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The use of Doppler ultrasonography to quantify blood vascularization in reproductive
organs has increased over the past decade. Doppler technology has predominantly been
explored in research settings to evaluate uterine blood flow and to assess follicular and
luteal blood perfusion. Recent research has also explored the use of Doppler technology
in applied reproductive management for both the beef and dairy industries and has
focused on the use of luteal color Doppler ultrasonography to evaluate embryo transfer
recipients and perform early pregnancy diagnosis. Although significant progress has been
made and current literature indicates a strong potential for the applied use of Doppler
ultrasonography to increase reproductive efficiency in the cattle industry, uptake of this
technology is still currently limited. This review summarizes the recent developments in the
applied use of color Doppler ultrasonography for reproductive management in both beef
and dairy cattle herds.
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INTRODUCTION

Development of ultrasound technology has contributed significantly to bovine reproduction
research and veterinary medicine. Conventional B-mode (brightness mode) ultrasonography was
initially adopted in bovine reproduction research in the early 1980s and enabled researchers to
perform live evaluations of the female reproductive tract by generating two-dimensional greyscale
images. This technology was paramount in increasing the understanding of cattle reproductive
biology and facilitated the development of certain reproductive biotechnologies. As an example,
ultrasonography played an essential role in the characterization of the wave-like pattern of follicular
growth (Fortune et al., 1988; Ginther et al., 1989). Such knowledge was fundamental in the
development of advanced estrus synchronization programs, which in turn have revolutionized the
use of reproductive biotechnologies in both beef and dairy herds (Reviewed by Lamb et al., 2016 and
Bisinotto et al., 2014, respectively). In addition to its contributions to research, B-mode
ultrasonography is also commonly used in bovine veterinary practice to examine the
reproductive tract, assess reproductive pathologies, perform pregnancy diagnoses, evaluate fetal
sex and viability, and assess female physiological status.

Doppler ultrasonography is a relatively newer technology used to evaluate reproductive organs
and allows for the detection of blood flow and blood perfusion using the Doppler effect. Clinically
relevant information on the vascularization of specific organs or structures within these organs is
in.org July 2022 | Volume 3 | Article 9128541
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provided and can be used to estimate their functionality. Among
the many opportunities for the use of this technology in bovine
reproduction, Doppler ultrasonography has been explored as a
tool to determine uterine blood flow during gestation (Bollwein
et al., 2002) and to assess follicular and luteal blood perfusion
(Ginther et al., 2007a, b). More specifically, Color Doppler
ultrasonography has been used to identify recipient females
with greater probabilities of pregnancy success after embryo
transfer (ET; Pugliesi et al., 2019) and as a tool for early
pregnancy diagnosis (Siqueira et al., 2013; Pugliesi et al., 2014;
Holton et al., 2022a). By allowing non-pregnant females to be
diagnosed earlier, color Doppler has also created opportunities
for earlier resynchronization with fixed-time artificial
insemination (TAI; Pugliesi et al., 2019; Palhão et al., 2020)
and fixed-time ET (FTET; Pugliesi et al., 2018). This article aims
to review current literature and discuss future opportunities for
color doppler ultrasonography in applied bovine reproduction.
BASIC PRINCIPLES OF DOPPLER
ULTRASONOGRAPHY

B-mode ultrasonography utilizes sound waves that are emitted
from a transducer. These sound waves penetrate tissues and are
then reflected back to the transducer at varying frequencies
depending on the density of the tissue and are processed by
the ultrasound unit into a gray-scale image (Figures 1A–C;
Pierson et al., 1988). Doppler ultrasonography allows for the
estimation of blood flow and blood perfusion that can be used to
indicate the functionality of reproductive structures and organs.
These blood parameters are estimated by making use of the
principles of the Doppler effect, characterized by the change in
frequency of a wave (e.g., sound or light) when the wave observer
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or wave source moves towards or away from one another. In the
context of blood vascularization, Doppler identifies changes in
the frequency of sound waves that are sent by the transducer
(source) and are reflected by red blood cells (target), which are
constantly changing their position in relation to the transducer
and also serve as the observer. When red blood cells move
towards the transducer, the frequency of reflected ultrasound
waves is greater than the frequency of emitted waves, resulting in
a positive Doppler shift. When the frequency of the reflected
waves is lower than that of the emitted waves, such as when red
blood cells move away from the transducer, a negative Doppler
shift occurs (Ginther and Utt, 2004).

