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Cocoa flavanols rescue stress-induced declines in
endothelial function after a high-fat meal, but do
not affect cerebral oxygenation during stress in
young, healthy adults

Rosalind Baynham, a Jet J. C. S. Veldhuijzen van Zantena and
Catarina Rendeiro*a,b

Food choices during stressful periods often worsen, which can influence the impact of stress on vascular

health. For instance, fat consumption impairs the recovery of endothelial function following mental stress,

while flavanols have been shown to enhance recovery. This randomised, counterbalanced, double-

blinded, crossover, postprandial intervention study examined whether flavanols consumed in combination

with fat can mitigate the negative impact of fat on stress-induced impairments in endothelial function.

Twenty-three young, healthy males and females ingested a high-fat meal (56.5 g fat) with high-flavanol

(150 mg (−)-epicatechin) or low-flavanol (<6 mg (−)-epicatechin) cocoa 1.5 hours before an 8-minute

mental stress task. The primary outcome, brachial flow-mediated dilatation (FMD), was assessed at pre-

intervention baseline and 30 and 90 minutes post-stress. Pre-frontal cortical oxygenation was assessed

post-meal at rest and during stress. Forearm blood flow (FBF), blood pressure (BP), cardiovascular activity,

common carotid artery (CCA) diameter and blood flow and mood were assessed before, during and/or

after stress. FMD was impaired at 30 and 90 minutes post-stress after the low-flavanol cocoa. High-

flavanol cocoa attenuated FMD impairments at 30 minutes and improved FMD at 90 minutes post-stress.

Mental stress induced similar increases in cortical oxygenation, FBF, BP, cardiovascular activity, and dis-

ruptions to mood, in both conditions. CCA diameter increased and CCA retrograde blood flow decreased

post-stress, with no difference between conditions. In summary, flavanols can counteract declines in

endothelial function induced by consuming fat in the context of stress, but do not impact cerebral oxy-

genation. These findings can have important implications for flavanol-rich dietary choices to protect the

vasculature from stress.

1. Introduction

Stress is increasingly prevalent, with 17.1 million working days
lost to work-related stress in the last year,1 and currently the
most substantial increase in anxiety is being experienced by
young adults (18–25 year olds).2 Episodes of acute mental
stress have been implicated as a trigger for myocardial infarc-
tion and sudden cardiac death.3–5 Acute mental stress can also
trigger stroke.6

Temporary impairments in vascular function have been
implicated as a mechanism linking stress to poor cardio-
vascular health.7 For example, individuals who experience
stress-induced myocardial ischemia also have attenuated peri-

pheral vasodilatory responses8 and increased vascular resistance
during stress.9,10 Importantly, mental stress continues to impact
the vasculature following a stressful event, as shown by transi-
ent declines in endothelial function (as measured by brachial
flow-mediated dilatation; FMD) from 15 to 90 minutes following
stress in young, healthy adults.11–14 This can be of clinical
significance, given that a reduction in FMD translates to an
increase in cardiovascular disease (CVD) risk.7 The impact of
stress on the cerebral vasculature is less understood,15 but
impairments in FMD are also associated with increased risk of
vascular events, including stroke.16 Mechanisms underpinning
stress-induced impairments in vascular function may include
reduced nitric oxide (NO) bioavailability,17 driven by increases
in cortico-releasing hormone (CRH), cortisol, inflammatory
cytokines,11 and oxidative stress markers.18

Interestingly, stress can also negatively influence health
through changes in eating behaviour.19,20 During stressful
periods young adults are likely to overeat and consume more
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unhealthy foods (i.e., high-fat) and fewer fruits and
vegetables.21–25 For example, 38% of adults report to have over-
eaten or eaten unhealthy foods in the previous month due to
stress, and half of these adults report this shift in food choices
at least once a week.26 Increased cortisol reactivity27 and mala-
daptive effects on brain regions responsible for decision
making and emotion regulation have been suggested as likely
mechanisms.28 Importantly, stress-induced negative shifts in
eating behaviour may contribute to increased weight gain:
stress has been identified as an independent risk factor for
obesity.29,30 Weight gain may be accelerated as fat oxidation
slows down during stressful periods,31 and overweight individ-
uals are more prone to overeating during stressful periods.32

Notably, obesity is a risk factor in the development of CVD.33

Therefore, stress can not only directly impact vascular function
acutely, but also indirectly contribute to poorer vascular
health, through chronic unhealthier food choices.

Our group has recently shown that acute saturated fat con-
sumption impairs the recovery of endothelial function follow-
ing mental stress in young healthy adults, with FMD remain-
ing significantly impaired (reduction of 1.15% FMD) in the
high-fat condition in comparison with the low-fat control.34

We further demonstrated that acute saturated fat consumption
attenuates cerebral oxygenation in the prefrontal cortex during
mental stress.35 Both fat consumption and stress exposure
have been shown to stimulate the vasoconstrictor endothelin-1
(ET-1), reactive oxygen species (ROS) and inflammatory
markers,36–38 which are known to reduce endothelium-derived
NO39 and likely underpin the stress and fat-induced impair-
ments in vascular function. As such, acute unhealthy food
choices (such as foods high in saturated fats) during stressful
periods can exacerbate the negative impact of stress on vascu-
lar health. Therefore, it is important to find dietary strategies
that may be able to counteract the negative impact of stress
and fat in the vasculature.

Our group has previously shown that an intervention rich
in flavonoids, a group of small molecules present in most
fruits and vegetables, can be protective for the vasculature in
the context of a stressful episode. Specifically, it was demon-
strated that acute cocoa flavanol intake improved vasodilatory
responses during stress and attenuated the impairment in bra-
chial FMD following stress in young healthy adults in a fasted
state.40 Similarly, previous research has shown cocoa flavanols
to improve brachial FMD within 1–3 hours of intake.41–44

Cocoa flavanols are thought to exert their protective vascular
effect by increasing NO bioavailability and reducing ET-1.44–47

Furthermore, cocoa flavanols have been shown to improve cer-
ebral oxygenation responses to hypercapnia48 and hypoxia,49

but their effect on the brain vasculature during stress remains
unknown. As such, adding a flavonoid-rich food to a high-fat
snack during stress might be an effective strategy to, at least
partially, reduce the negative impact of poor food choices on
the human vasculature.

The current study aimed to investigate whether high-flava-
nol cocoa (HFC), consumed in combination with a high-fat
meal (HFM), can mitigate the negative impact of fat on stress-

induced impairments in endothelial function, as measured by
brachial FMD. Furthermore, we aimed to investigate whether
HFC can restore cortical oxygenation during mental stress fol-
lowing fat consumption. We hypothesised that HFC will
attenuate the stress-induced decline in brachial FMD and
improve cortical oxygenation during stress following fat
consumption.

2. Methods
2.1 Participants

Twenty-three participants (11 male, 12 female) were recruited
via email and poster advertisements. Participants were
between 18 and 45 years old. Exclusion criteria were: (i)
smokers, (ii) consumption of >21 units of alcohol per week,
(iii) acute illness/infection, (iv) history of cardiovascular, res-
piratory, metabolic, liver, inflammatory diseases, or blood-clot-
ting disorders, (v) all allergies or food intolerances, (vi) weight-
reducing dietary regimen or dietary supplements, and (vii)
long-term medication or antibiotics in the previous 3 months.
Participants were awarded course credit marks when appli-
cable. Ethical approval was obtained from the University
of Birmingham Science, Technology, Engineering, and
Mathematics ethics committee (ERN17_1755E), and all partici-
pants gave written informed consent prior to participation in
the study.

