
nutrients

Article

Heart Rate Variability Behavior during Exercise and
Short-Term Recovery Following Energy Drink
Consumption in Men and Women

Nicolas W. Clark 1,2, Chad H. Herring 1,2, Erica R. Goldstein 1,2, Jeffrey R. Stout 1,2,
Adam J. Wells 2,3 and David H. Fukuda 1,2,*

1 Physiology of Work and Exercise Response (POWER) Laboratory, Institute of Exercise Physiology and
Rehabilitation Science, University of Central Florida, 12494 University Blvd., Orlando, FL 32816, USA;
nicolas.clark@ucf.edu (N.W.C.); chad.herring@ucf.edu (C.H.H.); erica.goldstein@ucf.edu (E.R.G.);
jeffrey.stout@ucf.edu (J.R.S.)

2 Division of Kinesiology, School of Kinesiology and Physical Therapy, University of Central Florida,
12494 University Blvd., Orlando, FL 32816, USA; adam.wells@ucf.edu

3 Exercise Physiology Intervention and Collaboration (EPIC) Laboratory, Institute of Exercise Physiology and
Rehabilitation Science, University of Central Florida, 12494 University Blvd., Orlando, FL 32816, USA

* Correspondence: david.fukuda@ucf.edu; Tel.: +1-407-823-0442

Received: 2 July 2020; Accepted: 5 August 2020; Published: 8 August 2020
����������
�������

Abstract: This study examined the cardiac autonomic responses, as measured by heart rate variability
(HRV), during cycling exercise and short-term rest after energy drink consumption. Seventeen
participants (seven males and 10 females; age: 22.8 ± 3.5 years; BMI: 24.3 ± 3.3 kg/m2) completed
this double-blind, placebo-controlled, counterbalanced crossover design study. Participants received
an energy drink formula containing 140 mg of caffeine and a placebo in a randomized order before
completing a 10-min steady-state warm up (WUP) and a graded exercise test to exhaustion (GXT)
followed by a 15-min short-term rest (STR) period. Heartbeat intervals were recorded using a
heart rate monitor. Data were divided into WUP, GXT, and STR phases, and HRV parameters were
averaged within each phase. Additionally, root mean square of the standard deviation of R–R
intervals (RMSSD) during GXT was analyzed to determine the HRV threshold. Separate two-way
(sex (male vs. female) x drink (energy drink vs. placebo)) repeated measures ANOVA were utilized.
Significant increases in high frequency (HF) and RMSSD were shown during WUP after energy
drink consumption, while interactions between drink and sex were observed for HRV threshold
parameters (initial RMSSD and rate of RMSSD decline). No significant differences were noted during
STR. Energy drink consumption may influence cardiac autonomic responses during low-intensity
exercise, and sex-based differences in response to graded exercise to exhaustion may exist.

Keywords: energy drink; thermogenic drink formula; caffeine; autonomic nervous system; vagal
withdrawal; heart rate variability threshold; sex-differences

1. Introduction

The consumption of energy drinks (ED), featuring caffeine as the primary active ingredient,
has largely increased in the past two decades, and its market is expected to increase from 11 billion
in 2018 to 83.4 billion in 2024 [1]. When consumed in moderate amounts (3–6 mg/kg), caffeine has
the potential to aid performance during sport events [2,3]. Nevertheless, caffeinated drinks are also
known to promote changes to the sympathovagal balance of the autonomic nervous system (ANS) [4],
and overconsumption has been associated with adverse cardiac events such as cardiac arrhythmias and
myocardial infarction [1,5]. Since vagal tone has an important cardioprotective role during exercise and
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recovery [6–8], and cardiovascular responses are exacerbated during exercise [9], further evaluation of
ANS activity to stimulants contained in ED is necessary.

The time interval variation in a series of heartbeats is referred to as heart rate variability
(HRV). Heart rate variability is a well-established biomarker that provides insight into ANS function,
including cardiac parasympathetic nervous activity (cPNA) and cardiac sympathetic nervous activity
(cSNA) [10,11]. While the influence of caffeine on HRV has recently been reviewed, it is still controversial
in the literature due to the potential influence of caffeine tolerance [4]. Some evidence suggests that
low doses of caffeine (100 and 200 mg) may decrease cPNA at rest in non-habitual caffeine users [12];
however, a more recent study showed no differences in HRV for the same amounts of caffeine while
testing a group of habitual coffee drinkers who consumed one or more cups per day [13]. Alternatively,
a previous study from our laboratory showed maintenance of vagal tone at rest with time-release
caffeine supplementation (194 mg), and vagal withdrawal during placebo trials in a group of habitual
caffeine consumers with a reported daily average intake greater than 200 mg [14].

In a study that examined differences in HRV following caffeine consumption (300 mg) vs. placebo
among habitual caffeine consumer males during low-intensity endurance exercise below the ventilatory
threshold (VT) [15], frequency domain outcomes including high frequency (HF), low frequency (LF),
and total power (TP) resulted in a two-fold increase after caffeine ingestion, further suggesting that
caffeine may stimulate the ANS response during exercise. To our knowledge, no experimental exercise
studies have compared differences in ANS behavior during and post-exercise following a typical single
caffeine intake (<200 mg) for habitual consumers [16], while including and comparing males’ and
females’ responses. Although sex does not seem to affect hemodynamic and blood pressure responses
to caffeine [17], significant changes in the ANS function as measured by HRV have been reported
between sexes [18]. On average, females have greater HF and lower LF and TP for some metrics of
frequency domain variables, and higher root mean square of the standard deviation of R–R intervals
(RMSSD), HR, and therefore lower intervals between heartbeats among time frequency variables [18].