Three main modes are used during Doppler ultrasonography
— spectral, power, and color Doppler— and each can be used to
assess different blood parameters. In spectral Doppler mode, the
Doppler shift in frequency of sound waves is represented as a
graph where blood flow over a certain period can be visualized.
This mode is useful when estimating waveform and blood flow
distribution and can be used to calculate blood flow velocity and
indices such as pulsatility index and resistance index (Ginther
and Utt, 2004). Spectral Doppler mode is commonly used to
estimate blood flow in larger blood vessels like the uterine artery,
yet due to limitations, for instance the difficulty in establishing
the correct angle between the transducer and the flow of blood
and the considerable potential for inaccurate results, it is not
often used to measure blood flow in smaller vessels such as the
ovarian vasculature (reviewed by Viana et al., 2013). Power
Doppler mode measures the movement of blood cells through
a blood vessel over a certain period, known as the blood flow
intensity, and is superior for imaging structures with very little
blood flow such as the basement membrane region of dominant
follicles (reviewed by Bollwein et al., 2016). The Doppler shift can
be visualized by colors that usually range from yellow to red and
FIGURE 1 | Representative ultrasound images of luteal blood perfusion collected on day 20 of gestation from beef cows classified as true-positive (A), false-positive
(B), and true-negative (C). (D): Luteal blood perfusion on day 20 of gestation in cows (n = 208) and heifers (n = 178) with different pregnancy diagnosis results. (E):
Circulating concentrations of pregnancy associated glycoproteins (PAG) on days 25 and 29 of gestation according to pregnancy diagnosis results. Uncommon
superscripts represent statistical differences in least-square means (P ≤ 0.05). Adapted from Holton et al. (2022a).
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are superimposed over a B-mode ultrasound image where the
intensity of the color represents the intensity of blood flow. These
colors indicate the vascularization of a structure but supply no
information on the direction of the flow of blood. In color
Doppler mode, the Doppler shift can also be visualized as
color signals superimposed over a conventional B-mode image
(Figure 1A-C). However, higher frequencies, or positive shifts,
are indicated by colors ranging from yellow to red, and lower
relative frequency changes, or negative shifts, are indicated by
colors ranging from green to blue. The color gradients described
above are the most conventionally used: however, they can be
changed according to ultrasound settings and operator
preference. Using color signal information, the percentage of a
given area that has blood perfusion can either be objectively
estimated using specific software (Ginther and Utt, 2004; Herzog
et al., 2010) or subjectively estimated via vascularization scores
or ranges (Ginther and Utt, 2004; Pugliesi et al., 2018; Velho
et al., 2021).
BLOOD FLOW IN THE FEMALE
REPRODUCTIVE TRACT

Uterine Blood Flow
Doppler ultrasonography has been utilized extensively in
research settings to evaluate changes in uterine blood flow
(UBF) during the estrous cycle (Bollwein et al., 2000; Honnens
et al., 2008; Bollwein et al., 2016), fetal and placental
development (Camacho et al., 2014; Brockus et al., 2016;
Lemley et al., 2018), and changes in blood flow associated with
postpartum uterine involution (Heppelmann et al., 2013). The
technique used to estimate UBF is relatively simple and has been
well documented and described by others (reviewed by Bollwein
et al., 2016). Uterine blood flow fluctuates during the bovine
estrous cycle in non-pregnant females and has been correlated to
circulating concentrations of estrogen and progesterone, where
blood flow velocity is greater during proestrus and estrus and
lower during diestrus (Bollwein et al., 2000; Honnens et al.,
2008). An increase in uterine blood flow begins shortly after the
establishment of pregnancy and can be detected within the first
21 days (Honnens et al., 2008; Silva et al., 2010). Interestingly, the
spatial location of the conceptus during early gestation is
associated with a local increase in endometrial vascularization
that is detectable using Doppler ultrasonography (Silva et al.,
2009). However, due to considerable variation among cows,
uterine blood flow is not currently a suitable tool for early
pregnancy diagnosis in cattle (Honnens et al., 2008).

Substantial increases in blood flow to the reproductive tract
are needed to support the exchange of nutrients and waste
between the maternal and fetal circulations during pregnancy,
where the efficiency of placental nutrient transport is directly
related to placental blood flow (Reynolds and Redmer, 1995).
Therefore, adequate maternal blood flow to the reproductive
tract is crucial for fetal development. Doppler ultrasonography
has been used as a non-invasive technique in reproductive
Frontiers in Animal Science | www.frontiersin.org 3
research to quantify UBF and to make inferences on how
different management strategies may affect offspring
development or pregnancy outcomes (Bollwein et al., 2002;
McCarty et al., 2018; Gard Schnuelle et al., 2021). For example,
differences in UBF were detected by color Doppler between cows
exposed to nutrient restriction during early and mid-gestation
and control cows (Camacho et al., 2014; Lemley et al., 2018).
These differences in UBF were supported by histological
differences in post-harvest placentome capillaries and
differences in macroscopic vascular density of placentomes
(Lemley et al., 2018), indicating that color Doppler can be used
to provide insights into uterine and placental vascular adaptation
in response to environmental insults (Lemley, 2017). Research
using color Doppler to estimate UBF during pregnancy is
ongoing and will continue to contribute to our understanding
of placental development and prenatal programming of offspring
(Bollwein et al., 2002; Panarace et al., 2006; Sharma et al., 2021).

