender, 1989, Wilmut et
al., 1986) and environmental conditions (Dutt, 1963). The interaction between these factors,
further complicates the comprehension of embryo loss.

Ambiguity surrounding early embryo loss can be partially attributed to the limited capacity to
detect early pregnancy (<day 30 of pregnancy). There are various methods of pregnancy
detection currently used for sheep (Fthenakis et al., 2012, Ganaie et al., 2009, Garcia et al.,
1993, Jones et al., 2016), varying in accuracy, expense and stage of pregnancy which they can
be reliably utilised. Transabdominal ultrasonography is widely used within industry, yet can only
be used between days 40-70 of gestation (Fthenakis et al., 2012, Ganaie et al., 2009, Jones et
al., 2016), rendering it incongruous for early pregnancy detection. Alternatively, blood hormone
analysis, particularly for progesterone (P4) or pregnancy associated proteins, can be employed
relatively accurately (>90%) by days 15-19 of gestation (Karen et al., 2003, McPhee and
Tiberghien, 1987). Yet, this method is labour intensive, expensive and incurs a lag period

between sampling and result, compromising the viability of this option for large scale sheep
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production. Furthermore, this method fails to identify multiple conceptuses, a crucial element for
investigating early embryo loss (Boscos et al., 2003).

Transrectal ultrasound (TRUS) has been shown to detect positive signs of pregnancy as early
as day 16 and accurately (100%) diagnose gestation by day 20 (Romano and Christians, 2008).
Few investigations into the efficacy of TRUS for identifying very early pregnancy in sheep exist.
Those that do have non-uniform conclusions, likely a consequence of deviation in transducer
frequency, operator experience, pregnancy stage and technique (Gonzalez de Bulnes et al.,
1998, Karen et al., 2004). Despite this, studies have established that with time and stronger
transducer frequency (5-7.5mHz), accuracy increases (Dinc et al., 2001, Garcia et al., 1993,
Romano and Christians, 2008). A logical progression of an even higher frequency transducer
(10MHz) increasing the likelihood of accurate pregnancy diagnosis prior to day 20, is feasible.
Furthermore, since individual conceptuses have been observed at day 19 via TRUS (Garcia et
al., 1993, Gonzalez de Bulnes et al., 1998), multiple embryo identification could be achieved.

If an accurate TRUS early pregnancy diagnosis protocol could be established, the exploration of
possible preventative methods for early embryo loss could ensue.

Current preventative studies, including management (Kenyon et al., 2013), nutrition (Robinson
et al., 2002), and hormone supplementation (Cam et al., 2002, Kleemann et al., 1994) have
returned contradictory results. Amongst these hormonal additives, exogenous progesterone
supplementation has been explored, owing to its pivotal role in establishing and maintaining
pregnancy (Ashworth et al., 1989, Cam et al., 2002), yielding inconclusive results (Ashworth et
al., 1989, Diskin and Niswender, 1989, Kleemann et al., 1991, Kleemann et al., 1994). At
present, sources of exogenous progesterone are readily available and utilised extensively within
industry, in the form of pessaries for assisted reproduction programs (Bartlewski et al., 2015).
Should P4 supplementation prove capable of preventing embryo loss, this would be an
affordable and simple solution to a national source of reproductive wastage within the industry.

As such, the present study was conducted to establish the earliest stage of pregnancy that
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transrectal ultrasound can accurately detect pregnancy in ewes with a 10 MHz transducer.
Simultaneously, the study aimed to observe the effect of exogenous progesterone
supplementation during the very early stages of pregnancy as a possible mitigation measure for

early embryo loss.

Materials and Methods

Procedures conducted during the trial were approved by the University of Sydney Animal Ethics

Committee (protocol number 965).

Oestrous Synchronisation and Artificial Insemination

Mature ewes of merino and merino cross breeds (n=62, aged 2-6, body condition score 2-3)
were housed at the University of Sydney, Camden campus, NSW, Australia, for the duration of
the trial. Ewes remained on a pasture based diet, supplemented with lucerne hay during limited
pasture availability. The investigation took place during the 2016 breeding season. Ewes were
synchronised for oestrus with intravaginal flugestone sponges (30mg, Ova-Gest®, Vetiquinol,
Brisbane, QLD, Australia) for 14 days. At sponge removal, ewes were injected with pregnant
mare serum gonadotropin (PMSG; 400iu, Pregnecol, Vetoquinol, France). 60-hours post
sponge removal, ewes were artificially inseminated via intrauterine laparoscopy with fresh
semen collected via artificial vagina, from one Coopworth ram to prevent any differences in
embryo survival to be caused by inter-male variation. The day of insemination was designated
day 0 (DO) of pregnancy. At insemination, ewes were randomised into three treatment groups;
control (n=21) receiving no exogenous hormone treatment, CIDR @DO0 (n=20), at insemination
ewes received intravaginal controlled internal drug release device (CIDR; 300mg, Zoetis,
Silverwater, NSW, Australia) and CIDR @D3 (n=21), ewe received a CIDR on day 3 post

insemination. All CIDRs were removed on day 17 post insemination.
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Pregnancy Diagnosis

