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Analysis of heart rate variability in corn snakes (Pantherophis guttatus)
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Abstract

The assessment of heart rate variability (HRV) by linear methods in conjunction with Poincaré plots can be useful for
evaluating cardiac regulation by the autonomic nervous system and for the diagnosis and prognosis of heart disease in
snakes. In this report, we describe an analysis of HRV in conscious adult corn snakes Pantherophis guttatus (P.
guttatus). The electrocardiogram (ECG) parameters were determined in adult corn snakes (8 females, 13 males) and
used for HRV analysis, and the RR interval was analyzed by linear methods in the time and frequency domains. There
was no sex-related difference in heart rate. However, significant differences were seen in the duration of the P, PR,
and T waves and QRS complex; there was no difference in the QT interval. The values for the RR interval varied by
15.3% and 18.8% in male and female snakes, respectively, and there was considerable variation in the values for the
high and low frequency domains. The changes in the time domain were attributed to regulation by the
parasympathetic branch of the autonomic nervous system, in agreement with variations in the high and low frequency
domains. The values for standard deviations 1 and 2 in Poincaré plots, as well as the values of the frequency domain,
provide useful parameters for future studies of cardiac function in P. guttatus.
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Resumo

A avaliacdo da variabilidade da frequéncia cardiaca (VFC) por métodos lineares em conjunto com gréficos de
Poincaré pode ser til para avaliar a regulacdo cardiaca pelo sistema nervoso autdbnomo e para o diagndéstico e
prognéstico de doengas cardiacas em serpentes. Neste trabalho, descrevemos uma anélise da VFC em cobras do milho
adultas conscientes Pantherophis guttatus (P. guttatus). Os parametros do eletrocardiograma (ECG) foram
determinados em serpentes do milho adultas (8 mulheres, 13 homens) e utilizados para anélise da VFC, e o intervalo
RR foi analisado por métodos lineares nos dominios do tempo e da frequéncia. Ndo houve diferenga relacionada ao
sexo na frequéncia cardiaca, no entanto, diferencas significativas foram observadas na duracdo das ondas P, PRe T e
do complexo QRS; ndo houve diferenga no intervalo QT. Os valores do intervalo RR variaram 15,3% e 18,8% em
serpentes macho e fémea, respectivamente, e houve variagdo consideravel nos valores para os dominios de alta e
baixa frequéncia. As mudangas no dominio do tempo foram atribuidas a regulagdo pelo ramo parassimpatico do
sistema nervoso autdnomo, de acordo com as variagdes nos dominios de alta e baixa frequéncia. Os valores dos
desvios padrdo 1 e 2 em graficos de Poincaré, bem como os valores do dominio da frequéncia, fornecem parametros
Uteis para estudos futuros da funcéo cardiaca em P. guttatus.

Palavras-chave: Regulacdo auton6mica; Eletrocardiograma; Variabilidade da frequéncia cardiaca; Curva de
Poincaré; Pantherophis guttatus.
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Resumen

La evaluacion de la variabilidad de la frecuencia cardiaca (VFC) por métodos lineales junto con los graficos de
Poincaré puede ser til para evaluar la regulacion cardiaca del sistema nervioso auténomo y para el diagnostico y
pronostico de enfermedades cardiacas en serpientes. En este trabajo, describimos un analisis de la VFC en serpientes
de maiz adultas conscientes Pantherophis guttatus (P. guttatus). Los parametros del electrocardiograma (ECG) se
determinaron en serpientes de maiz adultas (8 hembras, 13 machos) y se utilizaron para el analisis de la VFC, y el
intervalo RR se analizé6 por métodos lineales en los dominios de tiempo y frecuencia. No hubo diferencias
relacionadas con el sexo en la frecuencia cardiaca, sin embargo, se observaron diferencias significativas en la
duracion de las ondas P, PRy T y el complejo QRS; no hubo diferencia en el intervalo QT. Los valores para el
intervalo RR variaron en un 15,3% y un 18,8% en serpientes macho y hembra, respectivamente, y hubo una variacién
considerable en los valores para los dominios de alta y baja frecuencia. Los cambios en el dominio del tiempo se
atribuyeron a la regulacion de la rama parasimpatica del sistema nervioso autbnomo, de acuerdo con las variaciones
en los dominios de alta y baja frecuencia. Los valores de las desviaciones estandar 1 y 2 en los graficos de Poincaré,
asi como los valores del dominio de la frecuencia, proporcionan parametros Utiles para futuros estudios de la funcién
cardiaca en P. guttatus.

