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Abbreviations: AHR, amplitude of the fundamental heart rate response; AV̇O2, amplitude of 18 

the fundamental oxygen uptake response; CF, cocoa flavanol; GET, gas exchange threshold; 19 

HR, heart rate; HRb, baseline heart rate; HRτ, time constant of the fundamental response;  NO, 20 
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TDV̇O2, time delay of the fundamental response; Tlim, limit of exercise tolerance; V̇O2, oxygen 23 

uptake; V̇O2b, baseline oxygen uptake; τV̇O2, time constant of the fundamental response. 24 
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ABSTRACT 25 

Background: Cocoa flavanols (CF) may exert health benefits through their potent vasodilatory 26 

effects which are perpetuated by elevations in nitric oxide (NO) bioavailability. These 27 

vasodilatory effects may contribute to improved delivery of blood and oxygen to exercising 28 

muscle. Objective: Therefore, the objective of this study was to examine how CF 29 

supplementation impacts pulmonary oxygen uptake (V̇O2) kinetics and exercise tolerance in 30 

sedentary middle-aged adults. Methods: We employed a double-blind cross-over, placebo-31 

controlled design whereby 17 participants (11 male, 6 female; mean±SD, 45±6 years) 32 

randomly received either 7 days of daily CF (400 mg) or placebo (PL) supplementation. On 33 

day 7, participants completed a series of ‘step’ moderate- and severe-intensity exercise tests 34 

for the determination of oxygen uptake kinetics. Results: During moderate-intensity exercise, 35 

the time constant of the fundamental phase of V̇O2 kinetics (τV̇O2) was decreased by 15% in 36 

CF as compared to PL (mean±SD; PL: 40±12 vs. CF: 34±9 s, P=0.019), with no differences in 37 

the amplitude of V̇O2 (AV̇O2; PL: 0.77±0.32 vs. CF: 0.79±0.34 l min−1, P=0.263). However, 38 

during severe-intensity exercise, τV̇O2,the amplitude of the slow component (SCV̇O2) and 39 

exercise tolerance (PL: 435±58 vs. CF: 424±47 s, P=0.480) were unchanged between 40 

conditions. Conclusions: Our data show that acute CF supplementation enhanced oxygen 41 

uptake kinetics during moderate-, but not severe-intensity exercise in middle-aged participants. 42 

These novel effects of CFs, in this demographic, may contribute to improved tolerance of 43 

moderate-activity physical activities, which appear commonly present in daily life. 44 

 45 

Registered under ClinicalTrials.gov Identifier no. NCT04370353 46 

Key words: Cocoa flavanols, oxygen uptake kinetics, heart rate, exercise tolerance, middle-47 
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 49 
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INTRODUCTION 50 

Skeletal muscle contraction and force production form the basis for the ability to perform 51 

physical activity, both for daily life activities as well as during sports-related events. Repeated 52 

muscle contractions require continuous regeneration of adenosine triphosphate (ATP). The 53 

production of ATP during (prolonged) physical activity is driven through oxidative 54 

phosphorylation, which depends on sufficient delivery of oxygen (O2) (1). Impairment of 55 

pathways involved in the delivery of O2 to working skeletal muscle, such as with older age or 56 

physical inactivity, leads to slower rates of pulmonary O2 uptake (V̇O2) and therefore greater 57 

O2 deficit (2–4). Impaired V̇O2 kinetics in response to physical activity are associated with 58 

reduced exercise tolerance (5–7) and may also affect capacity to perform daily life activities 59 

that require moderate-intensity physical activity. 60 

 61 

The slower dynamic adjustment of V̇O2 observed in older adults across a metabolic transient 62 

is thought to be due to a mismatch of O2 delivery to O2 utilisation. Indeed, attenuations in 63 

microvascular blood flow supply and distribution (and thus O2 delivery) within aged skeletal 64 

muscle are well documented (3,8–10). These reductions in O2 transport to active skeletal 65 

muscle are likely caused by impaired vascular endothelial function and diminished nitric oxide 66 

(NO) bioavailability (9,11–13). Interestingly, lifestyle interventions, such as exercise training 67 

and dietary strategies (14–18), have demonstrated potent effects to enhance NO bioavailability 68 

and improve endothelial function. Consequently, a number of studies have shown improved 69 

