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extremity endothelial function in healthy
individuals and people with type 2 diabetes
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Background: diabetes and age are major risk factors for the development of lower extremity peripheral

artery disease (PAD). Cocoa flavanol (CF) consumption is associated with lower risk for PAD and improves

brachial artery (BA) endothelial function. Objectives: to assess if femoral artery (FA) endothelial function

and dermal microcirculation are impaired in individuals with type 2 diabetes mellitus (T2DM) and evaluate

the acute effect of CF consumption on FA endothelial function. Methods: in a randomised, controlled,

double-blind, cross-over study, 22 individuals (n = 11 healthy, n = 11 T2DM) without cardiovascular

disease were recruited. Participants received either 1350 mg CF or placebo capsules on 2 separate days in

random order. Endothelial function was measured as flow-mediated dilation (FMD) using ultrasound of

the common FA and the BA before and 2 hours after interventions. The cutaneous microvasculature was

assessed using optical coherence tomography angiography. Results: baseline FA-FMD and BA-FMD were

significantly lower in T2DM (FA: 3.2 ± 1.1% [SD], BA: 4.8 ± 0.8%) compared to healthy (FA: 5.5 ± 0.7%, BA:

6.0 ± 0.8%); each p < 0.001. Whereas in healthy individuals FA-FMD did not significantly differ from

BA-FMD (p = 0.144), FA-FMD was significantly lower than BA-FMD in T2DM (p = 0.003) indicating pro-

nounced and additional endothelial dysfunction of lower limb arteries (FA-FMD/BA-FMD: 94 ± 14%

[healthy] vs. 68 ± 22% [T2DM], p = 0.007). The baseline FA blood flow rate (0.42 ± 0.23 vs. 0.73 ± 0.35 l

min−1, p = 0.037) and microvascular dilation in response to occlusion in hands and feet were significantly

lower in T2DM subjects than in healthy ones. CF increased both FA- and BA-FMD at 2 hours, compared

to placebo, in both healthy and T2DM subgroups (FA-FMD effect: 2.9 ± 1.4%, BA-FMD effect 3.0 ± 3.5%,

each pintervention < 0.001). In parallel, baseline FA blood flow and microvascular diameter significantly

increased in feet (3.5 ± 3.5 μm, pintervention < 0.001) but not hands. Systolic blood pressure and pulse wave

velocity significantly decreased after CF in both subgroups (−7.2 ± 9.6 mmHg, pintervention = 0.004; −1.3 ±

1.3 m s−1, pintervention = 0.002). Conclusions: individuals with T2DM exhibit decreased endothelial function

that is more pronounced in the femoral than in the brachial artery. CFs increase endothelial function not

only in the BA but also the FA both in healthy individuals and in those with T2DM who are at increased risk

of developing lower extremity PAD and foot ulcers.

aDepartment of Clinical and Experimental Medicine, School of Bioscience &

Medicine, University of Surrey, Guildford, United Kingdom.

E-mail: c.heiss@surrey.ac.uk; https://twitter.com/heissheissheiss
bOptical+Biomedical Engineering Laboratory, School of Electrical, Electronic and

Computer Engineering, The University of Western Australia, Perth, Australia
cSurrey Biophotonics, Advanced Technology Institute, School of Physics and School of

Biosciences and Medicine, University of Surrey, Guildford, United Kingdom
dSchool of Health Sciences, Faculty of Health & Medical Sciences, University of

Surrey, Guildford, United Kingdom
eDepartment of Biochemical Sciences, School of Bioscience & Medicine, University of

Surrey, Guildford, United Kingdom

fMathematics Research Center, Academy of Athens, Athens, Greece
gDepartment of Nutritional Sciences, School of Life Course and Population Sciences,

Faculty of Life Science and Medicine, King’s College London, London, United

Kingdom
hSurrey Biophotonics, Centre for Vision, Speech and Signal Processing and

School of Biosciences and Medicine, The University of Surrey, Guildford, United

Kingdom
iUniversity College London, Institute of Ophthalmology, London, United

Kingdom
jSurrey and Sussex NHS Healthcare Trust, Redhill, United Kingdom

†These authors are equally contributed to this work.

This journal is © The Royal Society of Chemistry 2022 Food Funct., 2022, 13, 10439–10448 | 10439

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 2

6.
01

.2
02

6 
20

.5
2.

