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ABSTRACT

The objective of this study was to examine the association between increased physical activity at the
moment of timed artificial insemination (AI), detected
by an automated activity monitor (AAM), and fertility
outcomes. This paper also investigated factors affecting
estrous expression in general. A total of 1,411 AI events
from 1,040 lactating Holstein cows were recorded, averaging 1.3 ± 0.6 (±standard deviation) events per
cow. Activity (measured as steps/h) was monitored
continuously by a leg-mounted AAM located on the
rear leg of the cow. Ovulation was synchronized by a
timed AI protocol based on estradiol and progesterone.
Ovarian ultrasonography was performed in all cows on
d −11 (AI = d 0) and in a subset of cows on d 0 (n
= 588) and d 7 (n = 819) to determine the presence
of a corpus luteum and follicles. The body condition
score (1 to 5 scale) was assessed on d 0 and a blood
sample was collected for progesterone measurement on
d 7. Using the AAM, an estrus event was determined
when the relative increase (RI) in physical activity of
the cow exceeded 100% of the baseline activity. The
physical activity was classified as strong RI (≥300%
RI), moderate RI (100–300% RI), or no estrus (<100%
RI). Milk production was measured daily and averaged
between d −11 and 0. Pregnancy was diagnosed at 32
and 60 d post-AI and pregnancy losses were calculated.
The mean RI at estrus was 328.3 ± 132.1%. Cows with
strong RI had greater pregnancy per AI than those
with moderate RI and those that did not express estrus
(35.1 vs. 27.3 vs. 6.2%). When including only cows that
successfully ovulated after timed AI, those that displayed strong intensity RI still had greater pregnancy
per AI than those with moderate intensity RI or those
that did not express estrus (45.1 vs. 34.8 vs. 6.2%).
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Cows expressing strong RI at timed AI had greater
ovulation rates compared with moderate RI and cows
that did not express estrus (94.9 vs. 88.2 vs. 49.5%).
Furthermore, pregnancy losses were reduced in cows
with strong RI compared with cows expressing moderate RI (13.9 vs. 21.7%). Cows with a strong RI at
estrus were more likely to have a corpus luteum at the
beginning of the protocol and had greater concentration of progesterone 7 d post-AI. Multiparous cows
expressed lower RI compared with primiparous cows.
Cows with lower body condition score tended to have
decreased RI at estrus. No correlation between estrous
expression and pre-ovulatory follicle diameter was
observed. Also, no correlation was observed between
milk production at AI and RI. In conclusion, strong
intensity RI of estrus events at timed AI was associated
with improved ovulation rates and pregnancy per AI,
and reduced pregnancy losses. These results provide
further evidence that measurements of estrous expression can be used to predict fertility at the time of AI
and possibly be used as a tool to assist decision making
strategies of reproduction programs.
Key words: automated activity monitor, estrus,
pregnancy per artificial insemination, pregnancy loss
INTRODUCTION

Detection of estrus is crucial for a successful reproductive program. Historically, standing to be mounted
has been the gold standard for visual detection of estrus, but the frequency of standing behavior (Lopez
et al., 2004) as well as the proportion of cows that
display estrus (Dobson et al., 2008) have decreased over
the decades. This trend has been particularly noted in
high-producing dairy cows (Lopez et al., 2004; Rivera
et al., 2010). Increased physical activity is considered a
secondary feature of estrous expression in dairy cattle,
but has been used by automated activity monitors
(AAM) to reliably identify cows in estrus (Roelofs et
al., 2010).
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Increases in physical activity have been associated
with improvement in pregnancy per AI of dairy cows
(Madureira et al., 2015; Polsky et al., 2017; Burnett et
al., 2018). The intensity of estrous expression, as well as
fertility, is affected by BCS, parity, stage of lactation,
and health (Madureira et al., 2015; Burnett et al., 2017;
Silper et al., 2017). Nonetheless, even when accounting
for such factors, estrus detection and expression has
consistently affected pregnancy per AI (López-Gatius
et al., 2005; Madureira et al., 2015; Pereira et al., 2015;
Burnett et al., 2017; Silper et al., 2017). Synchronization
of ovulation protocols has been used as an alternative to
achieve successful reproductive goals as they are able to
increase pregnancy rates by improving submission rates
to AI without depending on estrus detection (Pursley
et al., 1995; Chebel et al., 2010). Recent studies have
compared different combinations of timed AI protocols
and estrus detection using AAM (Neves et al., 2012;
Burnett et al., 2017; Denis-Robichaud et al., 2018b),
and results suggested that in North American herds it is
possible to maintain comparable reproductive efficiency
between estrus-detection-based reproductive programs
and those that rely heavily on timed AI. Some recent
studies have also reported the effect of estrous expression on fertility focused on spontaneous estrus events
but did not test for the effect of estrous expression from
timed AI protocols. This question is particularly important in protocols using estrogens to induce ovulation
because the majority of the cows express estrus before
AI (Cerri et al., 2004; Pereira et al., 2015) as opposed to
protocols using a GnRH analog (Stevenson and Phatak,
2005). The occurrence of estrus at AI, using tail chalk
and tail head patch, in a timed AI protocol was associated with a reduction in pregnancy loss in dairy cows
(Pereira et al., 2014, 2015). Furthermore, Pereira et al.
(2015) reported that the reduction in pregnancy loss in
cows that expressed estrus at AI occurred regardless of
the diameter of the pre-ovulatory follicle. Davoodi et
al. (2016) reported that the occurrence of estrus at AI
in beef cattle induced changes in gene expression in the
endometrium and conceptus that are associated with
preimplantation success. It is unclear, however, if the
intensity of estrus, and not only the expression of it,
after such synchronization protocols also alters fertility
outcomes as observed in spontaneous estrus events.
This study aimed at evaluating the association between the intensity of estrous expression, captured by
an AAM, and outcomes related to fertility such as ovulation rate, pregnancy per AI, and pregnancy loss, and
concentration of progesterone 7 d after AI. Moreover,
it was our objective to determine if BCS, parity, milk
production, and ovarian structures were associated
with intensity of estrus and fertility. We hypothesized
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that cows displaying more intense estrus would have
increased pregnancy per AI, decreased pregnancy loss
and ovulation failures, and greater progesterone concentration after AI.
MATERIALS AND METHODS