V̇O2 kinetics in concert with increased O2 availability (7,19–21).  70 

 71 

Cocoa flavanols (CFs) represent a group of flavonoids present in cocoa derived from seeds of 72 

the fruit of the Theobroma cacao tree. Previous studies have found CFs act primarily through 73 

the monomer (-)-epicatechin, to stimulate NO production, resulting in improved vasodilation 74 
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and endothelial function in healthy adults (22–25). Given the direct impact of CFs on NO 75 

production and vascular endothelial function, and the negative impact of ageing on O2 delivery 76 

and O2 uptake kinetics at the onset of exercise, our objective was to test the hypothesis that, 77 

compared with placebo (PL), CF supplementation enhances V̇O2 kinetics during moderate-78 

intensity physical activity and increases exercise tolerance in healthy middle-aged individuals. 79 

 80 

METHODOLOGY 81 

Participants 82 

Seventeen healthy middle-aged adults (11 male: mean±SD, age 45±6 years; body mass 83 

87.7±13.5 kg; height 1.75±0.07 m; and 6 female: aged 47±5 years; body mass 68.2±17.7 kg; 84 

height 1.62±0.09 m) volunteered and gave written informed consent to participate in the study 85 

(see Figure 1). All procedures conformed to the CONSORT statement (see Additional File 1) 86 

and the Declaration of Helsinki and were approved by Liverpool John Moores University 87 

Research Ethics Committee (approval reference number: 18/SPS/014). Participants engaged in 88 

less than two hours of structured exercise training per week. All participants were non-smokers 89 

and had no history of cardiovascular, respiratory or metabolic diseases. Participants were not 90 

taking any dietary supplements or medication.  91 

 92 

Participants reported to the laboratory at least 3 hours postprandial in a rested state, having 93 

completed no strenuous exercise within the previous 24 hours and avoided alcohol and caffeine 94 

for 24 and 6 hours, preceding each exercise test, respectively. Participants were advised to 95 

avoid consumption of flavonoid-rich foodstuffs (e.g. green tea, dark chocolate and berries) in 96 

the 24 hours preceding each experimental trial. 97 

 98 

Procedures 99 
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Participants visited the temperature-controlled laboratory (19-22 C) on 4 occasions during a 100 

4-5-week period, with each test scheduled at the same time of day (± 1 h) and at least 48 h 101 

between visits. Participants completed two preliminary trials and two experimental trials. 102 

Exercise bouts were performed on an electrically operated cycle ergometer (Lode Corival, 103 

Groningen, The Netherlands). Saddle and handlebar height/angle were recorded at the first visit 104 

and replicated during each subsequent visit for each individual participant. Throughout all 105 

exercise tests, participants were instructed to maintain a cadence of 65-80 rev min-1, and 106 

exhaustion was defined as when the participants cadence dropped 10 rev min-1 below the target 107 

work rate. Time to exhaustion was measured to the nearest second (s) in all tests. 108 

 109 

Preliminary trial(s) 110 

Upon arrival to the laboratory, participants height and weight were recorded. Subsequently, 111 

each participant undertook an incremental step test until the limit of tolerance to establish V̇O2 112 

peak, the gas exchange threshold (GET) and the power outputs for later tests. The incremental 113 

step test consisted of 3-min of baseline pedalling at 0 W, followed by a continuous, stepped 114 

increase in power output of 30 or 25 W min-1 (for males and females, respectively) until the 115 

limit of tolerance was established. Gas exchange and ventilatory variables were measured 116 

continuously at the mouth breath-by-breath throughout each test. V̇O2 peak was defined as the 117 

highest V̇O2 value obtained over 30 s. The GET was determined using a collection of 118 

previously established criteria (26) including (1) a disproportionate rise in CO2 production 119 

