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Highlights
e Choice of software correction factor (CF) influences HRV indicators in horses.
¢ HRV indicators have good repeatability but overall poor-to-good reliability.
o HRV indicators obtained from herringbone stocks appear less reliable than pasture.
e Using normalized LF and HF improved reliability for frequency domain indicators.

e The CF used should be defined and defendable to enhance standardization of HRV.
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Abstract

Heart rate variability (HRV) is an important non-invasive method to quantify stress by
measuring sympathetic and parasympathetic activity of the autonomic nervous system. Few studies
exist on the repeatability and reliability of HRV in equids. The objectives of this study were to (a)
compare the effect of different correction factors (CF) available in HRV analysis software on HRV
indicator values and (b) to determine the repeatability and reliability of HRV indicators in an
unrestricted (pasture) and a restricted movement (equine examination stocks) environment. Data were
recorded on five consecutive days from six adult pony mares. Short term tachograms were compared
with regards to software CF by graphical and statistical (Friedman’s and Wilcoxon signed rank test)
comparison. The results showed that the specific CF influences the HRV indicator values. The Strong
CF was able to balance the elimination of artefacts without removing the variability of RR-intervals
and was subsequently used to determine repeatability and reliability. HRV indicators showed good
repeatability over the 5 days using Friedman’s test (pasture: p=0.162-0.898; examination stocks:
p=0.29-0.865), indicating that there were no significant differences between HRV indicator values.
The reliability, represented by intraclass correlation coefficient (ICC) and coefficient of variation
(CV), was poor to good for pasture data (ICC=0.44-0.79; CV=10-68.10) and examination stocks data
(ICC=0.22-0.83; CV=16.07-62.29). Measurements obtained from the examination stocks were less
reliable than those from pasture. Using normalized low-frequency and normalized high-frequency
components improved reliability. Free-movement environment based HRV recordings could ensure

better reliability, but may require the use of a stronger CF.
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1. Introduction

Stress in humans and animals can be assessed by invasive methods which include collection of
blood samples for measurement of stress-related hormones, metabolic and physiological parameters
[1-3] and arterial catheterization for direct measurement of blood pressure [2]. The disadvantage of
using invasive methods is that they can influence the stress the individual is experiencing, thus not
providing an accurate estimate of the actual stress experienced. While non-invasive methods can
provide a more accurate indication of the stress experienced by the animal, the method selected needs
to be both valid and quantifiable. Non- or minimally invasive methods include recording behavioral
indices [4], assessment of salivary cortisol levels [5], fecal or urinary glucocorticoid metabolite levels
[5, 6], indirect blood pressure measurements [4], heart rate monitoring [7], and quantification of heart
rate variability (HRV) [5, 6].

Heart rate variability, referring to the changes in beat to beat heart rate measured over a period of a
RR-interval recording (tachogram) [8, 9], has been proven as a valid method to assess stress in
humans [8] and animals [10], including horses [5, 6, 11-14], pigs [15, 16], sheep and goats [17-19],
cattle [20, 21], poultry [22], and dogs [23, 24]. Studies in humans showed that standardization of
methodology is important to assure inter- and intra-study repeatability of HRV measurements [25-29].
These studies indicated that inconsistent results can be expected with data sampling at different times
of the day [25], presence of heart disorders or unhealthy participants [25, 28], gender differences
[26], or when different HRV indicators are used for monitoring the autonomic system [26].

Using the correct methodology, HRV quantification can be applied as a non-invasive indicator of
autonomic control, which is invaluable during non-verbal stress and/or pain evaluation in humans and
especially in animals. However, the general availability of automatic RR-detection systems and
software makes it easy to underestimate the complexity of the technique and the need for species-
specific standardization. Although widely used in equine research, little is known on how appropriate
it is to use this technique in horses and what the methodological pitfalls are. During the last decade
HRYV quantification methods and techniques in humans were applied directly in animal studies with
low comparability between studies [30]. Specifically, in equids several confounding factors exist

which may influence the repeatability and reliability of HRV quantification. For example, it is



difficult to accurately determine HRV in horses from automatically detected RR-intervals, due to the
prominent T-wave which may be misinterpreted as an R-peak [30, 31]. This implies that two short
inter-beat-intervals are identified instead of one [30]. Methodological issues reported by Stucke et al
[30] also highlighted the movement of horses while measuring RR-intervals and the fact that RR-
interval series recorded should be longer than the actual 5-minute tachogram that is used for HRV
quantification. This longer interval series is recommended due to a relatively high incidence of first
and second degree AV-blocks as well as other arrhythmias in resting horses in response to dominant
vagal activity [32]. Automatic assumption of the applicability of methodology used in human or other
animal studies during HRV quantification in horses may provide an explanation for the low
comparability between studies. In HRV studies it is often not reported in the methodology if a
correction factor (CF) was used during data analysis and if reported no reason for the specific choice
is indicated [33-36].