Transrectal Ultrasound

Each ewe was subjected to transrectal ultrasound on day 10, 12, 14, 17, 19 and 28, between
7:00 and 13:00. Ewes were not withheld from food or water beforehand. Prior to the procedure,
an enema was performed to remove faeces from the rectum. The same experienced operator
conducted transrectal ultrasound using a Esaote Germany, MyLab™One VET, equipped with
electronic linear array 10-5 MHz transducer (SV3513 Vet), modified to retain a rigid position and
facilitate internal contact with the reproductive tract. Ewes were restrained in dorsal recumbency
and had the lubricated probe, inserted approximately 20cm into the rectum where landmarks
including the bladder, ovaries, uterine horns and endometrium were identified. Using these
landmarks, the transducer was rotated 180° to identify indicators of pregnancy. Pregnancy was
defined as the presence of a trophoblastic expansion on days 12 and 14, an embryonic vesicle
on days 17 and 19 and an embryo on day 28. Typical observations for each stage are included
in Figure 1. Embryo number was established by identifying completely separate entities within
the reproductive tract. Ovulation rate was established on the first and second scanning day (Day
10 and 12) by observing the number of corpus lutea (CL) present on both ovaries (Figure 1).
Progressive scans involved the observation of uterine endometrium height, fluid-filled
endometrium lumen, trophoblastic expansion, embryonic vesicle, presence of an embryo,

embryo length, fetal heartbeat and crown rump length, as embryos developed (Figure 1).

Real-time Transabdominal Ultrasound

On day 54 of pregnancy, pregnancy status and litter size of all ewes was determined via
transabdominal ultrasonography. The examination was completed using an Ovi-Scan 6; Axial
3.5MHz transducer (BCF Ultrasound Australasia; Mitcham, Australia) where the probe was

placed on the ventral abdominal wall, adjacent to the udder. Accuracy was considered to be
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100% on this day and as such was used as the standard to compare the accuracy of TRUS

results.

Progesterone Assay

Blood samples (5-10ml) were collected in heparinized vacutainers (Edwards Group Pty. Ltd.,
Narrellan, Sydney, NSW, Australia) via jugular venipuncture from each ewe on day 19 post-
insemination. The samples were immediately centrifuged at 15009 for 15 minutes, then stored
at -20°C until needed for analysis. Samples were analysed with ImmunoChem Coated Tube
Progesterone 125 RIA Kits [ICN Pharmaceuticals, Inc, Costa Mesa, CA, United States of
America; intra-assay CV < 10%, sensitivity; 0.02ng/ml, cross reactivity: progesterone (100%),
oestradiol (<0.01%)], as per manufacturer’s instructions. Concentrations above 1.0ng/mL were

considered pregnant.

Statistical Analysis

The sensitivity of TRUS diagnosis for each scan day was defined as the ability of TRUS to
correctly diagnose pregnancy in those ewes detected as pregnant on day 54 (true positives).
Sensitivity is indicative of the accuracy of TRUS to correctly diagnose pregnancy. Whilst
specificity was defined as the ability of TRUS to correctly detect the non-pregnant ewes on day
54 as non-pregnant on the TRUS scan day (true negatives). An incorrect pregnancy diagnosis
was thus defined as an ewe detected as non-pregnant via TRUS, subsequently diagnosed as
pregnant by transabdominal ultrasound on day 54 (false negative). The sensitivity and
specificity of TRUS were calculated for each TRUS scan day, as follows:

number of true positives

Sensitivity (%) = — -
y (%) number of true positives + false negatives

number of true negatives

Specificity (%) =
pecificity (%) number of true negative + false positives

The sensitivity and specify of using TRUS to detect multiples was calculated in the same way.
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Sensitivity of P, assay pregnancy diagnosis results were compared to day 54 diagnoses, to
determine the sensitivity (defined as the ability of P, assay to correctly diagnose pregnancy in
ewes that there were subsequently detected as pregnant on day 54), and specificity (the ability
of P, assay to correctly diagnose non-pregnant ewes, successively diagnosed as pregnant on
day 54). The proportion of ewes diagnosed as pregnant on day 19 by both P, assay and TRUS
was also compared.

All statistical analyses were completed using GENSTAT (Version 18.1, VSN International,
Hemel Hempstead, UK). An ordinal regression was used to determine whether there was a
significant difference in the number of animals correctly identified as pregnant (as well as
multiples) between TRUS days, where scan day was the model to be fitted. Residual maximum
likelihood models (REML) were used to analyse the percentage of ewes detected as pregnant
on each scanning day (fixed effects; scan day, random effect; ewe tag), cumulative embryo loss
per developmental period (fixed effects; developmental period (ovulation; D10, pre-implantation;
D12-14, peri-implantation; D17-19, post-implantation; D28; established pregnancy; D54),
random effect; ewe tag), treatment effect on embryo loss (fixed effects: treatment (CIDR @DO,
CIDR @D3, control), random effects; ewe tag), and size of structures over time (fixed effects;
structure size, random effects; ewe tag). For all analyses, a result of P<0.05 was considered

significant.

10



196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

Results

Detection of Pregnancy and Accuracy of Diagnosis

Pregnancy Detection
The percentage of ewes detected as pregnant was similar (P>0.05; Figure 2) on days 12
(38/54; 70.4%), 14 (34/54; 63.0%), 17 (30/54; 55.6%), 19 (34/54; 63.0%), 28 (36;54; 66.7%) and

54 (37/54; 68.5%) of gestation.