(V̇CO2) relative to V̇O2; (2) an increase in minute ventilation (V̇E) relative to V̇O2 (V̇E/V̇O2) 120 

without an increase in V̇E relative to V̇CO2 (V̇E/V̇CO2); and (3) an increase in end tidal O2 121 

tension without decreasing end tidal CO2 tension.  122 

 123 
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During the familiarisation trial (visit 2), participants were requested to perform two bouts of 124 

severe-intensity exercise at a fixed power output to exhaustion (e.g. Tlim), each separated by 45 125 

min of seated rest. The power outputs of these severe-intensity bouts were selected based upon 126 

performance during the incremental test and were calculated to be 60% (i.e., a work rate 127 

calculated to require 60% of the difference between GET and V̇O2 peak). On occasion, 128 

adjustments were made to the power output of the subsequent exercise tests based upon 129 

performance in the familiarisation trials; the prescribed power output was lowered for 130 

participants who failed to exercise for up to 360 s during the severe-intensity bouts. 131 

 132 

After completion of the familiarisation trial, participants were randomly assigned (computer 133 

generated), using a double-blind cross-over design (Figure 2), to receive 7 consecutive days 134 

of CF supplementation or a PL that was matched for caffeine and theobromine content. Nine 135 

participants began with the CF condition, and eight participants began with the PL condition. 136 

Participants were advised to consume 4 capsules daily, each providing 2.9 mg caffeine and 137 

22.5 mg theobromine (Fagron, Netherlands), whilst CF contained 316 mg CocoActiv (Naturex, 138 

Netherlands; ~100 mg total flavanols of which 22 mg DP1 = catechin + epicatechin) and PL 139 

contained 0 mg  flavanols. Remaining empty volumes of PL and CF capsules were filled with 140 

microcrystalline cellulose (Fagron, Netherlands). Two capsules were taken in the morning  and 141 

two in the evening following ingestion of a mixed meal (27). A 7-day wash-out period 142 

separated the supplementation periods and the order between CF and PL supplementation was 143 

randomised. Throughout the study period participants were instructed to maintain their normal 144 

daily activities and diet. Participants kept a food dairy and were instructed to consume an 145 

identical diet in the two periods of exercise testing. Physical activity levels were measured by 146 

accelerometery in the 6 days preceding testing via a hip-mounted activity monitor (Actigraph 147 

GT3X). 148 
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 149 

Experimental trials 150 

On the 7th day of supplementation, participants were advised to consume 4 capsules 45 min 151 

prior to arrival at the laboratory. The supplementation protocol was chosen so that participants 152 

commenced exercise testing ~90 min following supplement ingestion, which coincided with  153 

reported peak plasma flavanol concentrations (27). The participants completed a series of 154 

“step” exercise tests from an unloaded (0 W) baseline to moderate and severe-intensity work 155 

rates for the determination of pulmonary V̇O2 kinetics. Tests began with 3 minutes of 0 W 156 

baseline cycling, before a step change in power output to 80% GET or 60% for 6 minutes and 157 

until Tlim, respectively. Participants completed three bouts of moderate- and one bout of severe-158 

intensity exercise, each separated by 10 min of passive recovery. This protocol was employed 159 

with the knowledge that prior moderate-intensity exercise does not impact the V̇O2 kinetics of 160 

subsequent heavy intensity exercise (28,29). 161 

 162 

Measurements 163 

During all exercise tests, pulmonary gas exchange and ventilation were measured at the mouth 164 

breath-by-breath using a metabolic cart (Jaeger Oxycon Pro, Hoechberg, Germany). 165 

Participants wore a facemask and breathed through a low dead space (90 ml), low resistance 166 

(0.75 mmHg l−1 s−1 at 15 l/s) impeller turbine assembly (Jaeger Triple V, Hoechberg, 167 

Germany). The inspired and expired gas volumes and gas concentration signals were 168 

continuously sampled at 100 Hz, the latter using paramagnetic (O2) and infrared (CO2) 169 

analysers (Jaeger Oxycon Pro, Hoechberg, Germany) via a capillary line connected to the 170 

mouthpiece. These analysers were calibrated before each test with gases of known 171 

concentrations (16% O2 and 4% CO2), and the turbine volume transducer was calibrated using 172 
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a 3-liter syringe (Hans Rudolph, Kansas City, MO). The volume and concentration signals 173 

were time aligned by accounting for the delay in capillary gas transit and analyser rise time 174 

relative to the volume signal. Breath-by-breath fluctuations in lung gas stores were corrected 175 

for by computer algorithms (30). Heart rate was measured during all tests via short-range 176 

radiotelemetry (Polar H10, Polar Electro, Kempele, Finland). During one of the transitions to 177 

moderate- and severe-intensity exercise for both supplementation periods, a blood sample was 178 

collected from a fingertip over the last 30 s preceding the step transition in work rate and within 179 

the last 15 s of exercise. Blood samples were immediately analysed using a hand-held device 180 

