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Abstract

Autonomic nervous function evaluated by heart rate variability (HRV) and blood characteris-
tics were compared between Holstein Friesian cows that developed postpartum fever (PF; n
=5) and clinically healthy (CH; n = 6) puerperal cows in this case-control study. A cow was
defined as having PF when its rectal temperature rose to >39.5°C between 1 and 3 days
postpartum. We recorded electrocardiograms during this period using a Holter-type electro-
cardiograph and applied power spectral analysis of HRV. Comparisons between the groups
were analyzed by ttest or Mann-Whitney Utest, and the relationship between rectal temper-
ature and each parameter was analyzed using multiple regression analysis. Heart rate was
higher in PF cows than in CH cows (Mean + SE, 103.3 £ 2.7 vs. 91.5 + 1.7 bpm). This result
suggested that PF cows had a relatively dominant sympathetic nervous function. Total
(44,472 £ 2,301 vs. 55,373 £ 1,997 ms) and low frequency power (24.5+3.8vs. 39.9+5.3
ms) were lower in PF cows than in CH cows. These findings were possibly caused by a
reduction in autonomic nervous function. The total white blood cell count (54.3 £ 5.1 vs. 84.5
+ 6.4 x10%/uL) and the serum magnesium (2.1 + 0.1 vs. 2.4 + 0.1 mg/dL) and iron (81.5 + 8.0
vs. 134.4 + 9.1 ug/dL) concentrations were lower and the serum amyloid A concentration
(277 £ 33 vs. 149 + 21 ug/mL) was higher in PF cows than in CH cows. These results imply
that more inflammation was present in PF cows than in CH cows. Multiple regression analy-
sis showed that both of low frequency power and concentration of serum iron were associ-
ated with rectal temperature. We found differences in changes in hematologic results,
biochemical findings, and HRV patterns between PF cows and CH cows.

Introduction

The maintenance of core body temperature is under neuronal control. Fever is defined as a
hyperthermic state with an elevated set point. Initiation of the febrile state can occur by a vari-
ety of infectious, inflammatory, immunologic, or injurious conditions. In dairy cows,
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postpartum fever (PF) is predominantly caused by metritis, but mastitis and birth canal inju-
ries can also result in PF. Zhou et al. [1] estimated that 20-40% of postpartum cows are febrile
during the first 10 days of the postpartum period, and they reported that early treatment of PF
with antibiotics considerably improved rectal temperature, cure rate, and milk yield. There-
fore, PF is considered a typical perinatal disease of dairy cows that negatively affects
productivity.

The environment of the cows and the human interventions required for herd management
can impose physical and/or psychological stress on the cows [2]. In addition to typical exami-
nation of stress-related hormone such as cortisol, autonomic nervous function represented by
heart rate variability (HRV), have been utilized to assess stress in recent years [3]. The auto-
nomic nervous system (ANS) influences the rate of depolarization of the sinoatrial node of the
heart, which is its pacemaker [4]. Changes in the mean heart rate reflect the activity of both the
sympathetic and parasympathetic nervous systems, but analysis of HRV permits a more
detailed interpretation of ANS activity. HRV parameters of time, frequency, and nonlinear
regions can be assessed using ventricular depolarization interval (R-R interval), which reflects
the balance between sympathetic and parasympathetic activity, and a more detailed interpreta-
tion of autonomic activity can be provided [5]. Stress or painful procedures have been reported
to cause a reduction in parasympathetic (vagal) tone, an increase in sympathetic activity, and a
reduction in HRV [5]. The parameters that are commonly assessed in HRV analyses include
mean heart rate, low frequency power (LF), high frequency power (HF), and the LE/HF ratio.
The HF is generally recognized to reflect the modulation of the parasympathetic nervous sys-
tem, specifically of the vagal nerve [6, 7]. Thus, a reduction in HF values suggests a shift toward
sympathetic activity, whereas an increase in HF values suggests a shift toward vagal activity.
The LF is thought to be closely associated with variations in peripheral vasomotor tone, reflect-
ing a 10-sec cycle of blood pressure (also known as the Mayer wave) [8, 9]. LF may be used as a
stress indicator in dairy cows [10], but because it is affected by both the vagus and sympathetic
nerves [6, 11], it has been suggested that is an inadequate marker of sympathetic nerve activity
[3, 12, 13]. The LF/HF ratio provides important information regarding the balance of sympa-
thetic and vagus nerves, with higher values being interpreted as shifts toward predominant
activation of the sympathetic nervous system [10, 14, 15]. Clinical research in cattle has shown
effects of various stressors, such as calving [15-17], heat stress [18], castration [19], dehorning
[20, 21], lameness [22], and postoperative pain [23] on HRV. However, to our knowledge,
there have been no studies that have evaluated the relationships between perinatal disease and
autonomic nervous activity in dairy cows.

