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a b s t r a c t

This study was designed to evaluate early pregnancy diagnosis using colour Doppler ultrasonography
(US) for luteal vascularisation assessment. In Study 1, 28 ewes were artificially inseminated (Day 0), and
luteal vascularisation was assessed from Day 12 to Day 19 by two evaluators using colour Doppler US,
categorising the corpus luteum (CL) on a subjective scale ranging from 1 to 4. Females bearing a CL with
score 2 or greater were presumably considered pregnant. Pregnancy was confirmed on Day 30 by B-
Mode US. In Study 2, a predictive pregnancy diagnosis was performed on Day 17 in 197 ewes based on
the criteria described in Study 1. Pregnancy was confirmed by B-mode US on Day 45. Agreement between
evaluators was verified by an intraclass correlation coefficient (ICC) and Kappa index (k). Performance of
colour Doppler US for early pregnancy diagnosis was evaluated calculating sensitivity (Sens), specificity
(Spec), negative predictive values (NPV), positive predictive values (PPV) and accuracy (Ac). In Study 1,
luteal vascularisation assessment was unable to predict non-pregnant animals between 12 and 14 days
after insemination, as all animals still had vascularised CL, and thus were considered pregnant. The
colour Doppler US performance improved progressively until Day 17, when it reached maximum values
(Sens ¼ 100%, Spec ¼ 76%, PPV ¼ 73%, NPV ¼ 100% and Ac ¼ 86%). The subjective scale for luteal irri-
gation assessment showed medium to good agreement among evaluators on Day 12 and Day 13
(ICC ¼ 0.66 and 0.68, respectively), and excellent agreement from Day 14 to Day 19 (ICC ¼ 0.90, 0.80,
0.80, 0.84, 0.95 and 0.93, respectively). Agreement was almost perfect for score 1 CLs (k ¼ 0.87), and
moderate for scores 2, 3 and 4 CLs (k ¼ 0.54, 0.48 and 0.41, respectively). In Study 2, performance of
colour Doppler US as a tool to predict pregnancy status in ewes on Day 17 post-insemination was as
follows: Sens ¼ 93.5%, Spec ¼ 80.8%, PPV ¼ 85.6%, NPV ¼ 91.1% and Ac ¼ 87.8%. Subjective luteal vas-
cularisation assessment using colour Doppler US to distinguish between pregnant and non-pregnant
animals was considered a reliable tool which was highly efficient beginning 17 days after breeding.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Pregnancy diagnosis is a critical step of the reproductive man-
agement of any animal production system. Identification of non-
pregnant females is important for decision-making regarding
iteroi, Rio de Janeiro, 24230-
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rebreeding or culling of those animals. The earlier that pregnancy
can be diagnosed, the earlier decisions can be made; thus, an early,
accurate and feasible pregnancy diagnosis method is essential for
optimising reproductive performance. Observation of oestrus
behaviour after breeding is the simplest and possibly the most
widely used method to detect non-pregnant animals, but in ewes,
the oestrous cycle length has a wide range of 14e19 days [1,2].
Moreover, pregnancy diagnosis based on detection of oestrus signs
needs the use of teaser animals, and usually is laborious. Moreover,
this method is not useful for out-ofeseason breeding, as many ewes
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come into oestrus only once even if they are not pregnant [3].
Measurement of blood progesterone concentration is 100% accu-
rate for detecting non-pregnant animals from days 16e18 post-
breeding [4,5], but is highly expensive, requires laboratory sup-
port and does not provide real-time results. Hence, it is not a
practical tool for reproductive management under field conditions
[6].