Follicular Blood Perfusion
Changes in follicular blood perfusion have been investigated
during follicular growth and development (Acosta et al., 2005).
Sufficient blood supply appears to be important for follicles to
achieve dominance, as high vascularization is detected in
dominant and pre-ovulatory follicles but not in atretic follicles
(Acosta et al., 2005; Miyamoto et al., 2006). Follicular blood
perfusion has also been positively associated with concentrations
of steroid hormones in follicular fluid (Grazul-Bilska et al., 2007;
Pancarci et al., 2012; de Tarso et al., 2017). Grazul-Bilska and
colleagues harvested ovaries from beef heifers three days after
estrus expression at the start of follicle dominance in the
subsequent follicular wave. In this study, follicle vascularity,
determined through immunolocalization of angiogenic factors,
was greater in follicles retrospectively classified as potentially
dominant (estrogen-active) when compared with those classified
as potentially nondominant (estrogen-inactive) and tended to be
positively correlated with the estradiol:progesterone ratio
(Grazul-Bilska et al., 2007). Positive relationships between
follicle vascularity and the follicular estradiol:progesterone
ratio have also been reported in dairy cows examined with
color Doppler ultrasonography (Pancarci et al., 2012). In the
same study, the percentage of estradiol-active follicles was greater
when follicular blood flow was detected, and positive associations
were determined between concentrations of estradiol and follicle
size. Blood perfusion of the preovulatory follicle is also positively
correlated with the diameter and vascularization of the
subsequent corpus luteum and its ability to secrete
progesterone (de Tarso et al., 2017). These results suggest that
follicle vascularization could be used as a tool to indicate
functionality. Therefore, because larger dominant follicles have
greater vascularization and a greater ability to secrete estradiol
(Pancarci et al., 2012; Perry et al., 2014), it could be inferred that
they have greater functionality than smaller follicles, particularly
since larger follicles have greater ovulation rates and subsequent
CL areas, and have resulted in greater pregnancy rates than
smaller follicles (Perry et al., 2007; Mesquita et al., 2014; Pugliesi
et al., 2016).
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High follicular vascularization has also been associated with
increased pregnancy rates and follicular blood perfusion
measurements have been used to predict pregnancy success after
in vitro fertilization and ET in women (Chui et al., 1997; Coulam
et al., 1999). In cattle, color Doppler assessment of follicular blood
perfusion indicated greater preovulatory blood perfusion in heifers
that became pregnant compared with heifers that failed to become
pregnant (Siddiqui et al., 2009a). In addition, greater vascular
perfusion of the preovulatory follicle was observed in follicles that
resulted in cleaved versus non-cleaved oocytes during an in vitro
fertilization (Siddiqui et al., 2009b). Pancarci and colleagues also
evaluated perifollicular blood flow with color Doppler
ultrasonography and found that greater quality cumulus-oocyte
complexes were obtained from follicles with detectable blood flow
compared with follicles without detectable blood flow (Pancarci
et al., 2012). Results from these studies indicate that greater follicular
vascularization is positively related to follicular function as well as
variables associated with in vitro fertilization and pregnancy
outcomes in cattle. Color Doppler analysis of follicular blood flow
has contributed to our current understanding of the role of follicular
vascularization on fertility; however, there is currently limited use
for follicular blood perfusion measurements in reproductive
management of cattle.

Luteal Blood Perfusion
Analysis of circulating concentrations of progesterone is the most
reliable way to assess CL function, since the primary function of a
CL is to secrete progesterone during diestrus and pregnancy.
Nevertheless, the time and costs associated with analyzing
concentrations of progesterone are major drawbacks to it being
regularly used in reproductive management. Due to the speed and
reliability of conventional B-mode ultrasonography, this technique
is commonly used to evaluate the presence and size of a CL as an
estimate of its function, since CL diameter (Spell et al., 2001; Velho
et al., 2021) and CL area (Berger et al., 2017; Pugliesi et al., 2019)
have been associated with circulating concentrations of
progesterone. However, this correlation is reduced during
luteolysis as the rates of decrease in circulating concentrations of
progesterone are greater than the decrease in CL size (Kastelic
et al., 1990; Assey et al., 1993).

The CL is a highly vascularized structure during diestrus yet
undergoes an extensive decrease in blood perfusion and luteal
tissue volume during luteolysis (Ginther et al., 2007b).
Several studies have utilized color Doppler to characterize
morphological and functional changes in the CL during this
period (Miyamoto et al., 2005; Herzog et al., 2010; Rocha et al.,
2019). Interestingly, a decrease in luteal blood perfusion occurs
prior to structural regression (Niswender et al., 1994; Herzog
et al., 2010) and the correlation between CL blood perfusion
and circulating concentrations of progesterone is greater
during luteolysis than the correlation between CL area and
progesterone (Rocha et al., 2019). For these reasons, the use of
color Doppler to evaluate CL functional status during luteolysis
has substantially increased in research settings over the past few
decades and has provided important insights into temporal
changes to CL function.
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LUTEAL COLOR DOPPLER
ULTRASONOGRAPHY FOR EARLY
PREGNANCY DIAGNOSIS

During early pregnancy in cattle, the free-floating conceptus
undergoes remarkable trophectoderm cell proliferation,
significantly increasing its surface area prior to adhering to the
uterine luminal epithelium (Betteridge and Flechon, 1988;
Guillomot, 1995). After trophectoderm attachment the bovine
conceptus starts accumulating fluid within the developing
chorioallantois (Schlafer et al., 2000; Peter, 2013), which can
both be visualized during pregnancy diagnosis with a
conventional B-mode ultrasound. While anechoic structures
can be visualized within the uterine lumen as early as day 14
of gestation via B-mode ultrasonography (Pierson and Ginther,
1984), it is recommended that veterinarians perform pregnancy
diagnosis no earlier than 28 days after breeding. This
recommendation is based on studies that show a decrease
in accuracy when conventional ultrasound examination is
performed earlier than 28 days after breeding (Nation et al.,
2003). Color Doppler ultrasonography has been proposed as a
method to diagnose pregnancy earlier than conventional
ultrasound by recognizing females that are undergoing CL
regression (Siqueira et al., 2013; Pugliesi et al., 2014; Scully
et al., 2015), as most non-pregnant females undergo luteolysis
before pregnancy diagnosis can be performed with
conventional ultrasound.