(Lactate Pro, Nova Biomedical, USA) to determine blood lactate concentration. Blood lactate 181 

accumulation was calculated as the difference between blood lactate at end exercise and blood 182 

lactate at baseline. 183 

 184 

After arrival to the laboratory, participants underwent an assessment of the previous 7 days 185 

physical activity levels and sedentary behaviour by the International Physical Activity 186 

Questionnaire (IPAQ) and by accelerometery (ActiGraph GTX3). Following 10 min of seated 187 

rest, participants blood pressure was measured in the brachial artery. Blood pressure was 188 

measured three times and the mean of the responses was recorded.  189 

 190 

Data analysis 191 

Breath-by-breath V̇O2 data were edited to remove data points lying more than 3 standard 192 

deviations (SD) outside the local 5-breath mean (31). The resultant data were then linearly 193 

interpolated to provide second-by-second values. For V̇O2 and heart rate data in response to 194 

moderate exercise transitions, second-by- second data for the three transitions were averaged 195 

together to produce a single dataset. The severe-intensity exercise bout for each condition was 196 

not repeated and was modelled separately. For each exercise transition, the first 20 s of data 197 
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after the onset of exercise (i.e., the cardiodynamic or phase I response) were deleted (32,33) 198 

and a mono-exponential model (Equation 1) with time delay was then fitted to the data (4), as 199 

follows: 200 

 201 

V̇O2 =V̇O2(b) + AV̇O2 (1 − ℯ−(t−TDV̇O2
∕τV̇O2))  (1) 202 

 203 

Where V̇O2(t) is the V̇O2 at any time t, V̇O2b is the baseline V̇O2, which was taken as the mean 204 

V̇O2 over the final 30 s of the baseline period preceding the transition, AV̇O2 is the amplitude 205 

of the fundamental response above baseline, TDV̇O2 is the time delay of the fundamental 206 

relative to the onset of exercise, and τV̇O2 is the time constant of the fundamental response. 207 

For moderate intensity exercise, data were modelled to 360s.  For severe intensity exercise, the 208 

onset of the V̇O2 slow component (TDSCV̇O2) was determined using purpose-designed 209 

programming in Microsoft Excel (Microsoft Corporation, Redmond, WA, USA), which 210 

iteratively fits a monoexponential function to the V̇O2 data, starting at 60 s until the window 211 

encompasses the entire response. The resulting fundamental phase time constants are plotted 212 

against time, and the TDSCV̇O2 was identified as the point at which τV̇O2 consistently deviates 213 

from a previously ‘flat’ profile, and the demonstration of a local threshold in the χ2 value (34). 214 

This method allows the fitting of eqn (1) to the fundamental component of the response isolated 215 

from the slow component, thus avoiding the possibility of arbitrarily parameterizing the slow 216 

component. The amplitude of the V̇O2 slow component was determined by calculating the 217 

difference between the end-exercise V̇O2 (i.e. mean V̇O2 over final 30 s of exercise) and (AV̇O2 218 

+ V̇O2b). In instances where exercise duration was too short to allow the slow component to be 219 

discerned the V̇O2 response was modelled using Equation 1 to the end of exercise and the slow 220 

component was assigned a value of 0.  221 

 222 
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Heart rate kinetics were modelled for each exercise transition using a monoexponential 223 

function (Equation 2) with the response constrained to the start of exercise (at t = 0; i.e., with 224 

no time delay): 225 

 226 

HR(t)= HRb + AHR * (1 - e(t/τHR))   (2) 227 

 228 

where HRb is the mean HR measured over the final 30 s of baseline cycling, and AHR and τHR 229 

are the amplitude and the time constant of the response, respectively. 230 

 231 

Statistics 232 

Based on previous knowledge of a meaningful change in τV̇O2 during intervention studies (5 233 

s), and a common standard deviation of 4.3 s (32), the necessary calculated sample size was 234 