Limited information exists about the effect of using the various CF available in HRV analysis
software to automatically correct artefacts [6, 37] as well as the species-specific repeatability and
reliability of HRV quantification, especially for horses. Repeatability depicts the variation in
replicated measurements in the same animal under equivalent situations. Relative reliability is the
variability of the different measurements of the same animal relative to the total variation of all the
animals in a study, as represented by intraclass correlation coefficient (ICC) [38-41]. Absolute
reliability depicts the variability of repeated measurements relative to the mean on the same animal, as
represented by the coefficient of variation (CV) [39].

The aims of the present study were, firstly to determine the effect of using different CF available in
HRV analysis software (i.e. repeatability) on HRV indicator values, and secondly to determine the
repeatability and reliability of time-domain, frequency-domain and geometric (Poincaré plot) short-

term indicator values measured in healthy, adult pony mares.



2. Material and Methods

2.1. Study animals

Seven healthy, adult, non-pregnant Nooitgedacht pony mares, (mean + SD) age 9.5 + 4.8 years,
mass 415 + 26 kg from the Onderstepoort Teaching Animal Unit were randomly selected for the
study. The data sets available from six of the mares were analyzed as one mare’s data set was omitted
due to incomplete data obtained. Mares were fed ad libitum Eragrostis curvula hay at maintenance
requirement level and had free access to water, except during the monitoring phase in the examination
stocks. The mares were kept in their normal pasture habitat (~ 1 Ha) between data collection. Only
mares determined clinically healthy (based on physical examination, including comprehensive cardiac
auscultation, conducted within six days of HRV data collection), with normal habitus and appetite
observed on the morning of commencement of the study, and that were not utilized in any other
research program during the 30 days prior to the start of data collection, were included. The study
was conducted in winter (Southern hemisphere), when the mares were in anestrus (confirmed by
rectal palpation records), to standardize reproductive status [10].

This study was approved by the Animal Ethics Committee of the University of Pretoria (Study no.

V034-13) and no animal welfare concerns were observed.

2.2. Experimental procedures

The mares were familiar with the researcher, the study environment (equine herringbone
examination stocks and pasture), and were already accustomed to wearing the HRV recording
equipment. The procedures described below were followed on a daily basis on five consecutive days.
The portable heart rate monitors (Polar® RS800, Polar® Electro Oy, Kempele, Finland) and the heart
rate monitor belts (WearLink belts, Polar® Electro Oy, Kempele, Finland) were attached by the
primary researcher to the individual mares from 8h00, while grouped in the same pasture. The heart
rate monitor and the heart rate monitor belt were attached to the mare’s thorax by means of a
surcingle. The heart rate monitor belt (containing the electrodes and transmitter pocket) transmitted
data to the heart rate monitor. The transmitter pocket was placed mid-left thorax (as prescribed by the

manufacturer) and physically adjusted to eliminate artefacts due to pronounced T-waves i.e. elevated



heart rate displayed for a horse at rest [10]. To promote signal transmission ECG gel was applied to
the electrode site, which had been clipped not less than six days prior to data collection, and cleaned
with alcohol. RR-intervals were recorded on the pasture for (mean + SD) 113 + 27-minutes to obtain
short term tachograms [8, 10] that represented the pasture environment (unrestricted movement).
During data recording the mares were observed from a distance and only approached by the
researcher to check on the heart rate monitor functionality every 15 minutes, but were not handled
unless the monitor belt had to be adjusted. These time checks and adjustments were recorded. After
the HRV data (RR-intervals) were recorded in the pasture the mares were walked in hand to the stocks
(approximately 11h00) and placed in adjacent individual stocks. RR-intervals were recorded in the
stocks for 76 + 7-minutes (until approximately 13h00) to obtain short term tachograms [8, 10] that
represented the stocks environment (restricted movement). The surcingles, heart rate monitors and
belts were removed following data collection in the stocks and the mares were returned as a group to
their normal pasture, where they remained overnight. The data obtained with the heart rate monitors

were downloaded daily to a computer for analysis.

2.3. Environmental data

Ambient temperature was recorded by data loggers (iButton® DS1923 and Coldchain Thermo
Dynamics Software, Fairbridge Technologies CC, Wendywood, South Africa) placed in the camps
housing the mares and in the stocks. Ambient temperature during the HRV recording time ranged
daily from 14-17°'C (mean 15 C) on the pastures and 9-22°C (mean 18°C) in the stocks. No rain was

recorded during the data collection period.