A summary of controlled studies evaluating the estimates of
agreement between luteal color Doppler and B-mode
ultrasonography is presented in Table 1. When color Doppler
was used to diagnose pregnancy in lactating dairy cows on day 20
of gestation, low rates of false-negative results (0.7%) but high
rates (24.6%) of false-positive results were reported (Siqueira
et al., 2013). Conversely, studies using Bos indicus beef cattle
observed no false-negative results and only 9% false-positive
results when color Doppler was utilized 20 days after TAI
(Pugliesi et al., 2014). A potential contributing factor to the
variation in the number of false-positive results in these studies is
the percentage of cows that experience early embryonic mortality
between days 20 and 30 of gestation, as a greater proportion of
dairy cows experience early embryonic mortality compared with
beef cows (Wiltbank et al., 2016; Reese et al., 2020). Additionally,
the criteria utilized to distinguish pregnant and non-pregnant
cows were different in the abovementioned studies and could
also potentially explain the differences in the number of false-
positive results. Siqueira et al. (2013) considered females that did
not have color signals in the central region of the CL as non-
pregnant, whereas Pugliesi et al. (2014) considered cows to be
non-pregnant when the percentage of their CL area with blood
perfusion signals was ≤ 25% or when their CL area was < 2 cm2.
Noteworthy, both studies indicated high sensitivity (probability
that the test yields a positive result when cows are in fact
pregnant) and negative predicted value (probability that a cow
is not pregnant when diagnosed as non-pregnant).

Most studies evaluating the use of color Doppler for early
pregnancy diagnosis in beef cattle were performed in Bos indicus
July 2022 | Volume 3 | Article 912854
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breeds, yet, several physiological differences exist between Bos
indicus and Bos taurus subspecies, including differences in
reproductive biology that have implications to reproductive
management (reviewed by Sartori et al., 2016). Due to
differences in CL morphometry (Sartori and Barros, 2011;
Sartori et al., 2016) and early embryonic mortality (Reese et al.,
2020) between subspecies, it was unclear if the accuracy of color
Doppler examinations in Bos taurus and Bos indicus beef cattle
populations were comparable. Therefore, Holton and colleagues
recently evaluated the use of color Doppler in Bos taurus beef
cows and replacement heifers (Holton et al., 2022a; Holton et al.,
2022b; Table 1) using similar criteria to Pugliesi et al. (2014) in
Bos indicus females. Overall accuracies of color Doppler in
postpartum cows were 86 and 91% on days 20 and 22 of
gestation, respectively. Comparable results were observed in
replacement heifers, where accuracies for days 20 and 22 of
gestation were 91 and 93%, respectively. Similar to the studies
performed in Bos indicus cattle (Pugliesi et al., 2014; Melo et al.,
2020; Table 1), the criteria utilized to identify non-pregnant Bos
taurus females yielded no false-negative results in either cows or
heifers. These findings are encouraging in the context of
resynchronization, as false-negative results would result in
pregnancy loss after administration of prostaglandin F2a
during the resynchronization protocol. The percentage of
overall cows classified as false positives on days 20 and 22 were
13 and 9%, and the percentages of the overall heifers classified as
false positives were 9 and 7%, respectively. When evaluated only
within non-pregnant females, false-positive results represented
27.5 and 22.2% of the non-pregnant cows and heifers on day 20.
On day 22, false-positive results represented 17.1 and 16.7% of
the non-pregnant cows and heifers, respectively. These results
indicate that luteal color Doppler allows for earlier
resynchronization of the majority of non-pregnant females
when compared with conventional B-mode ultrasonography.

Representative ultrasound images of luteal blood perfusion
collected from cows classified as true positives, false positives,
and true negatives are shown in Figures 1A–C. Luteal blood
perfusion on days 20 and 22 after TAI were not different in cows
Frontiers in Animal Science | www.frontiersin.org 5
or heifers classified as true-positive or false-positive (Holton
et al., 2022a; Holton et al., 2022b; Figure 1D). Several factors
could be driving the presence of false-positive diagnoses (active
luteal blood perfusion in non-pregnant cows) observed when
color Doppler ultrasonography is utilized around day 20 of
gestation, including delayed ovulation during the estrus
synchronization protocol, an intrinsic prolonged luteal phase,
or a prolonged luteal phase due to pregnancy loss after conceptus
secretion of interferon-t (Bazer et al., 2008). A recent study
investigated differences in the expression of interferon-
stimulated genes (ISG15 and OAS1) in peripheral blood
leukocytes of cows that had active luteal blood perfusion 20
days after TAI (Melo et al., 2020). Interferon-stimulated genes
are upregulated in peripheral blood leukocytes in response to
interferon-t secretion by the conceptus (Gifford et al., 2007;
Green et al., 2010) and are commonly utilized as an indirect
assessment of conceptus development during early gestation
(Fontes et al., 2019). In this study, only 32% of cows
considered non-pregnant via conventional ultrasound on day
30 but pregnant via color Doppler on day 20 (false positives) had
upregulation of interferon-stimulated genes on day 20 (Melo
et al., 2020). Of these cows, 29% (9% of the false-positive cows),
had an increase in circulating concentrations of pregnancy
associated glycoproteins (PAG) 25 days after TAI (Melo et al.,
2020). Similar results were reported by Holton et al., 2022a,
where false-positive cows (pregnant via color Doppler on day 20
and non-pregnant via conventional ultrasound on day 30) had
similar circulating concentrations of PAG on days 25 and 29
after TAI compared with cows that were considered non-
pregnant by both conventional ultrasound on day 30 and color
Doppler on day 20 (true negative; Figure 1E). In addition, only
11% of cows classified as false positive by color Doppler had
detectable concentrations of PAG on day 25 of gestation.
Collectively, these results indicate that only a small proportion
of cows classified as false-positive via color Doppler on day 20
appear to experience pregnancy loss, yet some of the false-
positive cows could be experiencing pregnancy loss prior to
conceptus elongation and placental attachment, resulting in no
TABLE 1 | Summary of estimates of agreement between luteal color Doppler ultrasonography and conventional ultrasonography to diagnose pregnancy in cattle1.