The heart rate variability threshold (HRVT) is another biomarker that has recently gained
popularity due to its feasibility and low cost without the requirement of respiratory gas exchange
or blood lactate analyses. It has also been suggested that this threshold mirrors metabolic changes
during exercise and correlates with VT and LT [19–21]. As caffeine is effective at enhancing exercise
performance [3], reducing the rating of perceived exertion [22], and influencing lactate levels during
exercise [23,24], ED consumption could potentially influence the HRVT. The determination of the
HRVT during incremental exercise requires identification of the point at which there is no further
decline in HRV parameters, thus indicating vagal withdrawal [25]. Several methods of obtaining HRVT
have been suggested for both time and frequency domains [20,21]. A commonly employed method
involves visual inspection of the analyzed data by two or more researchers; however, this method is
likely to present bias, and reliable evaluation is problematic. Therefore, standardized mathematical
modeling have been used to capture HRV behavior during exercise [26].

The purpose of this study was to examine the influence of an ED containing 140 mg of caffeine on
changes in ANS activity using HRV parameters during a low-intensity steady-state warm-up (WUP),
a graded exercise to exhaustion test (GXT), and for 15 min of short-term rest post-exercise (STR) in a
cohort of participants with regular caffeine intake. A secondary purpose was to examine HRV behavior,
as measured by HRVT analysis, during the GXT alone. A tertiary purpose was to evaluate the potential
for sex-based differences in both analyses. We hypothesized that the tested ED formula would increase
ANS response and affect HRV variables during low-intensity exercise as well as incremental exercise to
exhaustion and rest interval. We also expected that female participants would present higher cPNA
responses when compared to males.
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2. Materials and Methods

2.1. Experimental Design

Three visits to the laboratory scheduled in the morning were separated by at least 48 h and completed
within two weeks. Participants were randomized to receive an energy drink (ED; 10 kcal, 296 mL drink
containing a total of 140 mg of caffeine from a proprietary blend of caffeine, guarana, ginger, and green
tea extract containing epigallocatechin gallate (EGCG)) or a placebo (PL; non-caloric/non-caffeinated,
296 mL artificially sweetened drink matching ED in taste and in color) in a double-blind, crossover
fashion. Following the consumption of each drink, participants remained in a resting state, mostly in
supine position, in the laboratory (controlled temperature of 21–24 ◦C) for approximately two hours
before initiating the WUP and GXT on an electromagnetically-braked cycle ergometer (Corival,
Lode B.V., Groningen, the Netherlands) while R–R intervals were continuously monitored using a heart
rate monitor (Polar H10, Polar Electro Oy, Kempele, Finland). Prior to the GXT, participants completed
a 10-min WUP at 50 watts for male participants and 30 watts for female participants. Immediately
following the WUP, participants completed the GXT where work rate was increased by 35 watts for
males and 25 watts for females every 3 min at a cadence between 70 and 80 rpm until volitional fatigue.
After completing the GXT, participants remained seated on a chair for a 15-min period of short-term
post-exercise recovery (STR). During STR, no external stimuli (e.g., conversations, smartphone, tablet,
computer) were permitted and HRV continued to be monitored. This investigation was part of a larger
study examining energy expenditure at rest and during exercise; however, the analyses presented
focuses specifically on a comparison between two trials (one supplementation and one placebo) in
order to highlight the effects of the 140 mg ED formula consumption on HRV data that have not been
previously published [27].

2.2. Subjects

Data for 17 participants were retrieved and analyzed, including seven men (age = 24.9 ± 4.7 years,
body mass = 73.2 ± 11.8 kg, body mass index = 25.7 ± 4.1 kg/m2) and 10 women (age = 21.3 ± 1.3 years,
body mass = 64.6 ± 9.0 kg, body mass index = 23.3 ± 2.3 kg/m2). All participants were considered
recreationally-active and met the American College of Sports Medicine standards of exercising ≥
150 min exercise per week for the past 6 months [28] and were regular and moderate caffeine consumers
(males = 140 ± 63 mg/day, females = 100 ± 43 mg/day), as estimated by a caffeine consumption
questionnaire adapted from Landrum [29]. They were asked to refrain from ingesting caffeine or
alcohol, to keep their diets consistent, and to avoid intense exercise for at least 24 h before testing days
and to report to the laboratory following an 8-h fast.

The study protocol complied with the Declaration of Helsinki for human experimentation and was
approved by the university’s ethical committee for human research (protocol number BIO-17-13679).
This study was registered with ClinicalTrials.gov under the identifier NCT04455009.

2.3. HRV Parameters Analysis

The R–R series were recorded using a smartphone application (Elite HRV) and later downloaded
and analyzed using a laptop with commercially available HRV analysis software (Kempele, Finland;
Kubios HRV Analysis v 3.3, Kuopio, Finland). The software’s automatic artifact correction algorithm
was used to detect artifacts from the R–R interval series and to separate and correct ectopic and
misplaced beats from the normal sinus rhythm by interpolated R–R values. In all the subjects, and for
each trial, the replaced R–R periods did not exceed 5% of total heartbeats. The R–R intervals were
divided and averaged for WUP, GXT and STR phases. Each phase was analyzed for time domain
values of mean R–R intervals (RR), root mean square of the standard deviation of R–R intervals
(RMSSD), and maximal heart rate (HRmax), minimum heart rate (HRmin), and average heart rate
(HRmean). Frequency domain analyses were estimated using Fast Fourier Transforms for high frequency
(HF, HF%; 0.15–1.8 Hz), low frequency (LF, LF%; 0.04–0.15 Hz), and LF/HF ratio, and total power
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(TP). Additionally, breathing frequency (Rf) data were collected using a facemask and metabolic gas
analyzer (K-5 CPET, Cosmed, Rome, Italy).

