Master Thesis Reliability of Heart rate Variability in Horses
SDNN: standard deviation of normal-to-normal intervals
RMSSD: root mean squared differences of the standard deviation 
PNN50: percentage of beats that changed >50 ms from the previous beat 
VLF: very low frequency
LF: Low-frequency 
HF: High-frequency 
LFHF: low frequency to high frequency ratio 
SampEn: Sample Entropy
TotPWR: Total Power 



Abstract 
Background: Heart rate variability (HRV) is a non-invasive diagnostic technique widely used in human and veterinary medicine for investigating the function of the autonomic nervous system, with the emphasis on the balance between the sympatic and vagal activity. Under normal circumstances, the heart rate is under complex control by several feedback mechanisms and there is much fluctuation in beat-to-beat intervals (or RR-intervals).  HRV is a collection of parameters which are calculated from a series of consecutive RR-intervals. The segments containing the RR-intervals are selected by researcher(s) and are therefore possibly influenced by them. This implies that results may be influenced by the researcher(s) even before computer analysis. Level of training may also be of influence. This influence can be interpreted using the inter- and intra-rater correlation coefficient (ICC) and the coefficient of variance (CV). 
Methods: 14 adult horses from the Utrecht University Clinic for Equine Health were set up for repeated nighttime Holter ECGs and video monitoring. From the video recordings, ethograms were made. These ethograms were subsequently used by two veterinary students to select five minute long segments from the full length ECGs while the horses were reported to be dozing. After selecting, the segments were used for RR-interval analysis. With the calculated parameters the ICC and CV was determined.
Results: Moderate to substantial ICC were found ranging from 0,57 to 0,87 and CV ranging from 21% to 56%.
Conclusion: Based on the data found in this study, two untrained veterinary students are not able to produce more than a substantial reliability in selecting segments for HRV research in horses.
Whether a single researcher selecting the segments would give a higher reliability could not be concluded from this study.  
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Introduction 
Heart rate variability (HRV) is a non-invasive diagnostic technique widely used in human and veterinary medicine for investigating the function of the autonomic nervous system, with the emphasis on the balance between the sympatic and vagal activity [1]. This sympathovagal balance can change under influences of disease, physiological stress, environmental stress or individual characteristics such as temperament or coping strategies [1]. The non-invasive nature of the technique and the portable heart rate monitors for data collection makes HRV a very useable tool in many different types of human and veterinary research, such as: pathological conditions, stress, behavioral dysfunction, management practices, training regimes, temperament and emotional states [1]. Because data is collected through portable heart rate monitors, the research subject(s) can be observed in a controlled environment without adding stress through handling or invasive procedures. 
Under normal circumstances, the heart rate is under complex control by several feedback mechanisms and there are high fluctuations in beat-to-beat intervals (or RR-intervals).  HRV is a collection of parameters which are calculated from a series of consecutive RR-intervals. This can be done for long-term 24hrs HRV were there are no segments selected from the ECG. The other option is short-term HRV, this means segments are cut from a full length ECG. These segments can have different lengths depending on the research objective. Five minute segments are shown in various studies to deliver comparable or even better results on time-, frequency- and non- linear domains. This is most likely due to the high possibility of artefacts, ectopic beats and influences of physical activity as well as a lack of stationarity. This makes the data of 24h HRV more difficult to interpret and even to reproduce [1]. The short-term ECG segments are usually selected by a human, but there are computer programs available that can do it as well. While the selection of segments is done by human hand, the analysis of the intervals is done by specialized computer programs which produce a number of linear and non-linear parameters. This raises the following questions. The first being whether the researcher selecting the segments has an influence on the reliability of the results. Another question would be if the reliability of the results change when the selecting of the segments is done by more than one researcher. 
Insufficient data is available about the influence the researcher has on the selection of the segments used for HRV analysis. Farah [2] attempted to calculate the inter- and intra-rater correlation coefficient (ICC) and the coefficient of variance (CV) in adolescents. This study concluded that for the most reliable results all analyses should be performed by the same researcher, even with the researcher being a trained professional. The results, found by Farah, contradicts with the results found by Bassi [3]. In the study by Bassi [3], substantial to excellent ICC and CV were found for both the inter- and intra-rater correlation. The difference may be explained by the fact that the researchers in the study by Bassi [3] received extensive training prior to the selection of the ECG segments. In the study of Farah [2] there is no mention of extra training given to researchers prior to the study. Differences between this study and the studies by Farah and Bassi are the length of the segments. Both used ten minute segments, while in this study five minute segments are used. Farah did use the same HRV values, except for the PNN50. Bassi used more HRV values in calculating the results compared to this study. The number of HRV values used, should also be considered as a possible explanation for differences in results. The last and possibly biggest difference lies in the test subjects used in the studies. Both Bassi and Farah had human test subjects, compared to horses being used for this study. This difference does not change the question if the reliability is influenced by the researcher selecting the segments.
The aim of this study is to quantify the interrater reliability and coefficient variation of two veterinary students. The students received no special training and had no previous experience in analyzing ECGs prior to this study. 

