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ABSTRACT

The autonomic nervous system (ANS) is profoundly affected by high intensity exercise. However,
evidence is less clear on ANS recovery and function following prolonged bouts of high intensity
exercise, especially in non-endurance athletes. Therefore, this study aimed to investigate the
relationships between duration and intensity of acute exercise training sessions and ANS recovery
and function in Division I football athletes. Fifty, male football athletes were included in this
study. Subjects participated in 135 days of exercise training sessions throughout the 25-week
season and wore armband monitors (Warfighter Monitor, Tiger Tech Solutions) equipped with
electrocardiography capabilities. Intensity was measured via heart rate (HR) during an ‘active
state’, defined as HR > 85 bpm. Further, data-driven intensity thresholds were used and included
HR < 140 bpm, HR < 150 bpm, HR < 160 bpm, HR > 140 bpm, HR > 150 bpm and HR > 160
bpm. Baseline HR and HR recovery were measured and represented ANS recovery and function
24h post-exercise. Linear regression models assessed the relationships between time spent at the
identified intensity thresholds and ANS recovery and function 24h post-exercise. Statistical sig-
nificance set at a < 0.05. Athletes participated in 128 training sessions, totaling 2735 data points
analyzed. Subjects were predominantly non-Hispanic black (66.0%), aged 21.2 (£1.5) years and
average body mass index of 29.2 (4.7) kg-(m?)~L. For baseline HR, statistically significant asso-
ciations between duration and next-day ANS recovery were observed at HR < 140 bpm ( =
—0.08 £ 0.02, R? = 0.31, p < 0.001), HR above 150 and 160 bpm intensity thresholds (8 = 0.25
+ 0.02, R?= 0.69, p < 0.0000 and g = 0.59 £ 0.06, R?= 0.71, p < 0.0000). Similar associations
were observed for HR recovery: HR < 140 bpm (8 = 0.15 + 0.03, R? = 0.43, p < 0.0000) and HR
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above 150 and 160 bpm (8 = —0.33 + 0.03, R?> = 0.73, p < 0.0000 and § = —0.80 + 0.06, R =
0.71, p < 0.0000). The strengths of these associations increased with increasing intensity, HR >
150 and 160 bpm (baseline HR: § range = 0.25 vs 0.59, R% 0.69 vs 0.71 and HR recovery: f range
= —0.33 vs —0.80, R? = 0.73 vs 0.77). Time spent in lower intensity thresholds, elicited weaker
associations with ANS recovery and function 24h post-exercise, with statistical significance
observed only at HR < 140 bpm (8 = —0.08 + 0.02, R? = 0.31, p < 0.001). The findings of this
study showed that ANS recovery and function following prolonged high intensity exercise re-
mains impaired for more than 24h. Strength and conditioning coaches should consider shorter
bouts of strenuous exercise and extending recovery periods within and between exercise training
sessions.

Key Points

e The autonomic nervous system may require more than 24h of recovery following prolonged bouts of high-intensity exercise in
collegiate football athletes.

e The “apparent restoration” of the autonomic nervous system 24h following, prolonged less strenuous exercise may be
indicative of full recovery or parasympathetic hyperactivity.

e Strength and conditioning coaches must strategically design exercise training programs to allow for sufficient recovery of the
autonomic nervous system, especially following prolonged bouts of high-intensity exercise.

1. Introduction

Performing high intensity exercise requires optimal function of the autonomic nervous system (ANS) [1-3]. This type of training is
ubiquitously integrated into the exercise training programs of elite, collegiate-level athletes given the effectiveness it has on enhancing
sports performance [4]. Importantly, the ANS is profoundly affected by acute bouts of high intensity exercise, requiring periods of rest
to restore optimal function [5-7]. Sport performance professional organizations, such as the National Strength and Conditioning
Association, recommend that coaches prescribe, at minimum, 24h in between high intensity exercise sessions [8,9]. Significant
challenges exist however, in implementing this recommendation in sport exercise training programs as athletes often train at high
frequencies (5 to 6 days/week) and long durations (>120 min/session). Unfortunately, athletes are not always given the suggested 24h
of rest between intense exercise sessions. Therefore, understanding the influence of the intensity and duration of collegiate level
exercise training sessions and its impact on the ANS is important to understand, especially, for sports requiring fast, powerful, and
change-in-direction movements like football [10].