Our study objective was to clarify the changes in the balance of ANS in the postpartum
dairy cow during the early stage of fever. In our study, cows with a rectal temperature >39.5°C
within the first 3 days after calving and no other perinatal diseases, such as mastitis or hypocal-
cemia, were defined as having PF. HRV was recorded and compared with measurements
obtained in CH cows. In addition, hematologic and serum biochemical examinations were
performed to aid interpretation of the HRV data.

Materials and methods

Twenty-two Holstein-Friesian cows that calved at the Field Center of Animal Science and
Agriculture, Obihiro University of Agriculture and Veterinary Medicine during October-
November 2017, September-November 2018, or August-October 2019 were used in the study.
The average predicted 305-day milk yield of the herd was 13,400 kg. The average milk protein
and fat content of the herd were 3.47% and 3.97%, respectively. Cows that were close to the
expected date of calving were kept at an outside paddock, to monitor regularly for signs of
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calving, such as a reduction in body temperature, relaxation of the pelvic ligaments, and teat
and udder enlargement. Cows that were determined to be approaching parturition were
moved to a pen in a barn and observed at regular rounds and using web cameras. Upon deliv-
ery, dams were allowed to lick their calves for about an hour, after which they were separated
before sucking first colostrum, and the calves were moved to a calf pen that was not visible to
the dam. The dams were milked using vacuum pump-type milking equipment and a bucket
twice daily, in the morning and evening, and milk yield was recorded. Foremilk was examined
routinely via the Californian mastitis test (CMT) using a PL-tester (Zenoaq, Koriyama,
Fukushima, Japan). Cows with CMT-positive quarters were excluded from the study and
treated by the veterinarians. During the first 24 h after calving (day of calving), dams were left
in the calving pen and not sampled. If they exhibited no problem getting up, they were then
moved to a tie-stall the day after parturition (1 day postpartum). Sampling was performed
between 1 and 3 days postpartum. All protocols and procedures were approved by the Animal
Care and Use Commiittee, Obihiro University of Agriculture and Veterinary Medicine
(approval no. 19-44). The individual pictured in Fig 1 has provided written informed consent
(as outlined in PLOS consent form) to publish their image alongside the manuscript. Because
the present study did not include any painful procedures, no anesthetics or analgesics were
used. After the experiment, the cows were managed in the same way as other milking cows on
the farm, and their milk was collected and shipped to the commercial milk company.

Cows with no clinical abnormalities during the study were defined as CH cows (n = 5).
Cows with a temperature of >39.5°C on 1-3 days postpartum were defined as PF cows (n = 6).
A cow that developed hypocalcemia with serum calcium concentration of 3.5 mg/dl was
excluded from the data analysis. Even in the absence of clinical signs, cows that experienced
dystocia (n = 1) or stillbirth (n = 1) and those who developed retained fetal membranes (n = 3)
were excluded from the data analysis of CH cows. In addition, the cow whose electrocardio-
graph was out of place during the study (n = 5) was excluded from the data analysis.

