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H I G H L I G H T S

• We investigated heart rate variability in dairy cows in the periparturient period.
• Vagal tone activity decreased before the onset of calving restlessness.
• Vagal tone increased before calving and decreased after birth.
• Autonomic nervous system activity remained altered until 4–8 h after birth.
• Duration of calving affected cardiac activity during calving and 12–24 h after birth.
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Behavioural changes before calving can be monitored on farms; however, predicting the onset of calving is
sometimes difficult based only on clinical signs. Heart rate (HR) and heart rate variability (HRV) as non-
invasive measures of autonomic nervous system (ANS) activity were investigated in Holstein–Friesian cows
(N=20)with unassisted calvings in the periparturient period to predict the onset of calving and assess the stress
associatedwith calving. R–R-intervalswere analysed in 5-min timewindowsduring the following threemainpe-
riods ofmeasurement: 1) between 0 and 96 hbefore the onset of calving restlessness (prepartumperiod); 2) dur-
ing four stages of calving: (I) early first stage; between the onset of calving restlessness and the first abdominal
contractions; (II) late first stage (between the first abdominal contractions and the appearance of the amniotic
sac); (III) early second stage (between the appearance of the amniotic sac and the appearance of the foetal
hooves); (IV) late second stage (between the appearance of the foetal hooves and delivery of the calf), and
3) over 48 h following calving (postpartum period). Data collected between 72 and 96 h before calving restless-
ness was used as baseline. Besides HR, Poincaré measures [standard deviation 1 (SD1) and 2 (SD2) and SD2/SD1
ratio], the root mean square of successive differences (RMSSD) in R–R intervals, the high-frequency (HF) compo-
nent of HRV and the ratio between the low-frequency (LF) and the HF components (LF/HF ratio)were calculated.
Heart rate increased only following the onset of the behavioural signs, peaked before delivery of the calf, then de-
creased immediately after calving. Parasympathetic indices of HRV (RMSSD, HFnorm and SD1) decreased,whereas
sympathovagal indices (LF/HF ratio and SD2/SD1 ratio) increased significantly from baseline between 12 and 24
before the onset of calving restlessness. The same pattern was observed between 0 and 1 h before calving rest-
lessness. Following the onset of behavioural signs, parasympathetic activity increased gradually with a parallel
shift in sympathovagal balance towards parasympathetic tone, whichwas possibly a consequence of oxytocin re-
lease, which induces an increase in vagus nerve activity. Parasympathetic activity decreased rapidly between 0
and 0.5 h following calving andwas lower thanmeasured during all other stages of the study, while sympathetic
activity peaked during this stage andwas higher thanmeasured during any other stages. Between 0 and 4 h after
calving vagal tone was lower than baseline, whereas sympathovagal balance was higher, reflecting a prolonged
physiological challenge caused by calving. Vagal activity decreased, whereas sympathovagal balance shifted to-
wards sympathetic tone with increased live body weight of the calf during the late second stage of calving,
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suggesting higher levels of stress associatedwith the higher body weight of calves. All HRV indices, measured ei-
ther at the late second stage of calving and between 12 and 24 h after calving, were affected by the duration of
calving. Our results indicate that ANS activity measured by HRV indices is a more immediate indicator of the
onset of calving than behaviour or HR, as it changed earlier than when restlessness or elevation in HR could be
observed. However, because of the possible effects of other physiological mechanisms (e.g. oxytocin release)
on ANS activity it seems to be difficult to measure stress associated with calving by means of HRV between the
onset of calving restlessness and delivery. Further research is needed to enable more precise interpretation of
the prepartum changes in HR and HRV in dairy cattle.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Optimal reproduction is one of themost important aims of the dairy
industry. Parturition is a natural event that involves stress and pain to
the dam, therefore the period around calving is a very sensitive time
for dairy cows [1]. Monitoring individual cows in the periparturient
period is of great importance for decreasing neonatal losses, which is a
key to maintaining profitable production on dairy cattle farms [2].

Studying clinical and behavioural signs prepartum is of particular
interest in studies involving dairy cattle [3–5]. Labour is traditionally de-
scribed using three stages [6,7], although there is no clear end and start
to these stages, as they progress gradually [1]. Thefirst stage beginswith
uterine contractions when the cow becomes restless [8,9].

Changes in behaviours associated with calving can be monitored
automatically on farms [10] using sensors validated especially for the
measurement of lying behaviour [11,12]. Studies on predicting the
onset of calving based on non-behavioural external signs such as relax-
ation of the broad pelvic ligaments [13,14] or hyperplasia of the udder
[15] have been carried out extensively; however, variation in the exter-
nal signs was too great to obtain any valuable information [16,17].