Accuracy of Detecting Pregnancy

The percentage of ewes correctly diagnosed as pregnant on days 12, 14, 17, 19, 28 and 54 was
62.2%, 50.0%, 64.9%, 86.5%, 100% and 100%, respectively. Ewes pregnant on day 12 was
similar (P>0.05) to days 14 and 17, though differed significantly (P<0.001) from the remaining
days. Ewes pregnant on day 14 varied from day 17 (P<0.05) and the remaining days (P<0.001).
Day 17 was significantly different from days 19, 28 and 54 (P=0.001) whilst days, 19, 28 and 54
were all similar (P>0.05) to one and other. The proportion of ewes diagnosed as pregnant
overtime can be observed in Figure 3.

The percentage of ewes correctly diagnosed as having multiples on days 12, 14, 17, 19, 28 and
54 was 40.6%, 22.6%, 38.2%, 50%, 97.2% and 100%, respectively. Multiple diagnoses on day
12 was similar to days 14 and 17 (P>0.05), though varied significantly from day 19 (P=0.018)
and the remaining days (P<0.001). Day 14 different significantly (P<0.05) from day 17 and days
19, 28 and 54 (P<0.001). Day 17 was similar (P>0.05) to 19, while both days 17 and 19 differed
significantly (P<0.001) from days 28 and 54. Day 28 and 54 did not vary significantly (P>0.05)
from one and other. The variation in proportion of ewes detected as pregnant each TRUS scan
day is highlighted in Figure 4.

There was no difference (P>0.05) between TRUS and P, assay pregnancy diagnosis methods

on day 19 of gestation, in terms of the percentage of ewes correctly diagnosed as pregnant

11
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(classified as pregnant by day 19 TRUS and P, assay and subsequently as pregnant on day 54;

Figure 5).

Embryo Loss

The average ovulation rate per ewe was 2.05+0.09 and the average number of embryos
lost/ewe was 1.17 + 0.12 (Figure 6). Fetilisation rate was assumed to be 100%, thus the lack of
embryo loss at the ovulation stage of pregnancy (Figure 7). Cumulative embryo loss was
significantly different (P<0.001) between pre-implantation and post implantation periods. There
was no further embryo loss after peri-implantation (60.4%), with percent embryo loss being
similar (P>0.05) for post implantation (64.8%) and established gestation (60.5%; Figure 7).
There was no significant difference (P>0.05) between embryo loss of treatments over time,
therefore, total embryo loss per treatment was compared. Ewes which were given CIDRs at
Day 0 recorded significantly (P<0.001) more embryo loss (5/22; 77.2%; Figure 8) than ewes
which did not receive any P4 (16/32; 51.6%) or received P, from Day 3 (11/25; 56.0%). There
was no difference (P>0.05) between the control ewes and those that received P, on Day 3

(Figure 8).

Size of Embryo and Structures

Embryonic vesicle size was similar (P>0.05; Figure 9. A) between days 12 (7.5£0.12mm) and
14 (8.4+mm), while all other days varied significantly (P<0.001) from one and other. Additionally,

over time a similar trend was observed for the average embryo size (P<0.001; Figure 9. B).

12
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Discussion

To our knowledge, the present study is the first to employ a 10MHz transducer for transrectal
ultrasound of ewes in early pregnancy (<day 30 of gestation). Consequently, this method was
capable of identifying individual embryos as early as day 12 of gestation, and diagnose
pregnancy relatively accurately, earlier than previously reported (Garcia et al., 1993, Gearhart et
al., 1988, Romano and Christians, 2008, Schrick and Inskeep, 1993). Additionally, TRUS
confirmed the majority of embryo loss occurred prior to implantation, as concluded by others
(Quinlivan et al., 1966, Wilmut et al., 1986). Furthermore, the present investigation
demonstrated that progesterone failed to mitigate early loss, rather heightened loss when
provided from the first day of gestation. Such a result could be attributed to an asynchronous
relationship between the uterine environment and embryo, possibly due to hormonal imbalances

hampering embryonic implantation and development (Ashworth et al., 1989).

Since the introduction of transrectal ultrasound as a method of detecting early pregnancy, the
accuracy of its detection has proved pivotal to its viability as a pregnancy diagnostic and
exploratory tool. Here, TRUS was capable of detecting pregnancy (and multiples) from day 12,
with the accuracy of diagnosis on this day (pregnant; 62.2%, multiples; 40.6%) equivalent
(P>0.05) to days 14 (pregnant; 50.0%, multiples; 22.6%) and 17 (pregnant; 64.9%, multiples;
38.3%), meaning similar results can be achieved on these days. Accuracy was maximised from
day 19 (pregnant; 86.5%, multiples; 50.0%) and onwards. The current study identified
pregnancy earlier than the previously reported days 15-20 of gestation (Gearhart et al., 1988,
Romano and Christians, 2008, Schrick and Inskeep, 1993). The reported days from which
TRUS accuracy of diagnosis was maximised, ranged from 20 (Romano and Christians, 2008) to
25 and beyond (Gearhart et al., 1988, Schrick and Inskeep, 1993). Transducer strength could

