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Heart rate variability (HRV), heart beat-to-beat variations, is a measure of cardiac

autonomic functions, and HRVmonitoring using sensor technology can be a non-invasive

way to assess stress of animals. The objective of this study was to investigate the effect

of dietary vitamin A (VA) restriction to enhance beef quality on the physiological status

of fattening steers by HRV analysis. Six Japanese Black steers were equally allocated

into VA-restricted (RES) and VA-supplemented (SUP) groups. The RES steers were fed

VA-restricted diets from 11 to 20 months of age. The inter-beat intervals and blood VA

concentration were measured at 18 and 24 months of age. HRV parameters in time,

frequency, and non-linear domains were calculated using the inter-beat intervals. Blood

VA concentration was significantly lower in RES steers than in SUP steers at 18 months

of age (P < 0.05) but did not differ between the groups at 24 months of age. The HRV

analysis indicated greater sympathetic and lower parasympathetic activities in RES steers

than in SUP steers (P < 0.05). However, there were significant interactions of the group

and age on HRV parameters (P< 0.05), indicating that although RES steers at 18months

of age might suffer from slight stress, the response could recover to a level similar to SUP

steers at 24 months of age by the increase in blood VA concentration.

Keywords: fattening steers, heart rate variability, Japanese Black, marbling, vitamin A

INTRODUCTION

Healthy cardiac variation is characterized by irregular time intervals between heartbeats (von Borell
et al., 2007). The fluctuation of inter-beat intervals is expressed as heart rate variability (HRV),
which reflects the sympathetic and vagal activities of the autonomic nervous system. As a decrease
in HRV can be caused by an increase in sympathetic activity and/or withdrawal of vagal activity,
HRV is one of good indicators for assessing autonomic nervous system in response to various
stressors (Acharya et al., 2006). Until now, a variety of studies have investigated internal and
external stress factors that affect HRV in farm animals: e.g., diseases such as lameness (Kovács et al.,
2015), diarrhea (Mohr et al., 2002), and bovine spongiform encephalopathy (Konold et al., 2011),
and heat stress (Kitajima et al., 2021). Hence, HRV monitoring has gained notable attention as a
non-invasive technique for evaluating the stress levels of animals from the point of view of animal
welfare (Kovács et al., 2014).
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Intramuscular fat deposition and the desaturation of fat have
a major influence on the quality of beef; high intramuscular
fat and monounsaturated fatty acid content are properties that
can attract premium prices for beef (Siebert et al., 2006). Some
researchers have reported that restricting dietary vitamin A
(VA) can enhance beef marbling performance (Torii et al.,
1996; Oka et al., 1998; Ward et al., 2012) and increase
monounsaturated fatty acid content in adipose tissue (Siebert
et al., 2006; Gorocica-Buenfil et al., 2007). Consequently,
dietary VA restriction for fattening cattle has become a well-
known beef production technique especially in Japan (Irie
et al., 2006; Oishi et al., 2011; Han et al., 2014). However,
VA is an essential nutrient for the growth and development
of animal tissues (Villarroya et al., 1999). In Japan, NARO
(2008) indicated that blood vitamin A levels below 30 IU/dL
increase the risk of vitamin A deficiency in beef cattle, and
the animals can show VA deficiency symptoms when the blood
VA concentration is too low (Nade et al., 2003; NARO, 2008).
Moreover, vitamin A might also be a physiologically important
antioxidant that reduces cardiovascular disease (Palace et al.,
1999). The autonomic nervous system regulates heartbeats;
therefore, it may be possible that vitamin A restriction affects
the autonomic nervous system as a feedback control. Although
clear clinical symptoms of VA deficiency are now less likely
to be seen because of the establishment of dietary VA control
in Japan, VA restriction might still be a cause of subclinical
health problems in beef cattle (Uenishi et al., 2021). Therefore,
the present study investigated the effect of dietary vitamin
A restriction during the fattening period on the autonomic
nervous system of Japanese Black (a breed of Wagyu) cattle using
HRV analysis.