2.4. HRVT Determination

Time domain analysis of RMSSD during the GXT was calculated using a time-varying method
with 64-s moving windows and a 3-s shift [30]. A piecewise bilinear fitting function using a proprietary
computer program for interactive scientific graphing (OriginPro, Version 2018b, OriginLab Corporation,
Northampton, MA, USA) was used to evaluate RMSSD behavior and to determine HRVT during the
GXT. Figure 1 exemplifies the pairwise bilinear fitting function. Measures for RMSSD at the beginning
of the GXT (y-intercept of the first linear function), RMSSD decline rate (the slope of the first linear
function), the time to HRVT and estimated time to vagal withdrawal (x-value at the intersection
of the first and second linear functions), and RMSSD value at HRVT and its estimated value at
vagal withdrawal (y-value at the intersection of the first and second linear functions) were recorded.
R-squared was reported as a measure of goodness-of-fit for the piecewise bilinear fitting function
(M ± SD).
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Figure 1. Example of a pairwise bilinear fitting function used to evaluate the heart rate variability
threshold (HRVT). This analysis consists of two linear segments (solid red lines; R-squared = 0.98)
used to perform a fit of the root mean square of the standard deviation of R–R intervals (RMSSD)
moving average data (black marks) to calculate the intersection location for two linear segments from
the fitting result.

2.5. Statistical Analysis

All analyses were conducted with an open-source statistical analysis software program (JASP;
version 0.11). Alpha level was set a priori at p < 0.05. Median absolute deviation (MAD) was used to
detect outlying values plus or minus two and a half times the MAD [31]. Outlying values were deleted
before statistical analysis. The normality of the distribution was established using the Shapiro–Wilk
statistic. In case of normality assumption violation, HRV data were transformed using a natural
logarithm (Ln) prior to further statistical analysis. Two-way (sex (male vs. female) x drink (ED vs. PL))
repeated measures ANOVAs were used to compare ED vs. PL trials during WUP, GXT, and STR for
RR, RMSSD, HRmax, HRmin, HRmean, HF, LF, LF/HF ratio, TP, and breathing frequency (Rf). Two-way
(sex (male vs. female) x drink (ED vs. PL)) repeated measures ANOVAs were also used to evaluate
differences in RMSSD behavior during GXT between ED and PL for initial RMSSD, rate of RMSSD
decline, HRVT, and RMSSD at HRVT. If a significant difference (p < 0.05) was observed, Holm post hoc
analyses were conducted. Effect sizes were calculated as Cohen’s d values.
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3. Results

3.1. Effects of Energy Drink on HRV Parameters during Warm-Up, Graded Exercise Test, and Short-Term Rest

Marginal means for drink ± SE, main effects for sex and drink, and interactions between sex x
drink for frequency domain and time domain variables can be found in Tables 1 and 2, respectively.
Significant sex x drink interactions were shown for LnHF and HF% during the GXT; however
post-hoc comparisons did not detect significant differences for LnHF (p > 0.05; EDfemale = 2.50 ± 0.31;
EDmale = 2.71 ± 0.34; PLfemale = 2.08 ± 0.28; PLmale = 3.16 ± 0.39) and HF% (EDfemale = 43 ± 4%; EDmale

= 31 ± 5%; PLfemale = 35 ± 3%; PLmale = 34 ± 5%). Significant sex x drink interactions were also shown
during the GXT for LF/HF with no significant post-hoc differences (EDfemale = 1.44 ± 0.28; EDmale =

1.99 ± 0.42; PLfemale = 1.55 ± 0.21; PLmale = 1.70 ± 0.27). A significant main effect for sex was shown for
LF% during the WUP (female = 46 ± 4%; male = 60 ± 4%) and for LnLF during the GXT (female =

2.53 ± 0.23; male = 3.49 ± 0.23). No significant interactions were shown for Rf during the WUP, GXT,
or STR; however, significant main effects were shown for drinks during the STR (Figure 2). Moreover,
significant main effects for sex were shown for Rf during the STR (p = 0.015; females = 22 ± 1 breaths
per min; males = 25 ± 1 breaths per min).

Nutrients 2020, 12, x FOR PEER REVIEW 5 of 12 

 

± 0.31; EDmale = 2.71 ± 0.34; PLfemale = 2.08 ± 0.28; PLmale = 3.16 ± 0.39) and HF% (EDfemale = 43 ± 4%; EDmale 

= 31 ± 5%; PLfemale = 35 ± 3%; PLmale = 34 ± 5%). Significant sex x drink interactions were also shown 

during the GXT for LF/HF with no significant post‐hoc differences (EDfemale = 1.44 ± 0.28; EDmale = 1.99 

± 0.42; PLfemale = 1.55 ± 0.21; PLmale = 1.70 ± 0.27). A significant main effect for sex was shown for LF% 

during the WUP (female = 46 ± 4%; male = 60 ± 4%) and for LnLF during the GXT (female = 2.53 ± 

0.23; male = 3.49 ± 0.23). No significant interactions were shown for Rf during the WUP, GXT, or STR; 

however, significant main effects were shown for drinks during the STR (Figure 2). Moreover, 

significant main effects for sex were shown for Rf during the STR (p = 0.015; females = 22 ± 1 breaths 

per min; males = 25 ± 1 breaths per min). 

 

Figure 2. Paired mean difference for breathing rate (Rf; breaths per min) during the warm‐up 

(WUP), graded exercise test (GXT), and short‐term rest post exercise (STR) are shown above in the 

Cumming estimation plot. The raw data are plotted on the upper axes; each paired set of energy drink 

(ED) and placebo (PL) is connected by a line. On the lower axes, each paired mean difference is plotted 

as a bootstrap sampling distribution. Mean differences are depicted as dots; 95% confidence intervals 

are indicated by the ends of the vertical error bars [32]; * Significant differences between drinks (p < 

0.05). 