Palabras clave: Regulacion autonémica; Electrocardiograma; Variabilidad de la frecuencia cardiaca; Diagrama de
Poincaré; Pantherophis guttatus.

1. Introduction

The electrocardiogram (ECG) is a reliable and widely used means of recording cardiac signals in many animals. The
ECG can be represented graphically on a tachogram that shows the sequence of RR intervals. The RR interval is one of the
most widely employed indices for studying heart rate variability (HRV) and can be used to assess fluctuations in cardiac
regulation by the autonomic nervous system (Freitas, 2000). HRV describes oscillations of consecutive RR intervals.
Clinically, HRV analysis can be used to detect changes in cardiac function and neuronal activity that may be indicative of the
animal’s general health, with a high HRV indicating a well-regulated system and a low or reduced HRV indicating potential
health problems; such analyses can improve the interpretation and management of heart disease in reptiles (Veras and
Gonzélez, 1999; Veras et al., 2000; Wang et al. 2003; Cruz and Junkes, 2008; La Rovere et al., 2012; Gemer, 2016; Shaffer
and Ginsberg, 2017).

HRV analysis generally involves the use of linear methods (Vanderlei et al., 2009) as a function of time or frequency
(Rocha et al., 2005). The analysis as a function of time is directly related to the RR interval and involves determination of the
standard derivation of all the NN intervals (SDNN), the standard derivation of the average NN interval (SDANN), and the root
mean square of successive differences (RMSSD) between heartbeats (Vanderlei et al., 2009). On the other hand, HRV analysis
as a function of frequency involves the application of mathematical equations to fluctuations in the RR that can be used to
generate the geometric models required for Poincaré graph construction. For this, the data points are plotted in the Cartesian
plane along a line that forms two indices, with the instantaneous variability being given by standard deviation 1 (SD1) and the
long-term continuous variability by standard deviation 2 (SD2). The variations associated with the SD1 and SD2 axes reflect
variations in regulation by the autonomic nervous system (Task Force, 1996; Hoshi and Armstrong, 2013).

The ease with which the ECG can be recorded makes this technique particularly useful for studying cardiac function
in snakes and for monitoring the health status of these animals in a clinical setting, particularly in relation to the identification
and characterization of cardiovascular and non-cardiovascular pathologies. Several studies have examined the ECG parameters
of snakes such as Boa constrictor (boa constrictor) (Valentinuzzi et al., 1970), Spilotes pullatus (tropical chicken snake or
yellow rat snake) (Kik and Mitchell, 2005; Cruz and Junkes, 2008) and Crotalus durissus (tropical rattlesnake) (Stuginski et
al., 2011).

P. guttatus (Linnaeus, 1766), commonly known as the red or eastern corn snake, is a non-venomous North American
snake belonging to the family Colubridae. Corn snakes readily adapt to captivity and for this reason are widely kept as pets

(Conant and Collins, 1998; Bird et al. 2015). However, there is little information on the cardiovascular physiology of this
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species. Lewis et al. (2020) examined the cardiac electrical activity of P. guttatus and described the various waves (S, P and R)
and intervals (PR, RT and TP) of the ECG in these snakes. These authors noted that the TP interval was particularly useful for
evaluating stress in these snakes and that there were important differences when compared with the mammalian ECG.

In this study, we recorded the ECG from conscious corn snakes and used a combination of linear methods to analyze
HRV. The data obtained provide useful information on the cardiac parameters in P. gutattus and HRV analysis could be a

potentially helpful approach for diagnosing and monitoring cardiac and neural diseases in this species.

2. Methodology
2.1 Study

This is an exploratory experimental study, with a qualitative and quantitative approach. The experimental method
provides manipulation of independent variables allowing the accumulation of information about the studied phenomenon and
easy sampling (Gil, 2010).

