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Water drinking during aerobic exercise improves the recovery of non-linear heart rate dynamics in coronary artery disease: crossover clinical trial












	
	TYPE Original Research
PUBLISHED 22 June 2023
DOI 10.3389/fnins.2023.1147299






Water drinking during aerobic exercise improves the recovery of non-linear heart rate dynamics in coronary artery disease: crossover clinical trial

Maria Júlia Lopez Laurino*, Anne Kastelianne França da Silva, Lorena Altafin Santos and Luiz Carlos Marques Vanderlei

Laboratory of Stress Physiology, Department of Physiotherapy, São Paulo State University (UNESP), Faculty of Science and Technology, Presidente Prudente, Brazil

[image: image2]

OPEN ACCESS

EDITED BY
Phyllis Kravet Stein, Washington University in St. Louis, United States

REVIEWED BY
Rita Polito, University of Foggia, Italy
 Ines Villano, University of Campania Luigi Vanvitelli, Italy

*CORRESPONDENCE
 Maria Júlia Lopez Laurino, majulaurino@hotmail.com

RECEIVED 18 January 2023
 ACCEPTED 31 May 2023
 PUBLISHED 22 June 2023

CITATION
 Laurino MJL, Silva AKF, Santos LA and Vanderlei LCM (2023) Water drinking during aerobic exercise improves the recovery of non-linear heart rate dynamics in coronary artery disease: crossover clinical trial. Front. Neurosci. 17:1147299. doi: 10.3389/fnins.2023.1147299

COPYRIGHT
 © 2023 Laurino, Silva, Santos and Vanderlei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Introduction: The post-exercise recovery is a period of vulnerability of the cardiovascular system in which autonomic nervous system plays a key role in cardiovascular deceleration. It is already known that individuals with coronary artery disease (CAD) are at greater risk due to delayed vagal reactivation in this period. Water ingestion has been studied as a strategy to improve autonomic recovery and mitigate the risks during recovery. However, the results are preliminary and need further confirmation. Therefore, our aim was to investigate the influence of individualized water drinking on the non-linear dynamics of heart rate during and after aerobic exercise in CAD subjects.

Methods: 30 males with CAD were submitted to a control protocol composed of initial rest, warming up, treadmill exercise, and passive recovery (60 min). After 48 hours they performed the hydration protocol, composed of the same activities, however, with individualized water drinking proportional to the body mass lost in the control protocol. The non-linear dynamics of heart rate were assessed by indices of heart rate variability extracted from the recurrence plot, detrended fluctuation analysis, and symbolic analysis.

Results and discussion: During exercise, the responses were physiological and similar in both protocols, indicating high sympathetic activity and reduced complexity. During recovery, the responses were also physiological, indicating the rise of parasympathetic activity and the return to a more complex state. However, during hydration protocol, the return to a more complex physiologic state occurred sooner and non-linear HRV indices returned to resting values between the 5th and 20th minutes of recovery. In contrast, during the control protocol, only a few indices returned to resting values within 60 minutes. Despite that, differences between protocols were not found. We conclude that the water drinking strategy accelerated the recovery of non-linear dynamics of heart rate in CAD subjects but did not influence responses during exercise. This is the first study to characterize the non-linear responses during and after exercise in CAD subjects.
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1. Introduction

Coronary artery disease (CAD) is associated with autonomic imbalance (Floras and Ponikowski, 2015), which delays the post-exercise recovery of the cardiovascular and autonomic nervous systems (ANS) (Ushijima et al., 2009). The recovery efficiency of these systems has a significant prognostic value (Qiu et al., 2017) and is related to the risk of occurrence of acute cardiovascular events after exercises, such as ischemia and arrhythmias (Thompson et al., 2007).

Among the strategies that can accelerate post-exercise recovery, a fluid replacement strategy can be easily implemented in exercise-based cardiac rehabilitation programs. However, despite the important role that the autonomic nervous system (ANS) plays in cardiovascular deceleration after exercise (Fisher et al., 2015) and the risks related to the autonomic impairment and delayed recovery of CAD subjects (Ushijima et al., 2009; Floras and Ponikowski, 2015), only two studies investigated the effects of water drinking in the autonomic recovery in this population (Laurino et al., 2021; Silva et al., 2022).