 

* 

Figure 2. Paired mean difference for breathing rate (Rf; breaths per min) during the warm-up (WUP),
graded exercise test (GXT), and short-term rest post exercise (STR) are shown above in the Cumming
estimation plot. The raw data are plotted on the upper axes; each paired set of energy drink (ED) and
placebo (PL) is connected by a line. On the lower axes, each paired mean difference is plotted as a
bootstrap sampling distribution. Mean differences are depicted as dots; 95% confidence intervals are
indicated by the ends of the vertical error bars [32]; * Significant differences between drinks (p < 0.05).
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Table 1. Comparison of frequency domain parameters during warm up, graded exercise test, and short-term recovery 15 min post exercise.

df Energy Drink (ED)
M ± SE

Placebo (PL)
M ± SE

Within Drink
ED vs. PL

p-Value
(Cohens-d)

Between Sex
Male vs. Female

p-Value
(Cohens-d)

Interaction Drink x Sex
p-Value

W
ar

m
up

LnHF 14 5.65 ± 0.17 4.95 ± 0.17 <0.001 *
(1.731) 0.799 0.781

HF% 14 41 ± 3 39 ± 3 0.592 0.111 0.655

LnLF 15 5.91 ± 0.18 5.42 ± 0.18 <0.001 *
(1.098) 0.630 0.688

LF% 15 52 ± 33 54 ± 3 0.584 0.049 *
(0.519) 0.832

LF/HF 13 0.24 ± 0.19 0.37 ± 0.19 0.342 0.116 0.950

LnTP 14 6.60 ± 0.17 6.08 ± 0.17 <0.001 *
(1.500) 0.238 0.229

G
ra

de
d

Ex
er

ci
se

Te
st LnHF 15 2.55 ± 0.23 2.56 ± 0.23 0.937 0.149 0.038 *

HF% 15 37 ± 3 35 ± 3 0.261 0.271 0.022 *

LnLF 15 2.97 ± 0.19 3.05 ± 0.19 0.691 0.010 *
(0.716) 0.258

LF% 13 52 ± 3 52 ± 3 0.904 0.154 0.364
LF/HF 15 0.42 ± 0.14 0.48 ± 0.14 0.532 0.252 0.049 *
LnTP 14 3.55 ± 0.18 3.55 ± 0.18 0.998 0.069 0.208

Sh
or

tT
er

m
R

es
t LnHF 15 3.06 ± 0.34 3 ± 0.34 0.058 0.834 0.885

HF% 12 14 ± 3 19 ± 3 0.059 0.086 0.180
LnLF 15 4.59 ± 0.26 5.07 ± 0.26 0.078 0.442 0.819
LF% 15 70 ± 3 68 ± 3 0.534 0.133 0.659

LF/HF 14 1.51 ± 0.22 1.34 ± 0.22 0.151 0.218 0.741
LnTP 14 4.94 ± 0.26 5.42 ± 0.26 0.096 0.725 0.973

* Significant differences (p < 0.05). HF—High Frequency; LF/HF—Low Frequency High Frequency Ratio; TP—Total Power.
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Table 2. Comparison of time domain parameters during warm up, graded exercise test, and short-term recovery 15 min post exercise.

df Energy Drink (ED)
M ± SE

Placebo (PL)
M ± SE

Within Drink
ED vs. PL

p-Value
(Cohens-d)

Between Sex
Male vs. Female

p-Value
(Cohens-d)

Interaction Drink x Sex
p-Value

W
ar

m
up

Mean RR (ms) 15 598 ± 17 610 ± 17 0.207 0.254 0.894
HRmean (bpm) 15 99 ± 3 99 ± 3 0.910 0.526 0.189

HRmax (bpm) 14 115 ± 3 109 ± 3 0.008 *
(0.770) 0.630 0.688

HRmin (bpm) 13 75 ± 3 71 ± 3 0.217 0.798 0.859

LnRMSSD 13 2.9 ± 0.1 2.7 ± 0.1 0.006 *
(0.792) 0.671 0.999

G
ra

de
d

Ex
er

ci
se

Te
st Mean RR (ms) 15 397 ± 6 413 ± 6 0.005 *

(-0.805) 0.065 0.515

HRmean (bpm) 15 155 ± 3 149 ± 3 0.016 *
(0.685) 0.111 0.635

HRmax (bpm) 14 190 ± 2 184 ± 2 0.014 *
(0.702) 0.235 0.708

HRmin (bpm) 14 106 ± 3 100 ± 3 0.028 *
(0.613) 0.645 0.898

LnRMSSD 14 1.44 ± 0.09 1.39 ± 0.09 0.451 0.773 0.079

Sh
or

tT
er

m
R

es
t

Mean RR (ms) 13 509 ± 10 533 ± 10 0.023 *
(-0.666) 0.400 0.915

HRmean (bpm) 15 118 ± 3 112 ± 3 0.021 *
(0.628) 0.566 0.731

HRmax (bpm) 15 187 ± 3 180 ± 3 0.041 *
(0.541) 0.131 0.377

HRmin (bpm) 15 94 ± 3 87 ± 3 0.009 *
(0.728) 0.854 0.523

LnRMSSD 11 1.63 ± 0.13 1.91 ± 0.13 0.104 0.546 0.673

* Significant differences (p < 0.05). Mean RR—mean differences in R–R intervals; HRmean—Mean Heart Rate; HR max—Maximum Heart Rate Achieved; HRmin—Minimum Heart Rate
Achieved; RMSSD—Root Mean Square of the Successive R–R intervals.
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3.2. Effect of Energy Drink on HRVT

There were no significant sex x drink interactions for HRVT (time value at the intersection of the
first and second linear function; p = 0.246). No main effects were shown for drink (p = 0.149) or sex
(p = 0.667; EDFemale = 5.65 ± 2.73 min; EDMale = 6.96 ± 2.56 min; PLFemale = 5.43 ± 2.13 min; PLMale

= 5.11 ± 2.80 min). Similarly, the RMSSD value at the HRVT also did not present significant sex x
drink interactions (p = 0.269). No significant main effects were noted for drink (p = 0.663) and sex
(p = 0.628; EDFemale = 2.34 ± 0.52 ms; EDMale = 2.24 ± 0.50 ms; PLFemale = 2.21 ± 0.42 ms; PLMale =

2.52 ± 0.7676 ms). Nonetheless, significant sex x drink interactions were shown for initial RMSSD
(p = 0.038) and rate of RMSSD decline (p = 0.039). However, no significant post-hoc comparisons
were noted between drinks and sexes for either initial RMSSD (EDFemale = 29.92 ± 20.08 ms; EDMale

= 21.53 ± 9.42 ms; PLFemale = 25.17 ± 9.65 ms; PLMale = 33.11 ± 17.88 ms) or rate of RMSSD decline
(EDFemale = −1.82 ± 1.33 ms/min; EDMale = −1.12 ± 0.49 ms/min; PLFemale = −1.54 ± 0.72 ms/min;
PLMale = −2.03 ± 0.96 ms/min). The average R-squared value for the piecewise bilinear fitting function
analyses was 0.90 ± 0.08.