account for differences in pregnancy detection and accuracy of diagnosis as a 7.5MHz
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transducer was utilised by Romano and Christians (2008) and Schrick and Inskeep (1993) while
Gearhart et al. (1988) utilised a 5SMHz probe, unlike the present study that employed a 10MHz
transducer. Furthermore, differences between the day of TRUS scan, variation in technique,
pregnancy definition and operator experience, could contribute to the varied results (Gonzalez
de Bulnes et al., 1998). A noteworthy contribution to TRUS inaccuracy for all investigations is
the loss of embryos prior to the standard against which results are compared (day 54 here). A
false positive result (pregnant on TRUS scan day but subsequently non-pregnant on day
54/standard day), on any day could be attributed to embryo loss rather than an inaccuracy in
detection. This phenomenon could explain the slight reduction in accuracy (increase in false
negative results) for day 14 of gestation compared to days 12 and 17 (Figure 3; Figure 4).
Furthermore, around the 14" day scan, those ewes that had failed to conceive or that may have
experienced embryo loss, undergo corpus luteum regression (luteolysis), in line with the
oestrous cycle (Roberts, 2007, Silvia et al., 1984). The changes in the uterine environment
around this time could impede pregnancy detection, further compromising accuracy of
pregnancy diagnosis. Despite compromising TRUS accuracy, identification of ewes that have
lost embryos earlier in pregnancy can allow for prompt management such as culling or re-
joining, rather than waiting for the traditional 6-8 week transabdominal ultrasound. This benefit
of TRUS is further exacerbated by similar (P>0.05) percentages of ewes detected as pregnant
across days 12 to 54 (Figure 2). TRUS can still identify the same percentage of ewes as
pregnant compared to a day 54 transabdominal scan, yet is also capable of identifying multiple
embryos, facilitating a more thorough exploration of embryo loss. A comparison between TRUS
and blood hormone assay on day 19 of pregnancy was also possible in the current
investigation, finding no difference (P>0.05) in the accuracy of detection of the two methods
(Figure 5). It is important to note that exogenous progesterone supplementation did not interfere
with P, assay results as CIDRs were removed on day 17 and blood collected on day 19,

allowing sufficient time for excess progesterone to be metabolically degraded (Bedford et al.,
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1972). TRUS provides a diagnosis in real time and an indication of embryo number in early
pregnancy. On the other hand, P, assay requires blood sample collection and analysis, incurring
a lag period between sample and diagnosis, consequently generating time and monetary costs,
while also failing to identify embryo number. These factors render TRUS as a preferable option
compared to P4 assay, particularly for large-scale sheep producers seeking early pregnancy
diagnosis. Additionally, TRUS can provide more opportunities for sheep producers to better
match ewe needs, particularly multiple-bearing ewes, with resources, such as feed, from an
earlier point of gestation. In the current study, the use of TRUS with a 10mHz transducer
enabled an earlier detection of pregnancy. Furthermore, it facilitated the confirmation of loss

occurring prior to implantation (days 14-19 of gestation), in sheep.

Early embryo losses represent considerable reproductive potential, warranting further research
attention to decipher the underlying causes and potential preventative measures. In the present
study, TRUS detected no further embryo loss post-implantation (Figure 7), indicating that the
critical period for embryo loss and resultant study is before implantation. This conclusion agrees
with a study in Romney Marsh ewes, that experienced the maijority of losses prior to day 30 of
gestation, with most losses (~50%) concentrated to the period immediately preceding day 18
(Quinlivan et al., 1966). Incidentally, implantation in sheep occurs between days 14 and 18
(Guillomot et al., 1981), coinciding with this period of high embryo loss. This involves
implantation or the adhesion of the conceptus to the uterine endometrium (Spencer et al.,
2004). Concurrently, the maternal recognition of pregnancy occurs, where Interferon-t (olFN-t),
secreted from the conceptus, suppresses the secretion of the luteolytic factor, prostaglandin-
F2a (PGF2q; (Bindon, 1971, Roberts, 2007) , conserving corpus luteum function that is
essential for pregnancy establishment and maintenance (Ott et al., 1993, Roberts, 2007).

Various factors have been found to influence both implantation and the maternal recognition of

15
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pregnancy compromising embryo survival, namely maternal nutrition (Abecia et al., 1997, Parr
et al., 1982, Vifoles et al., 2012), age (Mulvaney, 2011, Shorten et al., 2013), management
(Dutt, 1963), genetics (Bodin et al., 1992) and inadequate or imbalanced progesterone
concentrations (Ashworth et al., 1989, Diskin and Niswender, 1989, Wilmut et al., 1986). One of
the most prominent factors is maternal nutrition. Undernourished ewes fed diets below
maintenance requirements, prior to and following mating, have been shown to display an
increased ova wastage rate compared to their adequately fed counterparts (Abecia et al., 2015,
Edey, 1966, Rhind et al., 1989). Furthermore, malnutrition has been linked to reduced
embryonic secretion of olFN-t in-vitro, suggesting luteolysis is induced due to elevated
endometrial secretions of PGF2a (Abecia et al., 1999). Moreover, ewes fed above-maintenance
diets (2x maintenance ration) post-insemination, displayed lower pregnancy rates (48%)
compared to undernourished ewes (67%; 0.25 x maintenance ration)(Parr et al., 1987). Such a
finding has been associated with an increased metabolic clearance rate of progesterone with
elevated food intake, since following feeding, blood-flow is directed to the splanchnic region,
that is largely responsible for progesterone metabolism (Bedford et al., 1972, Parr, 1992). These
conclusions emphasise the pivotal role nutrition plays during peri-implantation. Another highly
influential factor on embryo survival peri-implantation is progesterone concentration (Diskin and
Niswender, 1989). Progesterone is crucial for early embryo development and establishing
pregnancy (Ashworth et al., 1989). It has been previously suggested that inadequate
progesterone in sheep could initiate luteolysis or interrupt the relationship between embryo and
uterus, thus initiating embryo loss (Ashworth et al., 1987). Such conclusions of elevated embryo
mortality due to hormonal imbalances around insemination have also been drawn in cattle
(Larson, 2009, Lonergan et al., 2007, Morris and Diskin, 2008), pigs (Almeida et al., 2000,
Bouwman et al., 2012) and horses (Wilsher et al., 2012). Ashworth et al. (1989) concluded that