3. Data processing and analysis

Data were downloaded from the monitor using Polar® ProTrainer 5 (Polar® Electro Europe BV,
Fleurier Branch, Switzerland) adapted for horses and then transferred to the HRV Analysis Software
1.1. for Windows or Kubios (The Biomedical Signal Analysis Group, Department of Applied Physics,

University of Kuopio, Finland), where the variability of the RR-intervals were quantified with the aid



of time domain, frequency domain and Poincaré plot analyses. Low-frequency (LF) and high-
frequency (HF) bands were set at 0.01-0.07 Hz and 0.07-0.6 Hz, respectively [34, 42-44].

As has been suggested [30] the RR-interval series sampled on the pasture and stocks were longer
than the actual standardized 5-minute tachograms [8, 10] necessary for short-term HRV
quantification. R-wave errors were then eliminated by visual inspection of tachograms and selection
of the 5-minute section with the least number of artefacts as an accepted methodology to minimize
errors [31, 34, 45, 46], followed by automatic correction of artefacts with the aid of mathematical
algorithms (Kubios software). The detrending procedure was based on smoothness priors set at 500
ms as described by Tarvainen et al [47]. Correction filters were set at Low, Medium, Strong and Very
Strong which identified RR-intervals, differing respectively with 0.45, 0.25, 0.15 and 0.05 s from the
local mean RR-interval, as artefacts. The software then replaced these artefacts with interpolated
intervals (computed from the difference between the previous and next approved RR-intervals) [48].

Heart rate measures, namely MeanRR = mean R-R interval (inter-beat interval or time interval
between two consecutive heart beats measured in ms) and MeanHR = mean heart rate (bpm), were
measured as well as the following HRV indicators:

o Time domain indicators: SDNN = standard deviation of normal-to-normal intervals (ms),
RMSSD = root mean squared differences of the standard deviation (ms), pNN50 = percentage
of beats that changed more than 50 ms from the previous beat (%);

e Frequency domain indicators: LF = Low frequency power obtained with auto-regressive

spectral analysis of RR-intervals (ms®), HF = power obtained with auto-regressive spectral

analysis of RR-intervals (ms?), LF/HF = low frequency to high frequency ratio; LF nu = low

LF

frequency power normalized units (———
total power—VLF

), HF nu = high frequency power

HF

normalized units (—
total power—VLF

), (VLF = very low frequency);

e The Poincaré plot (graphical representation of the RR-interval plotted against the previous
RR-interval) [6] : SD1 = standard deviation 1 derived from Poincaré plot (ms), SD2 =

standard deviation 2 derived from Poincaré plot (ms).



3.1. Statistical analysis
Statistical analysis was performed using SPSS® Statistics version 22 for Windows (IBM

Corp, Armonk NY, USA). The significance level was set at 0.05.

3.1.1. The influence of different correction factors on heart rate measures and HRV
indicator values

The repeatability of the different CF, i.e. the differences between the measurements per HRV
indicator in the same horse, sampled on five consecutive days under equivalent conditions, was
determined using the non-parametric Friedman’s test. HRV values were also graphically compared as
shown in Fig. 1 - 3. When significant results were obtained Wilcoxon signed rank tests were
performed post hoc to determine the statistical differences between the various CF. Kendall’s

Coefficient of Concordance (W), as an indication of effect size, was also calculated.
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Fig. 1. Graphical representation of the mean values of the different correction factors for SDNN
(pasture environment) compared on 5 consecutive days.
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Fig. 2. Graphical representation of the mean values of the different correction factors for SD1
(pasture environment) compared on 5 consecutive days.
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Fig. 3. Graphical representation of the mean values of the different correction factors for LF
(pasture environment) compared on 5 consecutive days.

3.1.2. Repeatability of heart rate measures and HRV indicators using CF Strong

The CF choice for the rest of the data analysis was determined by two factors. In the first instance
it is critically important to use a data set that is cleared from artefacts and background noise for HRV
guantification. However, it is just as important not to remove all variation with a too strong correction
factor as this will result in removal of the variability of the RR-intervals [8]. Thus, an appropriate CF
(Strong) as determined by graphical and statistical comparisons was then selected and applied to
determine if there were differences in HRV from tachograms obtained on the five consecutive days.