Well-established evidence shows an inverse relationship between intensity and duration with experts recommending shorter du-
rations for higher intensity exercise and vice versa [11-13]. The suggested duration at which an individual athlete performs exercise at
any given level of intensity is governed by which metabolic pathways are activated during the exercise [14], availability of energy
substrates [15,16] and current fitness level [17]. At the collegiate level, exercise training programs challenge this physiological
relationship with athletes performing exercise at high levels of intensity for prolonged durations, likely imposing supraphysiological
disturbances [18,19]. Available studies, albeit mostly conducted among endurance-type athletes (e.g., runners, cyclists), found sig-
nificant deficits in ANS function in the immediate post-exercise period (0 to 12h) following prolonged, high intensity exercise [20].
Specifically, endurance athletes experienced delayed parasympathetic reactivation [21], depressed heart rate variability [22] and
prolonged central and peripheral fatigue [23]. The few studies examining ANS recovery >24h after prolonged bouts of high intensity
exercise found most athletes were fully recovered within 72h [24]. A significant limitation of the current literature is that these studies
have only been conducted on endurance athletes [25]. Thus, a void exists in the literature regarding non-endurance type sports.
Endurance athletes typically sustain continuous, workloads with intermittent bouts of high intensity, utilize different skeletal muscle
fiber types, rely mostly on mitochondrial respiration for energy production [8] etc. Conversely, for sports like collegiate football,
athletes often perform bouts of high intensity exercise at higher frequency and execute more forceful and powerful movements within
training sessions. These athletes exhibit greater skeletal muscle damage and faster substrate depletion during training sessions that
typically last longer than 2h and are implemented multiple times each week [26]. As such, the impact on ANS recovery for athletes
participating in more strength- and power-focused sports is unclear.

Moreover, evidence is further limited on the ANS response to subsequent exercise performance 24h post prolonged, high intensity
exercise. Knowing how the ANS recovers and functions following exercise training sessions is critical to strength and conditioning
coaches for designing and implementing effective training programs aimed at enhancing sports performance. The dearth of evidence
on these relationships predisposes non-endurance athletes to unknown levels of ANS deterioration, functional overreaching, and
overtraining [27]. Therefore, this study aimed to investigate the relationships between time spent at varying levels of intensity during
acute bouts of exercise training and the influence on ANS recovery and function in Division-I football athletes. Our first and second
hypotheses were that exercise performed at longer durations with higher intensities would lead to athletes eliciting higher baseline
heart rates (HR) and lower HR recoveries due to reductions in ANS recovery and function. These outcomes would reflect inadequate
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ANS recovery and function 24h following prolonged bouts of higher intensity exercise.
2. Methods
2.1. Study design

This prospective study tracked ANS recovery and function in a sample of male, Division-I collegiate football athletes over a 25-week
period. The ANS outcomes were assessed using baseline HR and HR recovery measured 24h following training. These cardiac-based
metrics represented ANS recovery and function, respectively.

2.2. Subjects

Subjects were recruited from a Division I collegiate football team located in the southeastern region of the State of Florida. The
athletes were participating in a 25-week, aerobic, speed, strength, agility, and power-focused training program during preseason
through regulation play. The prospective participants were recruited from a pre-selected group of athletes the coaches identified as
“starters”, which were athletes that competed in nearly every regulation game and for most of its duration. Fifty healthy, male football
athletes participated in this study. On average the athletes were 21.2 (+1.5) years old, weighed 103.0 (+20.2) kg and were 187.5
(£6.6) cm tall. Additionally, the average body mass index was 29.2 (4.7) kg~(n12)’1 and ranged between 23.7 kg (rnz)’1 to 44.9 kg
(m?) . The racial/ethnic composition of the sample was 66.0% non-Hispanic black, 18.0% Caucasian, and 12.0% Hispanic. Prior to
any measurements, the athletes were informed of the benefits and risks of the study and voluntarily consented to the study. All study
protocols followed the ethical principles defined in the declaration of Helsinki and were approved by the university’s Institutional
Review Board (IRB #20191223).