This experiment was conducted at a commercial
farm in São Paulo State, Brazil (22°21′25″ S; 47°23′03″
W). The University of British Columbia Animal Care
protocol related to the current study was A14–0290.
The practices outlined in the Guide for the Care and
Use of Agricultural Animals in Agricultural Research
and Teaching (FASS, 1999) were also used for the approval of all experimental procedures as part of the
local requirements.
Animals, Housing, and Management

Lactating Holstein cows (n = 1,040) were enrolled
into the study during the first week postpartum with
the placement of an AAM to the back limb of the
animal. The experimental herd had an average 305-d
mature equivalent milk yield of 11,438 kg/cow with an
average of approximately 1,700 lactating dairy Holstein
cows.
This experiment was an observational cohort study.
Cows were housed in a cross-ventilated freestall barn in
groups of 300 animals. The barn had grooved concrete
floors and 2 rows of deep sand-bedded stalls. Milking
was performed 3 times daily (at approximately 0500,
1300, and 2100 h). Cows were fed a TMR thrice daily.
The TMR was formulated to meet or exceed the requirements of a lactating Holstein cow producing 40
kg/d of 3.5% FCM (NRC, 2001). Water and TMR were
available for ad libitum intake.
Automated Activity Monitors

Cows were monitored continuously by one AAM, a
leg-mounted pedometer (AfiPedometer Plus Tag, AfiMilk, Kibbutz Afikim, Israel). The pedometer sensor
was attached to the right back limb above the distal
expansion of the metacarpal bone of each cow on the
day of their first calving and remained on the animals
throughout their entire time within the herd.
The activity data (steps/h) were recorded in 2-h
increments and were retrieved 3 times daily (every
8 h) by an electronic scanner at the entrance of the
milking parlor. Using the data from the AAM, the relative increase (RI) in walking activity was calculated
by determining the change in activity on d −1 and 0,
relative to timed AI, in comparison to a baseline calJournal of Dairy Science Vol. 102 No. 4, 2019
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culated specifically for each cow. The following formula
was used: [(steps/h at estrus – steps/h at baseline)/
steps/h at baseline] × 100. The steps per hour at estrus
were defined as the greatest steps per hour from the 8
h-session with the greatest number of steps among all
sessions on d −1 or 0 relative to timed AI. Baseline
steps per hour represented the average steps per hour
from the 7 d before AI. Cows were only considered to
be in estrus if the RI on d −1 or 0 exceeded 100%. Only
animals that exceeded a RI of 100% were considered as
expressing estrus at timed AI, thus not associated with
an alert event from the AAM.
Synchronization Protocol, Blood Sampling,
and Analysis of Progesterone