Repeatability of HRV indicators was determined with Friedman’s test over the five days and
Wilcoxon signed rank tests on the significant results to determine which days specifically differ from

each other.
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3.1.3. Reliability of heart rate measures and HRYV indicators using CF Strong
Reliability of the HRV indicators was assessed by means of ICC and the CV [29, 39]. The CV was

CV = ﬂ x100%

calculated as the average of the individual CV’s for each horse where X [39]. The ICC
was calculated by SPSS® Statistics software using a 2-way mixed model with measures of

consistency.

4. Results

A comparison between CF in both the pasture (Table 1; Fig. 1- 3) and stocks environment (Table
2) indicated that there were no significant changes between the HRV indicator values and heart rate
measures when comparing No, Low and Medium with each other, except for LF normalized (No vs.
Medium in the pasture and in the stocks). However, between the Strong and Very Strong CF there
were significant differences for the majority of HRV indicators (pasture: 10/10; stocks: 7/10) and for
heart rate measures (pasture: 2/2; stocks: 0/2). The Very Strong CF was not considered applicable as
it consistently differed from the other four factors. When comparing the Strong and Very Strong CF
with No, Low and Medium CF, respectively, the heart rate measures (pasture: 5/12; stocks: 6/12) and
the HRV indicators comparisons (pasture: 50/60; stocks: 32/60) showed significant differences (Table

1 and 2).

A similar pattern was demonstrated for HRV indicator values obtained with the No, Low, Medium
and Strong CF, illustrated graphically by SDNN, SD1 and LF (Fig. 1, 2 and 3). It was therefore
decided to continue with the Strong CF to evaluate repeatability. The Kendall’s Coefficient of

Concordance, calculated for Friedman’s test, ranged from 0.050 to 0.272.
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Table 1
Statistical results: comparison between combinations of correction factors (Kubios) over five days applied to heart rate measures and heart rate
variability indicators from six pony mares in a pasture environment

Wilcoxon signed rank test (p-value)

Heart rate Friedman Novs. Low No Vs No vs. No VS low Vs Low V. Low s Medium Medium Strong vs.

test (p- Medium Strong Very . Very vs. Very Very
measures Medium Strong vs. Strong

value) Strong Strong Strong Strong
MeanRR <0.001**  0.125 0.063 0.031* 0.844 0.063 0.031* 0.563 0.156 0.094 0.031*
MeanHR 0.001** 0.875 0.625 0.031* 0.031* 0.063 0.156 0.063 0.688 0.031* 0.031*
HRV
Indicators
SDNN <0.001** 0.125 0.063 0.031* 0.031* 0.063 0.031* 0.031* 0.031* 0.031* 0.031*
RMSSD <0.001** 0.125 0.063 0.031* 0.031* 0.063 0.031* 0.031* 0.031* 0.031* 0.031*
PNN50 <0.001**  0.250 0.063 0.031* 0.031* 0.063 0.031* 0.031* 0.031* 0.031* 0.031*
LF <0.001**  0.125 0.063 0.031* 0.031* 0.625 0.031* 0.031* 0.094 0.031* 0.031*
HF <0.001**  0.125 0.063 0.031* 0.031* 0.063 0.031* 0.031* 0.031* 0.031* 0.031*
LF/HF <0.001**  0.125 0.063 0.156 0.031* 0.063 0.313 0.031* 0.563 0.031* 0.031*
LF nu <0.001**  0.125 0.031* 0.156 0.031* 0.063 0.219 0.031* 0.563 0.031* 0.031*
HF nu 0.001** 0.125 0.125 0.219 0.031* 0.188 0.563 0.031* 0.688 0.031* 0.031*
SD1 <0.001**  0.125 0.063 0.031* 0.031* 0.063 0.031* 0.031* 0.031* 0.031* 0.031*
SD2 <0.001**  0.125 0.063 0.031* 0.031* 0.063 0.031* 0.031* 0.031* 0.031* 0.031*

*P<0.05, **P<0.01.
HRV = heart rate variability; RR = RR-interval; HR = heart rate; SDNN = standard deviation of RR-interval; RMSSD = root mean square of successive differences in RR-intervals; pNN50 = percentage of intervals
differing by >50 ms (milliseconds) from preceding interval; HF = high-frequency components; LF = low-frequency components; LF/HF = autonomic balance;; LF nu = low frequency power normalized units; HF nu =

high frequency power normalized units; SD1 = standard deviation of short term variability; SD2 = standard deviation of the long-term variability.
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Statistical results: comparison between combinations of correction factors (Kubios) over five days applied to heart rate measures and heart rate

variability indicators from six pony mares in an equine herringbone examination stocks environment
Wilcoxon signed rank test (p-value)