2.2 Animals

Corn snakes (P. gutattus; 8 females and 13 males) were obtained from the Serpentario do Centro de Estudos da
Natureza (CEN, Secretario do Meio Ambiente permit SMA 15.380/2012) at the Universidade do Vale do Paraiba (UNIVAP,
S8o José dos Campos, SP, Brazil) and were housed individually at room temperature in clear plastic boxes with ventilation
holes. The snakes had free access to water and were fed 1-2 mice every 15 days. Immediately prior to use, the snakes were
weighed, and the snout-vent (cloaca) length and tail length were recorded. The experiments described here were approved by
the Committee for Ethics in Animal Use (CEUA/UNIVAP, protocol no. 01/CEUA/2015).

2.3 Signal measurements

Conscious (non-sedated) snakes were used since anesthesia may depress vagal and cardiac activity (Mullen, 1967). To
record the ECG, the snakes were restrained individually with the ventral surface downwards in a clear plastic tube, with the
cephalic one-third to half of the body inserted into the tube (Figure 1). Most work on heart rate in snakes is carried out under
resting conditions and with anesthetized animals, a factor that can interfere with a full understanding of this animals (Lilywhite
et al., 1999; Stunginsk; Fernandes; Grego, 2011).
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Figure 1. Procedure for restraining P. guttatus for ECG measurements. The anterior region of the snake was inserted into a

clear plastic tube prior to attaching the ECG electrodes.

Source: Authors.

Four clip electrodes were placed laterally along the body: two were positioned cranially to the heart and two caudally,
all equidistant from this organ. The position of the heart was determined by Doppler imaging (Medmega Doppler imager,
Franca, SP, Brazil).

The ECG was recorded and analyzed using a computerized electrocardiograph with appropriate acquisition software
(ECG PCV Acquisition Module 6.2, Tecnologia Eletronica Brasileira — TEB, S&o Paulo, SP, Brazil). The use of non-sedated
snakes meant that the duration of the recordings varied considerably, depending on the animal’s behavior. However, in all
cases, the ECG was recorded for up to 2 min. For RR interval analysis, the duration of the interval (in milliseconds, ms) was
determined from at least 37 ECG traces, with an average of 46 intervals for each snake. HRV was assessed using linear

methods, as described below.

2.4 Determination of the HRV index

Time domain indices for RR interval time series were calculated based on the standard deviation of all the NN
intervals (SDNN), the standard deviation of the average NN interval (SDANN) and the root mean square of successive
differences (RMSSD) between heartbeats, all expressed in ms (Vanderlei et al. 2009). The time domain intervals can be
represented by geometric methods based on the triangulation index of the Poincaré plot that determines the dispersion of RR;
vs RRn+1, Where RR represents the time elapsed between two consecutive peaks (n and n+1). The horizontal axis of the
histogram represents the length of the intervals and the vertical axis indicates the frequency at which these intervals occur;
these two parameters (RR, and RRn+1) are insensitive to artifacts as they are outside the triangle. Subsequent analysis of the RR
interval series allowed application of the first return map and the estimation of SD1 and SD2 associated with the standard
deviation of the short and long-term RR intervals.

For the frequency domain, a non-parametric method based on the Fourier transformer algorithm, was used to
decompose sequential series of RR intervals into different amplitudes and frequencies, thereby obtaining ultralow frequency
(<0.003 Hz), very low frequency (VLF, 0.003-0.04 Hz), low frequency (LF, related primarily to the sympathetic system;
0.041-0.15 Hz) and high frequency (HF, related primarily to the parasympathetic system; 0.151-0.4 Hz) data. The LF/HF ratio
provided another means of assessing the balance between the sympathetic and parasympathetic systems (Armelin et al. 2019,
Campbell et al. 2006; Vanderlei et al. 2009).
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All data analyses were done using Kubios® (Kuopio, Finland), a widely used free software for HRV analysis.

2.5 Statistical analysis

The results were expressed as the mean £ SD. The data were initially screened using the Kolmogorov-Smirnov test
which showed that they did not follow a normal distribution. Subsequent statistical comparisons between males and females
were therefore done using the Mann-Whitney non-parametric test, with p<0.05 indicating significance. All statistical analyses

were done using Prism v.5.0 (GraphPad Inc., San Diego, CA, USA).

