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The objectives of this study were to assess indicators of metabolic status of grazing dairy cows
around parturition, and the relationship between these indicators with the resumption of
ovulations postpartum (ROP). Holstein multiparous cows (N=20) grazing on improved
pastures and supplementedwith concentrates were body condition scored and tail bled weekly
from wk −2 through +9 related to parturition. Plasma samples were analyzed for non-
esterified fatty acids (NEFA), leptin, insulin-like growth factor-1 (IGF-1) and progesterone (P4).
Data were analyzed with mixed models, logistic regression, with receiver operator
characteristic (ROC), and Cox regression analysis. Cows having Delayed Ovulation ([DO], ROP
on week ≥5) had lower BCS, and higher NEFAs than cows having a normal ROP around
parturition (BCS: 2.73±0.08 vs. 2.94±0.05, Pb0.05, and NEFA: 0.43±0.04 vs. 0.35±0.02 mM,
Pb0.10, respectively). Also, DO cows had lower BCS than normal herdmates (2.59±0.10 vs.
2.99±0.06, Pb0.01) around time of ROP, but they had similar NEFA, leptin and IGF-1. The risk
for DO increased as NEFA increased (0.4% and 0.5% per every increasing mM of NEFA in
prepartum and postpartum, respectively). The ROC curve showed that NEFA (prepartum and
postpartum) had areas of 0.85 and 0.80, and cut-off values of 0.39 and 0.47 mM. Finally, hazard
for ROP increased as prepartum IGF-1 increased, and it decreased as postpartum NEFA
increased. In conclusion, cowswith lower BCS and higher prepartum and postpartum NEFA had
higher odds for getting DO than herdmates with greater BCS and lower NEFA concentrations.
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1. Introduction

During postpartum period, resumption of ovulation (ROP)
in dairy cows is essential to achieve the goal of calving
interval b380 days. The fact that, the sooner a cow starts to
cycle postpartum, the higher is the fertility achieved during
the breeding period has long been recognized (Thatcher and
eproducción, Facultad
lata. Calle 60 y 118. La
663; fax: +54 221

ota).

All rights reserved.
Wilcox, 1973). In this sense, longer intervals to ROP are
associated with reduced fertility due to prolonged calving
intervals (McCoy et al., 2006). Cows having their ROP by
21 days have higher hazard for pregnancy than herdmates
having their ROP by 35–42 days (Galvão et al., 2010). Thus,
every day delay in the interval to ROP is linked to a delay of
0.41 days in the interval to conception (Darwash et al., 1997).
Recently, Delayed Ovulation (DO) has been defined based on
the measurement of its impact on reproductive performance
(Gautam et al., 2010). According to them, a ROP after 35 days
was significantly associated with lower risk for pregnancy
and longer calving to pregnancy intervals. The preoptic–
hypothalamic continuum is involved in nutritional sensing,
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control of appetite, and control of secretion of gonadotropins
(GnRH pulse generator, Chagas et al., 2007). The main factor
to modulate the GnRH pulse generator is energy balance (EB,
Beam and Butler, 1997, 1998; Canfield et al., 1990; Canfield
and Butler, 1990, 1991). The ROP occurs approximately 19 d
after EB nadir (Beam and Butler, 1999), and the lower the EB
nadir the longer is the interval between parturition and ROP
(de Vries and Veerkamp, 2000). As EB is difficult to assess
under farm conditions, some indirect estimators have been
tested (Clark et al., 2005). Among them, body condition score
(BCS) is considered a long term (static) EB estimator;
whereas, metabolic hormones like insulin, insulin-like
growth factor-1 (IGF-1), leptin, and metabolites such as
non-esterified fatty acids (NEFA), beta-hydroxybutyrate, and
glucose are considered short term (dynamic) EB estimators
(Chilliard et al., 1998). All these indicators of EB have also
been postulated as possible signals linking EB to GnRH pulse
generator and thus, to ROP (Beam and Butler, 1999; Diskin
et al., 2003; Wathes et al., 2003), but despite of all the
progress made on this field in the last decades the
physiological pathways for that link remain unknown
(Armstrong et al., 2003; Chagas et al., 2007). Dairy cows
under pastoral conditions have been reported to lose weight
and BCS during dry period and also to have high prepartum
NEFA concentrations (Cavestany et al., 2005, 2009a,b; Meikle
et al., 2004). Therefore, it is expected that grazing dairy cows
with lower BCS, higher fat mobilization (i.e.: higher NEFA
concentrations), and lower IGF-1 concentrations may suffer
from a longer interval to ROP and DO. The objectives of this
study were to assess: 1) metabolic indicators of EB around
parturition and around time of ROP as possible signals to
reproductive centers in grazing dairy cows, 2) the relation-
ship between these indicators on the week before and after
parturition with the likelihood for having Delayed Ovulation
(DO), and 3) the ability of these indicators to predict risk for
having DO.