Between 10:00 and 15:00, a general physical examination, including the measurement of
rectal temperature, was performed, and 15 ml of peripheral blood was collected into 10 ml vac-
uum tubes (Venoject II VP-P100K, Terumo Corp., Tokyo, Japan) and 5 ml vacuum tubes con-
taining ethylenediaminetetraacetic acid (EDTA) (Venoject II VP-NAO050K, Terumo Corp.) by
tail venipuncture using 21 gauge x 1% inch needles (MN-2138MS, Terumo Corp.). Well-
trained veterinarians collected blood samples so as not to stress the cow. The samples contain-
ing EDTA were used for complete blood counts. Tubes without EDTA were centrifuged for 15
min at 1,000xg after incubation (37°C, 30 min). Serum was withdrawn and frozen at -30°C
for serum amyloid A (SAA), cortisol, and other biochemical analyses at a later date. After
blood sampling, electrode pads (Skintact Electrode FS-50, Leonhard Lang GmbH, Innsbruck,
Austria) were attached to the left side of the chest of each cow after removing the hair using
clippers at three sites: slightly ventral caudal to the withers, immediately caudal to the scapula,
and caudal to the elbow (fifth-seventh intercostal spaces); the electrodes were covered with
adhesive and electrode fixing pads (Goodtact, Fukuda ME Kogyo Co., Ltd., Tokyo) to avoid
dislodgment after the attachment of the guidance cords (Cords for animals, DP-20-3001,
Fukuda ME Kogyo Co., Ltd., Tokyo) (Fig 1). The electrodes were also covered with a self-
adhesive elastic bandage (PowerFlex Equine 47, Andover Healthcare, Inc., Salisbury, MA) and
a felt belt to permit long-term measurement (Fig 2). Electocardiograms were recorded with
baseapex leads using a Holter-type electrocardiograph (SM-50; Fukuda Denshi Co., Ltd.,
Tokyo, Japan) for about 24 hours.

An automated blood cell counter (Celltac alpha, MEK-6358, Nihon Kohden Corporation,
Tokyo, Japan) was used to determine the white blood cell count (WBC), red blood cell count,
hemoglobin concentration, hematocrit, and platelet count in EDTA-anticoagulated whole
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Fig 1. The electrodes are attached to the left side of the chest of the cow after hair removal. The electrocardiographic waveform can be confirmed by monitoring a

Holter-type electrocardiograph.

https://doi.org/10.1371/journal.pone.0242856.9001

blood. Glucose, lactate, non-esterified fatty acid (NEFA), total cholesterol, triglyceride, beta-
hydroxybutyrate, urea nitrogen, creatinine, albumin, aspartate aminotransferase, gamma-glu-
tamyl transferase, calcium, inorganic phosphorus, and magnesium (Mg) and iron (Fe) concen-
trations were measured in serum using an automated biochemistry analyzer (TBA120FR,
Toshiba Medical Systems, Inc., Tochigi, Japan). SAA, an acute inflammatory marker, was mea-
sured using commercially available enzyme-linked immunosorbent assay kits (Tridelta Phase
Range kit, Tridelta Development Ltd., Wicklow, Ireland). Serum cortisol concentration mea-
surements were outsourced to the Obihiro Clinical Laboratory, Inc. (Obihiro, Japan). The
intra- and inter-assay coefficient of variation and the sensitivity range for all of these metabo-
lites are shown in S1 Table.

The recorded ECGs were analyzed with an ECG processor analyzing system (SRV-2W,
Softron Co., Ltd., Tokyo, Japan) as described previously [24]. The program first detected R
waves and calculated the R-R interval tachogram as the raw heart rate variability in sequence
order. If there were artifacts in ECGs, these areas were omitted and excluded from the analysis.
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Fig 2. The electrodes, guidance cords, and a Holter-type electrocardiograph are covered with a self-adhesive elastic bandage and a felt belt to permit long-term
measurement.

