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Abstract 16 

Objectives: To compare the atrial fibrillatory rate (AFR) derived from a local right atrial 17 

intracardiac recording (RA-FR) and from a single-lead surface electrocardiogram (ECG) 18 

during atrial fibrillation (AF) and to evaluate the correlation with transvenous electrical 19 

cardioversion (TVEC) threshold (in Joules), number of shocks and cardioversion success 20 

rate in horses. 21 

Animals: ECGs and clinical records of horses with AF treated by TVEC. Horses were 22 

included if a simultaneous recording of the right atrial intracardiac electrogram and a 23 

modified base-apex ECG were available. 24 

Materials and methods: Clinical records of horses with AF treated by TVEC were 25 

reviewed. Three minute long episodes of simultaneous electrograms and surface ECG 26 

during AF were selected for analysis and compared using Bland-Altman analysis. The 27 

mean RA-FR was measured from the deflections on the intracardiac electrogram, while 28 

the AFR was extracted from the surface ECG using spatiotemporal QRS and T-wave 29 

cancellation.  30 

Results: Seventy-three horses satisfied the inclusion criteria. The mean difference 31 

between RA-FR and AFR was -13 fibrillations per minute (fpm), the 95% limits of 32 

agreement were between -66 and 40 fpm and there was a moderate (ρ=0.65) correlation 33 

between RA-FR and AFR (p<0.001). Neither RA-FR nor AFR appeared to influence the 34 

TVEC cardioversion threshold or the number of TVEC shocks applied. 35 
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Conclusions: The AFR may allow non-invasive long-term monitoring of AF dynamics. 36 

Neither RA-FR nor AFR could be used to predict the minimal defibrillation threshold for 37 

TVEC. 38 

Key words: atrial fibrillation, arrhythmia, atrial electrophysiology, transvenous electrical 39 

cardioversion, atrial fibrillation cycle length 40 

Abbreviation table: 41 

AF atrial fibrillation 

AFCL atrial fibrillation cycle length 

AFR atrial fibrillatory rate 

ECG electrocardiogram 

RA-FR atrial fibrillatory rate derived from a local right atrial intracardiac recording 

TVEC transvenous electrical cardioversion 

  42 
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Introduction 43 

Atrial fibrillation (AF) is the most common pathological arrhythmia in horses with an 44 

estimated prevalence of 2.5% [1]. Medical therapy using quinidine sulphate as well as 45 

transvenous electrical cardioversion (TVEC) are well established treatments [2,3]. The 46 

recurrence rate of AF after successful treatment is between 15 and 39% at 1 year after 47 

conversion [4,5]. The atrial effective refractory period is an important variable related to 48 

the degree of atrial electrical remodelling [6,7]. This variable has been studied in horses 49 

using programmed electrical stimulation, but the technique can only be applied during 50 

sinus rhythm [8]. During AF, the atrial fibrillation cycle length (AFCL) can be used instead 51 

as it is directly related to the atrial effective refractory period. In people with AF, the AFCL 52 

has been used to investigate the effects of antiarrhythmic drugs on AF [9–11] and has 53 

been identified as an independent factor for prediction of AF treatment outcome and AF 54 

recurrence rate [10]. In horses, no independent correlation was found between the AFCL 55 

and AF recurrence but correlations were found between the AFCL and AF duration and 56 

also between the shortest 5% AFCL to left atrial size ratio and AF recurrence [7]. Since 57 

horses with a longer AF duration are less likely to convert using a medical treatment [12], 58 

the AFCL could be a useful indicator to recommend TVEC. In experimentally pacing-59 

induced AF, only horses with an atrial fibrillation rate (AFR) less than 350 fibrillations per 60 

minute (fpm) showed spontaneous cardioversion to SR [13] but no similar data are 61 

published from horses with naturally-occurring paroxysmal AF. 62 

The AFCL is typically measured invasively from bipolar intra-atrial electrogram recordings 63 

as the time between two successive atrial depolarisations. Tissue Doppler has been 64 

validated as a non-invasive way of determining the AFCL in horses and humans, but this 65 
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requires specialized equipment, an experienced operator and cannot be used for long-66 

term continuous monitoring [14,15]. Another non-invasive option is deriving the AFR from 67 

the surface electrocardiogram (ECG), a technique that has been validated against the 68 

intracardiac AFCL recordings in humans [16]. Although the technique could not be used 69 

to estimate the exact local AFCL within the atrium, it was a good representation of the 70 

dynamics of the AFCL. Measuring the AFR from the surface ECG would allow long term 71 

monitoring, for example to investigate the effects of drugs on AF in horses. Recently, the 72 

effect of antiarrhythmic drugs on the surface ECG-derived AFR was studied in horses 73 