Heart rate Egitedm(a; No vs. Low w/lc:a dium vs. gt?’ong vs. ggo\ﬁé Very Low. vs. Low vs. Low vs. Medium vs. Medium vs. Strong
measures value) Medium Strong Very Strong  Strong Very Strong  Very Strong
MeanRR 0.039* 0.875 0.125 1 0.031* 0.125 0.438 1.000 0.688 0.031* 0.156
MeanHR 0.002** 0.250 0.250 0.031* 0.031* 0.250 0.688 0.031* 0.156 0.031* 0.063
HRV

Indicators

SDNN <0.001** 0.125 0.125 0.031* 0.031* 0.125 0.219 0.031* 0.438 0.031* 0.031*
RMSSD <0.001** 0.125 0.125 0.031* 0.031* 0.125 0.313 0.031* 0.438 0.031* 0.031*
PNNS50 <0.001** 0.125 0.250 0.031* 0.031* 0.250 0.031* 0.031* 0.031* 0.031* 0.031*
LF <0.001** 0.125 0.125 0.031* 0.031* 0.250 0.031* 0.031* 0.219 0.031* 0.031*
HF <0.001** 0.125 0.125 0.031* 0.031* 0.125 0.438 0.031* 0.438 0.031* 0.031*
LF/HF 0.029* 0.125 0.125 0.063 0.063 0.125 0.313 0.063 0.438 0.063 0.063
LF nu 0.060 0.250 0.031* 0.063 0.063 0.625 0.438 0.063 0.563 0.063 0.094
HF nu 0.005** 0.125 0.125 0.031* 0.063 0.250 0.219 0.063 0.219 0.063 0.094
SD1 <0.001** 0.125 0.125 0.031* 0.031* 0.125 0.313 0.031* 0.438 0.031* 0.031*
SD2 <0.001** 0.125 0.125 0.031* 0.031* 0.250 0.219 0.031* 0.438 0.031* 0.031*

*P<0.05, **P<0.01.

HRYV = heart rate variability; RR = RR-interval; ms = millisecond; HR = heart rate; bpm = beats per minute; SDNN = standard deviation of RR-interval; RMSSD = root mean square of successive differences in RR-

intervals; pNN50 = percentage of intervals differing by >50 ms from preceding interval; LF = low-frequency components; HF = high-frequency components; LF/HF = autonomic balance; LF nu = low frequency

power normalized units; HF nu = high frequency power normalized units; SD1 = standard deviation of short term variability; SD2 = standard deviation of the long-term variability; SD = Standard Deviation, CV =

coefficient of variation; ICC = intraclass correlation coefficient.
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Tables 3 and 4 show the mean, standard deviation and median of the HRV indicators as well as the
measures of reliability (CV and ICC) and the Friedman test p-values, measured on five consecutive
days during the pasture and stocks monitoring periods.

Comparing the different HRV indicator values and heart rate measures on five separate days in the
pasture (Table 3) and stocks (Table 4), revealed that there were no significant differences between the
respective HRV indicators in either of the two environments. However, the heart rate measures
(MeanHR and MeanRR) differed significantly in both these environments. From the post hoc tests it
was evident that only Day 2 differed significantly from the other days for heart rate measurements on
pasture (p=0.016 for MeanHR and MeanRR for Day 1 vs. Day 2) as well as in the stocks (p=0.031 for
MeanHR and MeanRR Day 1 vs. Day 2; p=0.016 for MeanRR and MeanHR for Day 2 vs. Day 3 and
Day 2 vs. Day 5; p=0.047 for MeanRR and p=0.109 for MeanHR for Day 4 vs. Day 5).

The CV and ICC for heart rate measures and HRV indicators obtained from pastures (Table 3)
varied between 10.00 — 68.10 and 0.44 — 0.79, respectively. These values for the stocks environment

(Table 4) varied between 8.78 — 62.29 and 0.22 — 0.95, respectively.
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Table 3. Heart rate measures and heart rate variability: mean + SD (median) values and statistical results from six pony mares in a pasture environment
(Strong correction factor).

Heart rate measures Day 1 Day 2 Day 3 Day 4 Day 5 p-value CV ICC

MeanRR (ms) 1998.24 +£218.85 1645.59 £ 225.83 2279.94 + 246.95 1893.46 +295.72 2074 + 456.16 0.007** 15.31 0.74
(1929.42) (1538.31) (2281.70) (1950.32) (1897.01)

MeanHR (bpm) 30.48 £3.10 37.08 £ 4.59 26.69 £ 3.05 3242 +5.24 30.09 £ 5.69 0.007** 15.61 0.76
(31.28) (39.08) (26.36) (30.81) (31.93)