in sheep the higher the P, concentration on days 0-1 of pregnancy, the higher embryo survival.
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As such, it was postulated that progesterone supplementation around the time of mating could
potentially boost embryo survival rates (Ashworth et al., 1989). It is the complexity of
interactions between the numerous factors such as nutrition, progesterone, management,
maternal age and genetics, known to influence embryo survival around the time of implantation,
that warrants further investigation into the effect of P4 supplementation during early pregnancy

and how it could influence embryo loss or possible survival.

Despite considerable studies, exogenous progesterone supplementation as a means for
preventing embryo loss is still inconclusive. In the present study, provision of exogenous P, from
the time of insemination proved counterproductive to embryo survival, indeed it increased loss
(Figure 8). Additionally, in the current study ewes supplemented with P, from day 3 of
pregnancy showed no improvement in embryo survival rates compared to the control (P>0.05;
Figure 8). Earlier findings of Kleemann et al. (1994), concluded that ewes provided with P4
(CIDRs, 300mg progesterone) from day 1 of gestation, for either 3 or 6 days, had lower
(P<0.05) pregnancy rates (1.65 and 1.72, fetuses per pregnancy, respectively), compared to
progesterone provided from days 3-6 (2.00 fetuses per pregnancy) and a control (1.98 fetuses
per pregnancy). These findings are parallel to the current findings in terms of P, failing to
increase embryo survival from insemination, yet are contradictory with respect to the ability of P4
to prevent embryo mortality when provided from day 3 of gestation. Such a difference could be
attributed to variation in length of P, supplementation and time of CIDR insertion between the
studies. Another earlier investigation found that P, failed to increase the portion of ewes that
lambed or gave birth to multiples when provided 3 days post-mating (Kenyon et al., 2005),
complementing the findings reported here. Interestingly, in other studies P, supplementation has
been found capable of increasing litter size (Kleemann et al., 1991) and promoting fetal growth
of surviving singletons and multiples (Kleemann et al., 1994). The current study did not explore

different P, supplementation regimes, such as providing P4 later in pregnancy, though the
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conclusion of embryo loss occurring prior to implantation questions the efficacy of this method,
since majority of losses would have already occurred. The contradictory findings on the success
of P4 supplementation as an embryo loss prevention method could be explained due to
differences in the concentration and length of P, supplementation, the number of ewes in study,
alongside ewe nutritional status and the interaction between such factors. Despite this, it has
been suggested that reduced embryo survival rates under P, supplementation post-mating
could be attributed to asynchrony between the uterine environment and embryo (Ashworth et
al., 1989). Following ovulation, the ewe’s progesterone profile follows three distinct phases that
are essential for embryo establishment (Ashworth et al., 1989, Wilmut et al., 1985). Initial P4
concentrations remain low, before days 3 to 7 where maternal serum levels increase to 3-
6ng/ml (Ashworth et al., 1989), and then remain at a concentration of approximately 5ng/ml, that
is typical of the luteal phase and crucial for pregnancy retention (Ashworth et al., 1989, Manalu
and Sumaryadi, 1998). Therefore, irregularly high serum progesterone concentrations due to P4
supplementation during the preliminary days of pregnancy could account for elevated embryo
loss. Such a conclusion challenges the value of exogenous P, supplementation as a
preventative means for early embryo loss. Furthermore, high progesterone concentrations are
known to cause the downregulation of progesterone receptors (Spencer et al., 1995, Spencer
and Bazer, 1995). It has been postulated that such an event can result in a downregulation of
endogenous P4 production in cattle (Mann and Lamming, 2001). If this were also the case for
sheep, an appropriate concentration of exogenous P, would be fundamental for improving
embryo survival, suggesting the amount provided in this investigation may have been outside
this critical threshold. The results of the current study showed that P, had no effect on mitigating
embryo loss and if given immediately around time of fertilisation, it can even increase loss.
While future work on the effect of P, could be helpful in further confirming our results, it could be

worth focusing on other strategies, such as administration of GhnRH from day 12 of pregnancy
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(Cam et al., 2002) or maternal diet composition, in conjunction with TRUS to try and improve

early embryo survival in sheep.