Ultrasonography (US) is a safe non-invasive technique that
provides real-time results based on direct interpretation of images.
Currently, this imaging technique is the most widely used method
for pregnancy diagnosis under field conditions. In ovine, although
pregnancy might be recognized as early as 17e19 days post-
breeding using B-Mode US, it can take at least 25 days after oes-
trus for accurate and reliable results [7]. The potential of colour
Doppler US for reproductive management in farm animals was
initially demonstrated in the early 2000s [8,9]. Since then, several
studies have been conducted demonstrating that colour Doppler US
can be successfully used to evaluate vascularisation of several
reproductive organs and structures [10e12], including the corpus
luteum [13]. Luteal vascularisation acute decreases simultaneously
with a decrease in the concentration of blood progesterone, indi-
cating that the luteolysis process has begun [14], and consequently
that fertilisation or the pregnancy establishment process failed to
occur. In bovine and ovine, luteal vascularisation significantly de-
creases 24 h after the onset of the luteolytic process [15,16], and it
has been demonstrated that subjective assessment of luteal vas-
cularisation using colour Doppler US is a potential tool for early
pregnancy diagnosis. In bovine, non-pregnant cows were effec-
tively identified as early as 20 days after breeding [17]. In ovine,
however, the effectiveness of a subjective assessment of luteal
vascularisation as a tool for early pregnancy diagnosis, determining
the earliest post-breeding time to detect non-pregnant animals, has
not been determined.

The objective of the present study was: (1) evaluate the effi-
ciency of a subjective luteal vascularisation assessment using
colour Doppler US for early pregnancy diagnosis, (2) determine the
earliest post-breeding time at which this evaluation is effective, and
(3) validate its use for practical pregnancy diagnosis in sheep flocks.

2. Materials and methods

In order to achieve the proposed objectives two independents
but complementary studies were conducted. All procedures per-
formed were approved by the Ethical Committee for Animal Use of
the Universidade Federal Fluminense (protocol #923/2017) and
were carried out under the ethical principles of the Conselho
Nacional de Controle de Experimentaç~ao Animal (CONCEA).

2.1. Study 1

Study 1 was conducted at Unidade de Pesquisa Experimental em
Caprinos e Ovinos of the Universidade Federal Fluminense, located
in Cachoeiras de Macacu (22�S, 42�W), Rio de Janeiro, Brazil, with
28 adult Santa Ines ewes [age: 3.0 ± 1.2 years-old, body weight:
44.6 ± 5.4 kg, body condition score: 3.0 ± 0.2 (scale 1e5; [18])
(mean ± SD)]. All animals were submitted to a gynaecological exam
before the study, and only animals without reproductive abnor-
malities detected by ultrasonography or clinical exam were used.
Throughout the study, ewes were kept in a grazing system (Bra-
chiaria decumbens), and supplemented with chopped grass (Pen-
nisetum purpureum) and concentrate according to maintenance
requirements [19]. Water and mineral salt were provided ad libi-
tum. After an oestrous synchronisation protocol, all animals were
artificially inseminated (Day 0), and subjective luteal vascularisa-
tion assessment for pregnancy diagnosis using colour Doppler US
was performed daily from Day 12 to Day 19 and confirmed by B-
Mode US on Day 30.

2.1.1. Oestrus synchronisation and fixed-time artificial insemination
(FTAI)

A sponge impregnated with 60 mg of medroxyprogesterone
acetate (Progespon, Schering Plough, S~ao Paulo, Brazil) was inser-
ted in each animal, and remained in situ for 6 days. Twenty-four
hours before sponge withdrawal, all animals received 0.24 mg of
cloprostenol sodium (Estron, Agner Uni~ao, S~ao Paulo, Brazil) and
300 IU of equine chorionic gonadotropin (Novormon, Schering
Plough, S~ao Paulo, Brazil). Thirty-six hours after sponge with-
drawal, 0.025 mg of gonadorelin acetate was administrated to each
ewe (Gestran Plus, Tecnopec, S~ao Paulo, Brazil).

Intra-uterine insemination was performed 56 h after sponge
withdrawal by laparoscopy, as previously described [20]. Ewes
were subjected to fasting from food and water for 24 h and 12 h
before laparoscopic artificial insemination (AI), respectively. Pre-
anesthetic treatment was administered 15 min before the AI pro-
cedure using 0.1 mg/kg of acepromazine iv (Acepran, Vetnil, S~ao
Paulo, Brazil), 0.5 mg/kg of diazepam iv (Diazepan, Teuto, Goi�as,
Brazil) and 0.4 mg/kg of morphine im (Dolo Moff, Uni~ao Química,
S~ao Paulo, Brazil). Then, animals were positioned in the Trende-
lenburg position, and lidocaine 2% sc (Lidovet, Bravet, Rio de
Janeiro, Brazil) was administered in the region of trocars insertion.
Insemination was performed using commercial frozen-thawed
semen straw containing 40 � 106 spermatozoa (0.25 mL straw
thawed at 35 �C for 30 s) from three Santa Inês rams of proven
fertility.