4. Discussion

This study examined the influence of ED ingestion on the ANS as measured by HRV time and
frequency domain parameters during WUP, GXT, and STR while also comparing responses between
males and females that habitually consumed caffeinated products. Another aim of this study was to
evaluate the influence of ED on HRVT during GXT in males and females. Our main findings indicated
that an ED formula containing 140 mg of caffeine, guarana, ginger, and green tea extract containing
EGCG was able to affect HRV variables during WUP, GXT, and STR, while sex-based differences may
occur in HRVT during GXT.

In this study, the WUP consisted of 10-min steady-state cycling at a fixed light exercise intensity
of approximately 20% of peak power achieved during the GXT. At this intensity, we noted significant
changes in HRV responses after ED ingestion. For frequency domain variables, increases in LF,
HF, and TP were observed for the ED drink compared to PL. These changes are thought to mirror
enhancement in the ANS activity during this light activity [33]. More notably, increases in the HF band
are suggestive of augmented cPNA. Similar changes to frequency domain variables were reported by
Nishijima et al. [15] when evaluating a group of habitual caffeine consumers cycling at slightly higher
work rates for 30 min (60–80 W). Possible increased cPNA was also displayed by a higher RMSSD
for the ED, which is the time domain marker widely used for the evaluation of short term vagally
mediated changes in HRV [34]. In habituated individuals, caffeine has been suggested to sustain and
promote cPNA at rest conditions [14]. Furthermore, an increased heart rate maximum (HRmax) for the
ED was observed. Interestingly, this change in HRmax during low-intensity aerobic exercise has not
been previously reported following ED consumption. The last observable change during the WUP
related to sex differences for LF% with females showing lower relative values. This finding is consistent
with reported sex differences in HRV spectral power responses during exercise [35], which may be
explained by altered ANS function and hormonal differences [18].

Another important aspect of this study was to understand the effect of ED ingestion on HRV
behavior during a maximal GXT. As the main active component of ED, caffeine has been suggested
to influence the cardiovascular system via the amplification of cSNA, resulting in increases in heart
rate and blood pressure [36]. Additional ingredients in ED formulas could influence HRV responses
even further. These effects on the cardiovascular system have been a reason for public concern due
to the increased possibility of adverse events in certain populations [37]. Moreover, vagal tone has
a cardioprotective role during rest and exercise [8]; therefore, understanding the effect of ED on
vagal withdrawal estimation was an important part of this study. We used a pairwise bilinear fitting
function to analyze the withdrawal (HRVT) and to specifically define the time point associated with the
termination of RMSSD time varying analysis decline during exercise. Our results show that HRVT was
not affected by ED ingestion when compared to PL. It is possible that the tested caffeine concentration of
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1.96 ± 0.36 mg/kg for males and 2.21 ± 0.34 mg/kg for females might not result in noticeable changes in
the estimated time to vagal withdrawal during exercise. Nevertheless, an interesting finding from HRVT
analysis was that female participants displayed a lower RMSSD output at the beginning of GXT testing
during PL, but a higher value during ED when compared to men. However, post-hoc comparisons
failed to detect specific changes in this interaction. This finding is partly supported by a significant
interaction between drink and sex for LF/HF and HF% averages during the GXT, further suggesting
that males and females might respond differently to ED during exercise. Sex differences were also
shown for LF during the GXT. Simultaneously, time domain averaged values during GXT showed
decreases in mean R–R intervals and increased HRmax and HRmin averages for the ED.

Heart rate variability parameters post-exercise have been increasingly studied after consumption
of caffeine and energy drinks [4,36,38]. There seems to be an agreement that the suppression of
cPNA reactivation post-exercise can be unfavorable for increased susceptibility of a cardiac event [8].
While our results point to a decreased mean RR and a trend for decreased HF during STR after ED
consumption, we believe that this may not be indicative of a delayed or reduced cPNA reactivation.
Rather, the respiratory sinus arrhythmia, one of the most conspicuous variables known to affect
HRV—but not necessarily the ANS—might have influenced this outcome [34]. The HF band is also
termed the respiratory band due to the influence that breathing can play in HF modulation [39].
Spirometry results recorded during testing showed a significant increase for breathing frequency for
the ED during STR post-exercise, but not for WUP and GXT (Figure 2). This significant increase in
the breathing rate is thought to have influenced some of the outputs and, therefore, should not be
considered as a potential alteration in the ANS function but a product of respiratory sinus arrhythmia.
Moreover, it is important to note that RMSSD was not significantly altered during STR. Previous
studies have shown that RMSSD is comparatively more robust and less susceptible to breathing pattern
changes than HF [40], which could explain the comparable findings in the current study.

Several limitations to this study should be considered. While the results from the current study
may potentially be generalized to the absolute dosage of caffeine, the specific contributions of the
individual ingredients contained within the proprietary ED formula were not evaluated. Moreover,
it is important to note that absolute doses of caffeine were tested in this investigation and relative intake
per kg of body mass was not controlled. Nonetheless, there were no statistical differences between
males and females for 140 mg (p = 0.167). Lastly, we did not control for the menstrual cycle phase when
scheduling visits, and this could have potentially altered HRV outputs for female participants [41].