2.3. Procedures

2.3.1. Exercise training sessions

Fifty football athletes completed pre- and in-season training from May through December of 2022. The off-, pre- and in-seasons
lasted 27 weeks, of which, 25 weeks were broken into four separate training blocks. During the first 10 weeks (i.e., off-season),
athletes participated in 2, 4-week training programs (Training Camp I and II) separated by one week of rest following each pro-
gram. Next, the athletes participated in their 4-week pre-season training program (Pre-Season Camp) followed by their in-season
training for the remaining 13 weeks, see Fig. 1. The duration of the exercise training sessions averaged 161.1 (+40.6) minutes and
ranged from 90.1 to 339.6 min. The intensity of the exercise training sessions varied daily and between each athlete. All athletes were
exposed to the same training sessions which occurred during football practices and included strength- & power-focused resistance
exercises, short-distance sprint intervals, aerobic training, and agility training.

2.3.2. Intensity of acute exercise training sessions

In this study, the intensity at which the athletes performed during acute exercise training sessions was represented by the athletes’
HR in an ‘active state’. An ‘active state’ was defined as HR values measuring above 85 beats per minute (bpm). Periods where HR
values < 85 bpm, were defined as “non-active”. The times spent in “non-active” states were excluded from the analyses. Importantly,
this study did not impose any categorical expressions of exercise intensity previously established in the scientific literature (e.g., % HR
reserves YOHRmax, %0VOsreserve; %VOamayx)- These intensity thresholds rely on many assumptions likely not applicable to this sample of
collegiate athletes [28-30]. The continuous expression of intensity used in this study allowed for increased flexibility and factoring in
of inter-individual variability [31]. Importantly, the exercise intensity metric factored in all activities performed during training
sessions (e.g., sprints, resistance training).

2.3.2.1. HR measurement. Participants were fitted with armband monitors equipped with temperature, electrocardiography (ECG),
photoplethysmography (PPG), and inertial measurement unit (IMU) capabilities (Warfighter Monitor (WFM), Tiger Tech Solutions Inc,
Miami FL). The WFM armbands were previously validated in several diverse subpopulations [32]. Monitors were placed on the
posterior aspect of the left upper arm, secured with an elastic band, and worn for the duration of each acute exercise training session.

Training Days

Monday to Friday Monday to Saturday Tuesday to Sunday
Training Camp | Rest Training Camp 2 Rest Pre-Season Camp In-Season
aWeeks  |P|1week [P|  4Weeks || 1week |®| 4 week P | 13 Weeks
Tuesday to Friday Tuesday to Saturday  Wednesday to Sunday

Measurement Days

Fig. 1. The 25-week football training and measurement schematic.
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Although the WFM device collected several biometric parameters, only HR and duration were analyzed.
2.3.3. ANS recovery to acute exercise training sessions

2.3.3.1. Next-day baseline HR. Next-day baseline HR represented ANS recovery. Baseline HR was measured in the early morning,
following at least 4 min of inactivity, per established protocols [33]. Specifically, baseline HR was measured prior to the start
(0600-0700) of the following day’s exercise training session. Each athlete was required to remain nearly motionless in a seated po-
sition for a period of 5 min to collect a “resting” baseline HR.