05
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0001-6334-0625
http://orcid.org/0000-0002-7416-533X
http://orcid.org/0000-0002-7828-3122
http://orcid.org/0000-0002-8957-3969
http://orcid.org/0000-0002-2897-2026
http://orcid.org/0000-0003-3242-402X
http://orcid.org/0000-0001-6724-3873
http://orcid.org/0000-0003-4737-6606
http://orcid.org/0000-0002-3212-8995
https://twitter.com/heissheissheiss
https://twitter.com/heissheissheiss
http://crossmark.crossref.org/dialog/?doi=10.1039/d2fo02017c&domain=pdf&date_stamp=2022-10-12
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2fo02017c
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO013020


Introduction

Lower extremity peripheral arterial disease (PAD) is character-
ised by atherosclerosis of the arteries that supply the legs
leading to reduced blood flow and limiting the delivery of oxy-
genated blood and nutrients. PAD may be seen in up to 50%
of people with diabetes,1,2 and increases the risk of non-
healing wounds (ulcers), amputation,3,4 and mortality.5 The
mortality after diabetes-related amputations exceeds 70% at 5
years.6 Globally, the number of people with PAD increased
from 202 million in 2010, to 237 million in 2015,7 likely as a
consequence of the diabetes epidemic.2 Hospital admissions
for ulcer care or amputation are higher than those for conges-
tive heart failure, renal disease, depression, and most forms of
cancer.8 In the UK, the cost of health care for ulceration and
amputation in diabetes in 2014–2015 was estimated at £837–
£962 million; 0.8–0.9% of the National Health Service budget.9

Best management of risk factors including smoking cessation
can decrease the risk by 40% and timely revascularization pro-
motes wound healing and prevents amputation.10 However,
specific therapies to target the development of PAD, in particu-
lar, in people with diabetes are not available.

Endothelial dysfunction is the key pathophysiological event
that initiates and drives atherosclerosis.11 Diabetes is associ-
ated with impaired brachial artery (BA) endothelial function
and forearm blood flow, indicating both micro- and macrovas-
cular dysfunction.12

There are significant associations between diabetes melli-
tus, oxidative stress, and endothelial dysfunction.13 Oxidative
stress is increased by chronic hyperglycaemia and by acute
glucose fluctuations – induced by postprandial hyperglycaemia
in patients with diabetes mellitus. In addition, selective
insulin resistance in the phosphoinositide 3-kinase/Akt/endo-
thelial nitric oxide (NO) synthase pathway in endothelial cells
leads to decreased NO production and increased endothelin-1
production, resulting in endothelial dysfunction.13 Most
studies investigating vascular function in the context of dia-
betes have focused on the association between endothelial dys-
function as measured by flow-mediated dilation (FMD) in the
BA and events related to the coronary circulation. Whether a
direct link exists between leg artery endothelial dysfunction
and PAD development in patients with diabetes has not been
investigated. In fact, it is unknown whether endothelial func-
tion is impaired in leg arteries of people with diabetes, which
is clinically important as PAD and ulcers almost exclusively
occur in the lower extremities.

The presence of microvascular disease is independently
associated with risk of limb amputation, in particular, in dia-
betes,14 hence the microcirculation presents an important
therapeutic target, even prior to overt PAD. Dysfunction of the
microcirculation typically occurs before the development of
atherosclerotic symptoms and is associated with PAD, type 2
diabetes mellitus (T2DM), and other vascular diseases.15

However, it often remains undetected and the investigation of
specific treatments have been hampered by the lack of appli-
cable methodology to capture it.16 The introduction of optical

coherence tomography angiography (OCTA) has enabled the
direct visualization and quantitative characterization of micro-
vascular structure and function.17,18 In contrast to other angio-
graphy modalities, OCTA does not require exogenous contrast
agents and can therefore visualize the microvascular network
directly with few micron-scale resolution – this makes it an
ideal tool for clinical measurements of microvascular function
and the efficacy of interventions.

A recent epidemiological study has shown that a higher
intake of individual dietary polyphenol subclasses, including
flavanols, is associated with lower risk for PAD.19 We have pre-
viously demonstrated that cocoa flavanols (CF) can improve BA
endothelial function in patients with diabetes.20 Whether CF
can also increase endothelial function in the clinically relevant
arteries supplying the legs in people with diabetes is
unknown.