During the experimental period, cows were enrolled
onto an ovulation synchronization protocol based on
progesterone and estradiol for first AI postpartum, then
again following a negative pregnancy diagnosis. Timed
AI was performed using commercially frozen–thawed
semen by the same 2 trained technicians. The synchronization protocol used was as follows: an intravaginal
progesterone implant of 1.9 g of progesterone (CIDR,
Zoetis, São Paulo, Brazil), a 2.0-mg (i.m.) injection of
estradiol benzoate (2.0 mL of Gonadiol, Zoetis), and a
100-μg (i.m.) injection of gonadorelin diacetate (GnRH,
2.0 mL of Cystorelin, Merial, São Paulo, Brazil) on d
−11; a 25-mg (i.m.) injection of dinoprost tromethamine (PGF, 5.0 mL of Lutalyse, Zoetis on d −4 and
−2); the CIDR was withdrawn on d −2 and a 1.0-mg
(i.m.) injection of estradiol cypionate (0.5 mL, ECP,
Zoetis) was administered, and timed AI occurred on d
0, as described by Pereira et al. (2015) and detailed in
Figure 1.
Ovaries of all cows were examined by ultrasonography at d −11 (presence or absence of corpus luteum),
and a subset of cows were examined on d 0 (assessment
of 2 largest follicles; n = 588) and on d 7 (presence or
absence of a corpus luteum to confirm ovulation; n =
819). Pregnancy diagnosis was carried out via ultra-

sonography on d 32 and 60 after timed AI, and cows
were considered pregnant when a viable embryo was
found. Pregnancy per AI was calculated by dividing
the number of cows that were pregnant on d 32 post-AI
by the number of animals enrolled into the timed AI
protocol. The pregnancy loss was calculated by dividing the number of animals that lost gestation between
d 32 and 60 post-AI by the number of animals pregnant
at d 32.
The BCS (1 to 5 scale at 0.25 increments; Edmonson
et al., 1989) was recorded at timed AI. Milk production
was recorded at each milking (AfiLite, Kibbutz Afikim,
Israel). Milk production was measured daily between d
−11 and 0 of the experiment, and the average daily milk
production during this period was used for analysis.
All cows examined at d 7 after AI had a blood sample
collected, for progesterone analysis, from the coccygeal vein into commercial blood collection tubes (BD
Vacutainer Serum Tubes, 10 mL, Becton Dickinson,
Franklin Lakes, NJ) and were placed immediately on
ice. Samples were then centrifuged at 3,000 × g at 4°C
for 30 min for serum collection, and stored at −20°C.
Serum progesterone concentrations were analyzed
using a chemiluminescent enzyme immunoassay (Immulite 1000, Siemens Medical Solutions Diagnostics,
Los Angeles, CA) as previously validated (Martin et
al., 2007; Reis et al., 2015). The intra- and interassay
coefficients of variation were 5.1 and 5.2%, respectively.
The minimum detectable concentration was 0.1 ng/mL
of progesterone.
Statistical Analyses

Distributions and normality tests were obtained using the Univariate procedure in the SAS software, version 9.4 (SAS Institute Inc., Cary, NC). Normality was
visually assessed and confirmed by the KolmogorovSmirnov method. Any variable found to not be normal
was either transformed or categorized into class variables. Class variables used for analyses are described
below. Parity was divided as cows in first lactation and

Figure 1. Experimental ovulation synchronization protocol. EB = estradiol benzoate, 2 mg, Gonadiol (Zoetis, São Paulo, Brazil); GnRH =
gonadorelin diacetate, 100 μg, Cystorelin (Merial, São Paulo, Brazil); PGF = dinoprost tromethamine, 25 mg, Lutalyse (Zoetis); ECP = estradiol cypionate, 1 mg (Zoetis); CIDR = intravaginal progesterone implant, 1.9 g of progesterone (Zoetis); TAI = timed AI; US = examination
of ovaries with ultrasonography; P4 = collection of blood sample for analysis of progesterone concentration. Automated detection of estrus was
done with Afimilk Pedometer Plus Tags and AfiFarm software (Afimilk, Kibbutz Afikim, Israel).
Journal of Dairy Science Vol. 102 No. 4, 2019
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second lactation or higher (primiparous vs. multiparous). The BCS categories were low (<2.75), moderate
(2.75–3.00), and high (≥3.25). Lactation stage at timed
AI was classified as early lactation (≤72 DIM), midlactation (73 to 170 DIM), and late lactation (≥171
DIM). Milk production was classified into quartiles
(≤37.5, 37.6 to 44.7, 44.8 to 52.1, and ≥52.2 kg/d).
Physical activity of estrus episodes from the AAM
was categorized as no estrus (<100% RI), moderate
(100–299% RI), and strong (≥300% RI). The receiver
operating characteristic analysis using MedCalc version
11.1.0.0 (MedCalc software, Mariakerke, Belgium) was
performed to determine the critical value of RI that
best predicted pregnancy per AI based on sensitivity
and specificity, thus separating moderate and strong
physical activity. The receiver operating characteristic
curve analysis plots the sensitivity against the false
positive fraction (1 − specificity) to detect the best
combination of sensitivity and specificity for pregnancy
per AI.
The correlations between physiological measurements (BCS, diameter of pre-ovulatory follicle, serum
progesterone concentration, DIM, and milk production)
and automated activity measurements (RI in physical
activity) were determined by Pearson correlation using the Corr procedure of SAS. Relative increase in
physical activity was used as a continuous dependent
variable assessed with ANOVA using the GLIMMIX
procedure with AI event as the experimental unit and
cow as a random effect. Parity, BCS, milk production,
DIM, dominant follicle diameter and corpus luteum
presence at d −11 were used as independent variables.
Following the same model, dominant follicle diameter
was tested as a continuous dependent variable against
the fixed effects of parity, BCS, milk production, DIM,
RI in physical activity, and corpus luteum presence at d
−11. The pregnancy per AI, pregnancy loss, and ovulation failure were binomial dependent variables assessed
using the same model. The AI event was again used as
the experimental unit and cow as the random effect.
Only variables with a P-value <0.15 were maintained
in the final model. Differences with P ≤ 0.05 were considered significant and those between 0.05 > P ≤ 0.10
were designated as a tendency.
RESULTS
Animals and Number of Events

