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Abstract

:

Background: In sporting and combat settings, optimal fluid replacement is rarely achieved, exacerbating physiological strain. It is unknown if prescribed fluid replacement following exercise in heat impacts heart rate variability (HRV). Purpose: Compare prescribed drinking (PD) and ad libitum (AL) fluid replacement on HRV following exercise in heat. Methods: Twelve participants (26 ± 5 years, VO2max: 58.44 ± 7.05 mL·kg−1·min−1) completed three trials in heat (36 °C, 36% humidity) on separate days, and were placed into groups, PD or AL. Recovery was assessed ~24 h later (hydration and HRV). HRV time and frequency was measured using a 3-lead electrocardiogram. Two-way repeated measures analysis of variance measured changes in HRV pre-trial, post-trial, and follow-up between groups. Data reported: p-value, mean difference (MD). Results: Fluid consumption was greater in PD during recovery (p = 0.012, MD = 1245 mL). Both groups were euhydrated at follow-up. HRV time (p < 0.001, MD = 24.23) and frequency (p < 0.001, MD = −1.98 ms2) decreased post-trial and increased by follow-up (time, p < 0.001, MD = −32.12; frequency, p < 0.001, MD = 2.38 ms2). HRV was similar between groups (p > 0.05). Conclusions: Replacing ≥60% fluid sufficiently rehydrates and restores HRV 24 h post-exercise in heat and mild dehydration (BML ≤ 3%). Prescribed fluid consumption during recovery was ~30% greater. Additional measures of recovery sensitive to heat strain may provide a more holistic understanding of specific mechanisms of recovery.
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1. Introduction


During exercise in the heat, great demand is placed on both the cardiovascular and thermoregulatory systems [1,2,3,4,5]. Core body temperature and heart rate increase, resulting in simultaneous competition for the available blood volume by the skin, exercising muscles, and cardiovascular system [1,2,3,4,5]. Thermoregulatory strain while exercising in the heat leads to increases in internal body temperature as the body works to dissipate heat via mechanisms such as cutaneous vasodilation and sweating [6,7]. While sweating is beneficial to remove excess heat from the body during exercise, the loss of fluid from the body results in dehydration, which places additional stress on the cardiovascular system [3]. Accumulated cardiovascular and thermoregulatory strain without proper recovery during successive bouts of work or exercise in the heat diminishes performance and increases the risk for cardiac and heat-related events [8,9]. Furthermore, rehydration, as commonly done via ad libitum or prescribed drinking strategies, is essential to allow for proper cardiovascular and thermoregulatory functioning. This is of particular importance in warfighter, laborer, and athletic populations where successive days of exertion in the heat along with dehydration are a common and frequent experience [9,10,11]. Essential to repeated days of exertion in the heat is proper recovery from each exposure to allow for response and adaptation from the physical exertion and heat stress [9]. Both dehydration and exercise in the heat can place immense stress on the cardiovascular system, specifically the autonomic nervous system (ANS). Recently, heart rate variability (HRV) has been used to monitor ANS function in such populations during and following exercise in the heat [4,10,11,12,13,14,15,16,17,18].



Previous research has shown that following exercise in the heat, and potentially for days thereafter, ANS measures remain at levels indicative of sustained sympathetic dominance (an adverse effect), revealing a lag in the body’s ability to restore vagal tone [10,11,13,19,20,21]. This is critical because inadequate recovery increases susceptibility to cardiac or heat-related conditions in a subsequent session [7,9,20,22].



The influence of fluid replacement on cardiac autonomic modulation during prolonged exercise in the heat to offset dehydration, and its effects on cardiac autonomic modulation, have demonstrated that cardiac function was impaired to a higher degree with heat stress and the absence of fluid replacement [3,4]. Specifically, associations were examined between dehydration and ANS recovery during and acutely following exercise, revealing that cardiac function was impaired to a higher degree with heat stress and the absence of fluid replacement [3,4]. This exemplifies the pertinence in appropriately replacing fluid when exercising in the heat to decrease the strain placed on the ANS and thermoregulatory systems, to optimize safety [5,7,23,24].