The primary aims of the current proof-of-concept study
were to assess if femoral artery (FA) endothelial function is
impaired in individuals with T2DM and evaluate the acute
effect of CF intervention on endothelial function. FMD is the
primary endpoint. Secondary endpoints include blood flow
rate, microvascular diameter and vessel area density, blood
pressure, pulse wave velocity (PWV), and ankle brachial
pressure index (ABPI).

Materials & methods
Study subjects

Twenty-two individuals (n = 11 healthy and n = 11 with T2DM)
were recruited at the University of Surrey (May 2021) and
measurements performed at the Clinical Trials Unit. See Fig. 1
for CONSORT study flow. Inclusion criteria for participation in
the study were as follows: <75 years of age, and signed consent
form. Exclusion criteria were clinical signs or symptoms of
manifest cardiovascular disease (coronary artery disease [CAD],
PAD, cerebrovascular disease), ankle brachial pressure index
(ABPI) <0.9 or >1.4, heart rhythm other than sinus rhythm,
sensitivity to the methylxanthines, caffeine and theobromine.

Study design and protocol

A 2-armed randomized controlled, double-masked, cross-over,
dietary intervention trial was performed in healthy and T2DM
individuals with a pre-specified comparison of baseline para-
meters between healthy and T2DM.

After informed consent was obtained and screening for eli-
gibility, the study participants were randomly assigned to one
of two sequences of interventions; either CF at visit/phase 1
followed by placebo at visit/phase 2 or placebo at phase 1 fol-
lowed by CF at visit/phase 2. The randomized assignment list
was generated with a software freely available at https://www.
graphpad.com/quickcalcs/randomize2/ (GraphPad Software,
Inc., La Jolla, USA). During each study visit, measurements
were taken at baseline before and at 1.5–2 h after consumption
of the intervention. Compliance was assessed by supervised
consumption of the interventions.
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At each timepoint, we first measured blood pressure and
pulse wave velocity (PWV) with a cuff on the upper arm after
10 min of supine rest in an air-conditioned room. We then per-
formed FMD measurements on the BA and the FA. Together
with FMD measurements, blood flow was assessed, and
measurements of cutaneous microcirculation taken in parallel
by a second investigator at rest and during post-occlusive reac-
tive hyperaemia (PORH) with OCTA at the hand and foot,
respectively. Finally, the perfusion pressure of the legs was
measured on the ankle arteries with a cuff placed around the
lower leg following a standard protocol1 allowing ABPI calcu-
lation together with brachial systolic pressure.

All researchers involved in conducting the study or asses-
sing outcomes were masked with regard to the identity of the
test products. The study was conducted according to the guide-
lines of the Declaration of Helsinki. All procedures were
approved by the University of Surrey Ethics Committee and
written informed consent was obtained from all study
participants.

Test materials

All test materials were purchased from Amazon. The CF inter-
ventions were 6 CocoaVia Capsules (Mars Inc, McLean, USA)
containing 1350 mg total cocoa flavanols, 255 mg (−)-epicate-
chin, 60 mg caffeine and 15 kcal (Table 1). Empty identical

placebo capsules were filled with 3.9 g of brown sugar deliver-
ing 16 kcal. The CF and placebo capsules were provided to par-
ticipants in identical black opaque ziplock plastic bags each
labelled with an alphanumeric code. Each participant con-
sumed 6 capsules under the supervision of the investigators
together with a standardized small breakfast consisting of
200 ml water, 2 slices of rye crisp bread (20 g, Dark Rye
Crunchy Rye Bread, Ryvita, purchased at Tesco, Guildford,
UK), a cheddar cheese snack (20 g, Tesco) and a cashew nut
snack (60 g, Tesco).