Results from these studies were based on heart rate variability (HRV) analysis that evaluated the autonomic recovery. HRV analysis evaluates the ANS through the variation of consecutive NN intervals. HRV can be analyzed by linear methods, such as the time and frequency domains (Shaffer and Ginsberg, 2017), and by non-linear methods, which give information regarding the level of complexity of the ANS, which reflects the parasympathetic and sympathetic interaction/competition to modulate the HR (Henriques et al., 2020).

Therefore, using the HRV indices extracted from the Poincaré plot, Silva et al. (2022) evaluated the effects of water drinking in the 1-h autonomic recovery after a 40-min moderate-intensity session of exercise and found that water drinking promoted a faster and more efficient parasympathetic recovery. Corroborating with this finding, Laurino et al. (2021) reported a small effect of water drinking in the fast recovery phase from the same exercise session, recording a higher vagal response at the first minute of recovery.

Although both studies had positive results, they considered only linear indices of HRV, and the effect found for water drinking was mild to moderate. Thus, a new investigation is needed to determine whether these results can be reproduced using other HRV metrics, which will add further evidence to the benefits of water intake in exercise recovery. In this scenario, the use of non-linear metrics appears reasonable, because ANS control over the HR works as a non-linear and complex biological system (Porta et al., 2009). Also, Figueiredo et al. (2018) have suggested that the non-linear methods are more sensitive for detecting the physiological acute modifications following a high-intensity training session.

Nevertheless, studies that evaluated autonomic modulation during and after exercise through non-linear methods are just beginning, and most have considered only one method of non-linear analysis and evaluated only healthy young men and athletes (Henriques et al., 2020).

Thus, this study aimed to investigate the influence of a programmed water drinking protocol in CAD subjects, performed during and after moderate aerobic exercise, on the non-linear dynamics of heart rate during the periods of exercise and recovery from a cardiac rehabilitation session. We hypothesized that water drinking would be able to accelerate autonomic recovery and reduce the responses of non-linear dynamics of HR during exercise.



2. Materials and methods


2.1. Trial design

The trial was a crossover design. However, randomization was not possible once the hydration strategy adopted was individualized and based on the amount of fluid lost in the control session. Although the carryover effect was not expected in this study, a 48-h washout period was adopted. All procedures were prospectively registered at ClinicalTrials.gov (NCT03198806) and described in detail by Silva et al. (2020). We followed the Consolidated Standards of Reporting Clinical Trials extension to randomized crossover trials (Dwan et al., 2019).



2.2. Participants

This study recruited 38 men with the main diagnosis of CAD and left ventricle ejection fraction of above 50%, who did or did not have acute myocardial infarction and belong to functional classes I and II according to the New York Heart Association (Harvey et al., 1994). The volunteers were recruited as per convenience in two cardiac rehabilitation centers located in Presidente Prudente—São Paulo, Brazil, through a previous analysis of their medical records regarding the inclusion and exclusion criteria by an independent researcher. The eligible subjects were invited to participate in the study.

Individuals who were participating in an exercise-based cardiac rehabilitation for at least 3 months without contraindications to exercise (unstable angina, significant valvular disease, respiratory diseases, non-controlled hypertension and diabetes mellitus, renal and hepatic disorders, myocarditis, electrolyte disorders, abnormal hemodynamic responses during the cardiopulmonary exercise test, and neurological and/or orthopedics disorders that could preclude the protocol performance) were included in the study. To ensure the reliability of the HRV data, individuals who were smokers, classified with “low-risk drinking or abstinence” by the Alcohol Use Disorders Identification Test (AUDIT), Lima et al. (2005) were not included (Catai et al., 2019). Individuals who did not participate in all phases of the study protocol and those who presented errors >5% in the HRV data were excluded from the final analysis (Catai et al., 2019).

The study was approved by the Committee for Ethics and Research of the Faculty of Science and Technology—UNESP (CAAE: 54864716.8.0000.5402) and followed the Declaration of Helsinki. All volunteers signed the consent form after agreeing to participate in the study.