A total of 1,411 timed AI events from 1,040 cows were
recorded, resulting in 1.3 ± 0.6 events per animal. Cows
were on average 137 ± 93 DIM at the time of data collection. In total, 40.8 and 59.2% of cows enrolled were
primiparous and multiparous, respectively. Of the total

3601

inseminations performed, 52% were first, 16% second,
and 32% were third AI or greater.
Estrous Expression at Timed AI

The mean RI at estrus was 328.29 ± 132.08%. Parity
influenced estrous expression, as multiparous cows expressed lower RI at peak of estrus expression preceding
the moment of AI (P < 0.01) compared with primiparous cows (Table 1). Body condition score at timed AI
tended to affect RI (P = 0.10; Table 1), as cows with
lower BCS tended to have lower estrous expression than
those with moderate or high BCS. An interaction was
observed between parity and BCS (P < 0.04), where
multiparous cows with low BCS had lower RI than
all other parity and BCS combinations (multiparous:
low BCS = 263.1 ± 19.7%, moderate BCS = 316.4 ±
13.7, high BCS = 323.3 ± 12.2; primiparous: low BCS
= 345.6 ± 24.7, moderate BCS = 320.7 ± 14.7, high
BCS = 326.7 ± 14.1% RI). Correlation between milk
production and RI was weak (r = −0.09; P < 0.01);
however, when milk production at the day of timed AI
was divided into quartiles, the quartile with the greatest milk production was associated with lower RI in
comparison with all other quartiles (P = 0.003; Table
1). Cows that had a corpus luteum at the beginning of
the protocol tended to have greater RI at AI (334.5 ±
5.2% vs. 320.8 ± 5.8%; P = 0.07).
Preovulatory Follicle Diameter

Preovulatory follicle diameter (mean: 13.4 ± 2.8
mm) had no correlation with RI (r = 0.02; P = 0.61).
The diameter of the preovulatory follicle did not differ
among estrus events classified as moderate or strong RI
or those that did not express estrus (P = 0.80). Follicle
diameter was associated with BCS (P = 0.03), but not
with parity (P = 0.41), milk production (P = 0.49),
or expression of estrus (P = 0.26; Table 2). Cows with
greater concentrations of progesterone at d 7 had larger
pre-ovulatory follicles at the time of AI (14.1 ± 0.2 vs.
12.3 ± 0.6 mm; P < 0.001; Table 2).
Concentration of Progesterone in Serum

Cows with strong RI at timed AI had greater concentration of progesterone in serum at d 7 post-AI
compared with those that expressed moderate RI or
those that did not show estrus (3.59 ± 0.1 vs. 2.70 ±
0.1 vs. 1.25 ± 0.2; P < 0.001). When the analysis was
restricted to include only animals that had an ovulatory follicle, it was also observed that cows with strong
RI at AI had a greater concentration of progesterone in
serum on d 7 post-AI compared with moderate RI and
Journal of Dairy Science Vol. 102 No. 4, 2019

3602

MADUREIRA ET AL.

Table 1. Relative increase in physical activity, ovulation rate, and pregnancy/AI according to BCS, parity,
and milk production
Variable
BCS
<2.75
≥2.75–3.0
≥3.0
Parity
Primiparous
Multiparous
Milk production (kg/d)
≤37.5
37.6–44.7
44.8–52.1
>52.2

Relative increase1
[mean % ± SEM (no.)]

Ovulation rate2
[% (no./no.)]