2.2 Study design

The study used a randomised, counterbalanced, double-
blinded, cross-over, postprandial intervention design (Fig. 1).
Participants visited the laboratory twice, at least a week apart
for males and approximately one month apart for females.
Females were tested during the same phase of the menstrual
cycle (early follicular, days 1–5 of menstruation) to control for
the influence of menstrual hormones.50,51 Participants were
asked to refrain from food for 12 hours and from alcohol,

Fig. 1 Consolidated Standards of Reporting Trials (CONSORT) flow
diagram for postprandial intervention study.
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caffeine, flavonoid-rich foods, and vigorous exercise 24 hours
before each testing session. Participants were contacted
24 hours before and reminded of these pre-visit requirements,
which were then assessed verbally using a 24-hour food recall
questionnaire as well as asking if vigorous exercise had been
undertaken, alcohol and caffeine had been consumed, and
whether they had been fasted for 12 hours. Each session com-
menced at approximately 8:00. First, mood was assessed and
then, habitual dietary intake was recorded (visit 1 only).
Following this, participants rested in a supine position for
20 minutes before pre-intervention (baseline) measurements
were taken: (i) common carotid artery (CCA) blood flow, (ii)
brachial FMD, (iii) forearm blood flow (FBF), (iv) cardio-
vascular activity (beat-to-beat blood pressure [BP], heart rate
[HR], heart rate variability [HRV] and R-wave to pulse interval
[RPI]). Following these assessments, participants consumed a
high-fat meal (HFM) with either a high-flavanol cocoa (HFC)
intervention or a low-flavanol cocoa (LFC) intervention.
Participants then rested for 1.5 hours during which they com-
pleted a mood questionnaire and lifestyle questionnaires (data
not reported, session 1 only) and had the option to complete
their own work or watch a nature documentary. Subsequently,
FBF, cardiovascular activity and prefrontal cortex (PFC) tissue
oxygenation (measured by Near-Infrared Spectroscopy, NIRS)
were assessed during an 8-minute rest (rest) and during an
8-minute mental stress – Paced-Auditory-Serial-Addition-Task
(PASAT) (stress). During each 8-minute assessment, FBF was
measured during minutes 2, 4, 6, and 8. BP, HR, RPI, HRV
and PFC oxygenation were analysed during all 8 minutes.
CCA blood flow, brachial FMD and mood were measured
30 minutes and 90 minutes following stress. Both sessions
lasted 5 hours and participants were debriefed following com-
pletion of both visits (Fig. 2).

2.3 Habitual dietary intake

Habitual dietary intake was assessed using the validated
European Prospective Investigation into Diet and Cancer
(EPIC) Norfolk Food Frequency Questionnaire (FFQ).52 The
questionnaire consists of 131 different food items for partici-
pants to select the frequency of consumption on a 9-point

scale (never or less than once per month, 1–3 per month, once
a week, 2–4 per week, 5–6 per week, once a day, 2–3 per day,
4–5 per day, and 6+ per day) to estimate usual dietary intake
over the previous 12 months. The FFQ EPIC Tool for Analysis
(FETA) was used to calculate nutrient data.53 In order to calcu-
late flavonoid intake, the FLAVIOLA food composition data-
base was inputted into the FETA software, which allows the
estimation of flavonoids and its subclasses.54 The following
nutrients are reported in this study: energy (kcal), fat (g), satu-
rated fat (g), carbohydrate (g), sugars (g), fibre (g), protein (g),
total flavonoids (mg), and portions of fruit and vegetables (cal-
culated as 1 portion corresponding to 80 g, NHS guidelines),
to give a general view of habitual dietary intake.

2.4 High-fat meal intervention

The HFM was prepared just before consumption, and all fresh
ingredients were bought within 24 hours of each testing
session. The composition of the HFM is presented in Table 1,
and contained 56.5 g fat, as used previously.34 All ingredients
were purchased from Tesco, and the meal consisted of 2 butter
croissants (67 g each) with 10 g salted butter, 1.5 slices of
cheddar cheese (37.5 g total) and 250 ml whole milk.
Participants were asked to consume the meal within
20 minutes. 4 participants did not finish the meal, but no
adverse side effects were reported.

2.5 High- and low-flavanol interventions

Cocoa flavanol beverages were prepared by dissolving 12 g
cocoa powder into 250 ml of whole milk (from the HFM). The
cocoa powders are commercially available (Barry Callebaut,
Zurich, Switzerland): the low-flavanol powder was a fat-
reduced alkalized cocoa powder (commercial name: 10/12
DDP Royal Dutch) delivering <6.0 mg (−)-epicatechin and
5.6 mg of total flavanols per serving; and the high-flavanol
cocoa powder was a non-alkalized fat-reduced powder
(‘Natural Acticoa’), delivering 150.0 mg (−)-epicatechin powder
and 695.0 mg total flavanols per serving, as used in previous
research40,48 (Table 2). Both interventions were matched for all
other micro- and macro-nutrients, including caffeine and theo-
bromine. Cocoa powder levels for flavanol monomers, procya-
nidin and methylxanthines (caffeine, theobromine) were

Fig. 2 Experimental study design. BP: blood pressure, CCA: common
carotid artery, FBF: forearm blood flow, FMD: flow-mediated dilatation,
HFC: high-flavanol cocoa, HR: heart rate, HRV: heart rate variability, LFC:
low-flavanol cocoa, PFC: pre-frontal cortex, RPI: R-wave to pulse interval.

Table 1 Nutrient composition of the high-fat meal

Meal type High-fat meal (HFM)

Nutrient composition:
Energy (kcal) 891.00
Fat (g) 56.50
Saturated fat (g) 35.10
Carbohydrate (g) 65.00
Sugars (g) 20.20
Fibre (g) 2.40
Protein (g) 29.85
Salt (g) 2.00

The HFM consisted of 2 butter croissants with 10 g of salted butter,
1.5 slices of cheddar cheese and 250 ml of whole milk.
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measured by high-performance liquid chromatography (HPLC)
as described previously.55,56 The dose of flavanol monomers
used in the present study is in line with previous studies,
shown to be safe and effective in modifying human endo-
thelial function in young healthy adults.43,44,57 The cocoa
powder sachets were labelled with an alphanumeric identifier,
and were stored at −20 °C. Intervention beverages were identi-
cal in texture, consistency and taste, and were presented in an
opaque container with a black opaque straw to ensure double-
blindness. All participants finished both intervention bev-
erages. The unblinding of the interventions was performed
only after all data analyses were completed.

2.6 Mental stress task

The mental stress task used was the 8-minute PASAT, shown to
have good test–retest reliability and to induce a physiological
response.58–60 The PASAT requires participants to add two
sequentially presented single-digit numbers (1–9), adding the
number presented to the previous number they heard. The
delivery of the numbers became quicker, with time intervals
reducing every 2 minutes; from a 2.8 second interval to 2.4
seconds, 2.0 seconds, and finally 1.6 seconds. Participants
were filmed and asked to watch themselves on a screen, which
they were told would be evaluated by 2 independent body
language assessors. An experimenter marked the participants’
responses, whilst sounding a loud aversive buzzer at standard
intervals once every 10 answers: either following an incorrect
response or at the end of the 10-number block. The partici-
pants were told they were in direct competition with other par-
ticipants and lost points for each incorrect answer. These
elements of social evaluation, punishment, and competition
have been used previously40 and have been shown to enhance
the provocativeness of the task.61 Immediately following the
PASAT, an experimenter asked the participant to verbally rate
how difficult, stressful, competitive, and enjoyable they found
the task, and to what extent they were trying to perform well,
scored on a 7-point scale ranging from 0 ‘not at all’ to 6
‘extremely’. Following both visits, participants were informed
about the deception in the body language assessment and
competition.