The advent of specialised and more powerful transducers facilitates the observation and
differentiation of different structures and characteristics of individual embryos, not previously
seen. As observed here, overtime the size of the embryonic vesicle and embryo itself could be
measured and as expected there was a significant increase in size over time (P<0.001; Figure
9). The mean embryonic vesicle size (mm) was 7.92+0.13, 8.10+0.24, 2.80+0.51 and 14.1+0.68
for days 12, 14, 17 and 19, respectively. In comparison, an early investigation measuring
embryos of Colombia x Lincoln ewes mated with Suffolk rams, found the embryonic disc to
measure 1.8, 4.5 and 6.0mm for days 14, 17 and 19, respectively (Bryden et al., 1972).
Furthermore, the mean size (mm) of the embryo on days 17, 19 and 28 in the present study,
was found to be 1.47+0.38, 4.10+0.14 and 14.18+0.02, respectively. Whilst, Bryden et al. (1972)
estimated the embryo to measure approximately 4, 7 and 17mm on the same days. Differences
between measurements could be attributed to sheep breed, definitions of structures being
measured and ultrasound technology versus physical measurement, particularly since the
orientation of the conceptus in relation to the transducer determines what angle the

measurement is taken from.

Conclusion

The present study identified pregnancy and diagnosed multiple pregnancies via transrectal
ultrasound earlier and with a higher degree of accuracy than previously reported. Embryo loss
was confirmed to occur predominately prior to implantation, as such future investigations into

prevention can focus on a smaller window during gestation. Additionally, progesterone

19



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

supplementation as a preventative measure for embryo loss has proved to have little effect
during early pregnancy, yet is likely to have a more pronounced impact in later gestation for
surviving embryos and their subsequent development. In conclusion, this study has developed
an accurate, safe and welfare friendly transrectal ultrasound regime for continued research and
exploration of embryo development in an effort to improve early embryo survival and ultimately

improve the reproductive efficiency for the industry.
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Figure 1. Transrectal ultrasound (Esaote Germany, MyLab™One VET, equipped with electronic linear
array 10-5 MHz transducer (SV3513 Vet)), images of the ovary, uterus and conceptus during early
pregnancy in sheep (oestrus = day 0). A Day 10: The coiled uterus (circle) is located cranial to the
bladder (b). Within the coiled uterine horns, the lower echogenic endometrium (arrows) is well
distinguished. B Day 10: Two corpora lutea (arrows) are present on the ovary (circle), documenting recent
ovulation. C Day 12: Trophoblastic expansion (within the circle): At the site of trophoblastic expansion the
endometrium appeared enlarged. A dark oval shaped structure expanded within the uterine lumen.
Boundaries between endometrium and trophoblast could not be distinguished at this stage. Yet the

trophoblast expanded the uterine lumen exceeding the regular endometrial height by 2-fold. D Day 14:
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Trophoblastic expansion (arrow): Low echogenic oval-shaped trophoblast within the uterine lumen, further
expands in length but not in height. E Day 17: Embryonic vesicle (circle) with 4 mm embryo (arrow) within.
F Day 19: 4 mm embryo (arrow), distinctly present inside the embryonic vesicle (circle). G Day 28:
Embryo (e) surrounded by the amniotic membrane (arrows). A caruncle is in close proximity of the
embryo (Ca). Crown rump length of the embryo measures 1.4 cm. Fluids of the embryonic cavity (EC)
expand further into the adjacent uterine horn. Caudal to the bladder that is bordering the pregnant uterus.
H Day 28: Power Doppler of the embryo heart. Embryo (e) is surrounded by the amnion (a) and the fluid
filled embryonic cavity (arrow). | Day 28: 1.4 cm embryo (e), situated below a placental caruncle (Ca).

Above this the fluid filled embryonic cavity expands into the uterine horn.
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Figure 2. Percentage of ewes detected as pregnant via transrectal ultrasound (P<0.05) on days 12, 14,

17, 19, 28 and 54 of pregnancy. Columns with common superscripts are similar (P=0.667).
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Figure 3. Proportion (%) of ewes detected via transrectal ultrasound (TRUS) as either a true positive (TP;
ewe classified as pregnant on TRUS scan day and day 54), true negative (TN; ewe classified as non-
pregnant on TRUS scan day and day 54), false positive (FP; ewe defined as pregnant via TRUS and non-
pregnant on day 54), false negative (FN; ewe classified as non-pregnant on TRUS scan day and
pregnant day 54). Note day 54, is the standard criteria against which TRUS diagnoses were compared.

Columns without common superscripts differ significant (P<0.05).
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Figure 4. Proportion (%) of multiple pregnancies in ewes detected via transrectal ultrasound (TRUS) as a

Proportion of Multiple Pregancies
Detected as a TP, TN, FP, of FN via TRUS
(%)

D54

true positive (TP; ewe classified as having multiples on TRUS scan day and day 54), true negative (TN;
ewe classified as not having multiples on TRUS scan day and day 54), false positive (FP; ewe defined as
having multiples on TRUS scan day and not on day 54), false negative (FN; ewe classified as not having
multiples on TRUS scan day and having multiples on day 54). Note day 54 is the standard criteria against

which TRUS diagnoses were compared. Columns without common subscripts differ (P<0.05).
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Figure 5. Percentage of ewes correctly diagnosed as pregnant (classified as pregnant on day 19 and
subsequently as pregnant on day 54) via trnsrectal ultrasound (TRUS) and progesterone blood hormone
assay (P4 assay) on day 19 of gestation. Standard criteria for pregnant/non-pregnant diagnosis for both
TRUS and P4 Assay was day 54 transabdominal ultrasound. Columns without common superscript differ
significantly (P<0.05).
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Figure 6. Mean (+SEM) ovulation rate and number of embryos lost per ewe. Ovulation rate was
determined via transrectal ultrasound on days 10 and 12 if gestation (oestrus = day 0), and final embryo
number determined on day day 54 via transabdominal ultrasound. Columns with dissimilar superscripts

are different (P<0.05).
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therefore no loss is assumed at ovulation. Columns without common letters differ significantly (P<0.001).
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Figure 8. Mean embryo loss (%) per ewe per treatment (CIDR @DO, CIDR @D3, control) during
gestation, assuming 0% loss at ovulation and 100% fertilisation. Columns without common letters differ

significantly (P<0.001).