2. Materials and methods

2.1. Animals & treatments

The study was conducted in the herd of the experimental
dairy farm of the National University of La Plata located in
Buenos Aires Province (35°36′ S, 60°32′ W, Argentina).
Multiparous Holstein cows (N=20) calving between Febru-
ary 15th and April 15th 2007 were enrolled in the study. Dry
cows were grazing on improved pastures (mixture of
legumes and grasses) and were given 3 kg/d of corn silage
at 1600 h. Lactating dairy cows were rotationally grazed on
improved pastures, and were given 6 kg/d of corn silage after
afternoon milking and 4 kg of a commercial concentrate (17%
crude protein, and 1.7 Mcal net energy of lactation/kg)
equally distributed twice daily in the milking parlor (0400
and 1600 h).

2.2. Sampling

Weekly scoring and sampling were performed from 2 wk
prepartum through 9 wk postpartum. Cows were body
condition scored (5-point scale, Edmonson et al., 1989
modified by Ferguson et al., 1994) and tail bled between
1400 and 1500 h during the prepartum period and between
1600 and 1800 h during the postpartum period (5–10 min
before afternoon milking). Blood samples were collected in
10 ml polystyrene vials containing 20 mg Na2EDTA and kept
in ice bath during sampling. Plasma was harvested within 2 h
post sampling and stored at −20 °C until analysis for
metabolites and hormones. Milk yield at first monthly milk
check (MY1) was obtained from dairy records. ROP was
checked by weekly blood P4 determination. A concentration
higher than 3.18 nM (1 ng/ml) was considered as indicator of
corpus luteum presence and thus of ROP (Harrison et al.,
1990; Senatore et al., 1996). Diagnostic criterion: cows having
their ROP on week ≥5 were considered as having DO
(Gautam et al., 2010).

2.3. Laboratory analysis

Blood plasma samples were analyzed for NEFA with a
commercial kit (NEFA-HR(2), Wako Chemicals, Richmond,
VA 23237, USA). Intra- and inter- assay coefficients of
variation were 5.7 and 7.8% respectively. The P4 radioimmu-
noassay (RIA) was performed with an antibody provided by
Dr. GD Niswender, and a labeled hormone (Progesterone
[1,2,6,7 3 H(N)], Dupont NEN, Boston, Massachussets, USA).
Assay sensitivity was 0.16 pmol/tube, and intra- and inter-
assay coefficients of variance were 7.5 and 11.9%, respectively
(Díaz-Torga et al., 2001). The IGF-1 RIA (Díaz-Torga et al.,
2001) was performed with the IGF-1 antibody (UB2-495,
Hormone Distribution Program, NIDDK) after acid-ethanol
extraction. Minimum detectable concentration was 0.33 nM.
Intra- and inter-assay coefficients of variation were 7.2 and
9.1%. Leptin RIA was performed by a double antibody method
with ovine-specific antiserum (Delavaud et al., 2002) and
recombinant bovine leptin (DS Labs, Webster, Texas, USA)
iodinated in our laboratory (Becu-Villalobos et al., 2007). The
minimumdetectable concentration of leptinwas 0.02 nM and
intra- and inter -assay coefficients of variation were 6.7 and
9.0% respectively.