12. Differences in the cardiorespiratory variables between conditions were determined with 235 

two-tailed, paired-samples t-tests (GraphPad, Prism, USA). Data are presented as means±SD. 236 

Statistical significance was accepted when P<0.05.  237 

 238 

RESULTS 239 

Peak V̇O2 was 2.45±0.61 l min−1 (28.1±5.7 ml kg−1 min−1), with the mean GET occurring at 240 

1.51±0.46 l min−1 (108±39 W). The peak work rate attained from the incremental test was 241 

207±49 W and the work rates calculated to require 80% of the GET and 60% were 87±29 W 242 

and 166±40 W, respectively. 243 



 12 

Table 1. Heart rate and blood lactate responses during moderate- and severe-intensity exercise following CF and PL supplementation 244 

 245 

  246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

HRb, baseline heart rate; AHR, amplitude of the fundamental response; HRτ, time constant of the fundamental response; PL, placebo; CF, cocoa 255 

flavanol. Values are mean±SD. #Significantly different from baseline blood lactate (P<0.05).256 

Parameter 
HRb 

(b min −1) 

AHR 

(b min−1) 
HRτ (s) End exercise 

HR (b min−1) 

Baseline 

blood lactate 

(mM) 

End exercise 

blood lactate 

(mM) 

 blood 

lactate 

(mM) 

Blood lactate 

at exhaustion 

(mM) 

Moderate-

intensity 

exercise 

        

PL 83±13 31±8 53±22 114±16 1.5±0.7 2.6±0.5 1.2±0.9 - 

CF 83±14 32±8 47±13 115±18 1.3±0.4 2.5±0.7 1.3±0.8 - 

Severe-intensity 

exercise 
        

PL 89±15 69±16 89±17 159±14 1.9±0.9 8.8±2.0 7.4±2.5 9.5±2.3# 

CF 92±17 67±17 89±29 160±17 1.8±0.9 8.4±2.3 7.1±2.8 9.7±1.9# 
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Heart rate kinetics, blood lactate profiles and blood pressure 257 

There were no differences in the primary τHR between PL and CF for moderate- or severe-258 

intensity bouts (P=0.219 and 0.956, respectively, Table 1). Despite significant changes in 259 

blood lactate concentrations at Tlim compared to baseline (P<0.05; Table 1), there were no 260 

significant differences in blood [lactate] from pre- to post-exercise between conditions during 261 

moderate- and severe-intensity exercise (see Table 1). Overall, there were no differences 262 

between resting systolic (PL: 128±12 vs. CF: 127±12 mmHg, P=0.66) or diastolic (PL: 78±7 263 

vs. 78±7 mmHg, P=0.75) blood pressure following either PL or CF administration. 264 

 265 

V̇O2 kinetics and exercise tolerance 266 

The V̇O2 kinetic parameters for moderate intensity exercise are presented in Table 2, and the 267 

V̇O2 response of a representative participant to moderate-intensity exercise is shown in Figure 268 

3. Compared with PL, τV̇O2 was smaller during moderate-intensity exercise following CF 269 

supplementation (PL: 40±12 vs. CF: 34±9 s, P=0.019). However, there were no differences in 270 

V̇O2b (P=0.175), AV̇O2 (P=0.263), TDV̇O2 (P=0.961), Gain (P=0.478) or end exercise V̇O2 271 

(P=0.565) between PL and CF.  272 

 273 

The pulmonary V̇O2 response to severe-intensity exercise for a representative participant is 274 

shown in Figure 4A and group mean responses are shown in Figure 4B. The associated 275 

modelled parameters are presented in Table 2. No impact of CF supplementation on the τV̇O2 276 

(P=0.799) for exercise initiated at 60% ∆ over PL was evident. There were no differences in 277 