Improper recovery from previous heat exposures and inadequate hydration can increase susceptibility to catastrophic conditions [25,26]. In many sporting and laborer settings, optimal fluid replacement during physical exertion is extremely challenging and rarely achieved [2,5,24,27,28]. For this reason, it may be beneficial to consider fluid replacement strategies following exercise in the heat. It is not currently known if a prescribed fluid replacement strategy following exertional heat stress impacts HRV recovery the following day. Therefore, the purpose of this study is to investigate and compare the impact of a prescribed drinking versus ad libitum drinking fluid replacement strategy on HRV recovery following prolonged exercise in the heat. We hypothesized that HRV recovery would be greater when prescribed drinking fluid replacement strategies are utilized following prolonged exercise in the heat.




2. Materials and Methods


Procedures in this study were approved by the University of Connecticut Institutional Review Board and the U.S. Army Office of Human Research Oversight, Ft. Detrick, Maryland. This data is part of a larger study that investigated the impact of intermittent cooling between repeated bouts of exercise in the heat [29]. However, the current study tested a different hypothesis regarding fluid replacement and HRV recovery. From all three exercise trials, only data regarding urine, HRV, rectal temperature, and fluid replacement (consumption) were utilized for further analysis.



2.1. Participants


Twelve physically-active and healthy males between 18–35 years of age with a VO2max ≥ 45 mL·kg−1·min−1 were included in this research study. Participants completed a total of seven laboratory visits including the baseline trial, three exercise trials, and three follow-up visits. Participants were randomly placed into one of two groups; Ad Libitum (AL) or Prescribed Drinking (PD), and matched for age and aerobic fitness level. Participants were excluded if they had any chronic health problems that affect thermoregulatory ability (disorders affecting the liver, kidneys or the ability to sweat normally), fever or current illness at the time of testing, history of cardiovascular, metabolic, or respiratory disease, current musculoskeletal injury that limits physical activity, and/or current use of a medication that is known to influence body temperature (i.e., amphetamines, antihypertensives, anticholinergics, acetaminophen, diuretics, NSAIDs, aspirin). All participants provided verbal and written consent prior to participating in study-related procedures.




2.2. Experimental Design


2.2.1. Participants


Participants completed three exercise trial visits on three separate days in a randomized order. Exercise trials were separated by at least three days [13]. HRV was measured before exercise (HRVpre), approximately 10 min following the final rest block after exercise (HRVpost), and 20–24 h following the exercise trial (HRVfollow-up). Participants were also assigned to one of two groups, AL or PD, to determine which fluid replacement strategy they would be using following all trials for the duration of the study. Participants utilized the same fluid replacement strategy following each of the three exercise trials. Fluid replacement groups were matched.



Participants in the AL group (n = 6) were an average age of 27 ± 5 years, with an aerobic fitness level of 58.93 ± 7.61 mL·kg−1·min−1. Participants in the PD group (n = 6) were an average age of 25 ± 5 years, with an aerobic fitness level of 57.95 ± 7.14 mL·kg−1·min−1. Participant characteristics are presented in Table 1.




2.2.2. Baseline and Familiarization (Visit 1)


Upon arrival to the lab on the baseline day, urine specific gravity (USG) using a handheld refractometer (Model TS400; Reichert Inc., Depew, NY, USA), and urine color (UC) were assessed to confirm euhydration (USG ≤ 1.020). Height was measured with a tape measure during this baseline visit. Nude body mass (NBM) was measured using a platform scale (Defender® 7000XtremeW; OHASUS Corp., Parsippany, NJ, USA). Following these measurements, HRV was recorded using a 3-lead electrocardiogram with a recording frequency of 1000 Hz (ECG100C, BIOPAC Systems Inc., Goleta, CA, USA) and Polar H10 heart rate monitor (H10®, Polar Electro™, Kempele, Finland) with the participants lying in a supine position in a dark, thermoneutral room for 10 min. Next, participants completed a maximal oxygen consumption (VO2max) test on a motorized treadmill (T150; COSMED, Traunstein, Germany) in a thermoneutral environment to determine aerobic fitness. The VO2max test consisted of participants running on a treadmill at a 2% grade for 3-min stages, until volitional exhaustion. Parvo Medics software (TrueOne 2400; Parvo Medics, Salt Lake City, UT, USA) was used to determine VO2max. Finally, body fat percentage was calculated using a 7-site evaluation of skin fold thickness (chest, iliac, tricep, calf, shoulder, abdomen, and thigh) with skin fold calipers (Baseline®, Medical Skinfold Caliper, Fabrication Enterprises, NY, USA). All measurements are listed in Figure 1.