FMD, blood flow and power analysis of primary endpoint

FMD was measured in the right common femoral artery first
(FA-FMD), followed by BA-FMD using 5 min calf and forearm
occlusion with a fitted cuff, respectively, by hand-held ultra-
sound (Vivid I, 12 MHz linear array, GE Healthcare, Chalfont
St Giles, UK) in combination with a digital video frame
grabber and semi-automated analysis system (Brachial
Analyzer, MIA, Iowa City, IA, USA). Briefly, the femoral or bra-
chial artery, respectively, was scanned above the femur head,
or proximal to the elbow longitudinally, to obtain a clear
anterior and posterior vessel wall-lumen interface. In ultra-
sound duplex mode, the Doppler spectrum showing blood
flow velocity over time was visualised in parallel with the
B-mode scan. After optimization of settings, a video clip of 10
s duration was recorded for assessment of baseline pre-
inflation diameter. Then an appropriately sized blood pressure
cuff around the proximal calf or forearm was inflated to
200 mmHg for 5 min. Starting shortly before deflation of the
cuff, the recording of a 2 min video of the continuous duplex
scan was started. FMD was calculated as maximal relative dias-
tolic diameter increase during PORH as compared to baseline
diameter: (diametermaximal − diameterbaseline)/diameterbaseline ×
100. Lower limb and forearm blood flow were calculated as π ×
(diameter/2)2 × mean velocity. Peak shear rate was calculated
as 8 × mean flow velocity/diameter at the onset of PORH.34

Fig. 1 CONSORT flow diagram.

Table 1 Composition of intervention capsules

Cocoa flavanols Placebo

Number of capsules (n) 6 6
Cocoa extract (mg) 3330 0
Cocoa flavanols (mg) 1350 0
(–)-Epicatechin (mg) 240–255 0
Caffeine (mg) 60–90 0
Theobromine (mg) 180 0
Energy (kcal) 15 16
Carbohydrates (g) 3 3.9
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The intra- and inter-individual variability for FMD measure-
ments in FA and BA established in our laboratory are 0.9%
and 0.6% (standard deviation of difference between repeated
FMD measurements in n = 10 healthy subjects, unpublished)
and 0.5% and 0.6% (standard deviation within a group of
healthy subjects), respectively. A difference in change of
FA-FMD between placebo and CF was defined as the primary
outcome of the RCT. Based on previous intervention studies
with CFs, a change in FMD by 1.3% was anticipated.21

Assuming a standard deviation of difference between repeated
FMD of 0.9%, repeated measurements in 10 subjects would
provide sufficient power to detect an absolute change in FMD
of 0.9% (two sided alpha of 0.05%, power = 0.80) within group
using a Bonferroni correction in pairwise comparisons.22

Blood pressure, pulse wave velocity and ABPI measurements

Office blood pressure and PWV were measured using a sphyg-
momanometer device (Arteriograph24, Tensiomed, Budapest,
Hungary) at the upper right arm in a supine position, after
10 min of supine rest in a quiet room with the arm resting at
heart level. At each timepoint 3 blood pressure measurements
were taken. As the first blood pressure reading may be higher
and not representative of true resting value, the first reading
was discarded and the remaining two were used to calculate
an average which was used for further analyses.23 ABPI was
measured following the standard protocol described in clinical
practice guidelines for the diagnosis of PAD.1 Briefly, we
measured the systolic pressure of the dorsalis pedis and pos-
terior tibial artery at the ankle level using Doppler with a cuff
placed around the lower leg. The higher systolic value was
divided by the average systolic pressure measured on the arm.

Imaging of subcutaneous microcirculation with OCTA

OCTA images were acquired using the multi-beam VivoSight
Dx (Michelson Diagnostics Ltd, Kent, UK). For all participants,
images were acquired of the skin on the dorsum of the right
hand between the base of the thumb and index finger and on
the dorsum of the right hallux (big toe). The handheld OCT
probe was positioned for imaging on the skin through a
plastic cap to reduce motion artefacts and maintain a constant
distance between the imaging probe and the skin. Volumetric
images were acquired over a 5 mm by 5 mm square area. A
black spot was drawn with a permanent marker on the skin to
ensure repeated imaging of the same location within each
imaging session. OCTA images were acquired concurrently
with the ultrasound FMD measurements. Five images were
acquired sequentially in baseline conditions at the same
location without adjusting the placement of the handheld
probe. One image was acquired shortly before the deflation of
the blood pressure cuff followed by six sequential images upon
the deflation of the cuff. Each OCTA scan required a duration
of approximately 30 seconds to acquire with 15 seconds saving
time between scans.