MATERIALS AND METHODS

Study Sites and Tested Animals
The experiment was conducted with the same design as that
of our previously study (Uenishi et al., 2021) at the Aichi
Agricultural Research Center (35◦ 16′ N, 137◦ 07′ E) in
Japan. Six clinically healthy Japanese Black fattening steers
with similar body weights (BW) at the start of the experiment
were equally allocated into two experimental groups (three for
each): VA-restricted (RES) and VA-supplemented (SUP) groups.
Each group was managed in pens under conventional housing
conditions and were fed individually with door feeder systems
three times a day. The steers had ad libitum access to water and
mineral blocks. The feeding regimens for the two groups were
the same as those reported by Uenishi et al. (2021). During the
growth stage (age 11–13 months), diets were gradually replaced
by those fed during the fattening stage for adaptation. During the
fattening stage, the steers were fed 10 kg of purchased concentrate
for fattening cattle (12.5 and 74.0% of crude protein and total
digestible nutrient per dry matter content, respectively) and
1.5 kg of rice straw per day from 14 to 19 months of age and
10 kg of the concentrate and 1 kg of rice straw per day after 20
months of age. The VA concentration in the concentrate was
gradually reduced from 11 to 14 months of age during the growth

stage for both groups. For RES steers, the VA concentration
was maintained at a low level (316 IU/kg of the concentrate)
until 20 months of age, and then increased to the same level
as that of SUP steers for the rest of the fattening period. The
SUP group, the steers were fed the concentrate mixed with
supplemented VA with a higher level of VA (2,316 IU/kg of the
concentrate) during the fattening period. At 21 months of age,
the steers were intramuscularly administered with 1,500 IU/kg
BW of VA. A trained technician and a veterinarian observed
the steers daily to check their health condition. All of the
animal experiments were approved by the Animal Use and Care
Committee of the Aichi Agricultural Research Center (Permit
Numbers: 29–95).

Data Collection
Blood VA concentrations, inter-beat intervals, and three-
dimensional acceleration of the steers were measured at 18
months of age (RES: 573± 28.4 kg BW, SUP: 601± 31.6 kg BW)
in spring 2017 and at 24 months of age (RES: 697 ± 48.0 kg
BW, SUP: 749 ± 40.9 kg BW). Blood samples for steers in each
group were collected by venipuncture, and after centrifugation
the plasma was stored at −30◦C with shading until VA analysis.
Then, the plasma VA concentration was determined for each
sample using high-performance liquid chromatography. The
inter-beat interval data (ms) of the steers were measured for
24 h using heart rate sensors (myBeat WHS-1, Union Tool
Co., Japan). Two sensor electrodes were placed on the steer’s
right shoulder and left anterior thorax, fixed to the body of
the steer using a homemade chest belt, similar to the method
described by Miwa et al. (2015). The electrode sites of the
steers were roughly shaved and covered with a conductive gel
to maintain electrode contact. Tri-axial acceleration data of the
steers were collected simultaneously using acceleration loggers
(USB Accelerometer X6-1A, X6-2A, and X6-1D, Gulf Coast Data
Concepts, Waveland, MS, USA), placed on the back of the steers
when the heart rate sensors were fixed. The data were recorded
at 10Hz (for X6-1A and X6-2A) or 12Hz (for X6-1D) with
16-bit resolution. Usually, a change in physical activity levels is
considered to be one of the major factors to affect HRV when
the change occurs during the period of analysis (Bernardi et al.,
1996). Therefore, in the present study, the effect of physical
activity onHRVwas considered using the vectorial dynamic body
acceleration (VeDBA) (Qasem et al., 2012) calculated from the
acceleration data.

HRV Analysis
The Kubios HRV 2.2 (Kubios LTD, Finland; Tarvainen et al.,
2014) was used for the analysis of inter-beat interval data, and
HRV parameters were calculated with 5min intervals based
on the Task Force of the European Society of Cardiology,
North American Society of Pacing and Electrophysiology (1996).
Artifacts of the data were removed using the artifact correction
algorithm of the software (Tarvainen et al., 2014). In addition, the
5min interval data including 5min averaged inter-beat interval
values outside the three-sigma range of individual datasets were
removed. A total of 3,335 inter-beat interval data, 827 and 843
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intervals for RES steers, and 823 and 842 intervals for SUP steers
at 18 and 24 months of age, respectively, were obtained for
the analysis. From the preprocessed data, the mean heart rate
(HR) and the following three HRV parameters per 5min were
calculated: the root mean square of successive inter-beat interval
differences (RMSSD) as a time domain parameter, the high-
frequency component (HF) from fast Fourier transformation as a
frequency domain parameter, and the percentage of determinism
(%DET) of recurrence quantification analysis (Eckmann et al.,
1987) as a non-linear parameter. The RMSSD is a primary
measure of time domain analysis, and the increase in RMSSD
can be interpreted as an activation of the vagal tone. Similarly, an
increase inHF is shown under the predominance of vagal activity.
In the present study, the range of HF was defined as 0.20–0.58Hz
with reference to von Borell et al. (2007). The%DET can show the
richness of deterministic structures of inter-beat intervals, and an
increase in this parameter expresses a decrease in HRV (Dabiré
et al., 1998), which can be interpreted as the predominance of the
sympathetic activity.