33



683

684
685
686
687
688

689

690

691

692

693

694

695

696

697

698

699

—_
o
—_
o

@]

o —
< 14 E 14
2 £
¢ 1 o 12
v __ N
g 10 v 10
o E o
2L 3 S 8
0 ) 0
E N €
(DR 6 (0] 6 b
& g a
c 4 2 4
L 2 ) -
< <

0 0

Day 12 Day14 Day17 Day 19 Day 17 Day 19 Day 28

A

Figure 9. Mean (+SEM) size of structures as gestation progresses. A Mean (+tSEM) embryonic vesicle
size (mm), measured when possible during transrectal ultrasound procedure. B Mean (+SEM) embryo
size (mm), measured when possible during transrectal ultrasound procedure. Columns without common

superscripts differ significantly (P<0.001).

34



700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

Reproduction Instructions for Authors

Preparation of manuscripts

General

* Use double line spacing throughout (including reference list and figure legends).

* Number all pages, and number the lines continuously throughout the entire manuscript
down the left-hand side of each page.

* When preparing a revised manuscript, please highlight the changes to your manuscript
within the document by using the highlighter function or coloured text.

* Manuscripts can be written in either UK or US English. As a guideline, follow the Shorter
Oxford English Dictionary for UK English or Merriam-Webster’s New Collegiate Dictionary
for US English.

* Define all abbreviations when first mentioned.

e For further advice on manuscript preparation see the

Gene and protein nomenclature

* Manuscripts must be prepared in accordance with approved gene nomenclature.

* In gene and protein symbols, substitute Greek letters with the corresponding roman letter,
e.g. TGFBR2 not TGFBR2.

* Avoid hyphens unless they are part of the approved symbol, e.g. IGF1 not IGF-1.

* Use arabic rather than roman numerals, e.g. BMPR2 not BMPRII.

* Follow species-specific formatting standards as follows:

Mice and rats

Gene symbols should be in italics with only the first letter capitalised. Protein designations

should be the same as the gene symbols except that all letters should be capitalised and in

roman (i.e. not italicised). For example:
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Gene/RNA/DNA: Sox2
Protein: SOX2
Use symbols approved by the International Committee on Standardized Genetic Nomenclature

for Mice and the Rat Genome and Nomenclature Committee, which can be queried at the

Humans, non-human primates and domestic species
Gene symbols should be in italics with all letters capitalised; protein designations should be the
same as the gene symbols but not italicised. For example:
Gene/RNA/DNA: SOX2
Protein: SOX2
Use symbols approved by the
Fish
Gene symbols should be in italics with all letters in lower case; protein designations should be
the same as the gene symbols but not italicised and with the first letter capitalised. For example:
Gene/RNA/DNA: sox2
Protein: Sox2
Use symbols approved by the Zebrafish Nomenclature Committee (ZNC), which can be queried

at the

Title page

* Include a separate title page with:

* Title (maximum 85 characters). Titles should be as short as possible while still informing the
reader about the article content and engaging their interest

* Authors’ names and full addresses. The place where the work was carried out should be

listed first. Use superscript numbers after authors’ names to indicate their affiliations
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* Corresponding author’s postal and email address

e Short title (maximum 46 characters, including spaces)

Abstract

The abstract should be a single paragraph of not more than 250 words, clearly stating the
objective of the study or review, the methods used (where applicable), and summarizing results
and conclusions.

Avoid abbreviations and references.

Introduction
The introduction should set the study in context by briefly reviewing relevant knowledge of the

subject; follow this with a concise statement of the objectives of the study.

Materials and Methods

* Provide sufficient information for other workers to repeat the study. If well-established
methods are used give a reference to the technique and provide full details of any
modifications.

* Include the source of chemicals, reagents and hormones and give the manufacturer’'s name
and location (town, country) in parentheses.

* Give the generic name, dose and route of administration for drugs.

* Specify the composition of buffers, solutions and culture media.

* Use Sl symbols, give concentrations in mol/l and define the term % as w/v or v/v for all
solutions. For international units use iu (U should be used for enzyme activity).

* Specify the type of equipment (microscopes/objective lenses, cameras, detectors) used to

obtain images.
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Specify any image acquisition software used, and give a description of specialized
techniques requiring large amounts of processing, such as confocal, deconvolution, 3D
reconstructions, or surface and volume rendering.

Authors are encouraged to refer to the (Clinical Chemistry55 611-622),
and in particular the within them, when preparing manuscripts detailing quantitative

real-time PCR experiments.