2.2.3. Exercise Trials (Visits 2, 4, and 6)


Before each trial, participants abstained from alcohol for 24 h and caffeine for 12 h. Nude body mass (NBM) and hydration status were recorded before and after each trial. Participants inserted a rectal thermistor (YSI reusable temperature probe, Zoll Medical corporation, Chelmsford, MA, USA) approximately 10–15 cm beyond the anal sphincter [30]. Internal body temperature was measured using Biopac software (MP160; BIOPAC Systems Inc., Goleta, CA, USA). Participants wore the heart rate monitor strap during trials and a battle dress uniform during all exercise and rest blocks.




2.2.4. Exercise Protocol


Participants equilibrated for 30 min in an environmental chamber set to 36 °C and 30% relative humidity. Heart rate (HR) and rectal temperature (Trec) were recorded at baseline and every 10 min during this time. HR and Trec were measured continuously before, during, and after exercise and cooling to monitor participants. Exercise trials consisted of three 50-min bouts of exercise, each followed by a 30-min rest and cooling block, respectively, in the environmental chamber. The exercise protocol consisted of 10-min intervals of walking or running at low, moderate, and high intensities. Running velocity ranged from 30–60% of the participant’s velocity measured at VO2max (vVO2max). The exercise protocol was used in support of previous research to represent that of warfighters, laborers, and athletes in regards to modality, duration, intensity, and rest [4,9,10,11,13]. HRV was assessed before, during, and 10 min after the final rest block of each exercise trial using a 3-lead ECG and a Polar H10 heart rate monitor [31,32]. Participants were permitted to drink ad libitum throughout the exercise trial. Figure 2 displays a detailed schematic of the exercise and recovery protocol.




2.2.5. Fluid Replacement Strategies


Ad libitum fluid consumption during exercise trials was recorded and NBM was measured after each trial to calculate body mass loss (BML) from sweat and urine. This was used to determine a fluid replacement strategy for participants in the PD group. Following each exercise trial, participants in the PD group were prescribed and consumed a fluid replacement equivalent to that of their fluid loss during the trial plus an additional 1.5 L (the amount typically excreted in urine in one day) [24]. Participants were permitted to add zero-calorie flavoring to this amount of water if they desired to make it more palatable. Participants in the AL group were instructed to drink as they normally would. Participants tracked their diet and fluid intake, including any supplements added to fluid, for the entire day of their exercise trial until their follow-up visit the next morning, using MyFitnessPal (MyFitnessPal LLC, Version 21.4.6.34430, San Francisco, CA, USA). Upon departure from the laboratory following exercise trials, all participants were provided a urine cup to collect their first morning urine sample if they needed to urinate before arrival to the laboratory for the follow-up visit the next morning. Participants were also provided with a water bottle to help measure the amount of water they drank throughout the remainder of the day following the exercise trial and before their follow-up visit the next morning.




2.2.6. Follow-Up Visits (Visits 3, 5, and 7)


Participants returned to the lab the morning following each exercise trial (between 5:00 a.m. and 8:30 a.m.) for a total of three follow-up visits. Follow-up visits took approximately 30 min. During each follow-up visit, NBM, hydration status (USG and urine color), and HRV were measured and recorded using the exact same methods as those conducted before and after exercise trials. Diet and fluid intake records from the remainder of the previous day up until arrival at the laboratory the following morning, were also collected during follow-up visits.




2.2.7. Measurements


Cardiac frequency (R-R interval) data from the ECG (3-channel at a sampling rate of 1000 Hz) recordings were extracted from the Biopac AcqKnowledge software [33]. Heart rate and HRV indices were then derived for analysis (10 min windowed analysis with 10 s time step) for time and frequency domains. HRVAnalysis software HRVanalysis 1.0 was used for further analysis of HRV data [34]. Five different HRV variables were measured in total: two time domains and three frequency domains. Time domain indices included HR, the natural logarithm of root-mean-square of successive differences (lnRMSSD) of normal-to-normal intervals, and the proportion of RR intervals greater than 50 ms (pNN50). Frequency domain indices included low (LF, 0.04–0.15 Hz) and high (HF, 0.15–0.4 Hz) frequency components, and LF:HF ratio [20,35]. Directionality for variables is as follows: higher values for lnRMSSD, pNN50, HF and LF:HF ratio are favorable, whereas lower values for LF are favorable. The respective data from all exercise trials were combined regardless of cooling intervention as no impact of cooling was found and therefore, we did not include this as part of our analyses.