Study Parity Type Subspecies Gestation
Day

TP, % TN, % FP, % FN, % Sensitivity,
%

Specificity,
%

Accuracy,
%

Utt et al., 2009 Cows Beef Crossbred 17 42.0 (21/50) 20.0 (10/50) 34.0 (17/50) 4.0 (2/50) 91 37 62
Utt et al., 2009 Cows Beef Crossbred 19 40.0 (20/50) 28.0 (14/50) 26.0 (13/50) 6.0 (3/50) 87 52 68
Utt et al., 2009 Cows Beef Crossbred 21 34.0 (17/50) 36.0 (18/50) 18.0 (9/50) 12.0 (6/50) 74 67 70
Siqueira et al., 2013 Cows Dairy Crossbred 20 45.4 (144/317) 29.3 (91/317) 24.6 (78/317) 0.6 (2/317) 99 54 75
Siqueira et al., 2013 Heifers Dairy Crossbred 20 46.9 (98/209) 30.1 (63/209) 22.5 (47/209) <0.1 (1/209) 99 57 77
Pugliesi et al., 2014 Cows Beef Bos indicus 20 37.8 (42/111) 53.2 (59/111) 9.0 (10/111) 0.0 (0/111) 100 86 91
Dalmaso et al., 2020 Heifers Beef Bos indicus 20 54.0 (54/100) 37.0 (37/100) 12.0 (12/100) 0.0 (0/100) 100 76 88
Dalmaso et al., 2020 Cows Beef Bos indicus 20 58.3 (84/144) 34.7 (50/144) 6.9 (10/144) 0.0 (0/144) 100 83 93
Holton et al., 2022a Cows Beef Bos taurus 20 52.9 (110/208) 34.1 (71/208) 13.0 (27/208) 0.0 (0/208) 100 72 87
Holton et al., 2022a Cows Beef Bos taurus 22 52.6 (110/209) 39.2 (82/209) 8.1 (17/209) 0.0 (0/209) 100 83 92
Holton et al., 2022b Heifers Beef Bos taurus 20 59.6 (106/178) 31.5 (56/178) 9.0 (16/178) 0.0 (0/178) 100 70 91
Holton et al., 2022b Heifers Beef Bos taurus 22 59.6 (106/178) 33.7 (60/178) 6.7 (12/178) 0.0 (0/178) 100 76 93
July 2022 | V
olume 3 | Artic
1TP: True-positive. TN: True-negative. FP: False-positive. FN: False-negative. The following equations were used to calculate the following parameters: sensitivity (probability that a test result will be
positive when the cow is pregnant) = TP/(TP + FN), specificity (probability that a test result will be negative when the cow is not pregnant) = TN/(TN + FP), PPV (probability that a cow is pregnant when
the test is positive) = TP/(TP + FP), NPV (probability that a cow is not pregnant when the test is negative) = TN/(TN + FN), and accuracy = (TP + TN)/total number of cows.
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changes in the expression of interferon-stimulated genes and
circulating concentrations of PAG, respectively.

While the prevalence of false-positive results is low, they could
represent a limitation for the commercial use of color Doppler
ultrasound in the beef industry, particularly when considering the
large proportion of pregnancy loss that occurs within the first
months of gestation (Reese et al., 2020). Figure 2 provides a
summary of the proportion of pregnant cows and heifers based
on luteal color Doppler ultrasound on day 20 and B-mode
ultrasound on both days 29 to 30 and 70 to110 (final pregnancy
diagnosis). Data in Figure 2 were compiled from previous studies
that reported changes in the proportion of pregnant cows during
early gestation based on sequential ultrasound evaluations (Melo
et al., 2020; Holton et al., 2022a,b). Studies utilized in this dataset did
not include resynchronization strategies. The proportion of
pregnant cows and heifers between the first pregnancy diagnosis
performed with color Doppler on day 20 and the second pregnancy
diagnosis performed with B-mode ultrasound on days 29 to 30
decreased by 10.5 and 10.1%, respectively. In addition, the
proportion of cows and heifers diagnosed as pregnant by B-mode
ultrasound between days 29 to 30 and 70 to 110 decreased by 3.7
and 6.5%, respectively. Therefore, there was a 14.2 and 16.6%
decrease in the proportion of cows and heifers diagnosed as
pregnant between the Doppler ultrasound on day 20 of gestation
and the final pregnancy diagnosis. Future research focused on
decreasing the proportion of false-positive results when utilizing
color Doppler for early pregnancy diagnosis may facilitate its
adoption in the cattle industry.
LUTEAL COLOR DOPPLER FOR EARLY
RESYNCHRONIZATION