Animals

Experiments with animals must be performed in accordance with UK legal requirements.
Include a statement that investigations have been approved by the local ethical committee.
Give the full binomial Latin names for all experimental animals other than common
laboratory animals.

State the breed or strain and source of animals, and give details of age, weight, sex and
housing.

Detail the procedures and anaesthetics used, including doses given.

Authors are encouraged to refer to the , and in particular the checklist

within them, when preparing manuscripts detailing animal experiments.

Statistical analysis

Give sufficient details of the experimental design and analysis so that the reader can assess
their adequacy and validity for testing the hypotheses of interest.

In particular:

Describe the numbers of experimental units used and the way in which they have been
allocated to treatments.

Justify the omission of any observations from the analysis.
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Describe methods of analysis precisely and state any necessary assumptions, as these may
affect the conclusions that can be drawn from the experiment.

Your article may be sent to the Statistical Advisor for comments.
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Number tables in the order they are cited in the text.

Include a title — a single sentence at the head of the table that includes the name of the
organism studied.

Use footnotes to provide any additional explanatory material, cross-referenced to the
column entries.

Give a short heading for each column.

Do not use internal horizontal or vertical lines, colour or shading.

Explain all abbreviations used in the table in the footnotes.

Figures

Colour figures are free where the use of colour is necessary, such as photographs and
composite images. Colour printing is costly to the journal and colour should not be used for
bar/line/pie charts.

Authors with particularly interesting and attractive images should consider submitting them
to our cover art competition. See below for more information.

Number figures in the order they are cited in the text.

Include legends to all figures, giving the figure number, keys to any symbols used, the name
of the organism studied, the names of any statistical tests used and the probability levels
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Label figure sections as A, B etc in the top left-hand corner.

Use Arial or a similar sans-serif font for text labels.

Do not enclose figures in boxes.

Indicate magnification by a scale bar in the bottom right-hand corner of the image and give
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symbols are large enough to be read clearly when the figure is reduced for publication.
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sequences and highlight sections of homology between sequences with grey shading.

File types and resolution

Reproduction is committed to publishing high quality figures.
EPS or TIFF files are preferred. Files should be exported in lllustrator compatible format.

Avoid using PowerPoint or Word files for figures.

Line images/graphs

File types: EPS, TIFF, high-resolution PDF, Al (Adobe lllustrator)

Resolution at final published size: 1200 dpi
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File types: TIFF, high-resolution PDF, JPEG

Resolution at final published size: 600 dpi
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Colour figures and illustrations are printed without charge to the author at the discretion of
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File types: TIFF, high-resolution PDF, JPEG. EPS or Al files can be used for graphical data
and illustrations that don’t include photographs

Resolution at final published size: 300 dpi
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* There is a charge to the author of 100 GBP for the first file and 20 GBP for each

subsequent file. Each figure, table, movie, etc. will be treated as a separate file.
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A free PDF will be emailed to all the authors of an article.

Cover art competition

Readers are invited to submit reproductive biology images for consideration as the cover of
Reproduction.

Figures must be of high quality and resolution of at least 300 dpi at the final published size (280
mm x 210 mm).

Winners will be selected by the Editor-in-Chief and awarded a prize of 100 GBP. Winning
images will be used on the cover of the journal for three issues, in print and online, and may be
used in promotional material. Images not selected for use may still be used on the Society for
Reproduction and Fertility and BioScientifica websites for promotional purposes.

By submitting an image you warrant that you own the copyright and agree to the use of the
image as described above.

Images should be accompanied by a short caption of 25-30 words explaining what the image
depicts and who should be acknowledged for its production. For further information on how to

submit an image please
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world to ensure maximum reach and visibility of our authors’ work.
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* Press releases for papers of high interest and broad appeal.

* Communications to members of the owning society, the Society for Reproduction and
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* Bioscientifica journals are promoted at ¢.40 conferences a year and your article may be

picked to feature on our Themed Collection handouts.
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Bimonthly email newsletters, including topic collections, sent to authors, readers, editors,
reviewers and anybody else with an interest in the journal.

Social Media coverage by the SRF on their facebook and twitter pages.

Tips for promoting your own work

Did you know that a Tweeted article is 11 times more likely to be cited up to 29 months after
publication than an un-Tweeted article (source: )?

Get the most out of your published article by considering the following:

You will receive a link to your published article which you can send to colleagues who may
be interested in your line of research.

Use Kudos to maximize the impact of your article.

Add your article to the list of publications on your institution’s webpages.

Use of social media: tweet your article and mention @SRF_Repro for a retweet.

Link to the paper in work-related blogs and professional websites.

Kudos

Bioscientifica is working with to help our authors maximize the impact of their
published work.

Kudos provides a free set of tools to help you explain your work in new ways and share it
both within your networks, and more widely. You can measure the results of these actions
and track the resulting increase in downloads, readership and, ultimately, citations.
Authors using sharing tools receive on average 19% more downloads for their
articles than those who dont.

is free to use and only takes a few minutes of your time.
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Article level metrics are available for articles published in Reproduction. This feature
provides traditional usage data (number of article downloads/views) as well as

data for individual articles published in the journal. Altmetric provide non-traditional data by
tracking a selection of online indicators (both scholarly and non-scholarly) to give a
measurement of digital impact and reach. This information is used to generate an article’s
Altmetric score.

These article level metrics allow authors to monitor the impact of their research in academia

and beyond.
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