3. Statistical Analyses


Based on data from a study related to HRV, fluid strategies, and exercise in the heat, a minimum of six participants was needed to give a power of 0.88 with an effect size of 1.72 [4]. Power calculations were computed using G*Power (G*Power 3.1.9.6 for macOS) [36]. Each participant (12 total, 6 in each group) participated in three trials, and measures were averaged from the three trials to represent one value for pre-trial, one value for post-trial, and one value for follow-up, for each participant. Data is an average of the data from a single trial. All data were tested for normality using the Shapiro-Wilk test and homogeneity of variances using Levene’s test prior to further analyses. Two-way mixed repeated measures analysis of variance (ANOVAs) for each of the HRV indices (RMSSD, pNN50, LF power, HF power, LF:HF ratio) analyzed differences in HRVpre, HRVpost, and HRV24h within and between groups (PD and AL). Post-hoc independent and dependent t-tests examined where differences occurred. Independent T-tests examined differences in peak HR during exercise trials, peak Trec during exercise trials, fluid consumption during exercise trials, percent body mass loss (BML) during exercise trials, and hydration status pre- and post-trials and at follow-up visits using USG and UC. Statistical significance was set at p < 0.05, a priori. Cohen’s d was used to determine the magnitude of differences [28,29,30,31]. Effect size was determined as small (0.2), moderate (0.5), large (0.8), and very large (>1.0) [28,29,30,31]. Data are reported as p-value, t-value, F-value, mean difference (MD), standard error (SE), and effect size (ES). All statistical analyses were performed using Jamovi (The jamovi project [2020], jamovi [Version 1.2] [Computer Software]. Retrieved from https://www.jamovi.org accessed on 22 January 2021) [37].




4. Results


4.1. Fluid Replacement Protocol


Fluid consumption during the recovery period (the 20–24 h following exercise trials) was significantly different between PD and AL groups, with PD groups drinking significantly more than AL (p = 0.012, mean difference [MD] = −1245 mL, SE = 470, ES = 0.88) (Figure 3). Participants in the AL group only replaced 60% of fluid loss in comparison to the amount of fluid the PD group replaced.



There were no significant differences in fluid consumption between PD and AL groups at baseline or during any exercise trials (p = 0.14) (Table 2a,b).




4.2. Body Mass Loss and Hydration Status


There was no significant difference in percent BML or BML between PD or AL groups during any of the exercise trials (%BML: p = 0.64, BML: p = 0.97). There were no significant differences between PD and AL groups in USG or UC prior to any trials (USG: p = 0.77, UC: p = 0.82), after any trials (USG: p = 0.19, UC: p = 0.18), or during any of the follow-up visits (USG: p = 0.14, UC: p = 0.12) (Table 2a).




4.3. Physiological and Behavioral Variables


There were no significant differences in average Trec or peak Trec between PD and AL groups during exercise trials (avg Trec: p = 0.59, peak Trec: p = 0.32). There were no significant differences in average HR or peak HR between PD and AL groups during any trials (avg HR: p = 0.97, peak HR: p = 0.40). Table 2a presents average values of physiological variables (Trec, HR, and hydration status) and Table 2b presents behavioral variables (fluid consumption) for each group among exercise trials and follow-up visits.




4.4. HRV Time Domains


4.4.1. RMSSD


Time domain analyses for the natural logarithm of the root mean square of successive differences between normal heartbeats (LnRMSSD) revealed no significant differences (p = 0.15, F = 2.42, ES = 0.13). No differences were found between groups (p = 0.54, F = 0.43, ES = 0.02) (Table 3).