https://doi.org/10.1371/journal.pone.0242856.9002

From this tachogram, data sets of 512 points were resampled at 200 msec. We applied each set
of data to the Hamming window and a fast Fourier transform to obtain the power spectrum of
the fluctuation. The low frequency (LF) power was set at 0.04-0.1, and the high frequency
(HF) power was set at 0.1-1.0 Hz. We set a wider HF power range compared with an earlier
study [14], because respiration rate may increase when cows are sick. Heart rate, the LF power,
the HF power and the LF/HF ratio were obtained from each recording, and the values were
used as indices of autonomic nervous function. Under certain weather conditions, HRV may
have a circadian rhythm [25]. Cows reportedly relax at night, and parasympathetic activity pre-
dominates. Furthermore, during the present study, people were constantly entering and exit-
ing the cow facility during the day, meaning that the cows may not have been able to relax.
Therefore, the mean data values obtained during the period between 22:00 and 04:00, when
there was no human entry or exit, were used for intra- and inter-group comparisons.
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Statistical analysis

Multiple regression analysis including the baseline characteristics (i.e., year and month of calv-
ing, age, and parity) as explanatory variables was performed to examine the impact on the
average rectal temperature during the study. Repeated measures analysis of variance
(ANOVA) was performed only in cows in which all data of postpartum days 1-3 were avail-
able to examine the within-group variability, the between-groups variability, and interactions.
Data for each group at each parameter were examined by Chi-Square goodness-of-fit test to
check whether a sample population follows an approximately normal distribution. Differences
between the groups were analyzed using Student’s ¢ test or Welch’s ¢ test when the data fol-
lowed normal distribution. Differences between the groups were analyzed using the Mann-
Whitney U test when the data did not follow normal distribution. To determine the magnitude
of the impact on rectal temperature during the study, we performed multiple regression analy-
sis using the measurements that differed significantly between the two groups as explanatory
variables. All statistical analyses were performed using Excel statistics (Statcel4, Oms Publica-
tions, Tokorozawa, Saitama, Japan), and P < 0.05 was regarded as statistically significant.

Results and discussion

The baseline characteristics and rectal temperatures of the CH and PF groups are shown in
Table 1. Significant effects of year (F = 1.33, P = 0.29) and month (F = 0.80, P = 0.41) of calv-
ing, age of dams (F = 2.45, P = 0.17), and parity (F = 2.42, P = 0.17) on the average rectal tem-
perature during days 1 to 3 postpartum were not observed in the multiple regression analysis.

Repeated measures ANOVA was performed only for cows for whom all data of postpartum
days 1-3 were available (Table 2). In the HRV parameters, no significance was observed in
between-groups variability, within-group variability, or interaction. Statistically significant
between-groups variability was observed for white blood cells, serum amyloid A, and iron.
There was significant within-group variability for white blood cells, red blood cells, hematocrit,
serum amyloid A, lactic acid, total cholesterol, triglyceride, creatinine, and magnesium. Inter-
action was observed for platelets and serum amyloid A.

Table 1. Baseline characteristics of cows used in this study and rectal temperature at 1 to 3 days after calving.

Cow No. Year and month of calving Age at calving Parity Rectal temperature °C
Day 1 Day 2 Day 3

Clinically healthy cows

No. 633 Sep. 2018 6.8 5 38.8 38.8 39.1

No. 789 Oct. 2018 3.0 2 38.9 38.8 38.8

No. 844 Oct. 2018 1.8 1 39.3 38.8 38.9

No. 831 Nov. 2018 2.1 1 38.7 38.5 39.2

No. 819 Sep. 2019 33 2 39.1 39.2 39.3
Cows with PF*

No. 742 Nov. 2017 3.2 2 38.7 39.8 41.0

No. 837 Sep. 2018 1.8 1 38.7 39.7 40.2

No. 838 Sep. 2018 1.8 1 41.6 41.0 -

No. 606 Nov. 2018 7.6 6 - 39.8 40.1

No. 826 Aug. 2019 3.0 2 - 39.0 39.7

No. 845 Oct. 2019 2.8 2 38.8 39.6 40.5

* PF: Postpartum fever

https://doi.org/10.1371/journal.pone.0242856.t001
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Table 2. Results of repeated measures ANOVA only for cows with all data of postpartum days 1-3 days (five healthy cows and three with postpartum fever).