V̇O2b (P=0.246), AV̇O2 (P=0.427), TDV̇O2 (P=0.617), SCV̇O2 (P=0.887), Gain (P=0.640), or 278 

end exercise V̇O2 (P=0.954) between conditions. TDSCV̇O2was lower following CF vs. PL 279 

supplementation (PL: 110±15 vs. CF: 95±13 s, P=0.002). Both end-exercise V̇O2 (P=0.959) 280 
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and Tlim (P=0.480) were not significantly different following PL and CF supplementation 281 

during severe-intensity exercise (see Table 2). 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 
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Table 2. Pulmonary O2 uptake responses to moderate- and severe-intensity exercise following CF and PL supplementation 305 

 306 

V̇O2b, baseline oxygen uptake; AV̇O2, amplitude of the fundamental response; TDV̇O2, time delay of the fundamental response; τV̇O2, time constant 307 

of the fundamental response; Gain, increase in V̇O2 per unit increase in power output; TDSCV̇O2, time delay of the V̇O2 slow component; SCV̇O2, 308 

magnitude of the slow component; Tlim, limit of exercise tolerance; PL, placebo; CF, cocoa flavanol. Values are mean±SD. *Significantly different 309 

from PL (P<0.05).310 

Parameter V̇O2b (l min−1) 
AV̇O2  

(l min−1) 
TDV̇O2 (s) τV̇O2 (s) 

Gain (ml 

min−1 W−1) 
End exercise 

V̇O2 (l min−1) 
TDSCV̇O2 

(s) 

SCV̇O2  

(l min−1) 
Tlim (s) 

Moderate-

intensity 

exercise 
      

 
  

PL 0.69±0.12 0.77±0.32 13±6 40±12 8.90±1.25 1.50±0.35 - - - 

CF 0.66±0.13 0.79±0.34 13±7 34±9* 9.06±1.49 1.50±0.38 - - - 

Severe-intensity 

exercise          

PL 0.78±0.14 1.40±0. 40 17±4 27±9 8.20±0.86 2.60±0.66 110±15 0.50±0.20 435±58 

CF 0.74±0.13 1.50±0.52 16±4 28±6 8.36±1.21 2.60±0.65 95±13* 0.50±0.20 424±47 
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DISCUSSION 311 

The purpose of this study was to examine the impact of CFs on pulmonary V̇O2 kinetics during 312 

two intensities of cycling exercise in healthy, normotensive middle-aged individuals. 313 

Congruent with our hypothesis, the major finding of this study was that 7-days CF 314 

supplementation enhanced pulmonary V̇O2 kinetics during moderate-intensity exercise as 315 

demonstrated by a significant reduction in τV̇O2. These effects of CFs, however, were not 316 

apparent during severe-intensity exercise when compared with a PL. Ultimately, the findings 317 

of the present study may have clinical potential in contributing to improved tolerance of daily 318 

life activity in middle-aged adults. 319 

 320 

Effects of CFs on the Physiological Responses to Moderate-Intensity Exercise 321 

This study is the first to investigate whether CFs modulate pulmonary V̇O2 kinetics. We show 322 

that 7 days CF supplementation significantly reduced the τV̇O2 (40 vs. 34 s) associated with 323 

the transition from unloaded to moderate-intensity cycling in middle-aged adults. Notably, the 324 

magnitude of change in τV̇O2 (~6 s) reported is important, as it exceeds the minimum 325 

physiologically relevant change of ~5 s (32). The reduction in τV̇O2 observed after CF 326 

supplementation in our middle-aged individuals reflects a shift towards oxygen kinetics 327 

typically observed in younger healthy individuals (35), whereby V̇O2 kinetics are not limited 328 

by O2 delivery per se (36). Theoretically, a lowered τV̇O2 would reduce the O2 deficit incurred 329 

during the exercise transition, thereby causing less perturbations to the intracellular milieu (i.e., 330 

∆ phosphocreatine, ADP, H+, inorganic phosphate, glycogen) and enhancing exercise tolerance 331 

(5–7). Therefore, our data suggest CFs may lower the O2 deficit incurred during moderate-332 

intensity activity by negating age-associated impairments to O2 delivery and pulmonary V̇O2 333 

kinetics.  334 

 335 
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Since the purpose of the study was to examine the impact of CFs on V̇O2 kinetics, our data 336 

raise the question about the potential underlying mechanisms contributing to the lowered τV̇O2 337 

with CF supplementation. It is acknowledged τV̇O2 is sensitive to manipulations in O2 delivery 338 