4.4.2. pNN50


There were significant main effects in percentage of adjacent NN intervals (pNN50) over time (p < 0.001, F = 24.38, ES = 0.36). (Figure 4). Specifically, post-trial pNN50 measures were lower compared to pre-trial measures (p = 0.005, t = 4.15, MD = 24.23, SE = 5.84), and follow-up measures were significantly higher than post-trial measures (p < 0.001, t = −7.07, MD = −32.12, SE = 4.54). Follow-up pNN50 measures were similar to pre-trial measures (p = 0.141, t = −2.09, MD = −7.88, SE = 3.77).





4.5. HRV Frequency Domains


4.5.1. Low Frequency


No significant differences were found in LF components of HRV for either group at pre-trial, post-trial, or at follow-up (p = 0.33, F = 1.06, ES = 0.06). No differences were found between groups (p = 0.30, F = 1.19, ES = 0.07) (Table 3).




4.5.2. High Frequency


No significant differences were found in HF components of HRV for either group at pre-trial, post-trial, or at follow-up (p = 0.31, F = 1.15, ES = 0.06). No differences were found between groups (p = 0.35, F = 0.99, ES = 0.05) (Table 3).




4.5.3. Low Frequency: High Frequency Ratio


Significant differences in the ratio of LF:HF components were found within groups over time (p < 0.001, F = 10.64, ES = 0.17). Specifically, the LF:HF ratio was lower post-trial compared to pre-trial (p = 0.023, t = −3.22, MD = −1.98, SE = 0.61). Additionally, LF:HF ratio was greater at follow-up compared to post-trial (p = 0.013, t = 3.59, MD = 2.38, SE = 0.66). Follow-up LF:HF ratio was similar to pre-trial (p = 0.441, t = 1.27, MD = 0.40, SE = 0.31). (Figure 5).






5. Discussion


The purpose of this study was to investigate and compare the impact of a PD versus AL drinking fluid replacement strategy on ANS recovery following prolonged exercise in the heat. Contrary to our hypothesis, we found no difference in HRV when a PD versus AL drinking fluid replacement strategy was utilized following prolonged exercise in the heat (p > 0.05). Time and frequency domain measurements of HRV revealed significant disturbances immediately post-trial compared to pre-trial (p < 0.05), independent of groups. Disturbances in HRV post-trial were alleviated by the follow-up visit, with follow-up HRV measures significantly higher than post-trial measures (p < 0.05), and not significantly different from pre-trial measures (p > 0.05). These findings suggest that in general, when fluid is replaced following prolonged exercise in the heat, regardless of PD or AL strategies, ANS function is restored in aerobically fit individuals. Furthermore, ANS function may have been restored despite the environmental stress, due to the moderate physical stress (30–60% of speed at VO2max) performed.



Prior findings show that fluid replacement in comparison with no fluid replacement decreases the strain that is placed on the ANS [4,15,37,38,39,40]. Additional research has investigated the effects of prescribed fluid replacement during exercise in the heat on various physiological markers including core temperature and ANS strain [40]. Our findings expand this literature by utilizing a prescribed fluid replacement amount in comparison to ad libitum drinking specifically during recovery to alleviate ANS strain. Our study was novel in that we utilized a prescribed fluid replacement strategy during the recovery post-trial period, while allowing fluid intake ad libitum during trials. We chose to utilize a fluid replacement strategy specifically during recovery due to the fact that ad libitum drinking, as well as planned fluid replacement during exercise, is sometimes not possible in certain circumstances (in military and laborer contexts where fluid is not accessible or rehydration is not feasible, or in sporting contexts where minimal breaks are provided and consuming enough fluid is challenging), and often falls short in replacing fluid loss [41,42]. Additionally, it has been noted that ad libitum drinking during exercise in the heat does not reduce the magnitude of cardiovascular strain [4,38]. Therefore, we focused on fluid replacement strategies during recovery.