2.3.1. Statistical analysis
Data are shown as LSM±SEM unless otherwise stated.

Statistical significance was set at Pb0.05, and a trend for
significance was set at Pb0.10. Only effects with Pb0.1 were
discussed. Cows having their ROP during postpartum week
≥5 were classified as DO. The cowwas the experimental unit.
The PROC MIXED of SAS 9.1 (SAS, 2003) was used to assess
changes of metabolic indicators during study period (Model
1) and around time of ROP (Model 2). Response variables
(BCS, NEFA, leptin, IGF-1) were analyzed as repeated
measures (week related to parturition in Model 1 or week
related to ROP in Model 2) with cow as a random effect and
week, DO (yes vs. no) and their interaction as fixed effects.
The slice statement was used to test the effect of DO for each
level of week. A polynomial contrast was used to test the
linear, quadratic and cubic effect of week. Another contrast
was used to compare prepartum vs. postpartum values in
model 1. The two mixed models for repeated measures were
defined as: Yijk=I+Wi+DOj+(W*DO) ij+Sk+e ijk, where
Yijk is the observed value of studied parameter, I is model
intercept, Wi is the effect of time (week related to parturition:
−2,…,9 [Model 1], and week related to ovulation: −3,…,3
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[Model 2]), DOj is the effect of DO (j: 1=no, 2=yes),
(W*DO)ij is the interaction term, Sk is the random effect of the
cow (k=1,…,20), and eijkl is the random error term. The
PROC MIXED of SAS 9.1 (SAS, 2003) was also used to assess
the effect of DO on milk yield at 1st milk check (MY1). The
third mixed model was defined as: Yij=I+DOi+Sj+e ij,
where Yij is the observed value of MY1, I is model intercept,
DOj is the effect of DO (j: no vs. yes), Sj is the random effect of
the cow (k=1,…,20), and eij is the random error term. The
covariance structure having the smallest Akaike's information
criterion and Schwarz's Bayesian criterion was used (Littell
et al., 2002). The PROC LOGISTIC of SAS 9.1 (SAS, 2003) was
used to test the effect of BCS, NEFA, IGF-1 and leptin
concentrations from week before and from week after
parturition (Prepartum and postpartum models, respective-
ly) on the likelihood for getting DO. The logistic models were
defined as Logit (π)=I+b1X1+b2X2+b3X3+b4X4 where π
is the log of the odds of the event (i.e.: DO); I is the intercept;
b1 through b4 are the parameters of the covariates X1 through
X4 representing the values of BCS, NEFA, Leptin and IGF-1 on
the week before and after parturition. Postpartummodel also
included the effect of BCS change during study period and of
MY1 as covariates. Modeling was performed using manual
backward elimination with an exclusion criteria set at
PN0.15. The continuous variables that remained in the logistic
models were evaluated with receiver operator characteristic
(ROC) analysis to determine a critical threshold for predicting
late cyclers by using SIGMAPLOT 10.0 (Systat, 2006) with a
pre-test probability of 0.25 and a cost ratio of 1. The ROC
curves analyze sensitivity vs. 1−specificity. Sensitivity was
the proportion of animals diagnosed as late cyclers that were
above a given threshold, and specificity was the proportion of
animals diagnosed as early cyclers that were below a given
threshold (Greiner et al., 2000). The critical threshold was the
point on the ROC curve that had the highest combined
sensitivity and specificity. Interpretation of critical threshold
was based on the area under the curve (AUC). Swets (1988)
suggested that the test is non-informative if the AUC is 0.5;
that it is accurate if AUC is 0.5–0.7; that it is very accurate if
AUC is 0.7–0.9; that it is highly accurate if AUC is 0.9–1.0; and
finally that it is perfect if AUC is 1. Likelihood ratio positive
(LR+) was the probability that a test result at or above the
threshold would be more likely to come from an animal later
diagnosed with the event (i.e.: DO). The PROC PHREG of SAS
9.1 (SAS, 2003) was used to test the effect of BCS, NEFA, IGF-1
and leptin concentrations from the week before and from the
week after parturition (Prepartum and postpartum models,
respectively) on the hazard for ROP. The Cox's proportional
hazard ratiomodelwasdefinedas Logh(t)=Logh0(t)+b1X1+
b2X2+b3X3+b4X4where Log h(t) is the log of the hazard of the
event (cycling) at time t; Log h0(t) is the log of baseline hazard
when all thevariables are zero (intercept); b1 throughb4 are the
parameters of the covariates X1 through X4 representing the
values of BCS, NEFA, Leptin and IGF-1 on the week before and
after parturition.