Heart rate

Total power

LF®

HF*

LF/HF

White blood cells
Red blood cells
Hemoglobin
Hematocrit
Platelets

Cortisol

Serum amyloid A
Glucose

Lactic acid

Non-esterified fatty acid

Total cholesterol
Triglyceride
Urea nitrogen
Creatinine
Albumin

Aspartate aminotransferase

v-glutamyltransferase

Calcium

Inorganic phosphorus

Magnesium

Iron

https://doi.org/10.1371/journal.pone.0242856.t1002

Between groups variability Within-group variability Interaction
0.09 0.44 0.75
0.10 0.47 0.89
0.32 0.16 0.10
0.41 0.44 0.54
0.28 0.94 0.97
0.03 0.01 0.20
0.68 0.04 0.70
0.52 0.07 0.90
0.92 0.04 0.86
0.94 0.22 < 0.01
0.64 0.29 0.48
0.01 < 0.01 < 0.01
0.58 0.64 0.20
0.97 0.04 0.56
0.26 0.13 0.14
0.68 < 0.01 0.56
0.45 0.03 0.94
0.34 0.14 0.06
0.39 0.02 0.07
0.76 0.33 0.17
0.66 0.48 0.69
0.53 0.64 0.17
0.26 0.13 0.50
0.44 0.68 0.79
0.05 < 0.01 0.77
0.01 0.46 0.50

The results of the analysis of the HRV parameters between 22:00 and 04:00 are shown in
Table 3.

Heart rate was significantly higher in PF cows than in CH cows. High frequency power of
PF cows was lower than that of CH cows, although there was no statistical significance. Total
and low frequency power were significantly lower in PF cows than in CH cows.

Heart rate is determined by the depolarization frequency of pacemaker cells in the sinoatrial
node. The ANS, comprising sympathetic and parasympathetic divisions, exerts a major influ-
ence on these pacemaker cells. Sympathetic nerve activity leads to the release of noradrenaline,
which binds to B1 receptors on sinoatrial cells, making them more susceptible to depolariza-
tion and increasing the heart rate. In contrast, parasympathetic activity causes the release of
acetylcholine, which binds to muscarinic receptors on the sinoatrial cells, raising the threshold
for depolarization and reducing the heart rate [26]. The mean heart rate of the cows between
22:00 and 04:00 was significantly higher in the PF group than in the CH group, which suggests
that the autonomic balance in the PF group had shifted toward predominant sympathetic acti-
vation. Actuary HF power showed a numerically lower value in the PF group than in the CH
group. These findings were possibly the result of a relatively dominant sympathetic nervous
function caused by a decreased parasympathetic nervous function.

The LF/HF ratio was significantly lower in the PF group than in the CH group. In general,
LE/HF ratio is believed to be an indicator of sympathetic and parasympathetic balance, and
thus a decrease in LF/HF ratio suggests parasympathetic predominance. However, differences
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Table 3. Heart rate variability parameters collected from 10:00 p.m. to 4:00 a.m. in cows 1-3 days after calving. The results are shown as mean + standard error. Only
results of LF and LF/HF ratio were shown as median value (25-75 percentile) because a sample population does not follow normal distribution.

Number of cows
Number of samples
Heart rate (bpm)
Total power (ms)
LF® (ms)

HF¢ (ms)

LF/HF (ratio)

 PF: Postpartum fever
® LF: Low frequency power
© HF: High frequency power

https://doi.org/10.1371/journal.pone.0242856.t003

Clinically healthy cows Cows with PF* P-value
5 6
15 15
915+ 1.7 103.3 +2.7 <0.01
55,373 + 1,997 44,472 + 2,301 <0.01
399+53 24.5+ 3.8 0.02
3.8 (3.0 - 5.4) 3.3 (1.9 - 5.0) 0.15
129 (11.2 - 16.1) 10.4 (7.8 — 11.5) <0.01

in total power of HRV probably influenced this result, which is not consistent with the mean
heart rate data. The total power of HRV is the sum of all the HF, LF, and very low frequency
power during the 102.4-sec measurement. This value reflects the amount of ANS activity,
which is predominantly sympathetic. In the present study, the total power of HRV was signifi-
cantly lower in the PF group than in the CH group, implying that the overall ANS activity was
lower. Because it is heavily influenced by the total power of HRV, it was difficult to accurately
evaluate the balance of autonomic nervous function with the LE/HF ratio in this study. To the
best of our knowledge, there have been no studies of the relationship between physical condi-
tion and total power of HRV in the field of veterinary medicine; however, in human medicine,
a reduction in total power of HRV has been observed in critically ill patients, such as in those
with sepsis [27-29].