2.7 Mood ratings

Mood was assessed on a 5-point scale using items that
assessed positive affect, negative affect, energy, and fatigue.
The positive affect scale included items that represent acti-
vated (happy, cheerful) and deactivated (calm) pleasure. The
negative affect scale included items that represent activated
(tense, stressed) and deactivated (sad, angry) displeasure, as
detailed previously.62 Physical feeling states were represented
by the assessment of energy and fatigue (tired). These nine
constructs happy, cheerful, calm, tense, stressed, sad, angry,
energetic, and tired were rated on a 5-point scale (1 = not at
all, 5 = extremely), and correspond to how participants felt at
that moment.

2.8 Cardiovascular activity

2.8.1 Electrocardiograph. Indices of cardiodynamic
activity were measured using an electrocardiogram, recorded
continuously at 1000 Hz with a Morgan 509 Cardiac
monitor and three disposable pregelled Ag/AgCl spot elec-
trodes (Invisatrace, ConMed). The electrodes were posi-
tioned in a modified chest position; after the skin was pre-
pared with nuprep and alcoholic wipes, two active electro-
des were placed on the right collar bone and left ribs
beneath the heart, while the ground electrode was placed
on the left collar bone. An earlobe clip measured peripheral
pulse using infrared photoplethysmography (1020, UFI). The
ECG and pulse data were stored on a computer programmed
in Spike2 (CED) and collected via a Power1401 (CED) The
data were then analysed using a script in Spike 2 (CED).
R-wave and pulse signal artifacts were visually identified
and removed. HR (beats per minute) was calculated from
the cardiac inter-beat interval, determined from successive
R-waves. Sixty seconds ensemble averages were calculated
for these physiological data. RPI (ms) was calculated from
the ECG R-wave to the foot of the systolic upstroke of the
ear pulse. The foot of the systolic upstroke was determined
by the point when the slope of the pulse upstroke was 25%
of its maximum.63 The RPI has been shown to be correlated
with the cardiac pre-ejection period,64,65 an index of sym-
pathetic activity of the heart (Newlin and Levenson, 1979).
Finally, HRV (ms) was also analysed using Spike2 and calcu-
lated with the root mean square of successive differences
(RMSSD) of R–R intervals, as a measure of parasympathetic
activity, using Spike2.

2.8.2 Beat-to-beat blood pressure. Beat-to-beat arterial
BP was measured using a Finometer (Finapres Medical
Systems; Amsterdam, The Netherlands), with a cuff around
the intermediate phalanx of the middle finger. Continuous
data were recorded via a Power1401 (CED, Cambridge, UK)
connected to a computer programmed in Spike2. Data were
analysed and averaged for each minute of assessment.
Analyses were undertaken offline whereby each file was visu-
ally inspected, and systolic blood pressure (SBP), diastolic
blood pressure (DBP) and mean arterial pressure (MAP)
were obtained.

Table 2 Composition of cocoa interventions (12 g per dose) containing
high and low flavanol content

High-flavanol
cocoa (HFC)

Low-flavanol
cocoa (LFC)

Total flavanols (mg) 695.00 5.60
(−)-Epicatechin (mg) 150.00 <6.00
(−) and (+)-Catechin (mg) 85.44 <6.00
Procyanidins (mg) 459.60 ND
Theobromine (mg) 262.80 278.40
Caffeine (mg) 27.60 22.20
Fat (g) 1.68 1.32
Carbohydrates (g) 2.70 1.24
Protein (g) 2.69 2.66
Fibre (g) 1.82 4.02
Energy (kcal) 41.40 36.60
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2.9 Forearm blood flow

FBF was measured using venous occlusion plethysmography. A
mercury-in-silastic strain gauge was connected to a plethysmo-
graph (ECG, Hokanson; Jacksonville, WA, USA), producing an
output voltage with frequency 0–25 Hz. The plethysmograph
signal was digitised at 100 Hz with 16-bit resolution, via a
Power1401 (CED) connected to a computer programmed in
Spike2, as previously described by Paine et al. (2013).58 One
congestion cuff was placed around the wrist (TMC7,
Hokanson), and inflated for 1 minute to supra-systolic blood
pressure (>220 mmHg). Another congestion cuff was placed
around the brachial region of the upper arm (SC12,
Hokanson), and inflated for 5 seconds to above venous
pressure (40 mmHg), every 15 seconds providing 3 blood flow
measurements each minute. Blood flow analysis and cali-
bration were undertaken offline using Spike2 (CED). Each
increase in limb circumference was identified as a slope,
which were averaged to yield a mean blood flow per minute.58

Forearm vascular conductance (FVC) was calculated by divid-
ing FBF by MAP per minute of assessment.

2.10 Prefrontal cortical haemodynamics

NIRS (NIRO-200NX, Hamamatsu Photonics KK, Japan) was
used to assess prefrontal cortical haemodynamics. The NIRS
device measures changes in chromophore concentrations of
oxyhaemoglobin (O2Hb) and deoxyhaemoglobin (HHb), pro-
viding depth-resolved measures of tissue oxygen saturation
(total oxygenation index, TOI) and tissue haemoglobin content
(normalised tissue haemoglobin index, nTHI).66 Probes were
positioned over the left and right pre-frontal sites and secured
to the head with a black headband. Probes were enclosed in
light-shielding rubber housing that maintained emitter-to-
detector optode spacing (4 cm), and signals were acquired at
sample interval 0.2 s (5 Hz). NIRS was assessed during
8 minutes of rest and 8 minutes of stress. Measures of TOI,
nTHI, O2Hb and HHb were averaged to provide 1 value for
each minute of rest and stress. Minutes 2, 4, 6 and 8 of stress
are reported, in line with the minutes by which peripheral
vasodilation (FBF) was assessed.

2.11 Flow-mediated dilatation

FMD was used to assess endothelial function of the brachial
artery. A 15–4 MHz (15L4 Smart MarK™; Terason, Burlington,
MA, USA) transducer was attached to a Terason Duplex
Doppler System (Usmart 3300 NexGen Ultrasound; Terason).
This has wall-tracking and automatic edge-detection software
(Cardiovascular Suite, Quipu; Pisa, Italy), which allows for con-
tinuous measurement of diameter and blood velocity through-
out the FMD assessment. Following 20 minutes of supine rest,
the brachial artery was imaged longitudinally, 5–10 cm proxi-
mal to the antecubital fossa. A brachial cuff was placed around
the forearm and, following a 1-minute baseline, this was
inflated to 220 mmHg for 5 minutes, to cause ischaemia.
Subsequently, the rapid cuff deflation caused reactive hyperae-
mia, and the image was recorded continuously for 5 minutes

post-pressure release. This is in accordance with established
guidelines.67 All file images were analysed by a trained
researcher, blinded to condition and measurement details.
Peak diameter was defined as the largest diameter obtained
after occlusion was released. The FMD response was calculated
as the relative diastolic diameter change between baseline and
peak diameter. Resting arterial diameter was also estimated
based on a time-average across the first minute of recording.
All measurements were undertaken by the same trained
researcher, who demonstrated excellent reproducibility in bra-
chial FMD (coefficient of variation: intra-day 5.49%, inter-day
10.87%). Allometrically scaled FMD was calculated in accord-
ance with published guidelines.68 The slope of the regression
between the logarithmically transformed baseline diameter
and peak diameter was 0.94.