[13,17]. However, so far the technique has not been compared and validated with the 74 

intracardiac AFCL in horses. 75 

The first goal of this study was to compare the non-invasively determined AFR from the 76 

surface ECG with the AFCL derived from a right atrial electrogram in horses with naturally-77 

occurring AF using the described technique. The second aim was to evaluate if the TVEC 78 

energy threshold, number of shocks needed for conversion and successful conversion 79 

were related to the AFR.  80 

Animals, Materials and Methods: 81 

Study population 82 

Records of horses referred to the Department of Large Animal Internal Medicine, Ghent 83 

University, for TVEC of AF since 2013 were reviewed in order to identify horses in which 84 

at least three minutes of good quality, simultaneous recording of the intra-atrial 85 

electrogram and surface ECG under sedation, prior to the TVEC procedure, were 86 

available. The following characteristics from the TVEC procedure were collected: 87 



6 

restoration of sinus rhythm (yes, no), energy delivery at cardioversion (Joules), number of 88 

shocks needed for cardioversion. The AF duration was not available in the current dataset. 89 

The TVEC procedure was performed as previously described [3]. 90 

Intracardiac electrogram recordings 91 

The TVEC procedure started with insertion of catheters in the standing, sedated 92 

(detomidine 7.5µg/kg IV, Domidine®e) horse. As part of our standard procedure, a 93 

temporary pacing catheter, connected to an adapted Televet 100 devicef, was first 94 

inserted in the right atrium and positioned at the intervenous tubercle. Subsequently, two 95 

TVEC catheters were inserted and positioned in left pulmonary artery and right ventricle 96 

under ultrasound guidance. During TVEC catheter positioning the Televet 100 device 97 

recorded the right atrial electrogram together with a modified base-apex ECG as shown 98 

in Figure 1. From the intracardiac recording, the AFCL was determined using a custom-99 

made script in Matlab R2018bg. The script divided the intracardiac electrogram into 100 

separate one-minute recordings and applied a peak detection algorithm that identified all 101 

positive deflections within each electrogram. All electrogram traces were visually checked 102 

by the operator (GVS) for correct peak detection. In case the quality was insufficient the 103 

one-minute intra-atrial trace and corresponding surface ECG trace were rejected and not 104 

included in the study and another one-minute good quality trace was selected from the 105 

same horse. The AFCL, defined as the time interval between two consecutive intra-atrial 106 

depolarisations, was averaged over each one minute of recording to calculate a global 107 

average over the three minutes. 108 

Electrocardiogram recordings and signal processing 109 
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The modified base-apex ECG (negative electrode at right withers, positive electrode left 110 

thorax caudal to the olecranon) was recorded simultaneously with the intra-atrial 111 

electrogram. Only the data of the surface ECG lead were exported to a CSV file for 112 

processing using the AFR Tracker softwareh to obtain the AFR in fpm averaged over each 113 

1 minute segment, in order to calculate a global average over the 3 minutes. This software 114 

uses spatiotemporal QRS and T-wave cancellation and has been applied to equine ECGs 115 

previously [13,16–18]. After detection of the QRS complexes and T waves the software 116 

calculates a medium QRS-T complex from each 1 minute segment and subtracts this from 117 

the segment leaving a residual ECG. From this residual ECG the software determines the 118 

average dominant frequency over time as the AFR. 119 

Statistics 120 

All statistics were performed using R v3.4.4 [19]. The level of significance was p=0.05. All 121 

data was tested for normality by visual control of the frequency histogram and Q-Q plot. 122 

Data are reported as means (SD) or medians (range) appropriate for the distribution of 123 

the data. For statistical comparison between the intra-atrial AFCL and the AFR from the 124 

surface ECG, the intra-atrial AFCL was converted to fpm instead of milliseconds. The 125 

Bland-Altman mean bias, 95% limits of agreement and Pearson correlation were 126 

calculated. A paired t-test was used to test the significance of the mean difference 127 

between both methods. The Spearman correlation was calculated between the AFR and 128 

energy (Joules) needed for conversion. A zero-truncated negative binomial regression 129 

was used to assess if there was significant effect of the AFR on the number of shocks 130 

needed for cardioversion. 131 

Results 132 
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Seventy-three horses met the inclusion criteria: 60 warmbloods, 9 trotters and 4 133 

thoroughbreds; 11 stallions, 43 geldings and 19 mares; mean body weight 581 ± 79 kg 134 

and mean age 9.5 ± 4 years. Intracardiac ECG recordings from 19 of these horses have 135 

also been reported in another study [7]. Both the fibrillation rate derived from a local right 136 

atrial intracardiac recording (RA-FR) and AFR were normally distributed while the number 137 

of shocks and energy needed for conversion were not normally distributed. Median [range] 138 

for non-normal distributed and mean with standard deviation for normal distributed values 139 

are shown in Table 1. A scatter plot of the RA-AFR versus AFR is shown in figure 2A. The 140 