Pregnancy/AI3
[% (no./no.)]

300.2 ± 14.8a (243)
332.1 ± 9.4b (523)
332.1 ± 9.6b (640)

82.2 (88/107)
85.5 (248/290)
87.6 (323/372)

27.5a (52/243)
35.4b (159/523)
38.8b (211/640)

331.1 ± 12.6a (576)
300.9 ± 11.1b (835)

87.9 (291/331)
84.3 (372/442)

38.9a (209/576)
28.8b (214/835)

81.5
87.0
87.6
86.7

27.1
33.1
29.9
29.8

339.3
334.9
325.7
298.7

±
±
±
±

6.4a (354)
7.9a (353)
8.0a (353)
9.49b (351)

(141/173)
(188/216)
(170/191)
(164/193)

(96/354)
(117/353)
(106/353)
(104/351)

a,b

Different letters indicate differences between variables within the columns (P < 0.05).
Relative increase in activity was calculated as the percentage increase in activity at estrus in relation to each
cow’s own basal activity.
2
Cows that had a corpus luteum at d 7 after AI.
3
Number of cows pregnant at d 31 divided by the number of cows inseminated.
1

those that did not express estrus (3.48 ± 0.1 vs. 3.18
± 0.1 vs. 2.13 ± 0.2; P < 0.0001). Milk production was
not correlated with concentration of progesterone at d
7 (r = −0.01; P = 0.73).
Ovulation Failure

The overall incidence of ovulation failure was 14.7%
in this study. Cows with strong RI at timed AI had

greater ovulation rates when compared with moderate
RI and cows that did not express estrus (94.9 vs. 88.2
vs. 49.5%, P < 0.001). The distribution of ovulation
rate according to RI in physical activity at timed AI is
shown in Figure 2. Cows with a corpus luteum present
at the beginning of the protocol had greater ovulation
rates than those that did not have a corpus luteum
(96.6 vs. 88.8%; P < 0.01). Ovulation rates were also
increased with larger pre-ovulatory follicles (above

Table 2. Means (±SE) for preovulatory follicle diameter at the moment of timed AI and progesterone (P4)
concentration at d 7 post-AI according to BCS, parity, milk production, P4 concentration at d 7 post-AI,
relative increase, and presence of estrus expression (number of animals in the analysis in parentheses)
Variable
BCS
<2.75
≥2.75–3.0
≥3.0
Parity
Primiparous
Multiparous
Milk production (kg)
≤37.5
37.6–44.7
44.8–52.1
>52.2
P4 concentration at d 7 post-AI (ng/mL)
<1.0
1.0–3.0
>3.0
Automated activity monitor relative
increase (%)
Moderate intensity
Strong intensity
Estrus
No estrus
Estrus
a,b

Follicle
diameter (mm)

P4 d 7 post-AI
(mean ng/mL ± SEM)

12.6 ± 0.2a (79)
13.6 ± 0.3b (201)
13.1 ± 0.2b (274)

2.5 ± 0.2a (115)
3.2 ± 0.1b (313)
3.2 ± 0.1b (387)

13.3 ± 0.4 (243)
13.5 ± 0.4 (315)

3.41 ± 0.1a (357)
2.91 ± 0.1b (462)

13.2
13.4
13.3
13.8

3.18
3.11
3.25
2.92

±
±
±
±

0.2
0.3
0.3
0.3

(155)
(136)
(124)
(143)

0.1
0.1
0.1
0.2

(245)
(186)
(186)
(163)

12.3 ± 0.6a (111)
12.8 ± 0.2a (254)
14.1 ± 0.2b (276)

—
—
—

13.4 ± 0.2 (188)
13.3 ± 0.1 (301)

2.70 ± 0.1a (275)
3.59 ± 0.2b (403)

12.7 ± 0.6 (49)
13.4 ± 0.1 (489)

1.25 ± 0.3a (102)
3.42 ± 0.2b (678)

Different letters indicate difference between variables within the columns (P < 0.05).
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corpus luteum at the beginning of the protocol (d −11)
tended to have greater pregnancy per AI than those
that did not (32.0 vs. 27.8%; P = 0.09). Cows with
greater concentrations of progesterone at d 7 post-AI
had a greater pregnancy per AI compared with cows
that had lower concentrations (>3.0 ng/mL = 42.6%
vs. ≥1.0 and ≤3.0 ng/mL = 37.2% vs. <1.0 ng/mL
= 19.6%; P < 0.01). Milk production had no effect on
pregnancy per AI (P = 0.37).
DISCUSSION

Figure 2. Distribution of ovulation rates (%) according to relative
increase in activity at the moment of timed AI using an automated
activity monitor. Different letters (a–c) indicate difference between
variables within the bars (P < 0.05).