The results of hematologic and serum biochemical examination are shown in Table 4. The
WBC count and serum Mg and Fe concentrations were significantly lower and the SAA and
serum NEFA concentrations were significantly higher in the PF group than in the CH group.

SAA is a marker of acute inflammation, which was significantly higher in the PF group
than in the CH group. The SAA concentration has been reported to be low (mean 10-20 pg/
mL) in CH cows [30-32] and high (mean >200 pg/mL) in cows with inflammatory diseases,
such as acute mastitis [33]. Compared with previous studies of healthy cattle, CH cows in the
present study had higher SAA concentrations (mean 149 ug/mL). This was likely owing to the
physiological inflammation that occurs in the postpartum uterus. However, the SAA was sig-
nificantly higher in the PF group (mean 307 pg/mL) than in the CH group, suggesting that the
inflammation in cows affected by PF is more severe than the physiological inflammation that
occurs in CH postpartum cows. In human medicine, a reduction in WBC count, accompanied
with fever, is one of the diagnostic criteria for systemic inflammatory response syndrome [34].
The reduction in WBC count in peripheral blood results from the rate of migration of WBCs
to sites of local inflammation exceeding the rate of their replenishment from the bone marrow
or because of adhesion of WBCs to the vascular endothelium, which is promoted by lipopoly-
saccharides (LPS) from gram-negative bacteria [35]. It was also reported that experimentally
induced leukopenia was an acute response that occurs within approximately 12 hours after
administration of LPS, and recovered quickly thereafter [36]. In the present study, the WBC
count in the PF group was significantly lower than that of the CH group, which is consistent
with a stronger inflammatory response in the PF group.
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Table 4. Hematologic and serum biochemical parameters in cows 1-3 days after calving. The results are shown as mean + standard error. Only the results of red blood
cells, hemoglobin, glucose, lactic acid, total cholesterol, aspartate aminotransferase, and y-glutamyltransferase are shown as median value (25-75 percentile) because a sam-
ple population does not follow normal distribution.

Healthy cows Cows with PF* P-value

Number of cows 5 6

Number of samples 15 15

White blood cells (10%/uL) 84.5+ 6.4 543 +5.1 <0.01
Red blood cells (104/pL) 599 (574 — 650) 621 (598 — 637) 0.71
Hemoglobin (g/dL) 10 (9.2 -11.5) 9.6 (9.2 - 10.6) 0.90
Hematocrit (%) 32.8+0.6 32.8+0.7 0.96
Platelets (10%/puL) 33.6+2.5 355+2.3 0.56
Cortisol (ug/dL) 82+1.2 1.1+ 1.8 0.19
Serum amyloid A (ug/mL) 149 £ 21 277 £33 <0.01
Glucose (mg/dL) 64 (53 — 74) 59 (56 — 65) 0.53
Lactic acid (mg/dL) 132 (9 - 14.1) 12.3 (8.8 - 15.7) 0.88
Non-esterified fatty acid (umol/L) 389 £ 53 578 £ 72 0.04
Total cholesterol (mg/dL) 79 (70 — 86) 64 (59 — 84) 0.25
Triglyceride (mg/dL) 23+0.5 1.7+0.3 0.27
Urea nitrogen (mg/dL) 11.8+0.9 10.7 £ 0.8 0.36
Creatinine (mg/dL) 0.91 £+ 0.03 0.96 + 0.06 0.48
Albumin (g/dL) 34+0.1 33+0.1 0.49
Aspartate aminotransferase (IU/L) 85 (81 -97) 87 (73 — 105) 0.81
v-glutamyltransferase (IU/L) 20 (16 — 24) 15 (14 -21) 0.17
Calcium (mg/dL) 8.5+0.2 82+0.2 0.20
Inorganic phosphorus (mg/dL) 52+0.3 46+0.3 0.16
Magnesium (mg/dL) 24+0.1 21%0.1 <0.01
Iron (ug/dL) 1344+9.1 81.5+ 8.0 <0.01