2.12 Common carotid artery diameter and blood flow

Duplex ultrasound was used to assess CCA diameter and blood
flow. A 15–4 MHz (15L4 Smart MarK™; Terason, Burlington,
MA, USA) transducer was attached to a Terason Duplex
Ultrasound System (Usmart 3300 NexGen Ultrasound;
Terason). This was combined with wall-tracking and automatic
edge-detection software (Cardiovascular Suite, Quipu; Pisa,
Italy), which allows for continuous measurement of diameter
and blood velocity.50 Following 10 minutes of supine rest, the
participant was asked to turn their head and neck slightly to
the left side. Then, a two-minute recording of the right CCA
was obtained. All file images were analysed by a trained
researcher, blinded to condition and measurement details.
Analysis allows estimation of resting arterial diameter and cal-
culation of arterial blood flow based on a time-average across
two minutes of the recording.50 All measurements were under-
taken by the same trained researcher, with suitable reproduci-
bility of CCA diameter (coefficient of variation: intra-day
1.93%, inter-day 2.37%) and shear rate (coefficient of variation:
intra-day 11.79%, inter-day 12.27%).

2.13 Statistical analysis

All statistical analyses were conducted using IBM SPSS soft-
ware (version 29). The cardiovascular and FBF measurements
during pre-intervention baseline, rest, and stress were averaged
separately to provide a mean pre-intervention baseline, rest,
and stress value for each outcome. Pre-intervention baseline
measures (FMD, FBF, HR, SBP, DBP), task perceptions and
PASAT scores were compared using a 2-condition (HFM + HFC,
HFM + LFC) repeated measures analysis of variance (ANOVA).
Separate 2-condition (HFM + HFC, HFM + LFC) by 5-time
(baseline, rest, stress, post-30, post-90) repeated measures
ANOVAs were used to assess mood ratings. A series of 2-con-
dition (HFM + HFC, HFM + LFC) by 3-time (baseline, rest,
stress) repeated measures ANOVAs was conducted to analyse
the cardiovascular and FBF variables. A mixed effects model
was used for SBP, DBP, and FVC analysis to account for
missing data due to finapress malfunction. NIRS variables at
rest and during stress (8 minutes averaged) were compared
using separate one-sample t-tests for both conditions, which is
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most appropriate given that the resting values were 0. NIRS
variables were further analysed using a two-way repeated
measures ANOVA with condition (HFM + HFC, HFM + LFC)
and time (stress 2, stress 4, stress 6, stress 8) as within-subject
factors. FMD (including resting arterial diameter) and CCA
variables were analysed using a 2-condition (HFM + HFC, HFM
+ LFC) by 3-time (baseline, post-30, post-90) repeated measures
ANOVA. Where appropriate, pairwise comparisons using
Bonferroni correction were conducted to investigate significant

effects in more detail. A Linear Mixed Model was used to
analyse allometrically scaled FMD. Given the lack of disparity
in SD following allometric correction, 95% confidence inter-
vals have been reported in text for this allometrically scaled
FMD. All values reported in text, tables, and graphs are mean ±
SD. All analyses were also conducted with sex as a between-
subject variable. As there were no significant condition × sex,
time × sex, or condition × time × sex interaction effects, these
results are not reported. Four participants did not finish the
meal. All statistical tests were repeated excluding these 4 par-
ticipants. The results were similar to the analyses with the full
sample; therefore, as an intention-to-treat analysis, it was
decided to include all participants to maximise power. For all
analyses, significance was set at α < 0.05. Sample size was esti-
mated based on previous data from our laboratory on flavanol-
induced changes in brachial FMD,40 denoting a sample size of
11 participants was required to detect an interaction effect of
the cocoa intervention on FMD post-stress, with power at 99%
and alpha at 0.05.69 This sample size should also be sufficient
to detect the effect of cocoa flavanols on cortical oxygenation,
shown with n = 18 by Gratton et al. (2020).48

3. Results
3.1 Participant characteristics

Participant characteristics are presented in Table 3.
Participants were aged 19 to 35 years old, with a healthy body
mass index (BMI) and identified as white European ethnicity
(n = 20), Asian ethnicity (n = 1) or black African ethnicity (n =
2). Pre-intervention baseline FMD, FBF, HR, BP, brachial and
CCA diameter were similar in both conditions (Table 3).

3.2 Habitual dietary intake

Table 4 displays participants’ estimated daily intake of key
nutrients, as well as the percentage of participants exceeding
or not meeting daily recommendations, as suggested by the
National Health Service (NHS).70 The average daily intake of fat
was 66.76 ± 19.99 g (43.48% exceeding the recommended daily
intake) and of saturated fat was 25.18 ± 7.72 g (47.83% exceed-
ing the recommended daily intake). 75% of females exceeded
the female saturated fat recommendation (20 g), whilst only
18% of males exceeded their saturated fat recommendation
(30 g). The average intake of fruit and vegetables was 4.76 ±
2.55 portions per day, with females consuming over 1 extra
portion a day compared with males. 65% of all participants

Table 3 Mean ± SD participant pre-intervention baseline character-
istics in HFM + LFC and HFM + HFC conditions (n = 23)

Participant characteristics HFM + LFC HFM + HFC p value

n 23 (M:11, F:12)
Age (years) 21.57 ± 4.11
BMI (kg m−2) 22.31 ± 2.58
FMD (%) 6.93 ± 2.58 6.55 ± 2.73 0.065
FBF (mm/100 ml min−1) 2.63 ± 0.87 2.58 ± 0.75 0.823
HR (bpm) 58.29 ± 8.57 57.45 ± 9.78 0.533
SBP (mmHg) 113.38 ± 15.40 110.53 ± 10.78 0.371
DBP (mmHg) 52.17 ± 6.86 50.25 ± 4.82 0.419
Brachial diameter (mm) 3.60 ± 0.54 3.61 ± 0.55 0.561
CCA diameter (mm) 6.54 ± 0.39 6.52 ± 0.38 0.656

BMI: body mass index, CCA: common carotid artery, DBP: diastolic
blood pressure, FBF: forearm blood flow, FMD: flow-mediated
dilatation, HFC: high-flavanol cocoa, HFM: high-fat meal, HR: heart
rate, LFC: low-flavanol cocoa, SBP: systolic blood pressure. Separate
2-condition (HFM + HFC, HFM + LFC) repeated measures ANOVAs
were used to assess pre-intervention baseline measures.

Table 4 Mean ± SD estimated daily intake of key nutrients (n = 23)

Nutrients
Sample
average

% of participants
over/under
recommended
daily intake

Energy (kcal) 1726.10 ± 494.46 N/A
Fat (g) 66.76 ± 19.99 43.48% over
Saturated fat (g) 25.18 ± 7.72 47.83% over
Carbohydrate (g) 195.14 ± 67.86 N/A
Sugars (g) 90.01 ± 39.19 100.00% over
Fibre (g) 12.84 ± 5.88 100.00% under
Protein (g) 84.11 ± 30.82 N/A
Total flavonoids (mg) 239.55 ± 195.88 N/A
Portions of fruit & vegetablesa 4.76 ± 2.55 65.22% under

Recommendations – fat: <70 g per day, saturated fat: <30 g per day
(male)/<20 g per day (female), sugar: <30 g per day, fibre: >30 g per
day, fruit & vegetables: >5 portions per day. a 1 portion = 80 g. (NHS
guidelines). N/A: not available.