3. Results

Changes of metabolic indicators during study period
(Model 1) are shown in left panel of Fig. 1. The ROP was
observed on days 20.5±1.7 and 42.0±3.13 for normal
(N=15) and DO cows (N=5), respectively. Week had a
significant effect (Pb0.01) on BCS, IGF-1, and NEFA, and it also
had a linear effect (Pb0.01) on BCS and NEFA. In addition,
prepartum BCS was higher than postpartum BCS (3.19±0.04
vs. 2.87±0.02, Pb0.01), and prepartum IGF-1 concentrations
were higher than postpartum IGF-1 (31.67±1.65 vs. 23.47±
0.98 nM, Pb0.01). The DO cows had lower BCS, and higher
NEFA concentrations than normal herdmates (BCS: 2.73±
0.08 vs. 2.94±0.05, Pb0.05, and NEFA: 0.43±0.04 vs. 0.35±
0.02 mM, Pb0.10, respectively). Cows lost BCS during both
prepartum and postpartum periods (total decrease approx-
imately 0.6 of a unit of BCS). Plasma NEFA concentrations
increased prepartum to peak values at parturition, and then
decreased up to the end of study period. Plasma leptin
concentrations were relatively constant over the study
period. Plasma IGF-1 concentrations decreased prepartum
and fluctuated postpartum. Changes of metabolic indicators
around ROP (Model 2) are shown in right panel of Fig. 1.
Week had a linear effect (Pb0.01) on BCS and NEFA. DO cows
had lower BCS than normal herdmates (2.59±0.10 vs. 2.99±
0.06, Pb0.01). On the week of ROP, DO cows had lower BCS
than normal cows (2.60±0.12 vs. 2.90±0.07, Pb0.05), but
similar NEFA (0.34±0.07 vs. 0.37±0.05 mM, P=0.70),
leptin (0.17±0.05 vs. 0.19±0.03 nM, P=0.81), and IGF-1
concentrations (21.30±4.92 vs. 19.56±3.11 nM, early vs.
late Cycler, P=0.77). The MY1was similar for DO and normal
cows (21.40±2.47 vs. 20.92±1.59 kg/d, P=0.87).

In logistic regression analysis, NEFA concentration was the
only predictor variable remaining in both models. In the
prepartum model, the adjusted odds ratio (AOR) for NEFA
was 1.004 (95% CI=0.999–1.010, P=0.099), while in the
postpartummodel the AOR was 1.005 (95% CI=0.998–1.012,
P=0.088). Hence, the risk for DO increased 0.4% and 0.5% per
every increasing μM of NEFA in prepartum and postpartum,
respectively ([AOR−1]*100 was used to transform AOR into
percentage; Allison, 1995). Consequently, the risk for DO was
increased 40–50% per every 100 μM (0.1 mM) of increase in
NEFA concentration around parturition. The ROC curve
analysis showed for prepartum and postpartum NEFA that
AUCs were 0.85 and 0.80, cut-off values were 0.39 and
0.47 mM and LR+were approximately 3, so that DO cows
were 3 times more likely to come from cows having NEFA
concentrations above cut-off values (Table 1 and Fig. 2).