2.3.4. ANS function 24H post-acute exercise training

2.3.4.1. Next-day HR recovery. HR recovery was measured during the next-day’s exercise training session to track ANS function
following acute bouts of exercise. HR recovery was defined as the reduction in HR during 30-s rest intervals representing localized
parasympathetic activation. HR recovery was measured within the first 30-s of rest as during this period HR exhibits the greatest rate of
change [34]. HR recovery was quantified for all rest intervals occurring throughout the training session, and then averaged.

Importantly, baseline HR and HR recovery were measured 24h following a training session. As such, baseline HR and HR recovery
were not measured following one or more rest days. Including rest days would likely dilute the association and not accurately represent
the acute influence of exercise training intensity on short term ANS recovery and function, see Fig. 1.

2.4. Statistical analyses

This study investigated the relationships between the time spent at varying levels of intensity during acute bouts of exercise training
and the influence on ANS recovery and function within 24h post-exercise. The duration (in minutes) of time spent in an ‘active state’
and intensity (HR, bpm) served as the primary independent variables. Given the established inverse relationship between intensity and
duration, the analyses were stratified by intensity thresholds including time spent in HR < 140 bpm, HR < 150 bpm, HR < 160 bpm
and HR > 140 bpm, HR > 150 bpm, and HR > 160 bpm. Next-day baseline HR and HR recovery served as the primary outcome
variables and represented ANS recovery and function within 24h post-exercise training, respectively. The conditional distributions for
each association were tested for normality using the Kolmogrov-Smirnov test and all p-values fell below 0.05. All associations were
quantified using linear regression models and were performed separately for each intensity threshold and outcome variable. For all
models, p coefficients and standard errors were estimated, and the a priori threshold for statistical significance was set at a = 0.05.
Statistical analyses was performed in MATLAB, version 2021b (MathWorks, Natick, MA).

3. Results

Table 1 displays the information on the duration and time spent above and below different HR values during exercise training
sessions. Further, it shows the athletes’ ANS recovery and function 24h post-exercise with baseline HR and HR recovery, respectively.
A total of 128 exercise training sessions lasting, on average, 161.1 (40.6) minutes were assessed. The average time spent in each
intensity threshold decreased with increasing HR ranges from 112.3 (36.0) minutes at HRs between 85 and 139 bpm to 5.1 (10.0)
minutes at HRs >160 bpm. It should be noted that the range for time spent in specific intensities was considerably wide. For ANS
recovery 24h post exercise, the athletes, on average, elicited a baseline HR of 61.4 (4-8.6) bpm, ranging between 44.8 and 118.2 bpm.
In response to acute exercise the following day, the athletes, on average, exhibited HR recovery values of 30.6 (6.0) beats, ranging
between 11.2 and 49.6 beats during 30-s rest intervals.

Adjusted linear regression and correlation coefficients representing the relationships between the time spent at varying intensity
threshold during acute bouts of exercise training and the influence on ANS recovery and function 24h post-exercise is presented in
Table 2. For baseline HR, statistically significant associations with next-day recovery were observed for the 3 of the 4 intensity

Table 1
Duration of acute exercise training sessions, time spent in various intensity thresholds, and next-day ANS re-
covery and function.

Mean (SD) Median (min, max)

No. of Training Sessions 128
Duration of Sessions (min) 161.1 (40.6) 157.1 (90.1, 339.6)
Time Spent in Intensity Thresholds

HR 85-139 bpm 112.3 (36.0) 109.4 (17.1, 273.2)

HR 140-149 bpm 26.3 (15.6) 24.3 (0.0, 105.4)

HR 150-159 bpm 17.5 (10.4) 16.2 (0.0, 70.2)

HR > 160 bpm 5.1 (10.0) 1.0 (0.0, 98.7)
ANS Recovery

Baseline HR (bpm) 61.4 (8.6) 60.1 (44.8,118.2)
ANS Function

HR Recovery (bpm) 30.6 (6.0) 31.0 (11.2, 49.6)
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Table 2
Adjusted linear regression coefficients for the relationships between time spent in different intensity thresholds and next-day ANS recovery and
function.