2.3. Experimental procedure

The experimental procedure (Figure 1) was divided into three phases scheduled with an interval of at least 48 h (washout) to allow the complete recovery of the participants and minimize the acute effects of the exercise. All procedures are described in detail in the article published by Silva et al. (2020).


[image: Figure 1]
FIGURE 1
 Experimental procedure.


In the first stage, a cardiopulmonary exercise test (CPET) was performed by a physician, according to Bruce's protocol (Meneghelo et al., 2011), to evaluate the hemodynamic responses and guide the exercise intensity prescription. It was set as 60 to 80% of the HR reached at the anaerobic threshold, determined by the analysis of the expiration gases, analyzed by the commercial system Quark PFT (Cosmed, Rome, Italy) (Cabral-Santos et al., 2015). The test was interrupted by voluntary physical exertion or according to the interruption criteria for the CPET (Meneghelo et al., 2011).

In the second stage, the control protocol (CON) was performed. It was composed of activities similar to those that usually constitute a session in exercise-based cardiac rehabilitation programs: initial rest in the supine position for 10 min; warm-up (stretching and free active exercises for arms and legs) for 15 min; aerobic exercise on a treadmill for 40 min; cooldown performed for 5 min with half the load used during exercise; and passive recovery in the supine position for 60 min.

In the third stage, the hydration protocol (HYD) was performed. It was composed of the same activities and procedures as the CON except that, during exercise and recovery, all volunteers drank 8 equal portions of mineral water (Bonafont, Brazil) at room temperature, which were offered every 10 min, starting at the 10th min of the exercise (Sawka et al., 2007). The amount of water ingested by each volunteer was calculated based on the body mass variation during the CON, considering that 1 gram lost is equal to 1 milliliter of fluid lost (Von Duvillard et al., 2004). This method had the aim of matching the fluid losses during the whole protocol and avoiding hypohydration. During recovery, participants used a straw to drink the water maintaining the supine position to avoid any interference in the HRV data.

In both protocols, before the initial rest and after the passive recovery, a urine sample was collected and analyzed (Combur 10 M teste, Roche®, Brazil) to determine the urine-specific gravity, which is considered a marker of the hydration level (Armstrong, 2005). Values above 1.020 classified the volunteer as dehydrated (Sawka et al., 2007). After the urine collection, the body mass was measured with a precision of 5 g (Balmak, Premium Bk−200Fa, Brazil). At the end of the initial rest and cooldown, the axillar temperature was measured through a thermometer (G-Tech). To record the RR intervals used to calculate the HRV indices, the Polar RS800CX HR monitor (Polar Electro, Kempele, Finland) (Rezende Barbosa et al., 2016) was placed on the volunteer's chest.

To ensure the HRV data reliability, all volunteers were oriented to not perform vigorous physical activity and to not consume stimulant substances during the 24 h previous to each phase (Catai et al., 2019). To ensure an initial hydrated state, they were oriented to ingest 500 ml of water 2 h before CON and HYD (Sawka et al., 2007). To avoid circadian variation, all phases were performed between 1:00 and 6:00 pm, and the room temperature and humidity were controlled (21°-23°C and 40–60%) (Catai et al., 2019).



2.4. Outcomes

The ANS was evaluated through the HRV non-linear methods considering the following epochs for analysis: 5–10 min of initial rest; 15–20, 25–30, and 35–40 min of exercise; 0–5, 5–10, 15–20, 25–30, 40–45, and 55–60 min of recovery (Peçanha et al., 2017). We ensured that each RR series contained at least 256 consecutive RR intervals (Catai et al., 2019).

The RR series were submitted to a digital filtration (Polar Precision Performance SW version 5.0) (Nunan et al., 2009) followed by a visual inspection to eliminate premature ectopic beats and artifacts. Only series with more than 95% of sinus heartbeats were included in the study (Catai et al., 2019). The data filtering was performed by an experienced and blinded researcher.

The HRV methods considered for the ANS evaluation were as follows:

I) Detrended fluctuation analysis (DFA) is defined as the root-mean-square fluctuation of the integrated and detrended RR series. The DFA-total, the short-term alpha correlations (alpha-1), considering correlations from 4 to 11 RR intervals, and the long-term alpha correlations (alpha-2), considering the rest of the series (11 to 64 RR intervals), were calculated. This analysis classifies the RR series as linear, fractal, or random, with values ranging from 0.5 to 1.5. A resting physiological state is characterized by fractal correlation, with values closer to 1 (Peng et al., 1994). During moderate-intensity exercise, the tendency is for the RR series to become linear, with values closer to 1.5 (Gronwald et al., 2018).