Statistical Analysis
Blood VA concentration was analyzed using a linear model
with the fixed effects of the groups of VA treatment, months
of age, their interaction, and animals nested within the groups.
In addition, the effects of the difference in VA groups on HR
and HRV parameters were analyzed using a similar model,
adding naturally log-transformed VeDBA value as a covariate.
Differences were evaluated by the least squares means with the
Tukey–Kramer comparison test with significant level (P<0.05).
All analyses were performed using PROC GLM in SAS 9.3 (SAS
Institute Inc, 2008).

RESULTS AND DISCUSSION

Blood VA concentration for steers was significantly lower in
RES steers (54.7 IU/dL) than in SUP steers (92.0 IU/dL) at 18
months of age (P < 0.05) but was not significantly different
between the two groups at 24 months of age (77.7 and 68.7
IU/dL for RES and SUP, respectively). All VA concentrations were
above the recommended minimum value given in the Japanese
Feeding Standard for Beef Cattle (30 IU/dL; NARO, 2008)
and no steers showed any clinical symptoms of VA deficiency,
indicating that dietary VA restriction was able to be controlled
as expected.

The effects of VA treatment and age on HR and HRV
parameters are presented in Table 1. The effect of VA treatment
was significant for HR, RMSSD, and %DET (P < 0.05). Lower
RMSSD and higher %DET in RES steers than in SUP steers
indicated higher sympathetic and lower vagal activities, whereas
HF was not significantly different between the VA treatments. As
for the effect of age, HR and RMSSD were significantly higher
at 24 months than at 18 months of age (P < 0.05). In addition,
the covariate of VeDBA was significant for HR, RMSSD, and
%DET (P < 0.05). In previous studies, the effect of physical
activity quantified by VeDBA was significant for HR and all
HRV parameters when HRV of animals was evaluated under
free-moving conditions (Oishi et al., 2018; Kitajima et al., 2021).

TABLE 1 | The effects of low vitamin A feeding and age on mean heart rate (HR)

and heart rate variability (HRV) parameters in the experimental Japanese Black

fattening steers.

Treatment1) Month of age

RES SUP 18 months 24 months

HR (bpm) 76.35 ± 0.19a 78.68 ± 0.19b 76.84 ± 0.19a 78.19 ± 0.19b

RMSSD (ms) 26.32 ± 0.25a 29.19 ± 0.25b 26.17 ± 0.26a 29.34 ± 0.25b

HF (n.u.) 16.56 ± 0.27 16.47 ± 0.27 16.32 ± 0.27 16.71 ± 0.27

%DET 99.56 ± 0.01b 99.51 ± 0.01a 99.54 ± 0.01 99.54 ± 0.01

a,bLeast square means ± standard errors with different superscripts differ significantly

between the treatments and between the months of age (P < 0.05).
1)RES: vitamin A restricted group, SUP: vitamin A supplemented group.

RMSSD: square root of the mean squared differences of successive inter-beat intervals

(ms), HF: normalized power of the high-frequency band (n.u.), %DET: the percentage of

recurrent points that appear in sequence (%).

Except for HF, the present results were similar to those of the
previous studies, despite the fact that all steers were managed
in relatively small feedlot pens under housing conditions in the
present study.