3. Results
3.1 Biometric parameters
Table 1 shows the biometric parameters (body weight, snout-vent/cloaca length and tail length) for the snakes used in

this study, with males being significantly heavier and longer than females.

Table 1. Body weight, snout-vent length and tail length in male and female corn snakes (P. gutattus). Body weight and lengths

were measured to the nearest 0.1 g and 0.1 cm, respectively. The values represent the mean £ SD for the number of snakes

shown.
Females (n=8) Males (n=13) p
Body weight (g) 255.1 + 68.0 437.2£115.7 <0.005
Length (cm)
Snout-vent 94.9+9.8 107.9+9.0 0.0064
Tail 15017 16.7+ 3.7 0.057
Snout-tail 109.9+11.2 124.4 + 8.1 0.002

Source: Authors.

3.2 Heart rate analysis

Figure 2 shows a representative recording of the ECG used to determine the heart rate and to assess the QRS complex
and calculate the RR interval. Table 2 shows the heart rate and ECG parameters for male and female corn snakes; there was no
significant sex-related difference in heart rate. In contrast, there were significant sex-related differences in the duration of the
P, PR, and T waves and the QRS complex, but no difference in the QT interval. There were also significant sex-related
differences in the RR interval (p<0.001), with this interval varying by 15.3% (r2 = 0.104) and 18.8% (r2 = 0.0004) for males

and females, respectively.
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Figure 2. Representative ECG recording from a corn snake (P. guttatus) showing the QRS complex, RR interval and P wave.
The ECG was recorded using ECG-PCVet software with the snake at rest at 25 °C.

Source: Authors.

Table 2. Heart rate and ECG parameters in male and female corn snakes (P. gutattus). The data represent the mean + SD of the
number of snakes indicated. bpm — beats per minute.

Sex
Parameter Male (n=13) Female (n=8) p
Heart rate (bpm) 53+8 50+9 0.5511
ECG parameter (ms)
P wave 87.7+£17.6 116.5+19.2 <0.05
PR interval 273.7+32.3 344.7 £ 67.0 0.0047
QRS wave 160.7 £ 12.4 147.0+17.8 0.0459
T wave 134.4 £ 30.5 1709+ 474 <0.05
QT interval 7154 +145.1 769.3 £ 176.0 0.5393

Source: Authors.

3.3 Time domain evaluation

Female snakes had a significantly greater RR interval and RMSSD than males, but a lower heart rate and SDNN
(Table 3).

Poincaré plot analysis indicated low variability among the RR intervals, with a consequent low distribution in the
graph. The comet-shaped graph (Figure 3) showed low values for males in SD1 (87.8 + 82.0) and SD2 (87.6 = 68.7) and for
females in SD1 (87.6 + 68.7) and SD2 (86.7 + 77.8). The SD1/SD2 ratio of 0.934 indicated there was no significant difference
between the sexes and a Mann-Whitney test comparing males and females confirmed there was no significant difference
between them (p = 0.0546). The SD1 values in both groups indicated the presence of arrhythmias and increased vagal nerve
activity that pointed to increased activity of the parasympathetic system.

Table 3. Parameters for cardiac variability. *HR — heart rate (bpm — beats per min), ***RMSSD — root mean square of

successive differences between heartbeats, **RR — RR interval, ****SDNN — standard deviation of all the NN intervals.

Male Female p
HR* (bpm) 53+8 50+9 0.5511
RR **(ms) 1150.1 + 1485 1192.7 + 149 <0.0001
RMSSD ***(ms) 121.7+£ 1142 137.8 £290.9 0.0061
SDNN**** (ms) 88.2+74.2 25.6+4.1 0.0058

Source: Authors.
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Figure 3. Poincaré plots of the RR intervals for male (A) and female (B) corn snakes (P. guttatus). The plots were analyzed
based on the procedure of elipse adjustment, with SD1 and SD2 corresponding to the perpendicular standard deviations along
the line of identity, where RR, and RRn+1 correspond to adjacent consecutive RR intervals. Each point represents the means of

RR intervals for males and females.
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Source: Authors.