II) Recurrence plot corresponds to the graph reconstruction of the spatial trajectory of the RR series (Eckmann et al., 1987). From the graph, the following indices were extracted: recurrence rate (REC—defined as the ratio of all recurrence states to all possible states), determinism (DET—defined as the ratio of recurrence points forming diagonal to all recurrence points), both of which indicate how predictable the RR series is. An RR series with higher values of REC and DET is associated with reduced parasympathetic activity, as demonstrated in animal models (Dabiré et al., 1998). For these analyses, the embedding dimension was set as m = 10, lag was fixed at τ = 1, and the threshold distance was determined by [image: image], where SD represents the standard deviation of the RR intervals in the time series.

III) Sample entropy (SampEn) is defined as the conditional probability that two sequences similar for n points remain similar at the next point, which indicates the RR series complexity, which is reduced during exercise (Javorka et al., 2002). For this calculation, the embedding dimension was set as m = 2, and the tolerance was set as r = 0.2SD (Richman and Moorman, 2000).

IV) Symbolic analysis indicates the quantity and type of variation between three consecutive RR intervals, classifying them into the following families: 0V (no variation, representing sympathetic modulation), 1V (one variation, representing global modulation), 2LV (two equal variations), and 2LV (two different variations), both representing parasympathetic modulation (Porta et al., 2007).

The DFA indices were calculated using the software “Detrended fluctuation analysis” available in the PhysioNet repository (Goldberger et al., 2000). The recurrence plot indices were calculated using the Kubios HRV software version 2.0 (Tarvainen et al., 2014). The symbolic analysis was performed using the software Symbolic Analysis fast version 4.0 (University of Milano, Italy).

As a secondary outcome, systolic (SBP) and diastolic (DBP) blood pressures were measured to provide additional information about the effect of water drinking on the cardiovascular and autonomic responses throughout the experimental procedure. The arterial blood pressure was measured indirectly using a stethoscope (Littmann, Saint Paul, USA) and an aneroid sphygmomanometer (Welch Allyn Tycos, New York, USA) at the following times: 10th min of initial rest; 15th and 35th min of treadmill exercise; and 5th, 10th, 20th, 30th, 40th, 50th, and 60th min of recovery. From these data, the mean arterial blood pressure (MBP) was calculated.



2.5. Sample size

The sample size was defined based on the results obtained in a pilot project for the sample entropy data. We adopted the magnitude of the significant difference of 0.2575 and considered a standard deviation of 0.3545, a significance level of 5%, and a power of 80%. Thus, the sample size resulted in 30 subjects.



2.6. Statistical analysis

The normality of the data was evaluated by the Shapiro–Wilk test. The comparison between the initial and final measures of body mass, axillar temperature, and urine-specific gravity was performed by Student's t-test for paired data or the Wilcoxon test. For the between-protocol comparison, the Student's t-test for unpaired data or the Mann–Whitney test was used. Cohen's d effect size was calculated (Maher et al., 2013). The HRV indices and arterial blood pressure were analyzed through the two-way ANOVA for repeated measures followed by Bonferroni or Dunnett's post-hoc test. The sphericity was checked by Mauchly's test, and, when violated, the Greenhouse–Geisser correction was considered. The partial eta-squared effect size was calculated (Maher et al., 2013).

This model was not adjusted by the daily use of beta-blockers and antihypertensive drugs due to the crossover design; thus, the effect of the medication is expected to not interfere with the analysis.

Statistical significance was set at 5%. The analyses were performed by a blinded researcher using a coded datasheet. All analyses were performed using the IBM SPSS Statistics software version 22.0 (IBM Corp, Armonk, New York).




3. Results

In this study, we initially recruited 38 men, but four subjects dropped out before CON. Thus, the outcome assessment was not possible, making it unfeasible to consider the analysis of the intention to treat. After HYD, four subjects were excluded due to equipment error at the RR interval time series record. However, the data imputation was not considered due to the repeated measures design and the great HRV variation between subjects and epochs. After sample losses, 30 subjects were analyzed (Figure 2), whose characterization is shown in Table 1.