Two-dimensional (2D) en face OCTA angiograms of the
superficial plexus were generated in MATLAB 2020a (The
MathWorks, Inc., Natick, Massachusetts, USA) based on

maximum intensity projection and the procedure outlined in
Untracht et al.17 Each final en face OCTA image was inspected
before undertaking the analysis, and images with significant
motion artefacts were removed. Mean vessel diameter and
vessel area density were calculated using the OCTAVA (Optical
Coherence Tomography Angiography Vascular Analyser) soft-
ware.17 The relative change between the two measurements
was calculated using the formula: ΔMetric = (PORH − base-
line)/baseline × 100.

Statistical analysis

The baseline characteristics of the study population are
expressed as mean values ± standard deviation (SD).
Characteristics were compared between healthy and T2DM
with independent sample t-tests. The primary test for an effect
in the randomized controlled trial was a repeated measure-
ments ANOVA with within-subject factor ‘2 h change’ (CF vs.
Placebo) and between subject factor ‘disease’ (T2DM vs.
healthy). Estimated effects of CF are expressed as mean values
± standard deviation (SD). Analyses were computed with SPSS
28 (IBM, Armonk, USA).

Results

We recruited a total of 22 participant (n = 11 healthy and n =
11 T2DM). The baseline characteristics are detailed in Table 2.
While all subjects were allocated to a random sequence of
treatments, only 9 healthy and 10 with T2DM completed both
arms of the trial and were included in the analysis of the end-
points in the randomized controlled trial (Table 3). One par-
ticipant could not swallow the capsule and 2 cancelled
appointments for work related reasons (see Fig. 1 CONSORT
flow diagram and Fig. 2 for study protocol). The test capsules
were well tolerated, and no adverse events were reported in the
context of this study.

Lower limb endothelial dysfunction and decreased resting
blood flow to the legs in T2DM

While the age was comparable between the healthy and T2DM
subgroups, body weight and BMI were greater in T2DM
(Table 2). Diabetes was well controlled (mean HbA1c 47 mmol
mol−1 [range 41–52 mmol mol−1]). All ABPI values were within
reference limits but were significantly higher in T2DM (1.0 ±
0.1 vs. 1.1 ± 0.1, p = 0.012). Also, systolic blood pressure (114 ±
12 mmHg vs. 132 ± 19 mmHg, p = 0.021) but not PWV was
higher in T2DM.

At baseline and under fasting conditions, both FA-FMD and
BA-FMD were significantly lower in T2DM (FA: 3.2 ± 1.1%[SD],
BA: 4.8 ± 0.8%) as compared to healthy (FA: 5.5 ± 0.7%, BA: 6.0
± 0.8%; each p < 0.001 vs. T2DM). In healthy subjects FA-FMD
did not significantly differ from BA-FMD (p = 0.144), whereas
FA-FMD was significantly lower than BA-FMD in T2DM sub-
jects (p = 0.003) indicating pronounced and additional endo-
thelial dysfunction of lower limb arteries (FA-FMD/BA-FMD 94
± 14% [healthy] vs. 68 ± 22% [T2DM], p = 0.007). The baseline
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diameters of both BA and FA did not differ between healthy
and T2DM.

The resting baseline blood flow in the FA was significantly
higher in healthy as compared to T2DM (0.73 ± 0.35 l min−1

vs. 0.42 ± 0.24 l min−1, p = 0.037). The maximal blood flow
during PORH did not significantly differ between healthy and
T2DM (1.79 ± 0.63 vs. 1.66 ± 1.27 l min−1, p = 0.760). No differ-
ence between healthy and T2DM in terms of BA baseline or
PORH blood flow or peak shear rate were observed.
Interstingly though, shear rate was significantly lower in the
FA as compared to BA in both cohorts (healthy: p = 0.004,
T2DM: p = 0.001).

Imaging of the cutaneous microcirculation showed that
there was a lower maximal diameter during PORH in the

hands and feet of T2DM (hand: 53 ± 5 μm, feet: 46 ± 4 μm) as
compared to healthy (feet: 58 ± 5 μm [p = 0.049 vs. T2DM],
hands: 52 ± 8 μm [p = 0.021 vs. T2DM]; Fig. 3). Vessel area
density was significantly lower in the hands of T2DM as com-
pared to healthy (BL: 32 ± 6% vs. 43 ± 6% p = 0.010; PORH: 62
± 9% vs. 49 ± 10%, p = 0.010) but not the feet.