Methods 
ECG acquisition
Subjects: 14 adult horses owned by Utrecht University Clinic of Equine Health. The ECGs were obtained on an earlier date with repeated nighttime Holter ECGs. During these nights the horses were housed in their own boxes. The recordings were started between 20:00 and 22:00 in the evening after stable work was finished and the stables were closed. The ECGs were stopped at 06:30 in the morning when the first stable work started. If stable workers were to enter the stables during the night a document had to be filled out concerning the time and reason of entering the stables. All horses were monitored on video during ECG recordings. From each video an ethogram was made to insure the selecting of segments was done when the horse was dozing.  

ECG analysis 
[bookmark: _Hlk48152856]The segments were selected by two students using TeleVet6, adhering to the same instructions on segment selection. These instructions were: Within each segment, the highest and lowest Bpm should be within a range of +/- 10 Bpm compared to the mean Bpm of the selected segment. The segment had to have a minimum length of 300 seconds. Segments were allowed to contain 2nd degree AV-blocks and sinus arrhythmia, as both anomalies are corrected by Physionet [4].
After selection, the intervals are processed through Physionet HRV toolkit [4]. This program produced the nine different HRV parameters used for statistical analysis and determination of ICC and CV. The nine parameters are: SDNN, RMSSD, PNN50, VLF, LF, HF, LFHF, TotPWR and SampEn. The SDNN is the standard deviation of a single RR-interval and is the predictor of overall variability present at the time of recording. The RMSSD is the root mean square of successive differences. This parameter is used as an estimate of the high frequency beat-to-beat variation which represents the vagal regulatory activity. The PNN50 is the indicator of the proportion of beats differing by 50ms and is highly correlated with the RMSSD [1]. The VLF, LF, HF and LFHF are parameters used for the Fast Fourier transformation and to analyze dynamic changes. In this analysis the HF represents the vagal activity, the LF and VLF are considered to be associated with sympathetic and/or vagal activity. Since the last is not sure one has to consider the calculation of the LF/HF ratio to possibly be influenced by other physiological functions [1]. The Total Power (TotPWR) is the sum of the energy in the VLF, LF and HF bands for short-term recordings. At last the Sample Entropy measures the regularity and complexity of a time series.


	HRV Values
	Student 1
	
	
	
	Student 2
	
	
	

	
	Mean
(range)
	SD
(range)
	CV
(range)
	95% CI
	Mean
(range)
	SD
(range)
	CV
(range)
	95% CI

	SDNN
(ms)
	98,00
(51,64-150,94)
	24,66
(10,51-55,05)
	25%
(15-36)
	84,13-111,87

	96,10
(55,05-159,97)
	26,11
(7,58-66,36)
	25%
(10-45)
	76,54-115,06


	RMSSD
(ms)
	88,57
(29,40-194,74)
	28,10
(5,69-111,03)
	27%
(10-57)
	73,49-103,65

	92,17
(29,68-208,50)
	31,63
(4,15-116,73)
	27%
(7-62)
	72,37-111,97


	PNN50
(%)
	43,04
(7,79-71,66)
	9,30
(3,82-16,66)
	29%
(5-68)
	37,73-48,35

	43,36
(8,81-76,67)
	7,82
(3,74-16,25)
	24%
(6-62)
	37,80-48,92


	VLF
	647,92
(182,41-1250,40)
	500,44
(155,56-1014,33)
	78%
(53-110)
	365,53-930,31

	702,32
(148,88-1585,98)
	686,91
(141,71-1454,72)
	90%
(48-134)
	277,39-1267,43


	LF 
(ms2)
	6354,02
(1351,92-16143,65)
	3392,04
(593,90-8537,08)
	51%
(37-77)
	4451,04-8257,00

	5962,02
(1004,84-16960,68)
	2819,47
(392,01-6207,14)
	50%
(17-78)
	3955,56-7968,48


	HF
(ms2)
	4104,62
(383,20-16171,35)
	2559,48
(118,46-15616,48)
	50%
(15-97)
	2722,82-5486,42

	4646,23
(483,67-17037,53)
	3322,28
(163,74-14500,47)
	48%
(19-102)
	2613,75-6678,71


	LFHF
	2,64
(0,73-5,16)
	1,30
(0,36-3,02)
	52%
(33-93)
	1,91-3,36

	2,43
(0,58-5,14)
	1,11
(0,38-2,18)
	49%
(37-65)
	1,62-3,24


	SampEn
	1,58
(0,99-1,96)
	0,30
(0,12-0,63)
	21%
(6-63)
	1,41-1,7

	1,56
(0,61-1,95)
	0,28
(0,08-0,41)
	18%
(9-30)
	1,35-1,77


	TotPWR
	11627,20
(2864,90-
27188,76)
	4915,65
(1277,36- 20034,19)
	48%
(31-74)
	8310,74-
14943,66
	12733,08
(3061,38-
43704,53)
	11061,24
(1215,57-
61287,65)
	62%
(22-140)
	6465,80-
20492,61


Table 1:  mean results per student from combined values of 14 horses. Ranges consist of lowest value found for an individual horse and highest value found for an individual horse.