5. Conclusions

From this investigation, we conclude that ED containing 140 mg of caffeine (caffeine, guarana,
ginger, and green tea extract containing EGCG did not result in decreased cPNA as measured
HRV-specific parameters within this cohort of habituated caffeine consumers. In fact, the opposite was
true during low-resistance steady-state WUP exercise, although significantly increased HRs were found
during WUP, GXT, and STR. Sex-based differences were displayed during WUP and GXT, while an
interaction was shown between males and females for HRVT parameters during the GXT. Furthermore,
consumption of the tested ED formula did not influence HRVT during GXT. Lastly, no significant
changes in ANS function were shown after exercise. Future studies should seek to compare individuals
of different caffeine consumption status on HRV responses during and after exercise.

Author Contributions: Conceptualization, D.H.F.; methodology, D.H.F. and N.W.C.; formal analysis, N.W.C. and
D.H.F.; investigation, N.W.C., C.H.H., and E.R.G.; data curation, N.W.C.; writing—original draft preparation,
N.W.C. and D.H.F.; writing—review and editing, all authors; visualization, N.W.C.; supervision, D.H.F., A.J.W.,
and J.R.S.; project administration, D.H.F., A.J.W., and J.R.S.; funding acquisition, D.H.F., A.J.W., and J.R.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Celsius Holding, Incorporated (Boca Raton, FL) through the University of
Central Florida, grant number 6861. All researchers involved independently collected, analyzed, and interpreted
the results of this study and have no financial interests concerning the outcome of this investigation.



Nutrients 2020, 12, 2372 10 of 12

Acknowledgments: Article processing charges were provided in part by the UCF College of Graduate Studies
Open Access Publishing Fund.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kraak, V.I.; Davy, B.M.; Rockwell, M.S.; Kostelnik, S.; Hedrick, V.E. Policy Recommendations to Address
Energy Drink Marketing and Consumption by Vulnerable Populations in the United States. J. Acad. Nutr. Diet.
2020, 120, 767–777. [CrossRef] [PubMed]

2. Southward, K.; Rutherfurd-Markwick, K.J.; Ali, A. Correction to: The Effect of Acute Caffeine Ingestion
on Endurance Performance: A Systematic Review and Meta-Analysis. Sports Med. 2018, 48, 2425–2441.
[CrossRef] [PubMed]

3. Goldstein, E.R.; Ziegenfuss, T.; Kalman, D.; Kreider, R.; Campbell, B.; Wilborn, C.; Taylor, L.; Willoughby, D.;
Stout, J.; Graves, B.S.; et al. International society of sports nutrition position stand: Caffeine and performance.
J. Int. Soc. Sports Nutr. 2010, 7, 5. [CrossRef] [PubMed]

4. Koenig, J.; Jarczok, M.N.; Kuhn, W.; Morsch, K.; Schäfer, A.; Hillecke, T.K.; Thayer, J.F. Impact of Caffeine on
Heart Rate Variability: A Systematic Review. J. Caffeine Res. 2013, 3, 22–37. [CrossRef]

5. Breda, J.J.; Whiting, S.H.; Encarnação, R.; Norberg, S.; Jones, R.; Reinap, M.; Jewell, J. Energy Drink
Consumption in Europe: A Review of the Risks, Adverse Health Effects, and Policy Options to Respond.
Front. Public Health 2014, 2, 134. [CrossRef]

6. Huikuri, H.V.; Maäkikallio, T.H.; Airaksinen, K.J.; Seppaänen, T.; Puukka, P.; Räihä, I.J.; Sourander, L.B.
Power-Law Relationship of Heart Rate Variability as a Predictor of Mortality in the Elderly. Circulation 1998,
97, 2031–2036. [CrossRef]

7. Tulppo, M.P.; Mäkikallio, T.H.; Seppänen, T.; Laukkanen, R.T.; Huikuri, H.V. Vagal modulation of heart rate
during exercise: Effects of age and physical fitness. Am. J. Physiol. Heart Circ. Physiol. 1998, 274, H424–H429.
[CrossRef]

8. Albert, C.M. Triggering of Sudden Death from Cardiac Causes by Vigorous Exertion. N. Engl. J. Med. 2000,
343, 1355–1361. [CrossRef]

9. Yeragani, V.K.; Krishnan, S.; Engels, H.J.; Gretebeck, R. Effects of caffeine on linear and nonlinear measures
of heart rate variability before and after exercise. Depress. Anxiety 2005, 21, 130–134. [CrossRef]

10. Akselrod, S.; Gordon, D.; Ubel, F.A.; Shannon, D.C.; Berger, A.C.; Cohen, R.J. Power spectrum analysis of
heart rate fluctuation: A quantitative probe of beat-to-beat cardiovascular control. Science 1981, 213, 220–222.
[CrossRef]

11. Gibbons, R.J.; Balady, G.J.; Beasley, J.W.; Bricker, J.T.; Duvernoy, W.F.C.; Froelicher, V.F.; Mark, D.B.;
Marwick, T.H.; McCallister, B.D. ACC/AHA guide-lines for exercise testing: A report of the American
College of Cardiology/American Heart Association Task Force on Practice Guidelines (Committee on Exercise
Testing). J. Am. Coll. Cardiol. 1997, 30, 260–315. [CrossRef] [PubMed]

12. Sondermeijer, H.P.; van Marle, A.G.J.; Kamen, P.; Krum, H. Acute effects of caffeine on heart rate variability.
Am. J. Cardiol. 2002, 90, 906–907. [CrossRef]

13. Rauh, R.; Burkert, M.; Siepmann, M.; Mueck-Weymann, M. Acute effects of caffeine on heart rate variability
in habitual caffeine consumers. Clin. Physiol. Funct. Imaging 2006, 26, 163–166. [CrossRef] [PubMed]