Table 5 Mean ± SD task performance (PASAT) and ratings (n = 23)

Task ratings HFM + LFC HFM + HFC p value

PASAT score (/228) 133 ± 39 134 ± 30 0.869
Perceived difficulty (0–6) 4.83 ± 0.65 4.78 ± 0.80 0.814
Perceived stressfulness (0–6) 4.96 ± 0.77 5.04 ± 0.83 0.628
Perceived competitiveness (0–6) 4.48 ± 0.85 4.35 ± 1.07 0.601
Perceived enjoyment (0–6) 1.95 ± 1.51 1.65 ± 1.43 0.186
Perception of trying to perform well (0–6) 5.30 ± 0.70 5.35 ± 0.83 0.770
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did not meet the suggested recommendation of 5 portions a
day. 100% of participants did not meet the suggested rec-
ommendations for fibre intake and exceeded the rec-
ommended sugar intake.

3.3 Mental stress task ratings

Separate two-condition (HFM + HFC, HFM + LFC) ANOVAs
revealed no significant difference in task performance (PASAT
score) or task perceptions between flavanol conditions.
Participants perceived the task as similarly difficult, stressful,
competitive, enjoyable, and tried to perform well to the same
extent after both conditions (Table 5).

3.4 Mood ratings

Two-condition (HFM + HFC, HFM + LFC) × 5-time (baseline,
rest, stress, post-30, post-90) ANOVAs revealed a significant
decrease in happiness, calmness, and cheerful (p’s < 0.001) and
increase in stress, tension and anger (p’s < 0.001) immediately
after stress compared with all other time points. Participants
also reported to feel calmer at 30 and 90 minutes post-stress
compared with baseline. There was a significant time effect for
tiredness (p = 0.005) and energy (p < 0.001), whereby partici-
pants felt more energetic and less tired at pre-stress rest com-
pared with baseline, and less energetic 30 minutes post-stress
compared with rest and stress, and less energetic and more
tired 90 minutes post-stress compared with rest and stress.
There was a significant time (p = 0.018) and condition × time
interaction effect (p = 0.013) for sadness, but post-hoc analyses
revealed no significances between time points. Post-hoc analyses
for main effects are reported in Table 6.

3.5 Cardiovascular activity during acute mental stress

Separate 2-condition (HFM + HFC, HFM + LFC) × 3-time (base-
line, rest, stress) ANOVAs revealed an overall time effect for
HR, RPI, HRV, SBP and DBP (all p’s < 0.001) (Fig. 3). Post-hoc
analyses revealed that HR was significantly higher during rest
and stress compared with baseline (p’s < 0.001) and signifi-
cantly higher during stress compared with rest (p < 0.001). RPI
and HRV were significantly lower during rest and stress com-
pared with baseline (all p’s < 0.001), and lower during stress
compared with rest (p’s < 0.001). SBP was significantly higher
during rest and stress compared with baseline (p’s < 0.001)
and significantly higher during stress compared with rest (p <
0.001). DBP was significantly higher during stress compared
with baseline (p < 0.001) and rest (p < 0.001), with no differ-
ence between baseline and rest (p = 0.497).

There were no significant condition or condition × time
interaction effects for HR (condition: p = 0.160, interaction: p =
0.210), RPI (condition: p = 0.051, interaction: p = 0.050), HRV
(condition: p = 0.968, interaction: p = 0.192), SBP (condition: p
= 0.854, interaction: p = 0.204) or DBP (condition: p = 0.367,
interaction: p = 0.224).

3.6 Forearm blood flow during acute mental stress

A 2-condition × 3-time ANOVA revealed an overall time effect
for FBF and FVC (p’s < 0.001) (Fig. 4). Post-hoc analyses T
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revealed that FBF and FVC were significantly higher during
stress compared with both baseline (p’s < 0.001) and rest (p’s
< 0.001), and FBF and FVC were significantly higher at rest
compared with baseline (FBF: p = 0.002, FVC: p = 0.001). There
were no condition nor condition × time interaction effects for
FBF (condition: p = 0.486, interaction: p = 0.576) or FVC (con-
dition: p = 0.351, interaction: p = 0.439).

3.7 Cerebral oxygenation during acute mental stress

One-sample t-tests revealed that left and right PFC TOI were
significantly greater during stress compared with rest in both
conditions (left: HFC p < 0.001, LFC p = 0.001; right: HFC p <
0.001, LFC p = 0.002). One-sample t-tests revealed that left

nTHI was significantly higher during stress compared with
rest in the HFC condition (p = 0.024) but not the LFC con-
dition (p = 0.736). There were no significant differences in
right nTHI during stress compared with rest in both con-
ditions (HFC: p = 0.938, LFC: p = 0.384). One-sample t-tests
revealed that left and right O2Hb and HHb were significantly
different during stress compared with rest in both conditions
(all p < 0.001) (Fig. 5).

Separate 2-condition (HFC, LFC) × 4-time (stress 2, stress 4,
stress 6, stress 8) ANOVAs revealed an overall time effect for
right TOI (p = 0.008), right HHb (p = 0.015) and left HHb (p =
0.005). There were no significant time effects for left TOI (p =
0.119), left nTHI (p = 0.218), right nTHI (p = 0.058), left O2Hb

Fig. 3 Cardiovascular activity (HR (A), RPI (B), HRV (C), SBP/DBP (D)) during baseline, rest and stress following a high-fat meal (HFM) with either
high-flavanol cocoa (HFC) or low-flavanol cocoa (LFC). n = 23. Data are presented as mean ± SD. * Significant difference between values, $ signifi-
cant difference between conditions at this time point. ***p < 0.001, $$p < 0.01. DBP: diastolic blood pressure, HFC: high-flavanol cocoa, HFM: high-
fat meal, HR: heart rate, HRV: heart rate variability, LFC: low-flavanol cocoa, RPI: R-wave to pulse interval, SBP: systolic blood pressure.
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(p = 0.666) or right O2Hb (p = 0.256). There were no significant
condition (L-TOI: p = 0.254, R-TOI: p = 0.229, L-nTHI: p =
0.346, R-nTHI: p = 0.451, L-O2Hb: p = 0.619, R-O2Hb: p = 0.255,
L-HHb: p = 0.314, R-HHb: p = 0.674) effects for any outcome
measure. There was a significant condition × time interaction
for right O2Hb (p = 0.018) but no other condition × time inter-
action (L-TOI: p = 0.324, R-TOI: p = 0.064, L-nTHI: p = 0.283,
R-nTHI: p = 0.517, L-O2Hb: p = 0.118, R-O2Hb: p = 0.055,
L-HHb: p = 0.083, R-HHb: p = 0.400) effects. Post-hoc analyses
for the time effects are reflected in Fig. 5.