[image: Figure 2]
FIGURE 2
 Participation flow diagram.



TABLE 1 Sample characteristics (N = 30).

[image: Table 1]

Of the 30 men analyzed, seven (23.30%) did not reach the anaerobic threshold during the test, so the VO2peak value of these subjects (24.64 ± 8.28 ml/Kg/min) was considered for the exercise prescription (American College of Sports Medicine., 2014).

The fluid loss was assessed through participants' body mass measurements. Our results revealed body mass reduction after the CON protocol. The average fluid loss (600 ± 180 ml) represented a reduction of 0.7% in body mass. A small reduction in body mass was also observed after the HYD protocol. The average fluid loss (170 ± 188 ml) represented a 0.2% reduction in body mass (Table 2).


TABLE 2 Values of body mass, axillary temperature, and urine-specific gravity before and after each protocol (N = 30).

[image: Table 2]

The dynamic hydration condition was assessed through urine-specific gravity. Our results revealed that the hydration level was maintained after the CON protocol. A significantly lower hydration level was observed after the HYD protocol, with a large size effect. Although no significant differences were observed, there was a reduction in the axillary temperature after the HYD protocol. No change in the axillary temperature was observed after the CON protocol (Table 2).

The non-linear HRV indices analyzed during exercise are shown in Table 3. There were no significant differences between protocols and for the time vs. protocol interaction. However, there were differences between epochs (P-value < 0.05) for all indices, except for SampEn, Alpha-1, and 2ULV.


TABLE 3 Comparison between rest and exercise epochs for control and hydration protocols (N = 30).

[image: Table 3]

During exercise, in both protocols, the indices REC, DFA-total, and Alpha-2 increased and the 2LV index decreased. The 0V index increased only in CON, and the DET index increased only during HYD.

The non-linear HRV indices analyzed during recovery are shown in Figure 3. For all indices, there were no significant differences between protocols. However, significant time vs. protocol interaction was found for REC, DFA-total, and Alpha-1 indices (P-value < 0.05). There were significant differences between epochs (P-value < 0.05) for all indices.


[image: Figure 3]
FIGURE 3
 Differences between rest and recovery epochs for all indices analyzed in both protocols. Values are plotted as mean and 95% confidence intervals. The ANOVA effects found for epochs and interaction are presented as the p-value (effect size—effect magnitude). #Significant difference (p < 0.05) from rest in CON; *Significant difference (p < 0.05) from rest in HYD; REC, Recurrence rate; DET, Determinism; SampEn, Sample entropy; DFA, detrended fluctuations analysis; 0V, no variation; 1V, one variation; 2LV, two equal variations; 2ULV, two different variations.


Figure 3 shows that, during recovery, a gradual re-establishment of the indices to values close to those recorded at rest was observed in both protocols. There was a progressive increase of SampEn, 1V, 2LV, and 2ULV indices and a decrease of REC, DET, Alpha-1, Alpha-2, DFA-total, and 0V indices. However, the epoch in which this re-establishment occurred was different between protocols, happening earlier in HYD for most indices. Only the 1V index recovered at the same time in both protocols.

Table 4 displays results for SBP, DBP, and MBP. During exercise, there was no difference between protocols (SBP: p = 0.94; DBP: 0.91; MBP: 0.92) and no time vs. protocol interaction (SBP: p = 0.24; DBP: 0.47; MBP: 0.37). However, a large effect size was observed for SBP (p = 0.00; η2P = 0.62), DBP (p = 0.00; η2P = 0.24), and MBP (p = 0.00; η2P = 0.45). Similarly, analysis of the recovery showed no difference between protocols (SBP: p = 0.37; DBP: p = 0.56; MBP: 0.45) and no interaction (SBP: p = 0.63; DBP: p = 0.67; MBP: 0.63); however, a medium/large time effect was observed (SBP: p = 0.00; η2P = 0.08/DBP: p = 0.01; η2P = 0.05/MBP: 0.00; η2P = 0.47).