HRV Indicators

SDNN (ms) 66.42 £ 25.19 60.22 £ 12.28 61.41+18.76 60.51 £ 26.54 72.93 £ 18.43 0.316 24.49 0.76
(74.24) (61.72) (61.17) (58.71) (75.80)

RMSSD (ms) 78.20 £ 33.27 70.52 £ 11.57 88.12 + 25.10 77.49 £ 35.41 95.13 + 16.58 0.162 26.91 0.59
(79.92) (69.19) (89.49) (67.77) (92.10)

PNN50 (%) 40.25 £ 21.42 46.43 £ 8.61 49.96 + 14.52 42,70 £ 16.77 57.74 £ 9.25 0.419 28.52 0.44
(40.57) (47.59) (53.24) (41.41) (55.95)

LF (ms?) 1550.33+1167.44 953.54+403.23 1122.45+1027.39 1272.38+1148.72 2254+2369.64 0.898 68.10 0.65
(1441.81) (1074.63) (693.96) (1069.33) (1831.33)

HF (ms?) 2998.07+1915.57 2690.10+1264.37 3069.87+1884.62 3250.27+2608.96 3884.46+1305.83 0.450 43.09 0.68
(3423.25) (2803.30) (2576.90) (2638.66) (3823.77)

LF/HF 0.52 0.39 0.32 0.37 0.50 0.510 45.90 0.78
+0.30 +0.19 +0.16 +0.16 +0.47

LF nu 37.48+18.20 29.78+9.94 25.67+10.66 27.948.29 31.79+21.74 0.510 37.38 0.78
(39.07) (29.02) (24.60) (25.05) (32.12)

HF nu 76.37+9.81 79.26+8.96 82.68+6.96 79.45+8.82 77.92+18.27 0.623 10.00 0.79
(75.85) (80.07) (83.37) (83.70) (79.43)

SD1 (ms) 55.49+23.62 50+8.21 62.55+17.82 54.98+25.15 67.51+11.81 0.162 26.92 0.59
(56.69) (49.05) (63.52) (48.07) (65.32)

SD2 (ms) 75+28.98 68.68+16.82 58.91+21.68 65.02+28.94 76.54+26.74 0.450 27.33 0.77
(83.85) (69.45) (51.52) (62.37) (85.49)

*P<0.05, **P<0.01

HRYV = heart rate variability; SD = Standard Deviation,

RR = RR-interval; ms = millisecond; HR = heart rate; bpm = beats per minute; SDNN = standard deviation of RR-interval; RMSSD = root mean square of successive differences in RR-intervals; pNN50 = percentage of
intervals differing by >50 ms from preceding interval; SD1 = standard deviation of short term variability; SD2 = standard deviation of the long-term variability; HF = high-frequency components; LF = low-frequency

components; LF/HF = autonomic balance; LF nu = low frequency power normalized units; HF nu = high frequency power normalized units;
CV = coefficient of variation; ICC = intraclass correlation coefficient.
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Table 4. Heart rate measures and heart rate variability: mean + SD (median) values and statistical results from six pony mares in an equine herringbone examination stocks
environment (Strong correction factor).

Heart rate measures Day 1 Day 2 Day 3 Day 4 Day 5 p-value CV ICC

MeanRR (ms) 2099.54+329.06 1901.29+283.35  2289.92+366.51  2104.71+344.64  2210.03£296.28  0.001** 8.78 0.95
(1979.49) (1877.16) (2345.2) (2178.56) (2253.34)

MeanHR (bpm) 30.89+7.18 32.35+4.75 27.06+4.80 29.52+5.33 28.03+3.93 0.001** 11.44 0.84
(30.42) (32.10) (25.66) (27.77) (27.26)

HRYV Indicators

SDNN (ms) 101.64+130.03 51.56+17.51 58.01+24.81 59.29+26.80 64.14+23.03 0.450 32.83 0.48
(57.94) (54.66) (50.62) (62.65) (72.82)

RMSSD (ms) 134.17£175.25 57.11+16.27 73.83+27.62 72.61+28.37 68.55+19.00 0.676 35.32 0.32
(70.31) (56.89) (71.70) (74.44) (66.52)

PNN50 (%) 42.86+18.83 30.65+15.34 44.38+£17.95 41.64+20.08 38.96+14.66 0.377 30.47 0.83
(46.51) (29.52) (43.79) (40.68) (39.25)

LF (ms?) 3029.62+4942.24 1219.56+970.11  1675.93+1689.21 1687.25+1348.04 2696.66+2392.45 0.865 62.11 0.67
(1071.03) (1238.38) (963.65) (1880.21) (2822.66)