Statistics
All statistics are done using Excel 2013. First an F-test and T-test are performed on the raw data of both students to validate the data and to determine variance. Outliers were identified per horse for all nine parameters and excluded from further calculations. To determine if the data followed a normal distribution, the Skewness and Kurtosis were calculated. Since data showed a relative normal distribution, no log transformations were performed. Finally the ICC was calculated with use of a two-factor ANOVA without replications using the formula: var(β)/(var(α)+var(β)+var(ε)) [5]. For the nine tested parameters mean values, the standard deviation (SD), the 95% confidence interval (CI) and CV were calculated. The calculations were done on the data sets of both students. Results are shown in Table 1. The ICC was calculated as the Inter-rater Correlation Coefficient, combined with a 95% CI and the CV. The CV is included to show the ratio of the SD to the mean and the spread of the data points compared to the mean. It is calculated as the average value of all CV’s from the individual horses using the formula: (Standard Deviation / Mean) * 100. The interpretation of the CV values are defined as: CV lower than 5%, very low variability; from 5% to 15%, low variability; 16% to 25%, moderate variability; over 25%, high variability [6].  The interpretation of the ICC values is based on a study by Fleiss [7]. In which reliability is considered low for values below 0.40; moderate for values between 0.40 and 0.75; substantial for values between 0.75 and 0.90; and excellent for values over 0.90. 

	HRV Values
	ICC
	95% CI
	CV (%)

	SDNN
	0,79
	0,65 - 0,94
	30%

	RMSSD
	0,79
	0,65 - 0,93
	30%

	PNN50
	0,87
	0,76 - 0,98
	21%

	VLF
	0,81
	0,67 - 0,96
	29%

	LF
	0,70
	0,52 - 0,89
	44%

	HF
	0,57
	0,38 - 0,77
	56%

	LFHF
	0,72
	0,56 - 0,88
	37%

	SampEn
	0,75
	0,59 - 0,91
	35%

	TotPWR
	0,70
	0,49 - 0,91
	49%


Table 2: Inter-rater reliability of HRV analysis in horses

Results
In calculating the CV values of all 14 horses, seven values over 100% were found. Since the CV is calculated as an indicator of the spread of the data compared to the mean, a value over 100% only indicates wide spread within the data set used. Student results in Table 1 show the mean, SD, CV and 95% CI for the nine tested parameters. Values are shown per student and are were calculated from the combined values of the 14 horses. Ranges are included to show the wide variety between the individual horses. The inter-rater reliability results show ICC values between 0,57 and 0,87, with CV values from 21,03% to 56,20%. The 95% CI of the ICC is also included, the results are shown in Table 2.

Discussion
Table 1 is a representation of the horses used in this study. The ranges show a wide spread within the data of the 14 horses. This is also supported by the CV values, which are over 20% for all nine parameters. 
The ICC values in Table 2 are an indication of the students’ ability to produce similar data. For example: the ICC calculated for the HF is 0,57. This means that the data of both students was only similar in 0,57 of the total data found and CV showing a spread of 56%. Looking at Table 2 shows students were not able to produce an ICC over 0,87 and a CV lower than 21%. Comparing the results on reliability to similar studies was not possible, since no studies were found using horses. Due to the physiological differences between horses and humans, comparing to human studies is also not possible.
A better support for the reliability of the two students would have been to include an Intra-rater correlation coefficient. This would help determining whether an untrained student would be able to reliably reproduce their own data. Because, when looking at the studies from Bassi [3] and Farah [2] an Intra-class correlation over 0,90 for Bassi [3] and over 0,89 by Farah [2] was found. Another variable in the results might be connected to the level of training and experience a researcher has before selecting the segments. This is supported by the ICC values found by Bassi [3] and Farah [2]. In both studies the selecting was done by cardiac specialists with experience in ECG analysis and in the study by Bassi [3]. Both researchers received three months of training prior to the experiment for standardization.

Conclusion
Based on the data found in this study, two untrained veterinary students are not able to produce more than a substantial reliability in selecting segments for HRV research in horses. Whether a single person selecting the segments would give higher reliability could not be concluded from this study.  
The advice would be to repeat the study with the addition of an Intra-rater correlation coefficient and train the researchers prior to the selecting of the segments for standardization.
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