* PF: Postpartum fever

https://doi.org/10.1371/journal.pone.0242856.t1004

Systemic inflammatory responses in animals induced by experimental doses of LPS have
been reported to reduce serum Mg in horses [37] and serum Fe in cattle [38]. In the present
study, the serum Mg and Fe concentrations in the PF group were lower than those in the CH
group. Further studies, including bacteriological assessments, may be necessary to determine
whether such changes in mineral concentrations are the result of an inflammatory response
associated with higher circulating LPS concentrations.

Serum NEFA concentration was significantly higher in the PF group than in the CH group.
A high NEFA concentration is generally interpreted as reflecting body fat mobilization, which
occurs during fasting and starvation [39, 40]. However, in the present study, none of the ani-
mals with a fever showed systemic signs, such as anorexia. The ANS, particularly sympathetic
nerve activity, has been reported to be involved in body fat mobilization [41]. Therefore, the
differences in NEFA concentrations in the present study may have been a consequence of the
differences in ANS balance.

Dot plots of measuring items with significant differences between the two groups were
shown in Fig 3A-3C. We also performed multiple regression analysis using the measurements
that differed significantly between the two groups as explanatory variables to determine the
magnitude of the impact on rectal temperature during the study. Multiple regression analysis
showed that LF and serum iron had significant effects on rectal temperature at 1 to 3 days after
calving (Table 5).
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Fig 3. a-c. Dot plots of measuring items with significant differences between the two groups. White circles represent
the values of clinically healthy cows (CH; n = 15), and grey circles are of cows that developed postpartum fever (PF;

n = 15). The crossbar indicates the average value of each group. In the figure of LF/HF ratio, the box indicates 25/75
percentiles, and the center line of the box indicates the median value. LF, Low frequency power; HF, High frequency
power.

https://doi.org/10.1371/journal.pone.0242856.9003

In the present study, cows with PF that occurred 1-3 days after calving were compared with
CH cattle to evaluate the early stages of the disease. Thus, whether similar results would be
obtained for subsequent sub-acute or chronic febrile diseases remains unclear. Moreover, the
interpretation of results may have been complicated by the presence of other perinatal diseases.
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Table 5. Factors affecting rectal temperature at 1 to 3 days after calving.

Explanatory variables F-value
LF*® 9.51
Iron 5.39
White blood cells 3.66
Serum amyloid A 0.66
Total power 0.44
Non-esterified fatty acid 0.43
Magnesium 0.30
Heart rate 0.04
LF/HE" 0.01

* LF: Low frequency power

® HF: High frequency power

https://doi.org/10.1371/journal.pone.0242856.t005

P-value Standardized partial regression coefficient Partial correlation coefficient
<0.01 0.70 0.57

0.03 -0.40 -0.46

0.07 -0.51 -0.39

0.43 -0.28 -0.18

0.52 -0.89 -0.15

0.52 0.12 0.14

0.59 -0.09 -0.12

0.85 -0.24 -0.04

0.92 -0.02 -0.02

Not only fever detection but also the combination with other findings will be needed to accu-
rately diagnose certain diseases, such as APM.

A limitation of this study was that the sample size was too small to perform sufficient epide-
miologic analysis. The cow whose electrocardiograph was out of place during the study was
excluded from the data analysis. Improving the mounting method of the electrocardiograph is
necessary to obtain the data more stably.

Conclusions

ANS activation was analyzed using heart rate, HRV, and blood parameters in cows with PF,
and changes different from those of CH cows were observed. This could provide useful basic
information for the development of wearable health management devices to monitor biologi-
cal signals.
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