RA-FR was significantly lower compared to the AFR (p<0.001, power=0.98) and both were 141 

moderately correlated (ρ=0.65, p<0.001). Bland-Altman mean difference was -13 fpm, the 142 

95% limits of agreement were between -66 and 40 fpm, and the Bland-Altman plot is 143 

shown in Figure 2B. Correlations, 95% confidence intervals and p-values are shown in 144 

Table 2. In total 71 (97%) out of 73 horses did convert to sinus rhythm following TVEC. 145 

Since only 2 horses did not convert to SR, data were not further analysed statistically. No 146 

significant correlation could be found between the RA-FR or AFR and the amount of 147 

energy needed for cardioversion to SR. No significant effect of the RA-FR or AFR could 148 

be found on the number of shocks needed for cardioversion. 149 

 150 

Discussion 151 

The current study shows a significant correlation between the AFR measured from a 152 

surface ECG and the RA-FR measured from a right atrial recording, but also a significant 153 

difference and wide limits of agreement between both methods for measuring the AFR. 154 
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Recent studies in horses with experimentally-induced AF have shown that the AFR 155 

dynamics are similar in horses compared to humans with paroxysmal AF and that AFR 156 

could be used to study the effect of antiarrhythmic drugs during AF. However, the AFR 157 

was not compared to the RA-FR in these studies [13,17]. A comparison between manual 158 

calculation of the f-f interval from the surface ECG and intracardiac RA AFCL found a 159 

moderate correlation between both methodsi. However, these results were possibly 160 

biased towards longer f-f intervals, and thus segments with course AF on the ECG, 161 

because otherwise f waves were not clearly identifiable.  162 

The absolute mean difference between RA-FR and AFR in our study (13 fpm) is similar 163 

compared to a study in human medicine (11 fpm), but with larger limits of agreement [16]. 164 

Similar as in human medicine, the AFR is not an exact measurement of the local AFCL 165 

within the atrium, but it is rather a representation of global AF dynamics. The correlation 166 

between RA-FR and AFR supports the potential to use AFR to monitor long term dynamics 167 

of AF [13]. In addition to tracking the effect of antiarrhythmic compounds on AF, the 168 

technique could also be used to assess the effect of circadian rhythm or autonomic tone 169 

on AF dynamics. Since the AFR does not require long RR intervals to be measured, in 170 

contrast to tissue Doppler, the AFR could also be used at higher heart rates, such as 171 

during exercise [15]. Only global AF dynamics can be estimated with the AFR since the 172 

technique currently does not allow for local measurements, although these are possible 173 

with tissue Doppler imaging and intracardiac electrogram measurements. 174 

Atrial fibrillation cycle length differences between intra-atrial electrogram recording and 175 

tissue Doppler image analyses have been documented in a previous study in horses but 176 

these were attributed to spatiotemporal AFCL variation because both measurements were 177 
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not performed simultaneously and not at the same intra-atrial location. In our study 178 

recordings of both surface ECG and intracardiac electrograms were done simultaneously, 179 

avoiding the temporal variable. This leaves the spatial AFCL variation, which could not be 180 

avoided due to the electrode configuration of a modified base-apex ECG. In horses with 181 

naturally-occurring persistent AF a significantly faster AFR in the left atrium compared to 182 

the right atrium has been demonstrated [15]. The AFR in the current study was 183 

significantly faster compared to the RA-FR, which might suggest that the modified base-184 

apex lead is more influenced by left compared to right atrial electrical activity. 185 

In our study the modified base-apex lead (bipolar) was used for recording the surface 186 

ECG. For this electrode configuration, the electrodes are positioned at a large distance 187 

from the atria and encompass a much larger portion of the atria compared to the unipolar 188 

V1 or oesophageal lead used in human trials [16,20]. Because of the long distance 189 

between recording electrodes and atria, this lead probably results in a more global AFR 190 

measurement compared to the more localized AFR from V1 in human medicine. The latter 191 

has a better relationship with the fibrillatory rate of the coronary sinus and left pulmonary 192 

veins in comparison with right atrial fibrillatory rate [16,21]. The larger the anatomical 193 

distance between the intracardiac and surface ECG recording location, the bigger the 194 

difference between the intracardiac atrial fibrillation rate and AFR. This is also represented 195 

by the wide limits of agreement between both methods and the relatively low shared 196 

variability of 42%. These theories should be further investigated by applying different 197 

electrode configurations, using unipolar electrodes close to the right atrial free wall, or 198 

using intra-atrial recordings from the left atrium which could be compared to both the 199 

global AFR and a unipolar AFR. A transseptal atrial puncture is used to record left atrial 200 
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electrograms in people, but this technique has not yet been described in horses. Another 201 

option would be to record left atrial AFCL from the coronary sinus since this approach 202 

does not require access to the left atrium. Despite the relatively weak correlation between 203 

both methods in the current study, the AFR derived from the surface ECG can still be 204 

useful for long term monitoring of the AFR as was demonstrated by a previous study in 205 

horses [13,17]. 206 

As only 2 out of 73 horses did not convert to sinus rhythm, some conclusions could not 207 

be drawn from this dataset. No significant effect was found of the RA-FR or AFR on the 208 

number of shocks or the energy requirements needed for cardioversion were identified. 209 