The fluid replacement strategy prescribed to participants in our study was equivalent to that of BML during trials in addition to the amount of typical daily water loss that occurs through urination [41,42]. Interestingly, participants in the AL group only replaced 60% of fluid loss in comparison to the amount of fluid the PD group replaced. However, both groups drank enough fluid to replace BML from trials and return to a state of euhydration by the time of follow-up (measured by USG and UC) (Figure 3). This may be due to the fact that both groups only experienced dehydration of approximately 3% BML during exercise trials, which is readily achievable to replace ad libitum, compared to dehydration of 4% or greater BML [43]. Further, these findings revealed interesting aspects of drinking behavior and support existing fluid replacement positions stands [41,42]. Specifically, when given an extended time to rest and recover (>12 h), ad libitum drinking behaviors are sufficient to adequately rehydrate [40]. Our findings add to this existing knowledge by revealing that when given approximately 20–24 h to recover following moderate exercise in the heat, ad libitum drinking (and potentially foods with increased water content) that amounts to 60% of fluid loss, is adequate in rehydration as well as restoring ANS function following 150 min of moderate exercise and 90 min of rest in the heat. When at least 60% of fluid was replaced following prolonged exercise in the heat, ANS strain was relieved almost completely, and HRV measured in time and frequency domains was restored close to pre-trial levels.



Impairments in HRV time domain measurements have been reported with exercise in the heat, most commonly LnRMSSD, which indicates differences in time between normal heartbeats. LnRMSSD and pNN50 (consecutive intervals that differ more than 50 ms) measures largely coincide with the duration of time the ANS is under a state of stress. In our study, impairments in time domain measures such as pNN50 (Figure 4) revealed less variability post-trial compared to pre-trial. This decrease in short-term HRV measures post-trial identifies significant ANS strain following prolonged exercise in the heat and is synonymous with previous research [12,15]. In relation to fluid replacement during exercise, this exemplifies that ad libitum drinking during prolonged exercise in the heat did not reduce ANS strain caused by the duration and intensity of the exercise performed.



Frequency domains are also commonly utilized to measure disturbances in HRV as these components differentiate the sympathetic (low frequency) and parasympathetic (high frequency) influences of R-R intervals [20]. In support of previous findings, our study revealed sympathetic dominance and a diminished vagal tone post-trial with LF:HF increasing post-trial in our study [44,45,46,47,48]. Additionally, LF:HF ratios revealed the restoration of vagal tone at follow-up close to pre-trial levels (Figure 5). This reveals the large contribution of the parasympathetic division in cardiac autonomic restoration [12]. Macarteney et al. (2020) found a decrease LF:HF immediately following exercise [4]. The findings in our study may be attributed to the fact that participants in our study were able to drink ad libitum during exercise trials, whereas in the aforementioned they were not.



In relation to fluid replacement, our findings reveal that ad libitum drinking during exercise did not reduce ANS strain. In our study, during exercise in the heat, the sympathetic division of the ANS was dominant and parasympathetic tone diminished, even when ad libitum drinking was utilized. Several factors could have contributed to a reduction in parasympathetic tone, including that the amount of fluid loss during trials was greater than that being restored through ad libitum drinking, and the exercise itself (both intensity and duration). This process of dehydration decreases blood volume, causing the heart to work harder to pump a sufficient amount of blood to working muscles, ultimately straining the ANS [49,50]. Additionally, the duration of exercise trials in our study was very long (approximately 5–6 total hours in the heat), which required the ANS to handle this strain for an extended period of time, likely exacerbating the disturbances found in post-exercise HRV measures. Practically, this supports current recommendations of maximum time limits for practices and games in athletic settings in the heat, as well as utilization of fluid replacement beyond that of ad libitum during exercise [26,41,50,51,52]. This also supports that a period of rest between prolonged exercise in the heat is essential in allowing individuals to rehydrate even if ANS function is not restored in such a short time [50,51,52]. In military and occupational settings, this stresses the importance of ensuring that there is a way for warfighters and laborers to fully replace fluid loss and have adequate recovery time. Combined, the aforementioned support of recommendations and findings of this study help advance knowledge of strategies to enhance safety during exertion in the heat.