CF increased FMD in both BA and FA of healthy and people
with diabetes

CF increased both FA and BA-FMD at 2 hours as compared to
placebo in both healthy and T2DM (FA: 2.9 ± 1.4%, BA 3.0 ±
3.5%, each pintervention < 0.001). The individual data plot provided
in Fig. 4 shows that all participants exhibited a positive response
to CF. In parallel, baseline FA blood flow significantly increased

Table 2 Baseline demographic characteristics of study population, divided into healthy and type 2 diabetes mellitus subgroups

Healthy Type 2 diabetes p

N 11 11
Sex (male/female) 3/8 8/3
Age (years) 51 ± 10 59 ± 10 0.095
Weight (kg) 70 ± 12 93 ± 22 0.010
Height (kg) 1.72 ± 0.10 1.75 ± 0.13 0.531
Body mass index (kg m−2) 23.8 ± 3.8 29.9 ± 5.1 0.005
Current smoker (n) 0 0
Ex-smoker 2 4
HbA1c (mmol mol−1) nd 47 ± 4
Metformin (n) 0 5
Sulphonylurea (n) 0 2
ACE/ARB (n) 0 6
Statin (n) 0 4
Ezetimibe (n) 0 2
Beta blocker (n) 0 3
Alphablocker (n) 0 3
Ankle brachial pressure index 1.00 ± 0.05 1.09 ± 0.09 0.012
FA diameter BL (mm) 8.12 ± 1.69 7.87 ± 1.92 0.748
FA flow BL (l min−1) 0.73 ± 0.35 0.42 ± 0.24 0.037
FA peak flow rate PORH (l min−1) 1.79 ± 0.63 1.66 ± 1.27 0.760
FA peak shear rate (s−1) 480 ± 184 577 ± 263 0.344
FA FMD (mm) 8.58 ± 1.78 8.12 ± 1.99 0.580
FA FMD (%) 5.6 ± 0.8 3.2 ± 1.1 0.000
BA diameter BL (mm) 4.41 ± 0.71 4.56 ± 0.63 0.600
BA flow rate BL (l min−1) 0.12 ± 0.06 0.13 ± 0.07 0.872
BA peak flow rate PORH (l min−1) 0.63 ± 0.30 0.68 ± 0.34 0.621
BA peak shear rate (/s) 1200 ± 382 1254 ± 525 0.788
BA FMD (mm) 4.68 ± 0.76 4.78 ± 0.67 0.729
BA FMD (%) 6.0 ± 0.7 4.8 ± 0.8 0.001
FA FMD/BA FMD (%) 95 ± 15 68 ± 22 0.004
Systolic blood pressure (mmHg) 114 ± 12 132 ± 19 0.021
Diastolic blood pressure (mmHg) 72 ± 10 78 ± 11 0.177
Pulse wave velocity (m s−1) 9.3 ± 2.4 10.0 ± 1.8 0.424
Foot median MV diameter BL (μm) 43 ± 4 45 ± 3 0.289
Foot median MV diameter PORH (μm) 52 ± 8 46 ± 4 0.049
Foot median MV diameter PORH (% increase) 21 ± 13 4 ± 10 0.002
Hand median MV diameter BL (μm) 50 ± 6 46 ± 4 0.110
Hand median MV diameter PORH (μm) 58 ± 5 53 ± 5 0.021
Hand median MV diameter PORH (% increase) 18 ± 13 15 ± 10 0.619
Foot VAD BL (%) 38 ± 9 40 ± 8 0.744
Foot VAD PORH (%) 50 ± 8 49 ± 8 0.753
Foot VAD PORH (% increase) 31 ± 13 25 ± 30 0.580
Hand VAD BL (%) 44 ± 6 32 ± 6 0.001
Hand VAD PORH (%) 62 ± 9 49 ± 10 0.010
Hand VAD PORH (% Increase) 42 ± 17 59 ± 41 0.265

Values are mean and standard deviation and p values are from independent t-tests comparing subgroups. BA = brachial artery, FA = femoral
artery, BL = baseline, MV = microvascular, nd = not determined, PORH=post occlusive reactive hyperaemia, VAD = vessel area density. Significant
p values in bold.
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after CF (0.16 ± 0.29 l min−1, pintervention = 0.029) and this was
accompanied by a greater increase in microvascular median dia-
meter in the skin of the feet (3.5 ± 3.5 μm, pintervention < 0.001).
Maximal blood flow during PORH and BA blood flow at baseline
and during PORH as well as other microvascular parameters
were not affected by CF. SBP and PWV significantly decreased
by −7.2 ± 9.6 mmHg (pintervention = 0.004) and −1.3 ± 1.3 m s−1

(pintervention = 0.002), respectively.