HF (ms?) 30102.71469644.23 1633.08£1054.06 2193.98+1510.79 1994.3+1242.18 5529.96+7559.03 0.587 62.29 0.22
(1550.26) (1593.43) (1606.21) (2153.86) (2360.46)

LF/HF 0.49+0.45 0.78+0.38 0.63+0.33 0.71+0.38 0.66+0.51 0.675 535 0.70
(0.45) (0.73) (0.69) (0.73) (0.56)

LF nu 33.95+24.77 47.99+14.46 42.68+18.46 44.81+18.21 39.96+22.30 0.730 40.57 0.74
(35.93) (48.82) (46.89) (49.3) (41.16)

HF nu 79.5+14.86 67.23+13.77 72.39+11.87 69.11+14.63 73.00+18.51 0.290 16.07 0.67
(79.72) (67.92) (68.92) (67.32) (73.59)

SD1 (ms) 95.18+124.28 40.52+£11.56 52.42+19.62 51.54+20.16 48.66+13.51 0.675 35.32 0.32
(49.93) (40.35) (50.92) (52.82) (47.23)

SD2 (ms) 107.35+136.77 60+22.26 62.03+31.60 65.18+33.71 75.43%£33.35 0.647 33.84 0.55
(62.6) (65.24) (51.9) (64.35) (85.11)

*P<0.05, **P<0.01

HRYV = heart rate variability; SD = Standard Deviation,

RR = RR-interval; ms = millisecond; HR = heart rate; bpm = beats per minute; SDNN = standard deviation of RR-interval; RMSSD = root mean square of successive differences in RR-intervals; pNN50 = percentage of
intervals differing by >50 ms from preceding interval; SD1 = standard deviation of short term variability; SD2 = standard deviation of the long-term variability; HF = high-frequency components; LF = low-frequency
components; LF/HF = autonomic balance; LF nu = low frequency power normalized units; HF nu = high frequency power normalized units;

CV = coefficient of variation; ICC = intraclass correlation coefficient.
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5. Discussion

Overall, the present study, which investigated the effect of different CF for the automatic
correction of artefacts in a tachogram, indicated that the HRV values obtained with the various CF
produced different measures of statistical location (mean and median). The No, Low, Medium and
Strong CF resulted in similar patterns of HRV as measured over the 5 day period. However, the
median HRV values between Strong and Very Strong were overall significantly different from the
rest. Thus, the Strong CF, which erased more artefacts and background noise without dampening the
variability in the RR-interval signal, was selected as the most appropriate CF for this study.

The study also investigated the repeatability and reliability of HRV indicators in ponies in a
restricted and unrestricted environment using the Strong CF. Heart rate measures showed poor
repeatability, but the reliability was good in both environments. The HRV indicators showed good
repeatability, but the reliability for the indicators were generally poor to good for the pasture and
stocks data. The measurements obtained from the stocks were less reliable than those from the
pasture. Using normalized low-frequency and normalized high-frequency components improved the

repeatability and reliability of LF and HF.

5.1. The influence of different correction factors on heart rate measures and HRV
indicator values

Errors or artefacts in heart rate variability data may occur due to factors relating to the normal

physiology of a horse (pronounced T-wave, muscle contractions or movement of the horse [10],

pathological conditions leading to disruption of electrical activity in the heart [49] and technical

challenges associated with heart monitoring equipment [10, 31, 49]). Errors associated with the heart

rate monitor are minimized by ensuring good electrode-skin contact, by visual exclusion of artefacts

and correcting data mathematically with software packages.

Overall the results indicated that the HRV indicator values obtained with different CF produced
different median values. Inconsistencies within the significant differences between MeanRR and

MeanHR for the CF comparisons may be due to the reciprocal nature of these variables, that does not
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allow them to be directly substituted for each other [50]. Results also showed that the use of No, Low
and Medium CF during HRV quantification produced similar HRV indicator values.

The Kendall’s Coefficient of Concordance indicated that the magnitude of the difference between
the days were weak or very weak. This is consistent with the non-significant results obtained from the
Friedman test, and therefore also the evidence of repeatability. The Strong vs. Very Strong CF
indicated significant differences for most HRV indicators, as well as Strong and Very Strong vs. the
rest of the factors (No, Low and Medium CF). It is very important to note that the graphical
representation indicated that the Strong CF still followed the same pattern as the lower CF. The Very
Strong CF on the other hand would have removed all day to day variability expected from an RR-
interval series. Thus, in this study data set the Strong CF was able to strike a balance between the
necessary removal of artefacts and background noise without removal of the variability of the RR-
intervals.