2.1.2. Colour Doppler ultrasound and early pregnancy prediction
After FTAI, ultrasonographic observations of the ovaries were

performed every 24 h from Day 12 to Day 19 using portable
equipment (Sonoscape S6, Shenzhen, China) with a 7.5 MHz linear
rectal transducer. First, the ovary bearing the CL was located by B-
Mode US. Thereafter, colour flow mode (CFM) was activated, and a
complete scan of the CL was performed. Luteal vascularisation was
evaluated using a subjective scale with scores ranging from 1 to 4
(Fig. 1). During a complete scan of the CL, the proportion of the
luteal area with coloured pixels was subjectively estimated and
then scored as 1 (0e25%), 2 (26e50%), 3 (51e75%) or 4 (76e100%).
After both ovaries were scanned, it was assumed that animals
bearing at least one CL with a vascularisation score �2 were
pregnant. Each exam using CFM was video-recorded and stored
within the equipment's internal hard drive. All examinations were
performed by an experienced technician. Doppler settings were
standardised and maintained constant in all recordings (CFM fre-
quency: 6.0 MHz, Pulse Repetition Frequency [PRF]: 1.0 KHz, and
Wall Filter [WF]: 75 KHz). The videos previously recorded were
evaluated by a second experienced technician. Identification of the
animals was blinded for this second evaluator, who performed the
luteal vascularisation assessment and predictive pregnancy diag-
nosis as previously described. Pregnancy was diagnosed on Day 30
based on the detection of a viable embryonic vesicle within the
uterine horn using B-Mode US. Pregnancy viability was confirmed
by the presence of an embryo heartbeat.

Pregnancy predictions based on the evaluators' luteal vascular-
isation assessments from Day 12 to Day 19 were related to results
obtained on Day 30, which were considered the gold standard, and
classified as follows: true positive (TP, animals diagnosed as preg-
nant by both methods), true negative (TN, animals diagnosed as
non-pregnant by both methods), false positive (FP, animals diag-
nosed as pregnant by luteal vascularisation assessment, but as non-
pregnant by B-Mode US on Day 30) or false negative (FN, animals
diagnosed as non-pregnant by luteal vascularisation assessment,



Fig. 1. Ultrasonographic images demonstrating the score scale used for subjective luteal vascularisation assessment.
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but as pregnant by B-Mode US on Day 30).

2.2. Study 2

Study 2 was conducted at Estaci�on Experimental Bernardo
Rosengurtt of Facultad de Agronomía, Universidad de la República,
located in Cerro Largo (32�S, 54�W), Uruguay with 197 adult
Corriedale ewes [age: 4.0 ± 1.5 years-old, body weight:
45.6 ± 6.7 kg, body condition score: 3.5 ± 0.8 (scale 1e5, [18])].
Animals grazed under extensive conditions on natural pastures at
approximately 3.0 kg DM/kg of their live weight, and they had free
access to water. Oestrus were synchronised as part of another
study, and all animals were artificially inseminated, and subjective
luteal vascularisation assessment for pregnancy diagnosis using
colour Doppler US was performed on Day 17. Pregnancy was later
confirmed by B-Mode US on Day 45.

2.2.1. Artificial insemination
Oestrus was recorded twice daily with vasectomised rams, and

ewes were inseminated 12 h after oestrus onset with fresh semen
collected from two fertile Corriedale rams. Semen doses of
approximately 2 � 108 spermatozoa in 0.2 mL of volume were
inserted using a speculum equipped with a light source and a
multidose insemination gun (Walmur Veterinary Instrument,
Montevideo, Uruguay).