Discussion

The key findings of the present study are that individuals with
T2DM exhibit decreased FMD that is more pronounced in the
femoral as compared to brachial arteries. T2DM was associated
with decreased baseline but not hyperaemia blood flow in
femoral arteries. CF acutely increased FMD in both arteries
together with baseline femoral blood flow and microvascular
diameter in the foot and decreased SBP and PWV in both the
healthy and T2DM subgroups.

Individuals with diabetes are at increased risk of developing
vascular disease and the risk to develop PAD is particularly
high. Up to 50% people with diabetes have PAD.2 Why diabetes
predisposes to atherosclerosis specifically in the lower extre-
mity, causing PAD, is unclear. This is the first study to show
that T2DM is associated not only with endothelial dysfunction
as measured in the upper extremity brachial artery,12 but more
pronounced endothelial dysfunction in arteries that supply the
legs. One other study has shown a trend towards lower FMD in
femoral arteries of people with diabetes that was not statisti-
cally significant.24 One explanation of lower FMD in femoral
arteries versus brachial arteries could be that leg arteries are
exposed to higher blood pressure due to the upright posture of
humans and lower shear rate that may be due to larger artery
diameter or microvascular dysfunction. Given the known inter-
action between diabetes and hypertension on atherosclerosis
development,25 the leg arteries of people with diabetes will be
more likely to manifest such site-specific pathology. We have
previously shown that in patients with PAD, FMD is lower in
the femoral artery as compared to the brachial artery.26 WhileT
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Fig. 2 Protocol of randomized controlled cross-over study. (BA = bra-
chial artery, BP = blood pressure, FA = femoral artery, FMD = flow-
mediated dilation, OCTA = optical coherence tomography angiography,
PWV = pulse wave velocity).
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the study26 was compatible with the idea that lower extremity
endothelial dysfunction may play a role in PAD, it was limited
by the fact that the patients had significant stenoses of leg
arteries and therefore, the lower FMD may be secondary to
blunted hyperaemic blood flow. The current study adds the
important new finding that femoral FMD is lowered in people

at risk for PAD but without flow limiting stenoses. Further
studies are needed to investigate why endothelial function is
more liable to be impaired in leg arteries of people with dia-
betes and whether FA-FMD could serve as a tissue specific bio-
marker or surrogate endpoint of PAD development.

Recent epidemiological studies have shown that the risk of
PAD is lower in people with higher dietary polyphenol intake
overall and flavanols in particular with greater effect observed
in smokers and people with diabetes.19 In support of these
findings, our current study shows for the first time that CFs
increase endothelial function of leg arteries in healthy people
and also normalise endothelial dysfunction in T2DM, offering
a feasible explanation for how CFs can counteract the develop-
ment and progression of lower limb atherosclerosis. We cau-
tiously speculate that this may be mediated by increased bioac-
tivity of nitric oxide as was previously shown in the brachial
artery.27 Our data confirm previous studies that have shown
significant improvements in brachial artery FMD in T2DM20

and extend them to a vascular segment with direct clinical
relevance. Another interesting finding was that the baseline
femoral blood flow rate was lower in T2DM as compared to
controls and that CF increased it. The fact that hyperaemic
blood flow did not differ points towards a functional rather
than fixed structural impairment of leg blood flow. Previous
studies have indicated that lower leg blood flow in T2DM may
be due to enhanced activity of the endothelin-1A receptor
antagonizing insulin and nitric oxide dependent vasodila-
tion.28 In fact, there are several lines of evidence that support a
role of endothelin-1 in diabetes associated complications,
hypertension and endothelial dysfunction.29,30 Previous
studies have indicated that epicatechin metabolites may

Fig. 3 Representative images of subcutaneous microcirculation acquired using optical coherence tomography angiography on hand and foot of
one healthy and one type 2 diabetes mellitus (T2DM) individual at baseline during rest and post-occlusive reactive hyperaemia (PORH). Dotted
yellow boxes identify identical image regions at baseline and PORH indicating a small degree of image misalignment.