Resynchronization programs have been developed to maximize
the proportion of pregnancies generated via reproductive
technologies; however, the long interval between breeding events
Frontiers in Animal Science | www.frontiersin.org 6
(approximately 30 to 40 days) of currently recommended
resynchronization protocols limits their adoption by cattle
producers. Particularly in the beef industry. This is largely due
to the focus of beef cattle producers on generating pregnancies
early in the breeding season. Replacement heifers that calve earlier
in the calving season produce more pounds of calves during their
productive life (Funston et al., 2012; Cushman et al., 2013) and
have increased longevity in the herd (Cushman et al., 2013).
Similarly, mature cows that calve earlier in the calving season
produce older and heavier calves at weaning (Rodgers et al., 2012)
and have increased pregnancy rates in the subsequent breeding
season (Stevenson et al., 2015). Considering the importance of
generating pregnancies early in the breeding season, novel
resynchronization strategies that focus on maximizing the
number of genetically superior pregnancies should also pursue a
decrease in the interval between breeding events.

Pregnancy diagnosis during resynchronization is typically
performed with conventional B-mode ultrasonography no
earlier than day 28 of gestation. Because color Doppler can be
used to recognize non-pregnant females undergoing CL regression
as early as 20 or 22 days of gestation (Pugliesi et al., 2014; Scully
et al., 2015; Holton et al., 2022a), there are opportunities to
incorporate its use during resynchronization and reduce the
interval between TAI or FTET events. In the context of TAI,
resynchronization can be initiated approximately a week earlier on
days 12 to 15 after the first insemination. Research on early
resynchronization for TAI has primarily been performed in
South America using estradiol-based synchronization protocols
to synchronize the emergence of a new follicular wave (Bo et al.,
1995; Palhão et al., 2020; Motta et al., 2020; Andrade et al., 2020).
Estradiol-based products (e.g., estradiol benzoate and estradiol
cypionate) are used in combination with progesterone to induce
follicular atresia, resulting in a synchronized emergence of the
subsequent follicular wave. Nevertheless, because estradiol is not
approved for use in bovine estrus synchronization protocols in the
United States, producers need to rely on GnRH to synchronize
FIGURE 2 | Changes in the percentage of pregnancies during early gestation using luteal color Doppler ultrasonography on day 20 and B-mode ultrasonography on
days 29-30 and 70-110. Data adapted from Melo et al., 2020 and Holton et al., 2022a; Holton et al., 2022b using beef cows and heifers.
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follicular waves. Analogues of GnRH are used to synchronize
follicular waves by inducing ovulation of dominant follicles
(Thatcher et al., 1993); however, because ovulation leads to the
formation of a new CL, the use of GnRH analogues during
resynchronization may lead to decreased accuracy of pregnancy
diagnosis when color Doppler is utilized between days 20 and 22
of gestation. In Bos indicus cows, early resynchronization was
successfully initiated between 12 to 14 days after TAI with
pregnancy diagnosis performed via color Doppler on days 20 to
22 of gestation (Pugliesi et al., 2019; Palhão et al., 2020; Silva et al.,
2022). In these studies, suitable conception rates were achieved for
both the first and second TAI, and overall, more females were
pregnant to TAI within the breeding season (Palhão et al., 2020).
Early estradiol-based resynchronization in Bos indicus beef heifers
has also proven successful when initiated 12 (Andrade et al., 2020)
or 14 days (Motta et al., 2020) after TAI with pregnancy diagnosis
performed with color Doppler on days 21 or 22 of gestation,
respectively. Interestingly, estradiol benzoate dosage appears to
influence pregnancy establishment to the first TAI in females
exposed to early resynchronization in combination with color
Doppler ultrasonography. Silva et al. (2022) compared 1 vs. 2 mg
of estradiol benzoate 14 days after TAI in Bos indicus beef cows
exposed to early resynchronization with color Doppler. Cows
receiving 2 mg of estradiol benzoate had decreased pregnancy
rates to the first TAI compared with cows receiving 1 mg (Silva
et al., 2022). While there were no differences in pregnancy rates to
the second TAI, cumulative pregnancy rates to TAI were greater in
cows receiving a lower dose of estradiol benzoate.