14. La Monica, M.B.; Fukuda, D.H.; Wang, R.; Gonzalez, A.M.; Wells, A.J.; Hoffman, J.R.; Stout, J.R. Maintenance
of Vagal Tone with Time-Release Caffeine, But Vagal Withdrawal During Placebo in Caffeine-Habituated
Men. J. Caffeine Adenosine Res. 2018, 8, 59–64. [CrossRef]

15. Nishijima, Y.; Ikeda, T.; Takamatsu, M.; Kiso, Y.; Shibata, H.; Fushiki, T.; Moritani, T. Influence of caffeine
ingestion on autonomic nervous activity during endurance exercise in humans. Eur. J. Appl. Physiol. 2002,
87, 475–480. [CrossRef]

16. Benson, S.M.; Unice, K.M.; Glynn, M.E. Hourly and daily intake patterns among U.S. caffeinated beverage
consumers based on the National Health and Nutrition Examination Survey (NHANES, 2013–2016).
Food Chem. Toxicol. 2019, 125, 271–278. [CrossRef]

17. Farag, N.H.; Vincent, A.S.; McKey, B.S.; Whitsett, T.L.; Lovallo, W.R. Hemodynamic Mechanisms Underlying
the Incomplete Tolerance to Caffeine’s Pressor Effects. Am. J. Cardiol. 2005, 95, 1389–1392. [CrossRef]

http://dx.doi.org/10.1016/j.jand.2020.01.013
http://www.ncbi.nlm.nih.gov/pubmed/32201065
http://dx.doi.org/10.1007/s40279-018-0967-4
http://www.ncbi.nlm.nih.gov/pubmed/30094798
http://dx.doi.org/10.1186/1550-2783-7-5
http://www.ncbi.nlm.nih.gov/pubmed/20205813
http://dx.doi.org/10.1089/jcr.2013.0009
http://dx.doi.org/10.3389/fpubh.2014.00134
http://dx.doi.org/10.1161/01.CIR.97.20.2031
http://dx.doi.org/10.1152/ajpheart.1998.274.2.H424
http://dx.doi.org/10.1056/NEJM200011093431902
http://dx.doi.org/10.1002/da.20061
http://dx.doi.org/10.1126/science.6166045
http://dx.doi.org/10.1016/S0735-1097(97)00150-2
http://www.ncbi.nlm.nih.gov/pubmed/9207652
http://dx.doi.org/10.1016/S0002-9149(02)02725-X
http://dx.doi.org/10.1111/j.1475-097X.2006.00663.x
http://www.ncbi.nlm.nih.gov/pubmed/16640511
http://dx.doi.org/10.1089/caff.2017.0039
http://dx.doi.org/10.1007/s00421-002-0678-1
http://dx.doi.org/10.1016/j.fct.2018.12.053
http://dx.doi.org/10.1016/j.amjcard.2005.01.093


Nutrients 2020, 12, 2372 11 of 12

18. Koenig, J.; Thayer, J.F. Sex differences in healthy human heart rate variability: A meta-analysis.
Neurosci. Biobehav. Rev. 2016, 64, 288–310. [CrossRef]

19. Karapetian, G.K.; Engels, H.J.; Gretebeck, R.J. Use of Heart Rate Variability to Estimate LT and VT. Int. J.
Sports Med. 2008, 29, 652–657. [CrossRef]

20. Michele, R.D.; Gatta, G.; Leo, A.D.; Cortesi, M.; Andina, F.; Tam, E.; Boit, M.D.; Merni, F. Estimation of the
Anaerobic Threshold from Heart Rate Variability in an Incremental Swimming Test. J. Strength Cond. Res.
2012, 26, 3059–3066. [CrossRef]

21. Mankowski, R.T.; Michael, S.; Rozenberg, R.; Stokla, S.; Stam, H.J.; Praet, S.F. Heart-rate Variability Threshold
as an Alternative for Spiro-ergometry Testing: A Validation Study. J. Strength Cond. Res. 2017, 31, 474–479.
[CrossRef] [PubMed]

22. Doherty, M.; Smith, P.M. Effects of caffeine ingestion on rating of perceived exertion during and after exercise:
A meta-analysis. Scand. J. Med. Sci. Sports 2005, 15, 69–78. [CrossRef] [PubMed]

23. Engels, H.J.; Haymes, E.M. Effects of caffeine ingestion on metabolic responses to prolonged walking in
sedentary males. Int. J. Sport Nutr. 1992, 2, 386–396. [CrossRef] [PubMed]

24. Mcnaughton, L. Two Levels of Caffeine Ingestion on Blood Lactate and Free Fatty Acid Responses during
Incremental Exercise. Res. Quart. Exerc. Sport 1987, 58, 255–259. [CrossRef]

25. Karapetian, G.K.; Engels, H.J.; Gretebeck, K.A.; Gretebeck, R.J. Effect of caffeine on LT, VT and HRVT. Int. J.
Sports Med. 2012, 33, 507–513. [CrossRef]

26. D’Agosto, T.; Peçanha, T.; Bartels, R.; Moreira, D.N.; Silva, L.P.; Nóbrega, A.C.L.; Lima, J.R.P. Cardiac
Autonomic Responses at Onset of Exercise: Effects of Aerobic Fitness. Int. J. Sports Med. 2014, 35, 879–885.
[CrossRef]

27. Clark, N.W.; Wells, A.J.; Coker, N.A.; Goldstein, E.R.; Herring, C.H.; Starling-Smith, T.M.; Varanoske, A.N.;
Panissa, V.L.G.; Stout, J.R.; Fukuda, D.H. The acute effects of thermogenic fitness drink formulas containing
140 mg and 100 mg of caffeine on energy expenditure and fat metabolism at rest and during exercise. J. Int.
Soc. Sports Nutr. 2020, 17, 10. [CrossRef]