2.2.2. Colour Doppler ultrasonography and early pregnancy
prediction

Ovaries were scanned 17 days after insemination using a
portable device (MyLabOne, Genoa, Italy) equipped with a 7.5 MHz
linear rectal transducer. Similar to what was described in Study 1,
the ovary bearing the CL was first located using B-Mode US; then
CFM was activated and a complete scan of the CL was performed
with the same CFM frequency, PRF and WF used in Study 1. Luteal
vascularisation was assessed and predictive pregnancy diagnosis
was performed, as in Study 1. All sonograms and pregnancy di-
agnoses were performed by the same experienced technician of
Study 1. Pregnancy was confirmed by B-mode US on Day 45 after AI.
Pregnancy predictions by luteal vascularisation assessment that
were performed on Day 17 were related to results that were ob-
tained on Day 45 and, as previously described, were classified as
true positive (TP), true negative (TN), false positive (FP) or false
negative (FN).
2.3. Data analysis

In Study 1, the agreement between both evaluators using the
subjective luteal vascularisation score system was analysed by the
Intraclass Correlation Coefficient (ICC) from Day 12 to Day 19, and
by the Kappa index (k) for each vascularisation score. By using ICC
analysis, reproducibility of the score system was classified as low
(ICC < 0.40), medium to good (0.41 � ICC � 0.75) or excellent
(ICC > 0.75), according to [21]. By k analysis, agreement between
the evaluator and between colour Doppler and B-Mode US was
classified as poor (k < 0.00), slight (0.00 < k < 0.20), fair
(0.21 < k < 0.40), moderate (0.41 < k < 0.60), substantial
(0.61 < k < 0.80) or almost perfect (0.81 < k < 1.00), according to
[22]. From Day 12 to Day 19, the performance of subjective luteal
vascularisation assessment using colour Doppler US as a tool for
early pregnancy diagnosis was evaluated by calculating the
following parameters: Sensitivity (Sens), Specificity (Spec), Positive
Predictive Value (PPV), Negative Predictive Value (NPV), Accuracy
(Ac), Positive Likelihood Ratio (LRþ) and Negative Likelihood Ratio
(LH-). The following equations were used to calculate each
parameter: Sens ¼ TP/(TP þ FN), Spec ¼ TN/(FP þ TN), PPV ¼ TP/
(TP þ FP), NPV ¼ TN/(FN þ TN), Ac ¼ (TP þ TN)/n, LRþ ¼ Sens/100-



Table 2
Agreement between both evaluators for each score of luteal vascularisation.

Luteal vascularisation score Kappa index Interpretation

1 0.87 Almost perfect agreement
2 0.54 Moderate agreement
3 0.48 Moderate agreement
4 0.41 Moderate agreement
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Spec and LR- ¼ 100-Sens/Spec. ICC and k index were calculated
using the software BioEstat 5.3.

The same parameters were calculated in Study 2 to determine
the efficiency of subjective luteal vascularisation assessment using
colour Doppler US as a tool for early pregnancy diagnosis on Day 17.
Additionally, the intensity of agreement between both techniques
(colour Doppler US and B-Mode US) was evaluated by Kappa index.

3. Results

In Study 1, the agreement between evaluators on the subjective
score scale to assess luteal vascularisation was medium to good at
Day 12 and Day 13, and excellent from Day 14 to Day 19 (Table 1).
The overall agreement between evaluators was moderate
(k ¼ 0.59). When each score was evaluated separately, the best
agreement between evaluators was observed for score 1 (k ¼ 0.87).
This agreement progressively decreased from score 2 to score 4
(Table 2).

The overall performance of subjective luteal vascularisation
assessment using colour Doppler US as a tool for early pregnancy
diagnosis at different moments post-insemination is presented in
Table 3. Use of colour Doppler US from Day 12 to Day 14 was
infeasible (all animals still had well vascularised CL). Throughout
this period, all animals diagnosed as non-pregnant on Day 30 were
predictively classified as pregnant by both evaluators, except for
one animal that was incorrectly classified as non-pregnant on Day
12 by the second evaluator. From Day 15 to Day 17, overall perfor-
mance of colour Doppler US as a tool for early pregnancy diagnosis
progressively increased, and results did not change from Day 17 to
Day 19. Furthermore, four animals diagnosed as non-pregnant on
Day 30 had a well vascularised CL until Day 19.

In Study 2, the number of TP, FP, TN and FN results were 101, 17,
72 and 7 ewes, respectively. Thus, the performance of colour
Doppler US as a tool to predict pregnancy status in ewes on Day 17
post-insemination was 93.5% (Sens), 80.8% (Spec), 85.5% (PPV),
91.1% (NPV), 87.8% (Ac), 4.9 (95% CI, 3.18e7.53; LRþ), and 0.08 (95%
CI, 0.04e0.17; LR-). Colour Doppler US on Day 17 post insemination
had a substantial agreement (k ¼ 0.75) using the gold standard
method (B-Mode US on Day 45) for pregnancy diagnosis.