Slope (8) SE Adjusted R? 95% CI p-value
Baseline HR (bpm)
Time Spent in Intensity Thresholds
HR Below 140 bpm —0.08 0.02 0.31 —0.13, —0.04 0.001
HR Below 150 bpm —0.003 0.02 0.01 —0.05, 0.04 0.89
HR Above 150 bpm 0.25 0.02 0.69 0.20, 0.29 <0.0000
HR Above 160 bpm 0.59 0.06 0.71 0.48, 0.70 <0.0000
HR Recovery (bpm)
Time Spent in Intensity Thresholds
HR Below 140 bpm 0.15 0.03 0.43 0.09, 0.21 <0.0000
HR Below 150 bpm 0.04 0.03 0.14 —-0.02, 0.10 0.15
HR Above 150 bpm —0.33 0.03 0.73 —0.39, —0.27 <0.0000
HR Above 160 bpm —0.80 0.06 0.77 —0.92, —0.66 <0.0000

*SE = standard error, CI = confidence interval, HR = heart rate, bpm = beats per minute, “time spent” represents the number of minutes spent in each
intensity threshold.

thresholds including HR < 140 bpm (4 = —0.08 £ 0.02, R%= 0.31, p < 0.001), HR above 150 and 160 bpm ( = 0.25 + 0.02, R?= 0.69,
p < 0.0000 and g = 0.59 + 0.06, R%=0.71, p < 0.0000). Similar associations were HR recovery including HR < 140 bpm (8 = 0.15 +
0.03, R?= 0.43, p < 0.0000), HR above 150 and 160 bpm ( = —0.33 + 0.03, R?= 0.73, p < 0.0000 and $ = —0.80 + 0.06, R%= 0.71,
p < 0.0000). At lower intensity thresholds, specifically HRs <140 bpm, duration at this intensity negatively and positively associated
with both baseline HR and HR recovery 24h post exercise training, respectively. Conversely, higher intensity thresholds, specifically
HRs >150 bpm and HRs >160 bpm were positively and negatively associated with baseline HR and HR recovery 24h post exercise
training, respectively. Moreover, the strengths of the associations between duration and ANS recovery and function increased with
increasing intensity, HR > 150 and 160 bpm (baseline HR: § range = 0.25 vs 0.59, R%: 0.69 vs 0.71 and HR recovery: § range = —0.33
vs —0.80, R? = 0.73 vs 0.77). Graphical representations of these relationships appear in Figs. 2-7.

4. Discussion

This study aimed to investigate the relationships between duration and intensity of exercise training on next-day ANS recovery and
function in a sample of Division-I collegiate football athletes. The major finding of this study was that at certain intensity thresholds,
duration significantly and negatively impacted next-day ANS recovery. Specifically, prolonged exposure to higher intensities elicited
higher baseline HRs 24h post-exercise. Similarly, prolonged exposure to higher intensities also impaired ANS recovery during 30-s rest
intervals, 24h later. Conversely, sustained exercise at lower intensity thresholds (HRs <140 bpm) did not perturb next-day ANS re-
covery, rather positive associations were observed.

The most novel aspect of this study was observing specific intensity thresholds at which exercise training duration impaired next-
day ANS recovery. The authors found sustaining exercise (>2 min) at HRs above 150 bpm negatively influenced ANS recovery,
demonstrated by elevated baseline HRs 24h post-exercise. Moreover, slower cardiac deceleration was also observed during 30-s rest
intervals, indicating reduced HR recovery. These negative associations strengthened for exercise sustained at HRs above 160 bpm
(Baseline HR: R? = 0.69 vs 0.71; f = 0.24 vs 0.59 & HR recovery: R?=0.73 vs 0.77; f = —0.33 vs —0.80). In support, other studies
previously demonstrated impaired ANS function following higher intensity exercise including deficits in parasympathetic reactivation
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Fig. 7. Adjusted linear regression correlations between time spent in (a) HRs above 160 bpm and (b) baseline HR and HR recovery 24h post-
exercise, in a sample of Division I male, football athletes.