28. Garber, C.E.; Blissmer, B.; Deschenes, M.R.; Franklin, B.A.; Lamonte, M.J.; Lee, I.-M.; Nieman, D.C.; Swain, D.P.;
American College of Sports Medicine. American College of Sports Medicine Position Stand. Quantity and
quality of exercise for developing and maintaining cardiorespiratory, musculoskeletal, and neuromotor
fitness in apparently healthy adults: Guidance for prescribing exercise. Med. Sci. Sports Exerc. 2011, 43,
1334–1359. [CrossRef]

29. Landrum, R. College Students’ Use of Caffeine and Its Relationship to Personality. Coll. Stud. J. 1992, 26,
151–155.

30. Quinart, S.; Mourot, L.; Nègre, V.; Simon-Rigaud, M.L.; Nicolet-Guénat, M.; Bertrand, A.M.; Meneveau, N.;
Mougin, F. Ventilatory thresholds determined from HRV: Comparison of 2 methods in obese adolescents.
Int. J. Sports Med. 2014, 35, 203–208. [CrossRef]

31. Leys, C.; Ley, C.; Klein, O.; Bernard, P.; Licata, L. Detecting outliers: Do not use standard deviation around
the mean, use absolute deviation around the median. J. Exp. Soc. Psychol. 2013, 3, 764–766. [CrossRef]

32. Ho, J.; Tumkaya, T.; Aryal, S.; Choi, H.; Claridge-Chang, A. Moving beyond P values: Data analysis with
estimation graphics. Nat. Methods 2019, 16, 565–566. [CrossRef] [PubMed]

33. Michael, S.; Graham, K.S.; Davis, G.M.O. Cardiac Autonomic Responses during Exercise and Post-exercise
Recovery Using Heart Rate Variability and Systolic Time Intervals—A Review. Front. Physiol. 2017, 8, 301.
[CrossRef] [PubMed]

34. Shaffer, F.; Ginsberg, J.P. An Overview of Heart Rate Variability Metrics and Norms. Front. Public Health
2017, 5, 258. [CrossRef]

35. Gregoire, J.; Tuck, S.; Hughson, R.L.; Yamamoto, Y. Heart Rate Variability at Rest and Exercise: Influence of
Age, Gender, and Physical Training. Can. J. Appl. Physiol. 1996, 21, 455–470. [CrossRef]

36. Benjamim, C.J.R.; Kliszczewicz, B.; Garner, D.M.; Cavalcante, T.C.F.; da Silva, A.A.M.; Santana, M.D.R.;
Valenti, V.E. Is Caffeine Recommended Before Exercise? A Systematic Review to Investigate Its Impact on
Cardiac Autonomic Control Via Heart Rate and Its Variability. J. Am. Coll. Nutr. 2019, 1–11. [CrossRef]

37. Magkos, F.; Kavouras, S.A. Caffeine and Ephedrine: Physiological, Metabolic and Performance-Enhancing
Effects. Sports Med. 2004, 34, 871–889. [CrossRef]

http://dx.doi.org/10.1016/j.neubiorev.2016.03.007
http://dx.doi.org/10.1055/s-2007-989423
http://dx.doi.org/10.1519/JSC.0b013e318245bde1
http://dx.doi.org/10.1519/JSC.0000000000001502
http://www.ncbi.nlm.nih.gov/pubmed/27391041
http://dx.doi.org/10.1111/j.1600-0838.2005.00445.x
http://www.ncbi.nlm.nih.gov/pubmed/15773860
http://dx.doi.org/10.1123/ijsn.2.4.386
http://www.ncbi.nlm.nih.gov/pubmed/1299508
http://dx.doi.org/10.1080/02701367.1987.10605458
http://dx.doi.org/10.1055/s-0032-1301904
http://dx.doi.org/10.1055/s-0034-1370911
http://dx.doi.org/10.1186/s12970-020-0341-4
http://dx.doi.org/10.1249/MSS.0b013e318213fefb
http://dx.doi.org/10.1055/s-0033-1345172
http://dx.doi.org/10.1016/j.jesp.2013.03.013
http://dx.doi.org/10.1038/s41592-019-0470-3
http://www.ncbi.nlm.nih.gov/pubmed/31217592
http://dx.doi.org/10.3389/fphys.2017.00301
http://www.ncbi.nlm.nih.gov/pubmed/28611675
http://dx.doi.org/10.3389/fpubh.2017.00258
http://dx.doi.org/10.1139/h96-040
http://dx.doi.org/10.1080/07315724.2019.1705201
http://dx.doi.org/10.2165/00007256-200434130-00002


Nutrients 2020, 12, 2372 12 of 12

38. Porto, A.A.; Valenti, V.E.; Tonon do Amaral, J.A.; Benjamim, C.J.R.; Garner, D.M.; Ferreira, C. Energy Drink
before Exercise Did not Affect Autonomic Recovery Following Moderate Aerobic Exercise: A Crossover,
Randomized and Controlled Trial. J. Am. Coll. Nutr. 2020, 1–7. [CrossRef]

39. Nelson, M.T.; Biltz, G.R.; Dengel, D.R. Cardiovascular and ride time-to-exhaustion effects of an energy drink.
J. Int. Soc. Sports Nutr. 2014, 11, 2. [CrossRef]

40. Hill, L.K.; Siebenbrock, A. Are all measures created equal? Heart rate variability and respiration-biomed
2009. Biomed. Sci. Instrum. 2009, 45, 71–76.

41. Bai, X.; Li, J.; Zhou, L.; Li, X. Influence of the menstrual cycle on nonlinear properties of heart rate variability
in young women. Am. J. Physiol. Heart Circ. Physiol. 2009, 297, 765–774. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/07315724.2020.1768175
http://dx.doi.org/10.1186/1550-2783-11-2
http://dx.doi.org/10.1152/ajpheart.01283.2008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Design 
	Subjects 
	HRV Parameters Analysis 
	HRVT Determination 
	Statistical Analysis 

	Results 
	Effects of Energy Drink on HRV Parameters during Warm-Up, Graded Exercise Test, and Short-Term Rest 
	Effect of Energy Drink on HRVT 

	Discussion 
	Conclusions 
	References