4. Discussion

Colour Doppler US resulted in an excellent tool for early preg-
nancy diagnosis in ewes. In both studies, pregnancy was deter-
mined with high accuracy in ewes as early as 17 days after oestrus,
which may allow development of strategies for more intense
reproductive management, such as early re-synchronisation of
oestrus in non-pregnant ewes, saving almost 2 weeks compared
with early pregnancy diagnosis done by transrectal classical ul-
trasound [23]. In addition, colour Doppler USmay be very useful for
reproductive management for out-of-season breeding, as
Table 1
Intraclass correlation coefficient (ICC) between first and second evaluato
after fixed-time artificial insemination.

Time after insemination (days) ICC (95% C

12 0.66 (0.39
13 0.68 (0.42
14 0.90 (0.80
15 0.80 (0.63
16 0.80 (0.62
17 0.84 (0.70
18 0.95 (0.90
19 0.93 (0.86

a 95% confidence interval.
pregnancy diagnosis based on the return of oestrus signs cannot be
reliably performed [24]. Therefore, colour Doppler US in sheep is
useful not only for health diagnoses [25], but also has a direct
positive impact on productive and reproductive management de-
cisions. This finding in studies with sheep is similar to previous
results reported in bovine, in which non-pregnancy in animals
could be successfully detected 20e22 days post-breeding [17].

The main application of early pregnancy diagnosis is the iden-
tification of non-pregnant animals [26]. Thus, determination of the
earliest moment at which the use of subjective luteal vascularisa-
tion assessment is more efficient was mainly based on NPV and
specificity results. In sheep, the luteolytic process starts between
Days 13 and 16 of the oestrous cycle [27], and luteal vascularisation
significantly decreases during the first 24 h after luteolysis begins
[16]. Therefore, in Study 1, it was observed that detection of non-
pregnant animals based on subjective luteal vascularisation
assessment using colour Doppler US was infeasible from Day 12 to
Day 14 because most animals still had vascularised CL (the pre-
luteolysis period). From Day 15 onward, all animals diagnosed as
non-pregnant using colour Doppler US were later confirmed as not
pregnant by B-Mode US (FN ¼ 0 and NPV ¼ 100%). However, the
specificity of the proposed methodology did not reach its
maximum value until Day 17 (76.5%), when the FP results reached
their minimum values. When the proposed methodology was
evaluated as a practical tool for pregnancy diagnosis on Day 17
post-insemination (Study 2), most non-pregnant animals were
correctly identified as in Study 1 (FN ¼ 7, NPV ¼ 91.1% and
Spec ¼ 80.8%), although confirmation of pregnancy in Study 2 was
made on Day 45 post-insemination, and in Study 1 on Day 30. In
both studies, FP was the most commonly observed error. False
positive results may be explained by the variability in the moment
that luteolysis begins, or by the occurrence of early embryo mor-
tality, which can lengthen the oestrous cycle [28]. Previous studies
in domestic ruminants showed that the incidence of embryo loss is
between 12% and 30% [28, reviewed by 29]. In sheep, the occur-
rence of embryo loss between days 26 and 32 post-mating was
17.2%, but could reach up to 30% in ewes submitted to stressful
management [30]. The occurrence of a short (<14 days) or long
(>19 days) oestrous cycle may also lead to FP results. In a previous
study with Santa Inês, Suffolk and Romney Marsh ewes, the inci-
dence of short and long oestrous cycles was not affected by the
breed and was observed in less than 15% of the evaluated oestrous
rs for subjective luteal vascularisation scoring at different moments

Ia) Reproducibility Interpretation

e0.82) Medium to Good
e0.82) Medium to Good
e0.94) Excellent
e0.89) Excellent
e0.89) Excellent
e0.91) Excellent
e0.97) Excellent
e0.96) Excellent



Table 3
Overall performance of subjective luteal vascularisation assessment using colour Doppler ultrasonography for early pregnancy diagnosis from Days 12e19 post-insemination.