3.4 Frequency domain evaluation

The frequencies ranged from 0.0001 to 0.40 Hz, with high frequency (HF) bands showing the highest incidence, a
situation that reflected vagal nerve activity on the heart and respiration; there was no difference between males and females
(Table 4). The low frequency (LF) bands showed peaks of 0.070 Hz and 0.115 Hz for males and females, respectively (p =
0.0132). This difference probably reflected interaction between the vagus nerve and the sympathetic system. Based on the peak
values for the LF and HF bands, the corresponding LF/HF ratios were 0.819 and 0.302 for male and female snakes,

respectively (Figure 3).

Table 4. Frequency analysis of the RR interval in male and female corn snakes (P. guttatus). The values are the mean £ SD.

Peak frequency (Hz)

Parameter Male (n=13) Female (n=8) p

Very low frequency (VLF) 0.029 £ 0.015 0.029 £ 0.017 0.552
Low frequency (LF) 0.070 £ 0.036 0.115+0.021 0.0132
High frequency (HF) 0.283 + 0.084 0.203 £ 0.057 0.3601

Source: Authors.

4. Discussion

The morphometric data for the snakes used in this study were similar to those reported by Pess et al. (2016) for this
species, with males being larger than females. Heart rate in snakes can be influenced by a variety of factors, including body
temperature, metabolic activity, gas exchange, blood pH, body posture and reflex regulation of blood pressure by
neurohumoral excitatory (adrenergic) and inhibitory (cholinergic) mechanisms (Lillywhite et al., 1999, 2012; Taylor et al.,
2014). The controlled conditions under which the measurements were made in this study probably helped to minimize the

influence of external (environmental) factors on HRV.
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As shown here, there was no significant difference in heart rate between male and female snakes. This finding agrees
with that of Lewis et al. (2020), who also reported no sex-related differences in heart rate in this species. In contrast, there were
significant sex-related differences in several ECG parameters, including the P and T waves, QRS complex and PR interval.
Valentinuzzi et al., (1970) observed considerable variation in the T wave amplitude and duration over several days in snakes,
although no immediate apparent cause of such variations was identified. The values for the ECG parameters in P. guttatus
were lower than those for other species such as Boa constrictor (Conceicdo et al., 2014; Armelin et al. 2019), Lampropeltis
getuhts (Valentinuzzi et al., 1970) and Eunectes murinus (Strussmann, and Sazima,1991), but similar to those reported for
Spilotes pullatus (Cruz and Junkes, 2008) and Crotalus durissus (Stuginski et al., 2011).

Time analysis indicated a significant sex-related difference in the RR interval, with females having a longer interval
than males. This difference may reflect variations in the level of autonomic nervous system activity between the two sexes.
The relationship between SDNN values and autonomic nervous system activity is well known in mammals, especially humans,
with the SDNN providing an indication of the activity of the sympathetic nervous system (Vanderlei et al., 2009; Lopes et al.,
2013; S4 et al., 2013). Nilson (2010) reported similarities in the organization of the autonomic nervous system between snakes
and mammals, but it is unclear to what extent this would influence the relationship between SDNN and this system in these
reptiles.

In the Poincaré plot analysis, the values for SD1 and SD2 and the SD1/SD2 ratio were not significantly different
between males and females. Stress potentially caused to the snakes during ECG measurement could have activated the
sympathetic system, thereby reducing the RR interval and increasing heart rate, as also observed for other snake species, e.g.,
Spilotes pullatus (Cruz and Junkes, 2008). SD1 is associated with the short-term modulation of heart rate variability that is
influenced by the parasympathetic nervous system, whereas SD2 is associated with the long-term modulation of heart rate
variability that is influenced by the sympathetic nervous system (Roy and Ghatak, 2013). The SD1 and SD2 values for P.
guttatus indicated cardiac regulation by the sympathetic and parasympathetic systems. The Poincaré plot indicated activation
of the autonomic nervous system, with an increase in parasympathetic modulation of the sinoatrial node. The influence of the
parasympathetic nervous system on cardiac responses is well known in mammals such as rats (Nijsen et al., 1998).