[35], proprioception [36], motor skills and learning [37]. Uniquely however, this study focused on ANS recovery 24h post exercise,
where former studies measured its recovery in the immediate and short-term post-exercise period [20]. In doing so, the current study
showed the ANS requires more than 24h to fully recover from exercise sustained at higher intensities. This observation raises sig-
nificant concern for collegiate level athletes training for sports like football that require fast, powerful, dynamic movements. Often, for
these sports, many sessions of strenuous exercise are performed each week. As such, it is imperative for strength and conditioning
professionals to factor in recovery time when programming workouts to avoid deficits in ANS recovery and optimize physical
performance.

The observed insufficient recovery of the ANS following the acute exposure to longer periods of high intensity exercise is supported
by physiological evidence. Following the performance of sustained, high intensity exercise, athletes exhibit significant skeletal muscle
damage [38], depleted glycogen stores [39], high concentrations of lactic acid [40] and at durations longer than 2 h, elevated levels of
ammonia consequent to increased reliance on proteolysis for energy supply [19]. While many of these physiological changes revert to
baseline within 60 min post-exercise, the full repletion of glycogen stores and repair of damaged skeletal muscle requires between 24
and 48h [41]. Depriving athletes of an adequate recovery period following acute, bouts of strenuous exercise may negatively affect
their exercise performance during subsequent training sessions [42]. With insufficient recovery time, athletes likely remain in the
post-exercise catabolic state characterized by proteolysis [43], pro-inflammatory phase, incomplete repair of skeletal muscle [41] and
partially repleted energy stores [44]. Consequently, athletes may generate less force and power, reach central and peripheral fatigue
more quickly [45,46], thus, reducing the effectiveness of training sessions. Since the ANS regulates many of these physiological
processes [47], the sustained deterioration of the ANS observed in this study 24h post, high strenuous exercise, is intuitive.

Interestingly, the current study also observed that acute bouts of exercise sustained at lower intensities influenced ANS recovery.
Specifically, prolonged exercise (65 to 105 min) at HRs <140 bpm resulted in lower baseline HRs 24h post-exercise potentially
suggesting sufficient recovery of the ANS. Additionally, faster cardiac deceleration was observed during 30-s rest intervals, suggesting
adequate HR recovery post 24h. Consistent physiological evidence also supports our observation that acute bouts of sustained exercise
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at lower intensities associates with next-day ANS recovery and function. Less strenuous workloads impose a lower physiological
demand compared to high strenuous workloads with studies showing greater reliance on oxidative metabolic [16], increased free fatty
acid utilization [48], slower rate of glycogen depletion [49], reduced skeletal muscle damage [17], etc. As such, a 24-h post-exercise
period may be sufficient for full recovery of the ANS following prolonged, less strenuous exercise. However, at durations exceeding 2h,
metabolic pathways shift as skeletal muscles augment their reliance on blood glucose for energy [50,51]. This shift increases the
competition between the skeletal muscles and brain for sufficient energy, potentially facilitating the onset of central and peripheral
fatigue. Moreover, proteolysis within the skeletal muscle begins supplementing blood glucose levels via gluconeogenesis, possibly
resulting in a sustained catabolic state post-exercise (24-48h) [52].

Our observation that prolonged bouts of less strenuous exercise (HR < 140 bpm) and ANS recovery highlights two exercise pro-
gramming related concepts. First, although the ANS recovery window is shorter for acute bouts of sustained, less strenuous exercise,
strength and conditioning coaches must still use caution by strategically placing these types of training sessions. This is especially true
for weekly regimens, including multiple sessions of high strenuous exercise. For example, scheduling this type of session 24h post-
strenuous exercise may be inappropriate as the ANS is not yet likely fully recovered. As shown in this study, athletes exhibited
reduced ability to adequately recover from acute exercise bouts, at any level, on the following day. Thus, implementing sustained, less
strenuous bouts of exercise may prolong the catabolic state, further delaying the full recovery of the ANS and the effectiveness of
subsequent training sessions. In support, Sherman et al., 1984 examined “active recovery” in runners following the completion of a
marathon and found that runners engaging in an “active recovery” consisting of 20—45 min of running at 50-60% of VOyp,ax, Were not
fully recovered 7 days post-race [53]. Conversely, runners not engaging in an “active recovery” were fully recovered 3 days post-race.
These findings strongly emphasize the prioritizing of including sufficient recovery periods between training sessions, especially
following strenuous training sessions.