Although research has been performed on early resynchronization,
modified early resynchronization strategies are required in the
United States to avoid reduced accuracy of color Doppler
pregnancy diagnosis after GnRH administration and new CL
formation. The requirement of GnRH at CIDR insertion has
been a topic of debate in short-term estrus synchronization
protocols, particularly protocols with only 5 days of progesterone
exposure (Rabaglino et al., 2010; Kasimanickam et al., 2014;
Williams and Stanko, 2020). Omittance of the initial GnRH is
particularly relevant in replacement heifers, since their ovulatory
response is decreased in comparison to postpartum cows (Cruppe
et al., 2014) and pregnancy rates did not differ between heifers that
receive the initial GnRH at CIDR insertion and those that did not
(Lima et al., 2011; Cruppe et al., 2014). Similar results were
observed on Bos indicus-influenced postpartum beef cows
synchronized with 5 days of progesterone exposure and without
GnRH to synchronize follicular wave emergence (Williams and
Stanko, 2020). Therefore, the removal of GnRH at CIDR insertion
during early resynchronization may yield acceptable pregnancy
rates to AI while allowing for accurate color Doppler pregnancy
diagnosis. It is, however, important to acknowledge that when
GnRH is omitted a certain small percentage of females may develop
persistent follicles (Zimbelman and Smith, 1966; Sirois and
Fortune, 1990). Particularly females that have fewer follicular
waves and lower circulating concentrations of progesterone
during diestrus, such as lactating dairy cows and Bos taurus
postpartum beef cows. In contrast with the development of
persistent follicles, some females may undergo follicular atresia
Frontiers in Animal Science | www.frontiersin.org 7
during the protocol when the initial GnRH is omitted, resulting in a
delayed follicular wave emergence and ovulation of a smaller
follicle in response to the GnRH administered at TAI.

Research on early resynchronization without estradiol or
GnRH has been performed in Bos indicus (Pugliesi et al., 2019;
Ataide Junior et al., 2021) and Bos indicus × Bos taurus beef
females (Vieira et al., 2021). Pugliesi and colleagues utilized an
injectable form of progesterone to resynchronize lactating Nelore
cows beginning 12 days after the initial TAI. In this study, all
cows received a new intravaginal progesterone releasing device
on day 12; however, those which received a concurrent injection
of a long-acting progesterone had greater pregnancy rates to the
second TAI (Pugliesi et al., 2019). Further research into the use of
progesterone for resynchronization reported no differences in
the day of follicular wave emergence between females that only
received an intravaginal progesterone device compared to those
that also received the injection of progesterone (Ataide Junior
et al., 2021). However, greater overall pregnancy rates to the
second and third TAI were achieved when cows and heifers
received an injection of long-acting progesterone in addition to
an intravaginal device. Despite these positive findings, when
long-acting progesterone was compared with the use of estradiol
at intravaginal progesterone device insertion 14 days after TAI,
crossbred beef heifers that received estradiol had greater
pregnancy rates to resynchronization when compared with
those that received the injection of progesterone (Vieira et al.,
2021). These studies provide insight into potential early
resynchronization strategies for Bos taurus females in the
United States without the use of GnRH at CIDR insertion.
Nevertheless, further research is required to evaluate the
fertility of cows and heifers exposed to early GnRH-based
estrus synchronization and resynchronization with or without
the use of GnRH at CIDR insertion.

Early pregnancy diagnosis with color Doppler can also be
performed successfully two weeks after ET and therefore, the
period between FTET events can be reduced (Guimarães et al.,
2015). Early estradiol-based resynchronization of FTET has been
performed effectively in suckled Bos indicus cows and has
achieved suitable pregnancy rates (Pugliesi et al., 2018). In this
study, resynchronization was initiated 6 days after the original
FTET, on day 13 of gestation, and all cows received a new
intravaginal progesterone releasing device and a 100-mg
injection of progesterone. Pregnancy diagnosis was performed
via color Doppler ultrasonography at progesterone device
removal on day 22 of gestation and all non-pregnant females
(48.3%) were administered estradiol cypionate and prostaglandin
F2a to induce ovulation and luteolysis, respectively. On day 31 of
gestation, non-pregnant cows that successfully formed a new CL
received a new embryo and thus, the interval between FTET
events was reduced from 32 days to 24 days (Pugliesi et al., 2018).

The presence of a persistent follicle is of less concern in ET
recipients than in females that will be exposed to TAI, since
recipients do not contribute an oocyte to embryo formation. For
that reason, resynchronization in combination with early color
Doppler pregnancy diagnosis represents a potential alternative to
optimize ET recipient utilization even in countries where the use
July 2022 | Volume 3 | Article 912854
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of estradiol products is limited. Nevertheless, research on early
resynchronization for FTET without the use of estradiol in Bos
taurus females is required to establish recommendations for the
commercial application of this technology in these countries.
COLOR DOPPLER AS A TOOL FOR
EMBRYO RECIPIENT SELECTION

Establishment of pregnancy after ET depends greatly on the
quality of the embryo but also on the uterine environment
provided by the recipient female, as successful maternal
recognition of pregnancy depends on appropriate maternal
progesterone secretion by the CL (Mann and Lamming, 2001).
Embryo recipient candidates are normally scanned with a B-
mode ultrasound to determine the presence and morphology of
the CL before ET; however, these variables are not necessarily
suitable indicators of CL function or pregnancy success (Siqueira
et al., 2009; Herzog et al., 2010).