The goal of our study was to evaluate whether the
expression of estrus, detected by AAM, at the moment
of timed AI would affect pregnancy per AI, pregnancy
loss, and parameters of ovarian function associated
with fertility. Cows categorized as strong RI physical
activity at timed AI had greater pregnancy per AI and

median diameter) when compared with cows that had
smaller pre-ovulatory follicles at timed AI (98.0 vs.
87.4%; P < 0.01).
Factors Affecting Pregnancy per AI
and Pregnancy Loss

Pregnancy per AI was influenced by estrous expression, parity, BCS, presence of a corpus luteum at the
beginning of the timed AI protocol, and concentration
of progesterone at d 7 post-AI, but not by milk production. Cows that expressed strong RI had greater pregnancy per AI compared with those with moderate RI or
those that did not express estrus at timed AI (35.1 vs.
27.3 vs. 6.2%; P < 0.01). Cows that expressed strong
RI still had greater pregnancy per AI compared with
those with moderate RI and those that did not express
estrus when only cows that had an ovulatory follicle
were considered (45.1 vs. 34.8 vs. 5.5%, P < 0.001).
The distribution of pregnancy per AI according to RI
at timed AI is shown in Figure 3. Furthermore, estrous
expression also affected pregnancy loss. Cows that did
not express estrus or had moderate RI at the moment
of timed AI had greater pregnancy loss when compared
with animals that had strong RI (19.2 vs. 21.7 vs.
13.9%, P = 0.04). The distribution of pregnancy losses
according to RI at timed AI is summarized in Figure 4.
Parity and BCS were associated with pregnancy per
AI. Multiparous cows had reduced pregnancy per AI
compared with primiparous cows (28.8 vs. 38.9%; P
< 0.01) and cows with high and moderate BCS had
greater pregnancy per AI than cows with low BCS
(38.8 vs. 32.9 vs. 22.4%; P = 0.003). Cows bearing a

Figure 3. Distribution of pregnancy per AI (%) of all insemination
events according to relative increase in activity at timed AI detected
by an automated activity monitor (panel A) and considering only cows
that had an ovulatory follicle (panel B). Different letters (a–d) indicate
difference between variables within the bars (P < 0.05).
Journal of Dairy Science Vol. 102 No. 4, 2019
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Figure 4. Pregnancy losses (%) according to categories of relative
increase in physical activity at timed AI: no estrus (<100%), moderate
intensity (100–299% relative increase), and strong intensity (≥300%
relative increase) as detected by an automated activity monitor (panel
A; P = 0.03) and distribution of pregnancy losses (%) according to
relative increase in physical activity at timed AI detected by an automated activity monitor (panel B). Different letters (a,b) indicate
difference between variables within the bars (P < 0.05).

decreased pregnancy loss compared with those cows
expressing moderate RI and those that did not express
estrus at timed AI. This pattern remained the same
when only cows that successfully ovulated after timed
AI were included in the analysis. Estrous expression
at the moment of timed AI could potentially be used
as a reproduction strategy tool that adds predictive
information about a specific breeding and assists in
decision-making strategies at the farm level. Future
studies might include the use of such information in
breeding programs of greater risk or value, such as the
use of sex-biased semen and embryo transfer.
The use of timed AI in this study allowed for the
evaluation of potential mechanisms that may be producing estrus-induced differences in fertility that have
previously been reported with spontaneous estrus
events (Madureira et al., 2015; Burnett et al., 2017,
Journal of Dairy Science Vol. 102 No. 4, 2019