A limitation of this study was that we investigated only a prescribed and ad libitum fluid replacement group and only had an exercising group. Future research should investigate the effects of no fluid replacement during the recovery period (fluid restriction) in comparison to prescribed and ad libitum strategies, as well as including a non-exercise group. This would be beneficial as many populations may not have the opportunity to replace fluids between events and do not have opportunities to rest. This would also allow researchers to further understand the independent effects of fluid replacement, or lack thereof, on ANS recovery. A minor limitation to this study is the possibility that the Hawthorne effect may have influenced fluid consumption in the AL fluid replacement group. However, no indications were given to participants of monitoring drinking behavior, and the participants were instructed to eat and drink as they normally would. Lastly, a limitation of this study was the limited time-points in which HRV was measured. Repeated sequential measurement of HRV post-trial may elucidate the precise moment or window following exercise in the heat that HRV is restored to pre-trial values. This would be beneficial for populations who have multiple competitive, training, or occupational events within the same day, to understand how much time is required to restore ANS function before successive events. Understanding the impact of practical strategies such as fluid replacement would also be helpful to develop practical plans to accelerate recovery if recovery is needed in a shorter time window, such as in certain athletic and military settings.



To our knowledge, no studies have explored the use of fluid replacement strategies specifically during the post-trial recovery period on ANS recovery following prolonged exercise in the heat. Therefore, this study was novel in its approach of fluid replacement during recovery and supplements the work of researchers who have found beneficial effects of fluid replacement on ANS function during exercise in the heat. Moreover, our study suggests that fluid replacement during recovery equating to at least 60% of fluid loss, whether prescribed amount or ad libitum, aids in restoring HRV to pre-trial levels, as no difference was found in HRV recovery between the two strategies with this protocol. Ad libitum drinking during exercise may be insufficient in maintaining a state of euhydration and reducing ANS strain. However, our findings suggest that during recovery, when BML does not exceed 3% and extended time (~24 h) is given following moderate exercise in the heat, replacing at least 60% of fluid loss is sufficient to restore a state of euhydration as well as ANS function. This is important to understand that rehydration impacts autonomic nervous system recovery moderately but may not be the primary factor or mechanism of autonomic nervous system recovery. This reveals the need to assess autonomic nervous system recovery using a more holistic approach encompassing various factors sensitive to heat strain, and additional variables reflective of autonomic nervous system recovery, to better understand the mechanisms of recovery of the autonomic nervous system following heat strain.
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Figure 1. Study timeline and measurements. 
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Figure 2. Schematic of exercise and recovery protocol. 
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Figure 3. Fluid replacement amounts consumed during 20–24 h recovery period following exercise trials for AL and PD groups. * Indicates statistically significant differences in fluid consumption amounts between groups. 
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Figure 4. Change in the proportion of the number of successive NN intervals that differ >50 milliseconds in relation to the total number of NN intervals (pNN50), for each drinking group (ad libitum and prescribed drinking) at pre-, post-, and follow-up for each exercise trial. Clear squares and dashed lines represent the prescribed drinking group, and black circles and solid lines represent the ad libitum group. Data are presented as averages and standard deviations. * Indicates statistically significant differences from pre-trial to post-trial. # Indicates statistically significant differences from post-trial to follow-up within groups. Measures were calculated as the change in values from baseline. 
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Figure 5. Low frequency/high frequency ratio (LF:HF ratio) pre-, post-, and follow-up measures for ad libitum and prescribed drinking groups. Clear squares and dashed lines represent the prescribed drinking group, and black circles and solid lines represent the ad libitum group. Data are presented as averages and standard deviations. * Indicates statistically significant differences from pre-trial to post-trial within groups. # Indicates statistically significant differences from post-trial to follow-up within groups. Measures were calculated as the change in values from baseline. 
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Table 1. Participant demographics and anthropometrics.
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	Ad Libitum

(n = 6)
	Prescribed Drinking

(n = 6)
	Overall

(n = 12)





	Age (years)
	27 ± 5
	25 ± 5
	26 ± 5



	VO2max (mL/kg/min)
	58.93 ± 7.61
	57.95 ± 7.14
	58.44 ± 7.05



	Velocity at VO2max

(vVO2) (mph)
	9.42 ± 0.92
	9.25 ± 0.94
	9.33 ± 0.89



	Stature (cm)
	179.75 ± 4.92
	186.50 ± 7.97
	183.13 ± 7.23



	Body Mass (kg)
	75.99 ± 4.67
	80.61 ± 10.40
	78.30 ± 8.06



	Body Fat (%)
	11.35 ± 1.91
	8.13 ± 1.76
	9.74 ± 2.43
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Table 2. a. Physiological and behavioral variables for prescribed drinking (PD) and ad libitum (AL) groups during exercise trials. b. Physiological and behavioral variables for prescribed drinking (PD) and ad libitum (AL) groups at follow-up visits.
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a