(36,37). Further, the slowing of V̇O2 kinetics with advancing age occurs primarily as a 339 

consequence of lowered O2 availability in oxidative skeletal muscle (2,8,10). Given that CFs 340 

exert potent NO-dependent vasodilatory effects (25,27,38,39), CF supplementation may have 341 

sped V̇O2 kinetics by augmenting muscle blood flow and O2 availability. In addition, it is 342 

important to acknowledge CFs have powerful antioxidant properties (40,41), which may 343 

influence V̇O2 responses to exercise by quenching of reactive oxygen species and increasing 344 

NO bioavailability (42,43).  345 

 346 

In spite of differences in the kinetics of V̇O2, no changes in the O2 cost of moderate-intensity 347 

exercise were observed after CF supplementation. Similarly, Patel and colleagues (2015) 348 

demonstrated no significant reduction in V̇O2 during twenty minutes of moderate-intensity 349 

cycling after 14 days dark chocolate supplementation (44). Together these data contrast with 350 

those published employing alternate dietary means of augmenting NO bioavailability, such as 351 

dietary nitrate, which reduces the O2 cost of moderate-intensity activity (17,45–48). Such 352 

discrepancies may be explained by recent evidence linking dietary nitrate to improved 353 

contractile function (49), an effect that has not been reported with CF supplementation. 354 

Possibly, the mechanisms by which CFs impact physiological responses to exercise relate to 355 

muscle O2 delivery rather than contractile function.  356 

 357 

Effects of CFs on the Physiological Responses to Severe-Intensity Exercise 358 

In contrast to our observations during moderate-intensity exercise, acute CF supplementation 359 

had no measurable impact on pulmonary V̇O2 kinetics during severe-intensity cycling. For 360 



 18 

instance, the τV̇O2 of the fundamental component was similar between PL and CF (62 vs. 60 361 

s, respectively). The kinetics of V̇O2 are considered to be an important determinant of exercise 362 

tolerance (5,50). In line with this principle, we observed no effect of CF supplementation on 363 

Tlim during severe-intensity exercise. Whilst no previous studies have examined the impact of 364 

CF supplementation on V̇O2 kinetics in the severe-intensity exercise domain, a number have 365 

studied their effects on exercise performance. Our findings corroborate these data showing no 366 

beneficial impact of acute or sub-chronic CF supplementation on time-trial or time-to-367 

exhaustion performance in healthy male adults (51–54).  368 

 369 

Our data demonstrate divergent effects of CFs on V̇O2 kinetics between moderate- and severe-370 

intensity exercise domains. Given that the pattern of muscle-fibre activation within moderate- 371 

and severe-intensity exercise domains differs (type I and type II predominant, respectively), 372 

future studies should investigate a potential muscle fibre-type dependency of CF 373 

supplementation on the physiological responses to exercise. Another potential explanation for 374 

the differences between exercise intensity domains presented herein relates to the dose of CFs 375 

administered. Recent published evidence suggests that the 400 mg CF prescribed is the 376 

minimum dose necessary to exert beneficial effects during exercise (39). Therefore, the dose 377 

used in the present study may not have been high enough to raise blood flow sufficiently during 378 

severe-intensity exercise to detect a measurable effect upon V̇O2 kinetics. In addition, CFs had 379 

no beneficial impact on resting systolic or diastolic blood pressure over PL, which may be 380 

attributable to insufficient dosage (55). Besides, another limitation of the study is that only a 381 

single bout of severe-intensity exercise was conducted. As we were unable to feasibly include 382 

additional visits for testing, we could not carry out multiple severe-intensity bouts to enhance 383 

the signal-to-noise ratio of these V̇O2 responses and potentially detect differences between 384 

conditions.  385 
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 386 

CONCLUSION 387 

In the present study, seven days supplementation with a flavanol-rich cocoa-extract resulted in 388 

a reduced τV̇O2 following moderate-, but not severe-intensity exercise in normotensive, 389 

middle-aged adults. Whilst the O2 cost of exercise was similar between CF and PL, the faster 390 

V̇O2 kinetics response at the onset of moderate-intensity exercise suggests an improvement in 391 