3.8 Flow-mediated dilatation following acute mental stress

Brachial FMD following mental stress is reported in Fig. 6. A
2-condition × 3-time ANOVA revealed a significant condition
effect for brachial FMD (p = 0.002). Post-hoc analyses showed
that FMD was significantly higher in the HFM + HFC con-
dition compared with the HFM + LFC condition. Furthermore,
there was a significant condition × time interaction effect for
brachial FMD (p < 0.001). Further exploration of this inter-
action effect revealed that FMD was significantly higher
30 minutes (p = 0.006) and 90 minutes (p < 0.001) post-stress
in the HFC condition compared with the LFC condition.
Examination of the time effects in both conditions separately
showed that in the HFC condition, there was no significant
difference in FMD at 30 minutes post-stress compared with
baseline (p = 0.383), yet FMD significantly increased at
90 minutes post-stress compared with baseline (p = 0.004).
However, in the LFC condition FMD was significantly lower at
30 minutes post stress (p = 0.003) and 90 minutes post-stress
(p = 0.017) compared with baseline. In summary, in the LFC
condition, FMD was significantly impaired at 30 and
90 minutes post-stress, yet in the HFC condition, FMD was

unchanged at 30 minutes post-stress and increased at
90 minutes post-stress. There was no significant time effect for
brachial FMD (p = 0.373).

Allometrically scaled FMD is also reported in Fig. 6. A 2 × 3
Linear Mixed Model revealed a significant condition (p <
0.001) and condition × time interaction (p < 0.001) effect but
no significant time effect (p = 0.325). Post-hoc analyses showed
that FMD was significantly higher in the HFM + HFC con-
dition compared with the HFM + LFC condition. Examination
of the time effects in both conditions separately showed that
in the HFC condition, there was no significant difference in
FMD at 30 minutes post-stress [95%CI: 6.08, 8.44] compared
with baseline [95%CI: 5.34, 7.68] (p = 0.105). Yet, FMD was sig-
nificantly higher at 90 minutes post-stress [95%CI: 7.14, 9.53]
compared with baseline (p < 0.001) and 30 minutes post-stress
(p = 0.023). In the LFC condition FMD was significantly lower
at 30 minutes post-stress [95%CI: 4.50, 6.82] compared with
baseline [95%CI: 5.65, 8.00] (p = 0.014). There was no signifi-
cant difference in FMD between 90 minutes post-stress [95%
CI: 4.71, 7.04] and baseline (p = 0.050), and between
30 minutes post-stress and 90 minutes post-stress (p = 0.616).
In summary, in the LFC condition FMD was significantly
impaired at 30 minutes post-stress, yet in the HFC condition
FMD was unchanged at 30 minutes post-stress but signifi-
cantly increased at 90 minutes post-stress.

Brachial arterial diameter, anterograde blood flow and
retrograde blood flow are reported in Table 7. There was a
significant time effect for arterial diameter (p = 0.002), with
a significantly higher diameter at 30 minutes (p = 0.008)
and 90 minutes (p = 0.010) post-stress compared with base-
line. There was also a significant condition × time inter-
action for arterial diameter (p = 0.019), whereby diameter

Fig. 4 Time course of forearm blood flow (FBF (A) & FVC (B)) during baseline, rest and stress following a high-fat meal (HFM) with high-flavanol
cocoa (HFC) or low-flavanol cocoa (LFC). n = 23. Data are presented as mean ± SD. *Significant difference between time points. ***p < 0.001, **p <
0.01. FBF: forearm blood flow, FVC: forearm vascular conductance, HFC: high-flavanol cocoa, HFM: high-fat meal, LFC: low-flavanol cocoa.
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Fig. 5 Time course of prefrontal cortical haemodynamics (L-TOI (A), R-TOI (B), L-nTHI (C), R-nTHI (D), L-O2Hb (E), R-O2Hb (F), L-HHb (G), R-HHb
(H)) during rest and stress following a high-fat meal (HFM) and either high-flavanol cocoa (HFC) or low-flavanol cocoa (LFC). Data are presented as
reactivity mean ± SD. n = 23. T Significant difference between rest and stress (t-test), * significant difference between values. TOI: tissue oxygenation
index, nTHI: normalised tissue haemoglobin index, O2Hb: oxygenated haemoglobin change, HHb: deoxygenated haemoglobin change, HFM: high-
fat meal, HFC: high-flavanol cocoa, LFC: low-flavanol cocoa.
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was significantly greater in the LFC condition compared
with the HFC condition at 90 minutes post-stress (p =
0.011). Similarly, in the LFC condition diameter significantly
increased following stress, yet was unchanged following
stress in the HFC condition. There was no condition effect
for brachial artery diameter (p = 0.091). There was no sig-
nificant condition (p = 0.830), time (p = 0.633) or condition
× time interaction (p = 0.824) effect for anterograde blood
flow. There was a significant time effect for retrograde blood
flow (p < 0.001), whereby retrograde blood flow was signifi-
cantly greater at 30 minutes (p < 0.001) and 90 minutes (p =
0.006) post-stress compared with baseline, and was signifi-
cantly greater at 30 minutes post-stress compared with
90 minutes post-stress (p = 0.002). There was no condition
(p = 0.635) or condition × time interaction (p = 0.968) effect
for retrograde blood flow.

Brachial blood pressure is presented in Table 7. A 2 × 3
ANOVA revealed a significant time effect for SBP (p < 0.001)
and DBP (p = 0.002), whereby SBP was higher and DBP was
lower at 30 and 90 minutes post-stress compared with base-

line. There were no significant condition (SBP: p = 0.273, DBP:
p = 0.211) or condition × time interaction (SBP: p = 0.152, DBP:
p = 0.582) effects for blood pressure.

3.9 Common carotid artery blood flow following acute
mental stress

CCA diameter and blood flow are reported in Table 8. A 2-con-
dition × 3-time ANOVA revealed a significant time effect in
CCA diameter (p < 0.001), with a significantly greater diameter
at 30 and 90 minutes post-stress compared with baseline (p’s
< 0.001), and a significantly greater diameter at 90 minutes
post-stress compared with 30 minutes post-stress (p < 0.001).
There was no significant condition (p = 0.056) or condition ×
time interaction (p = 0.163) for CCA diameter. There was no
significant condition (p = 0.655), time (p = 0.740) or condition
× time interaction (p = 0.153) for CCA anterograde blood flow.
There was a significant time effect for CCA retrograde blood
flow (p < 0.001), whereby retrograde blood flow was signifi-
cantly less at 30 and 90 minutes post-stress compared with
baseline (p’s < 0.001). There was no significant condition (p =

Fig. 6 Time course of brachial artery FMD (%) (A) and allometrically scaled FMD (%) (B) during baseline, post-30 and post-90 following a high-fat
meal (HFM) and either high-flavanol cocoa (HFC) or low-flavanol cocoa (LFC). Data are presented as mean ± SD. SD associated with allometrically
scaled FMD mean was calculated as the anti-logged value of SE × square root of n. n = 23. $ Significantly different between conditions, * significantly
different between time-points ***/$$$p < 0.001, **/$$p < 0.01, *p < 0.05. FMD: flow-mediated dilatation, HFC: high-flavanol cocoa, HFM: high-fat
meal, LFC: low-flavanol cocoa.