In Cox regression analysis, the only predictors remaining in
the models were prepartum IGF-1 (Hazard Rate, HR=1.022,
95% CI=0.996–1.048, P=0.097) and postpartum NEFA
(HR=0.990, 95% CI=0.978–1.001, P=0.084). Hence, the
hazard for ROP increased 2.2% per unit of increase in IGF-1
(ng/ml) anddecreased1%per μMof increase inNEFA([HR−1]*
100 was used to transform HR into percentage; Allison, 1995).

4. Discussion

The present study focused on the assessment of metabolic
indicators of EB around parturition and around time of ROP,
and the relationship between those indicators and interval to
ROP and risk for DO in grazing dairy cows. The main findings
of this study were, firstly, that DO cows had lower BCS and
higher NEFA around parturition than normal herdmates, and
also they had lower BCS around time of ROP than normal
cows; secondly, that risk for DO increased as NEFAs (pre- and
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Fig. 1. LSM±SEM values for BCS and for plasma NEFA, IGF1 and leptin concentrations from weeks related to parturition (left panel) and related to resumption of
ovulation postpartum (ROP, right panel) in grazing dairy cows. *Pb0.10, **Pb0.05, and ***Pb0.01.

Table 1
Receiver operator characteristic (ROC) curve analysis for metabolic in-
dicators (prepartum and postpartum) used as predictor variables for delayed
ovulation in grazing dairy cows.

ROC curve analysis

ROCa Cut-offb Sec Spd LR+e P

NEFA prepartum 0.85±0.1 0.39 1.00 0.67 3.00 0.039
NEFA postpartum 0.80±0.1 0.47 1.00 0.64 2.75 0.089

Delayed ovulation (DO) was defined as a cow having her first postpartum
progesterone rise (indicative of ovulation) on week ≥5.

a ROC: areaunder thecurveof receiver operating characteristic curve(X±SE).
b Cut-off: mM of NEFA.
c Se: sensitivity (proportion of cows diagnosed as DO that were above the

NEFA threshold).
d Sp: specificity (proportion of cows did not diagnose as DO that were

below the NEFA threshold).
e LR+: likelihood ratio positive. The area difference between the two

NEFA tests (prepartum NEFA vs. postpartum NEFA) is 0.05±0.17, Chi
squared=0.11, degrees of freedom=1, P=0.735.
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post-partum) increased, and thirdly, that hazard for ROP
increased as prepartum IGF-1 increased while that hazard
decreased as postpartum NEFA increased. So, from the blood
metabolites pattern of our cows, we suggest that NEFA may
play a role linking EB and reproduction. In fact, a direct action
of NEFA on hypothalamic energy centers has already been
demonstrated in rats (Lam et al., 2005). The NEFAs enter the
hypothalamic neurons by simple diffusion and are esterified
to fatty acil-CoA, so that neuronal pool size of fatty acil-CoA is
proportional to plasma NEFA concentration. Then, an increase
in neuronal pool size can deactivate neural pathways that
drive food intake, while a decrease in that pool size can
activate pathways stimulating food intake (Lam et al., 2005).
Therefore, according toplasmaNEFAprofile of our cows it could
be expected that a similar mechanism linking NEFA and
reproductive centers could be working. Consequently, NEFA
concentrations above a certain level would be interpreted as a
negative input by hypothalamic centers leading to a depression
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onGnRHpulse generator and thus delayingROP. That is, a NEFA
threshold could exist, above which reproductive centers are
inhibited leading to delayed ROP, and below which centers are
released and therefore, ROP shortly after parturition is possible.
According to ROC analysis and keeping in mind the small
sample size, NEFA threshold would be approximately 0.39 mM
for one week prepartumweek approximately 0.47 mM for one
week postpartum. The hypothesis of a NEFA threshold could be
supported becauseDO cows and normal herdmates ovulated at
similar NEFA (and also leptin and IGF-1) concentrations. So, it
seems that NEFA should decrease below a critical level for
ovulation to take place. That threshold couldbe reached shorter
after parturition by cowshaving high BCS and lowNEFA around
parturition (indicative of better EB) than their herdmates.
Therefore, cows having high NEFA around parturition (indic-
ative of poor EB) would take longer interval to ROP and suffer
from DO. To be cautious, it is possible that some of the effects
attributed to NEFA could have been caused by insulin that
regulates lipolysis (and NEFA concentration, Grummer, 1995)
and was not measured in this study.