TABLE 4 Values of systolic, diastolic, and mean arterial blood pressure throughout control and hydration protocols (N = 30).

[image: Table 4]



4. Discussion

Our main results showed that the water intake strategy could accelerate the recovery of the non-linear dynamic of HR of CAD subjects after an exercise-based cardiac rehabilitation session. However, during the exercise phase, the fluid lost and replaced did not influence the responses of the non-linear dynamics of HR in this period, corroborating with the previous studies of Silva et al. and Laurino et al.

The exercise protocol used in this study is similar to those commonly adopted in cardiac rehabilitation programs. The 0.7% reduction in body mass at the end of the CON showed that, although no significant changes were observed in the urine-specific gravity, the fluid loss registered approached a state of mild hypohydration, defined as a reduction of more than 1% in body mass (Mcdermott et al., 2017). It did not promote changes in the non-linear dynamics of HR during exercise, but it was able to delay the recovery of CAD subjects after a cardiac rehabilitation session.

The ANS is important in the regulation of acute hemodynamic responses to exercise. Parasympathetic withdrawal increases the HR in low-intensity exercise, and the activation of the sympathetic nervous system increases the HR at a level that will supply the body's demands in high-intensity exercise (Fisher et al., 2015). This scenario was observed in our study, as the non-linear autonomic responses observed were characterized by increased sympathetic and reduced parasympathetic modulation (evidenced by an increased 0V and a reduced 2LV and 2ULV, respectively). Also, a decreased complexity and fractal characteristic of the RR series is expected during exercise (evidenced by the decreased SampEn and increased REC, DET, DFA-total, and Alpha-2) (Casties et al., 2005; Floras and Ponikowski, 2015; Gronwald et al., 2018).

The same non-linear autonomic changes were observed in athletes during light and moderate aerobic exercise (Gronwald et al., 2018). These changes are explained by the sympathetic branch predominance, which reduces the variation between consecutive RR intervals, increasing the linearity and predictability and reducing the complexity of the series (Fisher et al., 2015; Gronwald et al., 2018).

The magnitude of autonomic responses to exercise is mediated by a complex pathway that includes central command, exercise pressor response, and arterial baroreflex modifications, all of which are associated with exercise intensity and environmental conditions (Fisher et al., 2015). The sympathetic overactivity observed in CAD (Ushijima et al., 2009) is related to chronotropic incompetence, fatigue, and diminished coronary blood flow during exercise (Fisher et al., 2015), augmenting the risk of chest pain and arrhythmias (Thompson et al., 2007). However, given the non-significant differences between the CON and HYD protocols, we can conclude that the water drinking was not able to change or enhance the autonomic profile of CAD during exercise by maintaining the hydration status.

It is important to highlight that the negative effects of fluid loss during exercise in heart rate, cardiac output, and arterial blood pressure are usually registered above ~2% of body mass reduction induced by higher exercise intensities and hot environments (Trangmar and González-Alonso, 2019), which were not part of our study. Also, the fluid loss occurred throughout the periods of exercise and recovery, so the amount of fluid lost only during exercise may not be sufficient to influence non-linear responses during this period.

Immediately after exercise, the HR rapidly decreases, mainly due to parasympathetic reactivation, mediated by the interruption of central command and the mechanoreflex (evidenced by the increase in 2LV and 2ULV). After this fast reduction, the HR remains slightly elevated due to the slow sympathetic activity reduction in the face of the gradual reestablishment of body temperature and reduction of metaboreflexes (evidenced by the decrease in 0V) (Peçanha et al., 2014). This residual sympathetic overactivity is important to maintain a slightly elevated cardiac output to preserve the perfusion pressure against peripheral vasodilatation (Fisher et al., 2015). During recovery, the complexity and fractal characteristics of the RR series are reestablished (evidenced by the increase in SampEn, the decrease in REC and DET, and the return of DFA-total and Alpha-1 to values closer to 1.00) (Godoy, 2016).