This is in contradiction to a human studies in which a moderate to strong positive 210 

correlation was found between the minimal threshold for external cardioversion and AFR 211 

[22,23]. This may indicate that other mechanisms play a role in the minimal cardioversion 212 

threshold such as atrial structural defects or atrial size. Although pacing induced AF in 213 

horses yielded similar results as in humans, it remains unclear if pacing induced AF 214 

reflects naturally occurring AF in horses [8]. 215 

Limitations 216 

We only measured electrograms at one right atrial location, thus spatial intracardiac 217 

fibrillatory rate variability and correlation with the AFR could not be assessed. In addition, 218 

it is unclear if recording in the right atrium is a good surrogate for overall atrial activation 219 

due to potential interatrial differences in fibrillatory rate. Since only one surface ECG lead 220 

was recorded, no information is available about the use of different lead configurations on 221 

the AFR as this might have improved the correlation between both methods. The current 222 

measurements were done with sedation. Detomidine has been reported to significantly 223 
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decrease AFR but the decrease was very small and the measurement can therefore be 224 

considered a reliable indicator for atrial electrical remodelling [24]. 225 

Conclusion 226 

The surface ECG-derived AFR had a shared variability of 42% with the intracardiac RA-227 

FR. The non-invasive approach may allow long-term monitoring of the AFR in order to 228 

investigate AF pathophysiology in horses and the effect of antiarrhythmic drugs. However, 229 

results show a significantly faster AFR compared to the RA-FR and wide limits of 230 

agreement. Neither RA-FR nor AFR could be used to predict the minimal defibrillation 231 

threshold for TVEC.  232 
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Table 1: 327 

Descriptive statistics (of mean, median, standard deviation and range) for atrial 328 

fibrillatory rate, total cardioversion energy and number of shocks in 73 horses with atrial 329 

fibrillation. 330 

Measurement mean median s.d. range 

RA-FR (fpm) 356  23 306 - 410 

AFR (fpm) 369  38 303 - 527 

Energy 

(Joules)  200  150 - 360 

Number of 

shocks  1.5  1 - 15 

s.d., standard deviation; RA-FR, intracardiac atrial fibrillation rate; AFR, surface ECG 
atrial fibrillatory rate; fpm, fibrillations per minute. 

 331 

  332 
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Table 2: 333 

Correlations and regression coefficients, 95% confidence intervals and p-values of the 334 

statistical analysis of the atrial fibrillatory rate, total cardioversion energy and number of 335 

shocks in 73 horses who were treated for atrial fibrillation 336 

 correlation 
regression 

coefficient 

95% 

confidence 

interval 
p-value 

RA-FR     

   AFR 0.651  -66  40 <0.001 

   Number of shocks  0.0142  0.262 

   Energy 0.123 
  0.325 

AFR     

   Number of shocks  0.0032  0.692 

   Energy 0.133   0.288 

RA-FR, intracardiac atrial fibrillation rate; AFR, surface ECG atrial fibrillatory rate. 1 
Pearson correlation, 2 zero-truncated negative binomial regression, 3 Spearman 
correlation 

 
  337 
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Figure legends: 338 

Figure 1: Example of an intra-atrial electrogram (lower trace) from the right atrium 339 

recorded simultaneously with a modified base-apex surface electrocardiogram (upper 340 

trace). The mean intra-atrial fibrillation rate is calculated from the time interval between 2 341 

successive atrial depolarisations. 342 

Figure 2: Panel A: scatter plot comparing the intra-atrial right atrial fibrillatory rate (RA-FR) 343 

and the surface electrocardiogram atrial fibrillatory rate (AFR) in fibrillations per minute 344 

(fpm). Each point represents the average atrial fibrillation rate over 3 minutes in a single 345 

horse. Panel B is a Bland-Altman plot of agreement between the intra-atrial right atrial 346 

fibrillatory rate (RA-FR) and the surface electrocardiogram atrial fibrillatory rate (AFR). 347 

The solid line represents the bias, the upper and lower lines represent the upper and lower 348 

95% limits of agreement. 349 