Fig. 4 Acute 1.5–2 h effect of cocoa flavanol (CF) intervention and
placebo in brachial artery (BA) and femoral artery (FA). Individual data of
healthy (blue) and type 2 diabetes mellitus (T2DM, orange) participants.
Black symbols reflect mean values and standard error of the mean. Note
that the p values for interaction between disease state and intervention
were 0.374 and 0.107, respectively, indicating that the response to CF
did not differ between healthy and T2DM. *pintervention < 0.05 vs. placebo
(see Table 3 for analysis).

Food & Function Paper

This journal is © The Royal Society of Chemistry 2022 Food Funct., 2022, 13, 10439–10448 | 10445

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 2

6.
01

.2
02

6 
20

.5
2.

05
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2fo02017c


decrease endothelin-1 expression in endothelial cells via epige-
netic changes.31 However, the study31 does not directly relate
to the present study as gene expression changes would take
longer than 2 hours. Taken together, future investigations to
elucidate if CFs interact with the endothelin-1 pathway hold
the promise of further understanding the mechanisms by
which CFs mediate health benefits. Whether micro- and
macrovascular effects are mediated via the same mechanisms
is another important question. In addition, CF may be an
interesting intervention to increase leg blood flow to facilitate
wound-healing in patients with critical limb ischaemia and
diabetic foot ulcers. Supporting this, one study has already
shown that CF can improve walking performance in PAD
patients and increase capillary density.32

Only few studies have investigated microvascular structure
and function of hands and legs with OCTA. Our data show
that T2DM individuals had lower responsiveness of the sub-
cutaneous microcirculation during PORH. This aligns with two
previous publications from the same group that showed a
trend towards lower microvascular diameter increase during
PORH in people with diabetes.24,33 Surprisingly, the response
to CF was rather small and the degree of reactive hyperaemia
was not affected, which aligns with the unchanged blood flow
response measured with ultrasound. This finding indicates
that the improvement of FMD in the upstream brachial and
femoral arteries and the decrease in systolic blood pressure
and PWV were not predominantly driven by functional
improvements in the microcirculation. Whether long-term
exposure to CFs together with associated lowering of blood
pressure will affect microvascular structure remains to be
investigated.

The limitations of the current proof-of-concept study
include the small sample size which limits generalizability.
This is true particularly in terms of OCTA-derived microvascu-
lar metrics. While our preliminary results indicate differences
in microvasculature function in T2DM in accordance with the
literature,16,24,33 some image artefacts, image misalignment
(see Fig. 3) and heterogeneity of diabetes phenotypes lead to
large variability and will require a larger sample size to tease
out effects of diabetes and CF on the microvasculature. In
addition, the current OCTA microvascular measurements are
restricted to the superficial cutaneous plexus and do not
include capillaries which may be affected by T2DM and
respond to CFs independently from the arterioles. The data
gathered in the current study will help to adequately power
future studies of the microcirculation. In addition, OCTA only
captures the subcutaneous microcirculation. Whether the
status of the subcutaneous microcirculation reflects the micro-
vasculature in deeper skeletal muscle is not clear. Further
potential limitations include that endothelium-independent
vasodilation and CF metabolites in plasma were not measured
in the present study. In addition, the FMD protocol used in
the present study deviates from the protocol outlined in the
FMD guideline document.34 We recorded 10 s (30 s rec-
ommended) for baseline pre-inflation measurements and
2 min (3 min recommended) post-deflation. This is unlikely to

affect the reported outcome of our study as all participants’
arterial diameters had almost reached baseline values at 2 min
and are most likely correctly captured in this time frame.

In conclusion, T2DM is associated with pronounced impair-
ment of femoral endothelial function and blood flow.
Furthermore, CFs increase endothelial function not only in the
BA but also in the FA both in healthy people and people with
T2DM who are at increased risk of developing lower extremity
PAD and foot ulcers.
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