Garza et al [37] compared Strong and Very Strong CF and excluded data obtained via the Very
Strong CF due to “significant difference in output” between them, although the methodology followed
or results were not described. Similar to the findings reported by Garza et al [37] the Very Strong CF
was not appropriate to eliminate artefacts in the present study. It is thus important for within study

repeatability to keep the CF consistent and to report the specific CF used, for study comparisons.

5.2. Repeatability of heart rate measures and HRV indicators
Repeatability studies must exclude bias between measurements, thus the within-subject
standard deviation must agree on at least two measurements of the same subject [40]. One-way
ANOVA performed on repeated measurements, and its non-parametric equivalent the Friedman test,

can estimate the within-subject standard deviation.

Significant differences in heart rate measurements were only found in MeanRR and MeanHR
on one day (Day 2) in both study environments. These differences could be explained by random
changes in the “normal” environment on that day (i.e. a worker present during the pasture phase and a

generator operating during the stocks phase). The overall results would thus suggest that there is a
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good correlation (repeatability) between the various indicators of HRV as well as MeanRR and

MeanHR.

5.3. Reliability of heart rate measures and HRYV indicators
Reliability indicates if the differences in the measurements are due to measurement error or
due to normal variation [36]. In human sports medicine acceptable assessment of reliability of HRV

includes ICC, CV and Limits of Agreement [29].

CV and ICC are used to evaluate the reliability of multiple repeated tests on an individual
[35]. According to convention, the lower the value of CV, the more consistent the indicator performed
over the monitoring period [39]. The CV of both pasture data and stocks data indicated low to good
consistency with regards to the HRV indicators [29]. The CV obtained for LF, HF and LF/HF were
markedly less consistent than the other indicators (stocks and pasture), whereas normalized LF and
normalized HF were more consistent. Thus, the reliability for most of the indicators of HRV was poor

to good based on the CV.

The interpretation of ICC, i.e. the translation of the values of ICC into categories indicating the
degree of consistency, has not been proven [39]. In general, the nearer to 1 (one) the ICC value is, the
better the relative reliability of the measurements and the nearer to 0 (zero) the poorer the relative
reliability [51]. The ICC of the HRV indicators (pasture and stocks) appeared to be good, and in some
instances poorly, reliable. Generally the CV values increased in data obtained from the stocks and the
ICC values decreased compared to the data obtained from the pasture. Thus, the CV and ICC suggest
that the HRV data obtained from the stocks setting were less reliable than the data obtained from the
pasture setting. Using a stock to control the movement of the horse could therefore be considered as
an intervention, with resultant effects on the HRV.

The data reported followed some of the trends of HRV results from humans, namely: using
normalized LF and HF, rather than LF and HF improved the CV and ICC [29] and HRV is moderately
to poorly reliable [25, 29] and in some instances good. Poor reliability in human HRV research was

either due to an intervention or partly due to a poor experimental design [29]. Furthermore, in the
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present study poor reliability of some of the HRV indicators was likely as horses cannot be controlled
under experimental conditions to the same degree as humans. One of the few studies available on the
reliability of HRV in horses was performed by comparing horses restricted to a stall and restricted in a
stock [34]. Only a limited number of indicators were evaluated (MeanRR, SDRR, RMSSD, SD1 and
SD2). Nonetheless, the results indicated that less restriction of movement in the stall appeared to be
more reliable than restricted movement in the stocks. The results indicate that more “restrictive
movement option” appeared to be less reliable, thus free movement seems to favor more reliable
baseline HRV measurements. Unfortunately, unrestricted free walking may confound the

interpretation of HRV measurements due to artefacts [34].

6. Conclusion

Graphical and statistical comparison showed that the specific CF used have an influence on the
HRYV indicator values. In this study the Strong CF was the most appropriate CF to use, due to the fact
that the Very Strong CF resulted in very low day to day variability in the RR-interval signal, and after
removal of artefacts and background noise the Strong CF still followed the same pattern as the No,
Low and Medium CF. This information may be useful during application of HRV quantification in
similar studies. Balancing the advantages and disadvantages of choosing different CF for RR-interval
series during HRV quantification and reporting the CF applied is vital to increase comparability
between studies.

The time domain, frequency domain and geometric indicators did not differ significantly over the
five day period during free movement on pasture or during restrictive movement in examination
stocks, suggesting that HRV indicators have good repeatability. The measurements obtained in the
examination stocks were less reliable than those obtained on pasture and the frequency domain
indicators could be improved by using normalized LF and HF. Overall, the reliability of HRV
indicators were similar to findings in human studies. Finally, the choice of the CF used in HRV
studies should be carefully considered in each setting it is applied to and the choice should be clearly

defined and defendable so as to standardize the procedures used in HRV data analysis.
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