The interaction effect of VA treatment and age was also
significant for HR and all HRV parameters investigated (P <

0.05), thus simple main effects of VA treatment and age on HR
and HRV parameters were analyzed (Figure 1). At 18 months of
age, HR and RMSSD was lower and %DET was higher in RES
steers than in SUP steers (P < 0.05). However, no significant
differences in RMSSD and %DET were found between the VA
treatment groups at 24months of age. Furthermore, HR, RMSSD,
and HF significantly increased (P < 0.05) from 18 to 24 months
of age in RES steers, whereas no significant differences in the
parameters were found between the two months of age in SUP
steers. The results of the present study indicated that HRV was
reduced in RES steers relative to SUP steers during the VA
restriction period, but HRV was increased to a level similar to
that in SUP steers at 24 months of age. In contrast, our previous
study showed that the influence of latent VA deficiency caused
by dietary VA restriction on the physical activity of fattening
steers at 18 months of age still remained at 24 months of age
despite the increase in blood VA concentration (Uenishi et al.,
2021). One possible reason for the different results is that RES
steers in the present study might be desensitized to long-term
mild stress caused by the latent VA deficiency. Exposure to a
stressor of low intensity causes desensitization to that particular
stressor; it is possible for a stress system to stop responding, not
due to actual adaptation, but because of some mechanism that
suppresses the response (Ladewig, 2000). For example, Ladewig
and Smidt (1989) reported that increased secretion of cortisol
in bulls due to tethering disappeared and the return of the
basic secretion to normal occurred at the adrenal level, which
could involve desensitization of the cells, although the bulls did
not show any observable behavioral adaptations. Therefore, the
difference between the results of the present study and those of
Uenishi et al. (2021) implied that, in cattle recovered from some
physiological stress such as latent VA deficiency, the physiological
stress response shown by a decrease in HRVmight be diminished
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FIGURE 1 | Interaction effects of month of age and vitamin A treatment on mean heart rate (HR) and heart rate variability (HRV) parameters of the experimental

Japanese Black fattening steers. RES: vitamin A restricted group, SUP: vitamin A supplemented group. RMSSD: square root of the mean squared differences of

successive inter-beat intervals (ms), HF: normalized power of the high frequency band (n.u.), and %DET: the percentage of recurrent points that appear in sequence

(%). Least square means and standard error bars with different symbols differ as **P < 0.01, *0.01 ≤ P < 0.05, and
†
0.05 ≤ P < 0.10.

more quickly than the behavioral stress response shown by a
change in physical activity.

The results of the present study indicated that feeding VA-
restricted diets could lead to a decrease in HRV in fattening
steers, suggesting the effect of VA intake on the autonomic
nervous system of animals. Hence, it can be hypothesized that
based on the characteristics of VA, it may act on the autonomic
nervous system through several pathways. First, β-carotene (VA
precursor) has antioxidant properties similar to vitamin E, and
it acts as an oxidative stress inhibitor (Miller et al., 1993).
Oxidative stress is a major factor that leads to inflammatory
responses in cattle (Mavangira and Sordillo, 2018). From a meta-
analysis of human studies, Williams et al. (2019) reported that
there were negative relationships between HRV and markers
of inflammation, indicating the importance of the autonomic

nervous system in regulating inflammatory responses. Therefore,
VA deficiency likely has a negative effect on the autonomic
nervous system, with an increase in inflammatory responses
caused by oxidative stress. Second, it has been reported that
VA metabolites can affect some aspects of adaptive immune
response (Mora et al., 2008), and that both the autonomic
nervous system and neuroendocrine outflow via the pituitary
provide biologically active molecules capable of interacting with
cells of the immune system (Ader et al., 1995). Therefore, there
may also be some inter-relationships betweenVAmetabolites and
the autonomic nervous system via neural-immune interactions.
Due to the very small sample size of the present study,
further studies will be needed to explore the physiological
response of VA restriction on the autonomic nervous system in
fattening cattle.
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CONCLUSIONS

The present study firstly investigated the effects of VA restriction
on HRV in fattening steers. During the VA restriction period,
steers under VA restriction showed significantly lower RMSSD
and higher %DET, indicating that the steers had slightly
higher sympathetic activity and lower vagal activity than
steers supplemented VA. However, after the restriction and
recovery of blood VA status, the autonomic function could
return to a similar level between the steers. Thus, it can
be concluded that feeding VA-restricted diets during mid-
fattening period for the purpose of producing meat with high
intramuscular fat and monounsaturated fatty acid content is
one of the potential factors that decreases the HRV of steers,
but the physiological stress evaluated by HRV status can be
relieved after the end of the VA restricted feeding during the
late-fattening period.
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