2018; Polsky et al., 2017; Silper et al., 2017). We expected that (1) cows displaying estrus at the moment
of AI would have greater pregnancy per AI than those
that did not display estrus (Pereira et al., 2014), and
(2) cows displaying a strong RI in physical activity
at timed AI would also have greater fertility (Madureira et al., 2015; Burnett et al., 2017, 2018; Polsky
et al., 2017; Silper et al., 2017). Specifically, previous
studies from our laboratory already demonstrated the
significant effect of strong RI of estrus on fertility, but
those studies used mostly spontaneous estrus events.
The limitation of using spontaneous estrus events to
study possible mechanisms affecting fertility is the
lack of control over the ovarian cycle preceding the
estrus event, which could potentially affect subsequent
estrous expression (Denis-Robichaud et al., 2018a). In
agreement with the present study, Pereira et al. (2016)
reported that the display of estrous behavior at timed
AI was associated with a reduction in pregnancy loss,
but the variation in intensity of estrous expression was
not explored. To the best of our knowledge, this is the
first report describing the effect of the intensity of estrous expression following a timed AI protocol on the
ability of dairy cattle to sustain pregnancy, as opposed
to using only spontaneous estrus events. The timed AI
protocol was aimed at synchronizing a follicular wave
and corpus luteum function, producing an optimal endocrine environment with a pre-ovulatory follicle and
synchronization of ovulation (Wiltbank et al., 2011). It
has been suggested that timed AI can potentially improve fertility by modulating the pre-ovulatory follicle
and oocyte quality (Cerri et al., 2009) as well as the
uterine environment (Cerri et al., 2011a). This could
have implications on how estrous behavior intensity affects fertility compared with what has been observed in
spontaneous estrus events.
The high concentrations and long exposure to estradiol during proestrus and estrus result in the expression
of estrogen-dependent glycoproteins from the oviduct,
which have been implicated in changes in sperm transport, the uterine environment, and oocyte fertilization
(Buhi, 2002). Evidence indicates that the circulating
concentration of estradiol has a positive correlation
with intensity of behavioral estrus, assessed by standing
to be mounted behavior (Lopez et al., 2004). Plasma
concentration of estradiol, however, has been reported
to be not correlated (Aungier et al., 2015) or weakly
correlated (Madureira et al., 2015; Silper et al., 2015a)
with walking activity detected by AAM. Reames et
al. (2011) evaluated the relationship between infused
estradiol, the occurrence of behavioral estrus and the
LH surge in ovariectomized cows. The authors reported
that with low doses of estradiol infusions some cows did
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not display estrus, but still had an LH surge, suggesting
that the center responsible for estrous behavior might
have a different center activation threshold of circulating estradiol compared with the center responsible
for the LH surge. Thus, cows that ovulated but did
not express estrus may have achieved the threshold of
circulating concentrations of estradiol that are needed
to induce the GnRH surge and subsequently the LH
surge, but insufficient to induce estrous behaviors.
In this study cows that displayed estrus, induced by
estradiol cypionate, indeed had significantly better fertility than those that did not show estrus. This result
agrees with a previous study (42.6 vs. 21.1%; Cerri et
al., 2004) using a different ovulation synchronization
(Heatsynch), but that also used estradiol cypionate to
induce ovulation. Reasons for this large difference was
tightly correlated with ovulation rates, which are much
lower for cows that did not display estrus.
In spite of the clear differences in fertility and ovarian
function expected between cows that displayed estrus
compared with those that did not, it was unclear if
the same tendency would be observed in cows displaying different intensity of estrus (strong RI vs. moderate RI) in estradiol cypionate induced events. The
pre-ovulatory follicle diameter was not correlated with
RI and did not differ between estrus events classified
as having strong or moderate RI in physical activity.
Concentrations of estradiol-17β produced by the preovulatory follicle and preceding diestrus concentrations
of progesterone are involved in triggering the expression of estrous behavior (Allrich, 1994; Forde et al.,
2011; Reames et al., 2011). Some studies have shown
that there is no correlation between pre-ovulatory follicle diameter and plasma estradiol in lactating dairy
cattle (Sartori et al., 2004; Madureira et al., 2015).
Although estradiol concentration at onset of estrus has
been observed to be approximately 1 pg/mL greater
in cows expressing high intensity estrus (Madureira et
al., 2015), correlation between estradiol concentration
in serum and estrus activity levels is surprisingly weak
(Aungier et al., 2015; Madureira et al., 2015). Progesterone concentration in serum was not measured at the
beginning of the timed AI protocol in this experiment,
but cows that had a corpus luteum at the start of the
timed AI protocol were more likely to have a high intensity estrus at the moment of AI and also more likely
to ovulate. In addition, concentrations of progesterone
7 d after AI were greater in cows displaying strong RI
estrus at AI than those that displayed estrus of lower
intensity. Collectively, the results from the ovarian
function suggest that progesterone is a key modulator
that led to estrous expression of higher intensity and
greater fertility. Increases in progesterone concentration post-AI have been reported to sustain embryo and
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fetal development (Bisinotto et al., 2010a), which may
be caused by the changes in the progesterone receptor profile within the endometrium (Lonergan, 2011).
This relationship could have contributed to the increase