Time after insemination (days) Evaluator nº1

TP, FP, FN, TN (n) Sens (%) Spec (%) PPV (%) NPV (%) Ac (%) LRþ LR-

12 11, 17, 0, 0 100 0 39.3 NC 39.2 1 NC
13 11, 17, 0, 0 100 0 39.3 NC 39.2 1 NC
14 11, 17, 0, 0 100 0 39.3 NC 39.2 1 NC
15 11, 14, 0, 3 100 17.6 44.0 100 50.0 1.2 0
16 11, 9, 0, 8 100 47.1 55.0 100 67.8 1.9 0
17 11, 4, 0, 13 100 76.5 73.3 100 85.7 4.3 0
18 11, 4, 0, 13 100 76.5 73.3 100 85.7 4.3 0
19 11, 4, 0, 13 100 76.5 73.3 100 85.7 4.3 0

Time after insemination (days) Evaluator nº2

TP, FP, FN, TN (n) Sens (%) Spec (%) PPV (%) NPV (%) Ac (%) LRþ LR-

12 10, 16, 1, 0 91.0 0 38.0 0 35.7 0.90 NC
13 11, 17, 0, 0 100 0 39.3 NC 39.2 1 NC
14 11, 17, 0, 0 100 0 39.3 NC 39.2 1 NC
15 10, 13, 0, 4 100 23.5 43.5 100 50.0 1.3 NC
16 11, 6, 0, 11 100 64.7 64.7 100 78.5 2.8 0
17 11, 4, 0, 13 100 76.5 73.3 100 85.7 4.3 0
18 11, 4, 0, 13 100 76.5 73.3 100 85.7 4.3 0
19 11, 4, 0, 13 100 76.5 73.3 100 85.7 4.3 0

TP, True positive; FP, False positive; FN, False negative; TN; True negative; Sens, Sensitivity; Spec, Specificity; PPV, Positive predictive value; NPV, Negative predictive value; Ac,
Accuracy; LRþ, Positive likelihood ratio; LR-, Negative likelihood ratio.
NC e not calculable.
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cycles [31]. On the other hand, the length of the oestrous cycle can
be affected by parity, as hoggets' oestrous cycles are shorter than
those of adult ewes [32]. The number of FP results in the present
study was within the expected range; however, factors that can
increase the number of FP results must be practically considered in
reproductive programs.

In Study 1 we demonstrated that although luteal vascularisation
was assessed using a subjective score scale, there was moderate to
high agreement between evaluators, and that this agreement pro-
gressively increased from Day 12 to Day 19 post-breeding. This
progressive increase in ICC values can be explained by the differ-
ences observed when the agreement between evaluators was
separately evaluated for each score category. As observed for sub-
jective embryo quality assessment [33], the agreement was not
similar among CLs of different scores. Distinction among CLs with
vascularisation scores 2, 3 and 4 was more difficult than those with
vascularisation score 1. Considering the normal activity of CL during
the late luteal phase of non-pregnant ewes, no CL vascularisation
was given score 1 by both evaluators until Day 15. As the proportion
of CLs categorised as score 1 increased due to the luteolytic process,
the agreement between evaluators also increased. Considering that
the main objective of early pregnancy diagnosis is to identify non-
pregnant animals, i.e. animals bearing a CL with vascularisation
score 1, this difficulty in distinguishing between scores 2, 3 and 4 is
not a limiting factor for applying the technique.

The pregnancy diagnosis methodology proposed in the present
study achieved the practical requirements to be used under field
conditions, i.e., it was efficient, quick and provided real-time re-
sults. The correct identification of non-pregnant animals as early as
17 days post-breeding opens the possibility to develop hormonal
protocols to quickly re-synchronize these animals, reducing inter-
val between inseminations. Possible increases in accuracy depend
on complementary analysis of the images obtained by coloured
Doppler US, but this limits the applicability of the technique, as
results cannot be obtained in real time. Determination of blood
flow velocity is not possible due to the small size and/or tortuosity
of the blood vessels present in the female reproductive tract [34].
Three-dimensional evaluation [35], and calculation of the propor-
tion or area of coloured pixels or the estimation of the number of
coloured pixels provide interesting results [16,36e39], but requires
a post-processing image procedure, and thus not allowing real-
time results.

Overall, we concluded that the subjective assessment of corpus
luteum irrigation by colour Doppler US can be effectively used for
pregnancy diagnosis as early as 17 days after breeding.
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