O2 delivery with acute CF intake. Such effects were not found with severe-intensity exercise. 392 

Overall, CF administration may reduce the metabolic perturbations associated with moderate-393 

intensity exercise in middle-aged adults.  394 
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TABLE LEGENDS 580 

Table 1. Heart rate and blood lactate responses during moderate- and severe-intensity exercise 581 

following CF and PL supplementation 582 

 583 

Table 2. Pulmonary O2 uptake responses to moderate- and severe-intensity exercise following 584 

CF and PL supplementation 585 

 586 

FIGURE LEGENDS 587 

Figure 1. CONSORT diagram showing the flow of participants through each stage of the 588 

randomised trial. 589 

 590 

Figure 2. Schematic of experimental design. 591 

 592 
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Figure 3. Pulmonary V̇O2 and best-fit modelled responses of a representative participant to 593 

moderate-intensity exercise following PL (solid black circles) and CF (clear circles) 594 

supplementation. τV̇O2 values are displayed for each transition, with the solid grey lines 595 

representing the modelled fits.  596 

 597 

Figure 4. Pulmonary V̇O2 and best-fit modelled responses to severe-intensity exercise 598 

following PL (solid black squares) and CF (clear black squares) supplementation. Panel A) 599 

Pulmonary V̇O2 responses of a representative participant displayed with associated τV̇O2. 600 

Panel B) Group mean V̇O2 responses during the rest-to-exercise transition following PL and 601 

CF supplementation. Group mean ± SD V̇O2  at limit of exercise tolerance also shown. Solid 602 

grey lines represent the modelled fits. 603 

 604 

605 



 29 

 

 

 

 

 

 

 

 

 

Assessed for eligibility 

(n=26)

Excluded (n=8)

Not met inclusion criteria (n=)  

Declined to participate (n=  )

Other reasons (n=  )

Randomised (n=18)

CF (n=10)
Received intervention (n=9)
Did not receive intervention 

(Withdrew due to personal injury) 

(n=1)

PL (n=8)

Received intervention (n=9)

7-day washout period

PL (n=9) CF (n=8)

Analysed (n=17)

Completed analysis 

(n=16)

A
n

al
y

si
s

A
ll

o
ca

ti
o

n
E

n
ro

lm
en

t
F

o
ll

o
w

 u
p

Excluded from analysis due to 

excessive noise in VO2 data 

(n=1)



 30 

  

 
 

 

 

 

 

 

 

 

 

 

 

7-day supplement 

period

Familiarisation 

session

7-day wash outPreliminary 

session

7-day supplement 

period

1 7 1 7

CF or PL Exercise testing

Visit 1 Visit 2 Visit 3 Visit 4



 31 

 

0 60 120 180 240
0.5

1.0

1.5

Time (s)

V
O

2
  
(L
×m

in
-1

)

CF τ = 42 s

PL τ = 49 s



 32 

 
 

 

0 60 120 180 240 400 500
0.5

1.5

2.5

3.5

Time (s)

V̇
O

2
 (

L
×m

in
-1

)

CF

PL

B

0 60 120 180 240
0.5

1.0

1.5

2.0

2.5

3.0

Time (s)

V̇
O

2
 (

L
×m

in
-1

)

CF τ = 33 s

PL τ = 36 s

A



Figures

Figure 1

CONSORT diagram showing the �ow of participants through each stage of the randomised trial.



Figure 2

Schematic of experimental design.



Figure 3

Pulmonary VO2 and best-�t modelled responses of a representative participant to moderate-intensity
exercise following PL (solid black circles) and CF (clear circles) supplementation. τVO2 values are
displayed for each transition, with the solid grey lines representing the modelled �ts.



Figure 4

Pulmonary VO2 and best-�t modelled responses to severe-intensity exercise following PL (solid black
squares) and CF (clear black squares) supplementation. Panel A) Pulmonary VO2 responses of a
representative participant displayed with associated τVO2. Panel B) Group mean VO2 responses during
the rest-to-exercise transition following PL and CF supplementation. Group mean ± SD VO2 at limit of
exercise tolerance also shown. Solid grey lines represent the modelled �ts.
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