in pregnancy per AI and reduction in pregnancy loss
found in cows with strong RI in this study. Along with
the same rationale of progesterone as the main driver
for strong RI estrus events and greater fertility, the
concentration of progesterone at AI, which was not
evaluated in this study, could be another possible factor
associating estrous expression and fertility. Increases in
circulating progesterone concentration at AI have been
related to inadequate luteolysis and reductions in fertility in dairy cattle (Wiltbank et al., 2012). Souza et al.
(2007) reported that progesterone concentration 48 h
after PGF2α treatment above 0.5 ng/mL reduced pregnancy per AI by 50%. Similarly, Pereira et al. (2013b)
used the same synchronization protocol as the current
study and found that concentrations of progesterone
near AI above 0.1 ng/mL resulted in decreased fertility (≤0.09 ng/mL = 34.1% vs. ≥0.1 ng/mL = 20.8%).
Progesterone can potentially alter oocyte transport in
the oviduct by affecting contractility (Hunter, 2005),
as well as reducing embryo development (Silva et al.,
1999), which can lead to decreased fertility.
The differences in ovulation rates between strong
and moderate RI, although significantly different (P
< 0.05), are more modest (94.9 vs. 88.2%). The differences in ovulation rate found in this study do agree with
the findings from Burnett et al. (2018), who used only
spontaneous estrus events, and may at least partially
explain the fertility outcomes. Nevertheless, when only
cows had an ovulatory follicle were analyzed, the same
association of strong RI resulting in higher pregnancy
per AI was found. The fact that estradiol cypionate
was used to induce ovulation and that concentration of
estradiol was likely elevated in both groups, raises the
possibility that estrogen receptors might also be key
to explain the differences in fertility between strong
and moderate RI groups found in this study. Cows
might have a large individual variation in the ability to
express estrogen receptors in the endometrium and in
the hypothalamus. Probably some cows or some estrus
events are more likely to translate circulating estradiol
concentrations into optimal expression of estrus and
adequate uterine environment for embryo development.
To some extent, the LH surge is another possible factor
to explain the results in fertility found herein between
cows that displayed strong and moderate RI estruses,
but further studies are necessary to confirm this hypothesis.
Parity influenced estrus intensity, as multiparous
cows expressed lower RI at the moment of AI. This is
in agreement with other studies (López-Gatius et al.,
Journal of Dairy Science Vol. 102 No. 4, 2019
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2005; Madureira et al., 2015) using spontaneous estrus
and different AAM systems. López-Gatius et al. (2005)
reported that for each additional lactation, walking activity at estrus was reduced by 21.4%. Contrary to these
results, Walker et al. (1996) described that duration of
estrus was shorter for primiparous than for multiparous
lactating dairy cows. Additionally, BCS at estrus tended to affect RI, as cows with lower BCS tended to have
lower estrus intensity. The BCS has been consistently
shown to be one of the strongest factors associated with
a RI in physical activity and duration at estrus detected
by AAM (Løvendahl and Chagunda, 2010; Madureira
et al., 2015; Silper et al., 2017; Burnett et al., 2017).
Poor BCS has been associated with delayed display of
estrus postcalving, longer interval to first service and to
conception, and reduced pregnancy to first AI (Roche
et al., 2009). The transition period in dairy cows has an
important role in reproductive success and likely affects
the intensity of estrous expression. After calving, cows
experience negative energy balance, which has negative
effects on fertility through metabolic and endocrine
modulations in the liver, ovary, and functioning of the
uterus (Wathes et al., 2007b). Cows that experience an
intense negative energy balance (lower insulin, glucose,
and IGF-I) have reduced LH pulse frequency, which
decreases the synthesis of estradiol by the preovulatory follicle (Butler, 2003). The IGF-1 in particular
is a growth factor essential to follicular growth and
estradiol synthesis (Garnsworthy et al., 2008) and has
functional interactions with estrous cycles and sexual
behavior (Woelders et al., 2014).
No correlation was observed between milk production
and RI of activity; however, when categorized by quartiles, greater milk production was associated with lower
RI. The increased individual milk production has been
negatively associated with standing to be mounted at
estrus (Lopez et al., 2004; Rivera et al., 2010), which
overall agrees with the findings from this study. A possible cause for the decrease in estrus-related behaviors
might be the decrease in ovarian steroid concentrations, mainly progesterone, which occurs in response
to increased hepatic blood flow and steroid clearance
in lactating dairy cattle (Sangsritavong et al., 2002;
Vasconcelos et al., 2003).
CONCLUSIONS

Greater estrous expression at timed AI improved
ovulation rates and pregnancy per AI, and reduced
pregnancy loss. These results provide further evidence
that measurements of estrous expression, even in timed
AI programs, might be a reliable predictor of fertility
and could be used as a tool to assist in the decision makJournal of Dairy Science Vol. 102 No. 4, 2019

ing of reproduction strategies at the farm level. Cows
that had greater estrous expression also had greater
circulating concentration of progesterone 7 d post-AI,
providing evidence of improved ovarian function following those high intensity estrus events. The improvement in fertility with increased estrous expression was
also linked with reduced pregnancy loss, which further
supports the notion that the endometrium environment
is significantly affected by the mechanisms that cause
greater intensity of estrus.
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