The ANS recovery in the CON protocol was delayed, and some indices did not achieve complete recovery after the 60-min evaluation. This delay, especially for CAD individuals, represents an increased risk, once the maintenance of a high sympathetic modulation induces ischemic and arrhythmic events during recovery (Thompson et al., 2007). Also, in the CON protocol, the REC, DET, SampEn, DFA-total, and 2ULV indices reached the recovery between the 10th and 30th min post-exercise. However, after 40 min, they returned to an unrecovered state, suggesting that maintaining a state of hypohydration after exercise may retard the long-term recovery of the ANS, which should be further investigated in future studies. However, when the water drinking strategy was used, all indices achieved complete recovery between the 5th and 20th min. These results are in accordance with previous studies (Laurino et al., 2021; Silva et al., 2022), reinforcing the positive effects of water drinking in the post-exercise autonomic recovery of CAD individuals.

The beneficial effects of water drinking on autonomic recovery in CAD are yet to be fully elucidated. However, based on previous observations, we may hypothesize that the sympathetic-mediated acute pressor response may be involved in this response. It is known that, at the level of portal circulation, small changes in blood osmolality toward hypoosmolality produce a spinal reflex-like mechanism that activates the postganglionic sympathetic neurons, leading to a rise in blood pressure. This pressor response was observed only in populations with an altered baroreflex sensitivity, as found in the elderly (May and Jordan, 2011), the population of our study. The results found for arterial blood pressure confirm this hypothesis; once in the HYD protocol, the post-exercise hypotension observed in the CON protocol was attenuated.

Although, due to the complexity of the neuronal pathways regulating cardiovascular function, a rise in sympathetic activity at the spinal level does not produce cardiac responses (May and Jordan, 2011). Our data confirm this mechanism, despite the high blood pressure during the recovery of the non-linear response, which indicated a more preserved parasympathetic modulation during the HYD protocol. In line with this theory, a recent study showed that the acute ingestion of at least 200 mL of water produced a bradycardia response related to an increased vagal tone at the sinus node. However, the physiological mechanism responsible for this response is not wellestablished in the literature (Grasser, 2020). It is important to point out that all these mechanisms were previously investigated in a rest condition in response to a single bout of water ingestion; thus, the post-exercise response to a fractioned dose drinking strategy may include different pathways.

The fluid replacement protocol proposed in this study is classified as “programmed or planned drinking,” in which a predetermined and individualized amount of fluid is ingested to prevent dehydration by matching the sweat losses. This method considers the variation in the sweating rate between individuals (Kenefick, 2018). Also, most of the individuals enrolled in cardiac rehabilitation are elderly and may have an impaired sense of thirst (Kenney and Chiu, 2001), which could preclude adequate fluid replacement if it is performed ad libitum, which is the method commonly used when the patient brings his water bottle to the rehabilitation session and drinks it during or at the end of the exercise.

In the clinical practice scenario, these results have important implications, as they raise the potential importance of the implementation of planned drinking protocols during exercise-based cardiac rehabilitation sessions. Also, this strategy is low-cost and easy to implement and could increase the safety of these programs (Thompson et al., 2007; Qiu et al., 2017). Also, we highlight the importance of controlling the temperature of the cardiac rehabilitation room and orienting the patients regarding the importance of fluid replacement and the place and time of day to perform unsupervised activities. This is because high temperatures can promote even more significant fluid losses that, when not adequately replaced, may significantly impair autonomic recovery, increasing the risks of sudden events. Furthermore, this study adds new information to the literature regarding the characteristics and physiology of the non-linear dynamics of HR of CAD subjects during the periods of exercise and recovery. To our knowledge, this is the first study to address it and consider the effects of fluid loss as well as its replacement in these periods.

Despite these promising results, the limitation regarding the lack of randomization needs to be pointed out. Thus, to minimize this potential bias, only individuals familiar with and attending cardiac rehabilitation were included to eliminate the possible acute effects of exercise.

New studies addressing this topic are needed to better understand the physiological effects of fluid loss and replacement in subjects with CAD, the effects of using other fluid replacement strategies, and the use of other types of beverages. The effect of water drinking when active recovery is performed needs to be investigated. As we included only males in our study, new research on the female population is needed as well.

Given these results, we conclude that the proposed water drinking protocol was able to accelerate the recovery of non-linear dynamics of HR after moderate-intensity aerobic exercise performed in the models of a cardiac rehabilitation session and that the volume of fluid lost during exercise did not influence autonomic responses in this period.
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