In addition to clinical signs, several physiological markers have been
used to predict the time of calving with varying results. Although there
is evidence that dairy cows exhibit a distinct decrease in vaginal and
rectal temperatures commencing approximately 48 h before calving
[13,18,19], the detection of this decrease does not determine the onset
of calving precisely [20]. A drop in P4 concentrations before calving
has been detected using different on-farm tests [16,21], however, with-
out measuring any clinical or behavioural parameters.

Calving is physically challenging, causes considerable distress to
cows [9] and was ranked as one of the most painful conditions experi-
enced by cattle [22]. In animals, the parasympathetic branch of the
autonomic nervous system (ANS) plays a key role in regulating heart
rate (HR) in response to stress [23–25]. The non-invasive measurement
of HR and heart rate variability (HRV), i.e. the short-term fluctuations in
successive cardiac interbeat intervals, has increasingly been used for the
assessment of pain in calves [26,27] and cows [28,29]. Measurement of
cardiac vagal tone by means of the root mean square of successive
differences (RMSSD) in consecutive R–R intervals and the high-
frequency (HF) component of HRV has been found useful in numerous
studies investigating stress in dairy cattle under different physiological
conditions [30]. Reduced vagal tone was found in cows subjected to
waiting after parlour milking with non-voluntary exit [31], during
milking in a novel milking environment [32] and in calves exposed to
external stress or pathological loads [33].

The HF component is generally recognised to reflect parasympa-
thetic modulation of the heart influenced by baroreceptor input of
vagal receptivity [34,35]. Briefly, decreases in the values of HF reflect a
shift towards sympathetic dominance, while increased values indicate
a shift towards vagal activity. The low-frequency component (LF) is
thought to be closely associated with fluctuations of the peripheral
vasomotor tone and reflects the 10-s periodicities, or so-called Mayer
waves, of blood pressure [36,37]. LF has been used as a stress indicator
in dairy cattle [30], but in most cases it was found to be a poor marker
of sympathetic activity [33,38,39] as it is influenced by baroreceptor
modulation of both vagal and sympathetic pathways [34,40].

The LF/HF ratio provides essential information on the state of sym-
pathovagal balance in dairy cattle [30]. An increase in the LF/HF ratio
is interpreted as a regulatory shift towards sympathetic dominance
[41].

To calculate the geometric means of HRV, non-linear Poincaré plots
have also been used in dairy cattle studies [31,42] for assessing the
vagal regulation of cardiac dynamics. For a recent review on the use of
HRV for stress assessment in dairy cattle, see Kovács et al. [30].

To date, prediction of calving based on continuous and detailed
monitoring of the ANS in parallel with the animal's behaviour has not
been done.

The present study had a dual purpose. First, we investigated HR and
HRV parameters to test their usefulness in predicting the onset of calv-
ing by the assessment of stress-related changes in ANS activity associat-
ed with parturition. The second objective was to identify the impact of
certain circumstances of calving (time of day at birth, body condition
of the cow, live body weight of the calf, duration of calving) on the
animal's cardiac activity 1) between the appearance of the foetal hooves
and delivery of the calf and 2) between 12 and 24 h after calving.

2. Materials and methods

2.1. Animals

Our study was conducted as part of a larger research project on
metabolic, behavioural and physiological aspects of parturition at the
Prograg Agrárcentrum Ltd. in Ráckeresztúr, Lászlópuszta, Hungary,
which has a herd of 900 Holstein–Friesian cattle.

A total of thirty-five multiparous cows that calved between October
and December 2013 were selected from clinically healthy animals for
this study. Three animals that had assisted calving as well as two
cows, which were disturbed during parturition (one by her group
mates and another due to pharmacological treatment), were not includ-
ed. Three of the cows that calved before their expected calving date
were also excluded from the experiment due to too short measurement
lengths. One cowwas excluded because she started to calve during data
downloading. Three cows that calved in standing position were also ex-
cluded as it is well known that HRV is different in standing and lying
posture in cattle [39]. Two animals with postpartum health problems
(one with retained placenta and one that suffered from downer cow
syndrome) were also excluded from the study. Finally, 20 cows
(means ± SD; parity = 3.4 ± 1.2; BCS = 2.8 ± 0.3, locomotion score:
1.6 ± 0.2) were included with spontaneous calving that required no
calving assistance or other procedures.

2.2. Selection of animals

From approximately 4 weeks before calving, cows were kept in a
35 m × 20 m group pen including 60–70 animals, bedded with deep
straw. Animals were checked twice a day (at 7:00 a.m. and 6:00 p.m.).
During each observation, cows were first visually inspected from a dis-
tance for signs of raised tail or a suddenly enlarged, tense udder. Then,
after entering the pen, each cow was examined physically in standing
position. Criteria used for the selection of the experimental animals
included 1) enlargement of the vulva, 2) tenseness and filling of the
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