Table 7 Mean ± SD brachial arterial diameter following mental stress (n = 23)

Timepoint

HFM + HFC HFM + LFC

Baseline Post-30 Post-90 Baseline Post-30 Post-90

Brachial SBP (mmHg) 116.81 ± 8.72 121.00 ± 9.97** 120.14 ± 6.98** 118.54 ± 9.90 120.83 ± 10.61** 122.36 ± 10.81**
Brachial DBP (mmHg) 64.97 ± 5.44 63.03 ± 5.01** 62.82 ± 5.99* 67.04 ± 6.50 63.77 ± 4.51** 63.86 ± 6.02*
Brachial diameter (mm) 3.61 ± 0.55 3.63 ± 0.53** 3.63 ± 0.51* 3.60 ± 0.54 3.68 ± 0.55** 3.72 ± 0.55*$

Brachial anterograde
blood flow (ml min−1)

91.06 ± 42.25 94.23 ± 61.20 95.62 ± 55.46 87.29 ± 56.81 95.59 ± 57.47 94.11 ± 48.80

Brachial retrograde
blood flow (ml min−1)

−7.66 ± 9.23 −17.15 ± 14.79*** −12.17 ± 10.30**/^^ −7.26 ± 7.22 −16.11 ± 9.65*** −11.67 ± 8.23**/^^

* Significantly different to baseline, $ significantly different to HFM + HFC. ^ Significantly different to post-30. DBP: diastolic blood pressure,
HFC: high-flavanol cocoa, HFM: high-fat meal, LFC: low-flavanol cocoa, SBP: systolic blood pressure.
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0.779) or condition × time interaction (p = 0.324) effect for ret-
rograde blood flow.

4. Discussion

This study aimed to investigate whether cocoa flavanols can be
used as a dietary strategy to protect endothelial function and
improve brain oxygenation in the context of mental stress fol-
lowing an acute high-fat meal. To our knowledge, this is the
first study to show that high-flavanol cocoa can attenuate the
stress-induced decline in brachial FMD following a high-fat
meal. On the other hand, flavanol intake did not improve corti-
cal oxygenation during stress. Both brachial and carotid artery
diameter increased following stress and fat intake, with a
greater increase in the brachial artery following low-flavanol
cocoa compared with high-flavanol cocoa. Retrograde blood
flow increased post-stress and fat intake in the brachial artery
and decreased in the carotid artery, yet these were unaffected
by the flavanol intervention. As predicted and shown pre-
viously, mental stress induced changes in HR, HRV, RPI, BP
and FBF, but these were not affected by flavanol intake.
Importantly, perceptions of the stress task and task perform-
ance were not significantly different between conditions,
suggesting a consistent stress experience across interventions.

The stress-induced decline in brachial FMD at 30 minutes
post-stress (1.29%) is in line with previous work, showing a
1–3% impairment in endothelial function following stress in
healthy adults.12–14,71,72 Furthermore, the fat-induced delay in
endothelial recovery at 90 minutes post-stress (FMD remains
1.11% lower than baseline) is in line with our previous work
showing FMD to remain impaired by 1.16% 90 minutes follow-
ing stress, when a high-fat meal had been consumed.34

Cocoa flavanols were effective at preventing the decline in
endothelial function post-stress following fat consumption,
with brachial FMD being significantly higher following high-
flavanol cocoa compared with low-flavanol cocoa at both 30
and 90 minutes post-stress. Given the significant difference in
brachial artery diameter at 90 minutes post-stress between fla-
vanol conditions, allometrically scaled FMD was also esti-
mated, confirming the significant differences in FMD between
high versus low flavanol interventions even when diameter
changes are corrected for. More specifically, cocoa flavanols
attenuated the 1.29% decline in FMD at 30 minutes post-stress

and improved FMD by 1.37% at 90 minutes post-stress (com-
pared with the 1.16% decline below baseline following low-fla-
vanol cocoa). This is of clinical significance given that a 1%
decline in FMD has been associated with a 9–13% increased
risk of future cardiovascular events.7,73 We have previously
reported these differences at 30–90 minutes post-stress in par-
ticipants in a fasted state: the high-flavanol cocoa attenuated
the stress-induced decline in brachial FMD by approx.
1.36%.40 In agreement with our data, previous research has
shown that both cocoa flavanols74 and citrus flavanones75

attenuate fat-induced impairments in FMD, yet do not comple-
tely eliminate the negative effect of fat. However, this is the
first study to investigate fat intake prior to mental stress, and
to show that cocoa flavanols can mitigate the combined
impact of fat consumption and stress. The mechanisms by
which flavanol ingestion improve vascular function are
thought to be NO-related,44 with evidence of (−)-epicatechin
enhancing endothelial NO synthase activation through acti-
vation of signalling pathways such as P13K, Akt and PKA.
Flavanols have also been shown to downregulate the bio-
availability of ET-1,47,76 reduce interleukin-6 (IL-6) production
and reactive oxygen species (ROS).77 These mechanisms likely
drive the improvements in FMD following stress and fat con-
sumption. Whilst there is some evidence that chronic flavanol
intake can reduce triglyceride concentration and improve bio-
chemical parameters of lipid metabolism,78,79 the effect of
acute flavanol ingestion on lipid bioavailability is unclear.80 In
summary, our data on peripheral vascular function suggest
that when food choices during stress target high-fat foods, the
addition of a high-flavanol food can be effective at preventing
the negative compounded effect of stress and fat on endo-
thelial function.

The present study showed a greater brachial artery retro-
grade blood flow at 30 and 90 minutes post-stress, with the
greatest retrograde flow at 30 minutes post-stress, which is in
line with the largest stress-induced reduction in brachial FMD
observed.12 This is in agreement with our previous work,
showing increases in retrograde blood flow post-stress.34 An
increased retrograde blood flow response to stress has been
shown previously,81 and likely results in elevated ET-1,
expression of adhesion molecules, ROS-producing enzymes
and decreased NO production.82 In line with that, increased
retrograde shear rate has been associated with a reduction in
endothelial function,82 which is in agreement with our obser-

Table 8 Mean ± SD CCA diameter following mental stress (n = 23)

Timepoint

HFM + HFC HFM + LFC

Baseline Post-30 Post-90 Baseline Post-30 Post-90

CCA diameter (mm) 6.52 ± 0.38 6.66 ± 0.39*** 6.74 ± 0.36***/^^^ 6.54 ± 0.39 6.74 ± 0.37*** 6.85 ± 0.41***/^^^

CCA anterograde flow
(ml min−1)

578.33 ± 155.19 585.32 ± 165.72 534.97 ± 195.97 546.13 ± 149.58 552.74 ± 134.96 567.59 ± 131.13

CCA retrograde flow
(ml min−1)

−5.95 ± 4.76 −1.44 ± 1.56*** −2.10 ± 3.52*** −4.92 ± 4.81 −3.10 ± 4.48*** −2.11 ± 3.15***

* Significantly different to baseline, ^ Significantly different to post-30. CCA: common carotid artery.
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vations in the current study. Importantly, the flavanol interven-
tion does not seem to affect retrograde flow, suggesting that
dietary flavanols improve FMD independently of retrograde
blood flow.