The positive effect found of prepartum IGF-1 on hazard for
ROP could be explained by the stimulatory actions of IGF-1 at all
levels of thehypothalamic-pituitary-gonadal axis demonstrated
in vivo and in vitro (Daftary andGore, 2005; Diskin et al., 2003).
Particularly, on bovine theca cells in vitro, IGF-1 increased the
number of LH-binding sites and enhanced LH-induced produc-
tion of P4 (Stewart et al., 1995). Finally, Francisco et al. (2003),
by using multiple regressions, found that IGF-1 is a good
predictor of days to ROP and of plasma P4 concentration.

The difference in BCS and NEFA (and indirectly in EB)
found in our cows may be caused by a different level of dry
matter intake (DMI) and not by a difference in milk yield
because normal and DO cows had similar milk production at
the start of lactation. It is well known that EB is the main
determiner of ROP by controlling GnRH pulse generator and
thus LH pulsatility (Beam and Butler, 1997; Canfield et al.,
1990; Canfield and Butler, 1990, 1991). It has been proposed
that many metabolic hormones and metabolites could signal
EB to hypothalamic centers (Chagas et al., 2007). BCS, a
measure of size of fat store available for mobilization, and
NEFA, a measure of fat mobilization, are among them
(Grummer, 1995). So, it is clear that BCS (and IGF-1)
decreases and NEFA increases when EB becomes negative
for a long period (Cissé et al., 1991). Therefore, a higher BCS
would reflect a better EB during previous periods, and a lower
NEFA concentration, around parturition, would reflect a
better EB at that time, and both facts would result in an
earlier ROP as was observed in our cows. Current evidence
suggests that cows should calve down in a BCS of 2.75–3 and
not lose more than 0.5 of a unit of BCS between calving and
first service (Overton and Waldron, 2004).

The interest in NEFA monitoring at cow-level as a manage-
ment tool has been growing (Ospina et al., 2010a) and its
application seems promissory since high NEFA levels peripar-
tum were shown to be related to detrimental effects on both,
milk production and reproductive performance (Ospina et al.,
2010b). In the last decade, many direct interesting effects of
NEFA have been demonstrated. To cite some, high NEFA
concentrations have a toxic effect on granulosa cells in vitro
decreasing proliferation and steroidogenesis (Vanholder et al.,
2004) that could lead to a delay in ROP. In addition, high NEFA
(and GH) concentrations could antagonize insulin action and
create a state of insulin resistance decreasing the sensitivity of
the ovary to LH and FSH (Lucy, 2007) leading also to a delay in
ROP.Anyway, irrespectiveof themechanism linkingperipartum
fat mobilization with hypothalamic centers controlling repro-
duction, monitoring of NEFA on the week before and after
parturition could help to predict the probability of DO in grazing
dairy cows and deserves further attention. In this sense,
according to our data, the risk for DO increased 40–50% per
every 100 μM (0.1 mM) of increase in NEFA concentration
aroundparturition andDO cows are 3 timesmore likely to come
from cows having NEFA concentrations above cut-off values. In
linewith this, Bossaert et al. (2008) found that the proportion of
multiparous cows which ovulated by 40 d postpartum was
double for cows having lower prepartum NEFA concentrations.
In another work, cows that ovulate their first dominant follicle
postpartum had lower NEFA (b0.4 mM) than anovulatory
herdmates (Kawashima et al., 2007).

5. Conclusion

In conclusion, cowshavingDOhave lowerBCS andhigher fat
mobilization peripartum. As NEFA concentration increases the
risk for DO also increases and the hazard for ROP decreases.
Finally, the hazard for ROP increases as prepartum IGF-1
increases.
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