	

	
Prescribed Drinking

	
Ad Libitum




	
AVG Trec (°C)

	
38.02 ± 0.32

	
37.97 ± 0.30




	
Peak Trec (°C)

	
38.92 ± 0.46

	
38.77 ± 0.42




	
AVG HR (bpm)

	
136 ± 10

	
136 ± 13




	
Peak HR (bpm)

	
175 ± 8

	
172 ± 12




	
Nude Body Mass (kg)

(pre-trial)

	
81.60 ± 9.47

	
78.43 ± 3.60




	
Nude Body Mass (kg)

(post-trial)

	
79.00 ± 9.16

	
76.27 ± 2.51




	
BML

(%)

	
2.78 ± 1.00

	
2.97 ± 1.36




	
Fluid Intake (L)

	
1.7 ± 1.2

	
2.3 ± 1.1




	
USG

(pre-trial)

	
1.009 ± 0.007

	
1.010 ± 0.006




	
UC

(pre-trial)

	
3 ± 2

	
3 ± 1




	
USG

(post-trial)

	
1.020 ± 0.008

	
1.016 ± 0.009




	
UC

(post-trial)

	
6 ± 2

	
5 ± 2




	
b




	

	
Prescribed Drinking

	
Ad Libitum




	
HR

(bpm)

	
55 ± 7

	
50 ± 4




	
Nude Body Mass (kg)

(follow-up)

	
80.92 ± 9.38

	
77.62 ± 2.81




	
BML

(%)

	
0.83 ± 0.77

	
1.05 ± 1.30




	
Fluid Intake (L)

	
4.6 ± 7.1 *

	
3.4 ± 1.9




	
USG

	
1.019 ± 0.010

	
1.015 ± 0.006




	
UC

	
4 ± 2

	
5 ± 2








Values are displayed as mean ± standard deviation (M ± SD). Abbreviations: average (AVG), rectal temperature (Trec); heart rate (HR); body mass loss (BML); urine specific gravity (USG); urine color (UC). Variables were compared between groups to determine whether they were equivalent. Values are displayed as mean ± standard deviation (M ± SD). Abbreviations: heart rate (HR); body mass loss (BML); urine specific gravity (USG); urine color (UC). Variables were compared between groups to determine whether they were equivalent. * indicates statistically significant differences between groups.
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Table 3. Heart rate variability time and frequency measures pre-trial, post-trial, and at follow-up.
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Ad Libitum

	
Prescribed Drinking




	

	
Pre-Trial

	
Post-Trial

	
Follow-Up

	
Pre-Trial

	
Post-Trial

	
Follow-Up






	
RMSSD (ms2)

	
4.17 ± 0.87

	
3.69 ± 0.89

	
4.22 ± 0.54

	
4.59 ± 0.92

	
3.53 ± 0.71

	
4.52 ± 0.50




	
pNN50 (%)

	
30.13 ± 22.95

	
13.20 ± 11.18

	
39.04 ± 20.48

	
47.99 ± 21.70

	
16.46 ± 18.36

	
54.85 ± 20.30




	
LF (ms2)

	
1141.94 ± 803.97

	
1384.87 ± 1178.15

	
1680.14 ± 1277.60

	
13,546.17 ± 48,834.52

	
625.47 ± 617.34

	
2220.77 ± 1517.20




	
HF (ms2)

	
951.53 ± 1026.03

	
471.99 ± 497.52

	
1162.49 ± 984.31

	
8333.46 ± 27,592.16

	
516.58 ± 774.87

	
2414.07 ± 1813.98




	
LF:HF Ratio (ms2)

	
2.71 ± 2.47

	
5.58 ± 5.26

	
2.05 ± 1.57

	
1.34 ± 0.88

	
2.42 ± 2.07

	
1.20 ± 0.67








Values are displayed as mean ± standard deviation (M ± SD). Abbreviations: Root mean square of successive difference (RMSSD), percent adjacent NN intervals (pNN50), low frequency domain (LF), high frequency domain (HF), low frequency/high frequency ratio (LF:HF Ratio).
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