In regard to the cerebral vasculature, we have observed an
increase in PFC tissue oxygenation during stress, which is in
line with previous research evidencing elevated CBF during
similar arithmetic tasks.15,35,83 Stress-induced increases in
cardiac output (driven by increased HR, Fig. 3A) and BP
(Fig. 3D and E) have been shown to contribute to elevated cer-
ebral perfusion84–86 as well as neurovascular coupling mecha-
nisms driven by increases in neural activation during the cog-
nitively demanding mental arithmetic task.87 Critically, we
have shown recently that acute fat consumption during mental
stress reduces PFC tissue oxygenation.35 We hypothesised that
cocoa flavanols would counteract the fat-induced reduction in
PFC tissue oxygenation during stress. However, contrary to
their effect in the periphery, cocoa flavanols did not improve
cortical oxygenation during mental stress. Previous research
has shown cocoa flavanols to improve cerebral oxygenation
during hypercapnia.48 Timing of ingestion may influence the
effect of flavanols, as Gratton and colleagues assessed cerebral
oxygenation 2 hours following flavanol consumption.48 In the
present study, we investigated oxygenation 1.5 hours post-flava-
nol ingestion, given that flavanol metabolites are shown to
peak in the blood at 1–2 hours post-intake,41,88 but flavanol
absorption may be delayed due to the concomitant intake of a
fatty meal. It is also plausible that the effect of flavanol con-
sumption on the brain during stress is smaller than on the
periphery, possibly due to the greater need to tightly control
and regulate brain blood flow (which can increase maximally
by <one fold) compared with peripheral blood flow (which can
increase 5–10 fold).89 Retrospective power calculations reveal
that using the observed medium effect size in TOI (0.26, ηp

2 =
0.065) and with power set to 0.9 and alpha at 0.05, 40 partici-
pants are required to appropriately power our study to detect
changes in cortical oxygenation due to flavanol intake.
Therefore, future research should investigate the impact of fla-
vanol and fat intake on the cerebrovasculature in larger
samples and investigate whether these effects are replicable in
other areas of the brain, for example by utilising fMRI, in
addition to NIRS and ultrasound. Overall, the present study
suggests that the potential protective effect of flavonoids
during mental stress seems to be smaller (or inexistent) in the
brain compared with the periphery.

Our previous work has also shown that alongside reduced
PFC tissue oxygenation during mental stress, fat intake also
induced a disturbance in mood.35 Importantly, high-flavanol
cocoa did not influence mood parameters in the present study.
Whilst there is some evidence to suggest polyphenols can
reduce negative mood and improve positive mood,90 this
might not be the case in the context of saturated fat intake and
mental stress.

In agreement with observations during stress, there were no
differences in carotid artery blood flow and diameter between
high and low-flavanol cocoa interventions. The postprandial

increase in carotid artery diameter was in line with our pre-
vious findings.35 We also detected a postprandial increase in
brachial artery diameter at these time points (Table 7), in line
with previous studies.91,92 There is evidence that fat consump-
tion induces peripheral vasodilation (FBF), likely mediated by
changes in insulin and triglycerides.91 However, in the present
study, flavanol consumption seems to mask this effect, shown
by a reduced brachial artery diameter following high-flavanol
cocoa compared with low-flavanol cocoa at 90 minutes post-
stress (p = 0.011). Interestingly, this condition effect at
90 minutes post-stress does not quite reach significance in the
carotid artery (p = 0.056). This is possibly due to being under-
powered, given the large effect size detected (ηp

2 = 0.156, f2 =
0.43). Future research should utilise larger sample sizes and
additional assessments of the internal carotid artery to
confirm these observations.

In line with previous research, the present study showed an
increase in cardiovascular, BP and peripheral vasodilatory
responses during stress.40,58 There was no difference in the
FBF response to stress between conditions. Previous studies
have reported increases in FBF following cocoa flavanols at
rest93 and during stress,40 in a fasted state. As previously men-
tioned, fat consumption likely delayed the absorption of flava-
nol metabolites, reducing the magnitude of the NO-dependent
increase in vasodilation at the time of stress.94 Similarly, flava-
nol consumption had no effect on cardiovascular responses
during stress, in agreement with our previous results in a
fasted state.40

The habitual diet of the participants in the current study
appears to be similar to the diet of the UK population. For
example, whilst 100% of participants exceeded the daily rec-
ommended sugar value compared with 61% of British citi-
zens,95 43% exceeded the recommended saturated fat value
compared with 75% of UK adults.96 Furthermore, 35% of par-
ticipants consumed at least 5 portions of fruit and vegetables,
in line with the UK average of 28%. However, the present
sample consumed on average 1 extra portion per day compared
with UK adults (4.8 portions per day vs. 3.7 portions per day),97

yet their flavonoid intake (239 mg per day) was more in line
with participants with lower flavonoid intake (mean quintile 1:
174 mg per day, mean quintile 2: 321 mg per day) in a large
cross-sectional study.98 Therefore, our findings have relevance
for the general population. However, it is possible that flavo-
noid-induced protection of endothelial function may be par-
ticularly beneficial for populations with poorer habitual diet.
Therefore, future research should target these populations,
such as those with lower socioeconomic status, low income or
education, certain ethnic minority groups, smokers, and phys-
ically inactive individuals.99 Furthermore, the gut microbiome
may also play a role in the effect of fat and/or flavonoids on
vascular responses to stress. For example, both stress and
high-fat diets are associated with alterations in gut integrity,
which can enhance systemic inflammation and contribute to
the development of CVD.100,101 Thus, a potential value of flavo-
noids in relation to CVD, and during periods of stress and
high-fat feeding, is following their transformation through gut
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microbiota metabolism.102 Therefore, future work should
assess the concentration of flavonoids in circulation, as well as
the role played by intestinal permeability in the interaction
between stress, fat and/or flavonoid intake, and vascular
function.

4.1 Limitations

One limitation of the present study is that the high-fat meal
was not tailored to individual metabolic rate. However, tailor-
ing fat consumption to metabolic rate is not very relevant to
everyday life, and intervening with one consistent dose of fat
likely results in higher variability in responses between partici-
pants. Similarly, it has been established that 50 g of fat is
sufficient to impact endothelial function,103 which is in line
with the dose used in the current study. Secondly, previous
evidence has shown that polyphenol microbial-derived metab-
olites can be detected in the blood for up to 48 hours,104 yet
we only restricted polyphenol intake for 24 hours prior to each
visit. As there is a large reduction in urinary polyphenol
metabolites from 24 to 48 hours, most metabolites are likely
to be excreted within the first 24 hours.105 Furthermore, our
sample size was moderate. However, a robust crossover design
was employed and post-hoc power analyses revealed that a
sample of 23 participants, power at 90% and alpha at 0.05,
allowed the detection of a medium size interaction effect
(0.31) for our primary outcome measure brachial FMD.69

Nevertheless, more participants are likely required to detect
the effect of flavanol-rich cocoa on cortical oxygenation, and
so future research should continue this investigation in a
larger sample. Finally, the potential mechanisms discussed
are speculative, and thus a more in-depth investigation of
mechanisms of action underlying these responses should be
the focus of future work.

5. Conclusions

In summary, this study demonstrates that flavonoid-rich foods
have the potential to acutely protect endothelial function
against poor food choices, such as high-fat snacks, during epi-
sodes of stress in young healthy adults. It further suggests that
such protection does not extend to the cerebral vasculature.
However, our data indicate that the size of the flavanol effect
in the brain is smaller, and a larger sample is needed to clarify
the protective effects in the brain during stress. Given the prog-
nostic value of FMD for future risk of CVD,7 these findings are
clinically relevant, particularly given the documented preva-
lence of stress and the trend towards increased consumption
of high-fat foods during periods of heightened stress. This
work has relevance for application in everyday diet, as the
administered dose of flavanols could be achieved through con-
sumption of, for instance, 2 cups of green tea, 5.5 tbsp of
unprocessed cocoa or 300 g of berries.106 As such, our data
have important implications for future acute dietary rec-
ommendations to protect the vasculature during stressful
periods.
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