Second, while 24h appears to be a sufficient recovery period for the ANS previously exposed to an acute, sustained bout of less
strenuous exercise, this does not suggest that athletes should train at this level for longer periods of time nor at high frequency
throughout each training week. It is possible that deterioration of the ANS manifests cumulatively over several consecutive training
sessions as indicated in the study conducted Sherman et al., 1984. In support, one study found that over a 5-week training period at
moderate intensity (1 week), overload (3 weeks) and tapering (1 week) resulted in functional overreaching among triathletes and was
attributed to parasympathetic hyperactivity. Importantly, parasympathetic hyperactivity was most pronounced when analyzed across
several weeks as opposed to 1, 7-day period [54]. Thus, it is conceivable that the “apparent restoration” of the ANS 24h post-exercise at
lower intensities could reflect parasympathetic hyperactivity, further strengthening the emphasis on coaches strategically and
appropriately sequencing of exercise training sessions [55].

The current study has several strengths. First, the study employed a prospective cohort study design in a “real-world” sport setting.
As such, the findings authentically reflect the training regimens implemented in collegiate football players rather than those performed
in laboratory-based settings. Second, the “physiological workload” more commonly known as “intensity” in the sports science field was
quantified using HRs elicited during training and analyzed on a continuum rather than categorically using pre-defined intensity
classifications. This allowed for increased flexibility in examining the associations between exercise duration, intensity and ANS re-
covery and function, likely yielding findings that more accurately represent the inter-individual variability of the study sample. Third,
this study utilized a large amount of data. The data were from 50 athletes that performed 128 training sessions throughout a standard
collegiate football season totaling 2735 individual sets, thus, providing a comprehensive insight to the physiological loads imposed on
the ANS. This study also possesses weaknesses warranting attention. First, because the athletes immediately participated in subsequent
training sessions, we were only able to determine if 24h, for each athlete, was a sufficient recovery period for the ANS. Thus, for
athletes requiring longer than 24h, we were unable to identify a more precise recovery window. Second, the study included only males
playing one collegiate sport which reduces the generalizability of our findings to other sports implementing similar training programs
and female athletes. Lastly, other factors potentially influencing the ANS recovery and function were not controlled for including
nutrition patterns, hydration status, quality/quantity of sleep and post-training recovery methods such as cold-water immersion,
massage, etc.

5. Conclusions

In conclusion, the findings of this study emphasize concepts critical in designing and implementing effective exercise training
programs in collegiate football athletes. First, our study showed that performing bouts of exercise at HRs >150 bpm for longer than 2
min negatively impacts the ANS. Specifically, ANS recovery and function remains impaired for more than 24h and is present in rested
and exercise states. Second, the slower cardiac deceleration observed during next-day rest intervals following acute bouts of high
intensity exercise, raises significant concerns for collegiate sport exercise training programs that require 5 to 6 daily exercise sessions
per week. The high frequency of training, regardless of workload, presents challenges in providing athletes adequate recovery periods
between sessions. Therefore, strength and conditioning coaches should consider design strategies that reduce prolonged bouts of
strenuous exercise and lengthen rest and recovery periods within [56] and between exercise training sessions. We recommend that
future studies focus on more precisely defining the time to full recovery of the ANS and investigate the potential cumulative effects of
performing several consecutive training sessions at varying intensity on ANS recovery and function.
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