Comparative studies based on the analysis of Poincaré plots have shown influence of the sympathetic and
parasympathetic branches of the autonomic nervous system on HRV in healthy and diseased individuals (Vanderlei et al.,
2010). Fluctuations in band frequencies are modulated by the autonomic nervous system. In mammals, in which fluctuations
are widespread, HF variations are related primarily to activity of the parasympathetic nervous system, whereas LF variations
are related to the activity of both branches (sympathetic and parasympathetic) of the autonomic nervous system (Malik and
Camm, 1995).

The LF and HF values and the LF/HF ratio were similar to those reported for Boa constrictor, in which the main LF
peak occurred between 0.0 and 0.1 Hz and a smaller HF peak between 0.1 Hz and 0.2 Hz (Armelin et al., 2019). The peaks in
each frequency range can vary in relation to the respiratory rate, as shown for the South American rattlesnake Crotalus
durissus terrificus (Campbell et al., 2006). Cardiorespiratory interactions, including respiratory sinus arrhythmia, occur in a
variety of vertebrates and are mediated by the parasympathetic system that modulates the RR interval (Sanches et al., 2019).
Although not significant, variation in the HF wave seen here in P. gutattus, with a corresponding reduction in the LF/HF ratio,
suggested a possible decrease in vagal tone and its sympathetic modulation. The anatomical organization of the reptilian heart
predisposes these animals to reduced vagal tone since venous blood flows through the ventricles to the lungs (right-left shunt)
followed by pumping to the general circulation during systole (Germer, 2016). Campbell et al. (2006) noted that, in contrast to

mammals, rattlesnakes (C. d. terrificus) simultaneously showed high and low frequency spectra.
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A variety of environmental stimuli can be stressful to snakes. Cruz and Junkes (2008) noted that exposure of the snake
Spilotes pullatus to stress resulted in stimulation of the vagus nerve and an increase in the RR interval, leading to bradycardia.
In addition, the animal’s position during ECG recording, e.g., whether in a horizontal or inclined position, can influence the
level of stress and consequently affect the accuracy with which the vectors are determined (Armelin et al., 2019). These studies
suggest that a detailed analysis of the mechanisms of cardiac regulation in a given species can improve our understanding of its
adaptations to its natural habitat, whether terrestrial, aerial or aquatic (Shoemaker and Zandvliet, 2005).

Despite anatomical variations in heart structure and organization, reptilian cardiac tissue responds to adrenergic and
cholinergic stimulation in a manner similar to mammalian heart (Arita et al., 1967; Liu et al., 2014; Jensen et al., 2017).
Compared to mammals, ectothermic animals show slower atrioventricular conduction, primarily because of poorly developed
myocytes, the presence of considerable connective tissue, and a lower overall tissue excitability caused by a reduced number
(density) of sodium channels (Jensen et al., 2012, 2014; Temple et al., 2013). In this context, a greater understanding of the

cardiac physiology of snakes may be gained by HRV analysis, as described here.

5. Conclusion

Measurement of the ECG and RR interval in P. guttatus showed that these snakes have a heart rate of ~50-55 bpm.
However, analysis of the ECG alone is insufficient for an adequate assessment of cardiac function; a comprehensive evaluation
can only be achieved with HRV analysis. Even with the electrocardiographic variations, the signals show consistency in the P
wave repolarization and in the QSR complex. As shown here, HRV analysis in relation to time and frequency can be useful for
evaluating the potential autonomic regulation of such variability. The sex-related differences observed for several parameters
most likely reflected true physiological differences rather than being caused by any underlying pathology. The values for SD1
and SD2, and the findings for the frequency distributions (especially for LF, which has been widely used in other studies)
provide a useful basis for future studies of P. guttatus and for comparative studies involving other snake species.

The present study presents a particularity about the reading of electrocardiographic signals, as in previous studies,
animals are subjected to restraints through anesthesia, thus the data provide information about the cardiac system of P. guttatus
without the use of chemical containment.

Given the data obtained in this research, it is indicated that further research be carried out with a greater number of

individuals and with different types of snakes, as well as studies on the action of heart blockers on heart rate variability.
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