Color Doppler ultrasonography has been used to evaluate the
blood perfusion of a CL and to make inferences on its functionality
prior to ET (Pinaffi et al., 2015; Kanazawa et al., 2016; Pugliesi et al.,
2019). Pinaffi et al. (2015) retrospectively categorized suckled Bos
indicus cows into low (0 to 40%) or high (41 to 100%) CL blood
perfusion groups after color Doppler ultrasonography. Corpus
luteum diameter at the time of ET did not differ between groups;
however, pregnancy rates to ET were greater in cows classified as
having high CL blood perfusion. In lactating dairy cows, CL blood
perfusion area was assessed using color Doppler ultrasonography
and was 1.4 times greater on the day of ET in cows retrospectively
categorized as pregnant than in those categorized as non-pregnant
(Kanazawa et al., 2016). In the same study, no differences in luteal
area or plasma progesterone concentrations were determined
between pregnant and non-pregnant cows. Similar results were
observed in FTET settings, where CL area and pixelation evaluated
by B-mode ultrasonography were poor predictors of pregnancy
outcomes. More recently, crossbred recipient cows were
retrospectively categorized into three subgroups based on CL area
(small: < 3 cm2; medium: 3 to 4 cm2; large: > 4 cm2) and CL blood
perfusion (low: ≤ 40%; medium: 45 to 50%; high: ≥ 55%; Pugliesi
et al., 2019). Pregnancy rates were greater in recipients classified as
having high blood perfusion when compared with those in the low
blood perfusion category (58.4 vs. 45.9%) and a positive linear
correlation was determined between luteal blood perfusion and the
probability of pregnancy. In the same study, no differences were
reported in pregnancy rates or in serum concentrations of
progesterone among females in different CL area classifications,
yet a quadratic relationship was reported between luteal area and the
probability of pregnancy (Pugliesi et al., 2019).

Progesterone during late metestrus and early diestrus plays an
important role in pregnancy establishment and elevated circulating
concentrations of progesterone during the first week after ovulation
is associated with enhanced conceptus development (Forde et al.,
2009; O’Hara et al., 2014) and pregnancy rates (Perry et al., 2005;
Rodrigues et al., 2018). Nevertheless, the relationship between
Frontiers in Animal Science | www.frontiersin.org 8
circulating concentrations of progesterone at the time of ET and
pregnancy success remains unclear as previous studies have
reported both a positive linear and quadratic relationships
between progesterone concentrations and pregnancy rates (Perry
et al., 2005; Peres et al., 2009; Rodrigues et al., 2018; Pereira et al.,
2016). When the use of circulating concentrations of progesterone
for recipient selection was evaluated, studies reported limited value
in both beef and dairy cattle (Silva et al., 2002; Siqueira et al., 2009),
indicating that luteal blood perfusion is a more suitable indicator of
pregnancy maintenance to ET than luteal area or circulating
concentrations of progesterone when selecting suitable recipients
because of its linear relationship with pregnancy success (Pugliesi
et al., 2019). Interestingly, the correlation between luteal area and
circulating concentrations of progesterone was reported to be
greater during early diestrus than the correlation between
circulating concentrations of progesterone and luteal blood
perfusion (Rocha et al., 2019). Therefore, luteal blood perfusion
during early diestrus might be associated with other unknown
factors regulating luteal function and pregnancy establishment
beyond simply circulating concentrations of progesterone.

Collectively, currently available data indicates that evaluating
luteal blood perfusion at the time of ET allows for better embryo
recipient selection. Opportunities for color Doppler luteal
evaluation exist to assign more valuable embryos to recipients
with greater blood perfusion, as well as to recognize embryo
recipients that are less likely to conceive based on decreased
luteal blood perfusion. The use of the latter will depend on
recipient availability and recipient setup cost. Pugliesi et al.
(2019) reported that 30.4% of the recipients enrolled in their
study were classified as having low blood perfusion (≤ 40% of the
luteal area with blood perfusion signals). Although pregnancy
rates are decreased in low compared with high blood perfusion
recipients, results were acceptable in this specific group of cows.
Hence, in scenarios where recipient availability is limited,
practitioners benefit from also transferring embryos to
recipients with low luteal blood perfusion. Yet, in scenarios
where recipient availability is not limited, embryo practitioners
can benefit from avoiding recipients with decreased luteal blood
perfusion and consequently decreased pregnancy rates.
CONCLUSION

Doppler ultrasonography is a non-invasive method to quantify
blood perfusion and infer functionality of reproductive organs
and structures. By assessing functionality of a CL at ET, more
suitable embryo recipients can be selected, and pregnancy rates
to ET can be increased. Blood perfusion of the CL can also be
used to identify non-pregnant females for very early pregnancy
diagnosis on days 20 and 22 of gestation, which can be used to
reduce the interval between insemination or ET events during
early resynchronization. These applications create opportunities
for color Doppler to be used as a tool to improve reproductive
efficiency in beef production systems. Expanding opportunities
for large animal veterinarian training will also be paramount for
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the successful adoption of luteal color Doppler examinations for
both resynchronization and embryo transfer purposes. Luteal
blood perfusion can be underestimated as a result of improper
probe positioning, limited ultrasound equipment capabilities or
inadequate settings, and excessive pressure against the ovary
during probe positioning, which can lead to vasoconstriction.
Therefore, adequate veterinarian training and standardization of
evaluation procedures should increase the replicability and
Frontiers in Animal Science | www.frontiersin.org 9
accuracy of the color Doppler examinations, which may
further increase the uptake of this technology in the
cattle industry.
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