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Background: Several intervention studies have investigated the relationship between cocoa flavanols and
endothelial function. However, the shape of the association and the type of compounds responsible for
the effects are largely unknown. Objective: To examine the dose—response association between the con-
sumption of cocoa flavanols and endothelial function, measured by flow-mediated dilation (FMD).
Design: Two investigators searched Scopus® for the relevant human intervention studies, which were
pooled and meta-analysed. Heterogeneity in the findings was explored with various subgroup analyses.
Results: Fifteen published articles with 18 intervention arms met the inclusion criteria. Participants in
these intervention groups received 80 to 1248 mg (mean: 704 mg) more flavanols than control groups. A
significant improvement of FMD by 1.17% (95% CI: 0.76% to 1.57%) was calculated, with strong evidence
of a non-linear association (inverted U-shape) between cocoa flavanols and FMD. Conclusions: This
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meta-analysis provides evidence that cocoa flavanols could significantly improve endothelial function,
with an optimal effect observed with 710 mg total flavanols, 95 mg (—)-epicatechin or 25 mg (+)-catechin.
However, there was substantial variation in the results that could not be explained by the characteristics
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Introduction

Observational studies suggest that consumption of flavanol-rich
products, such as dark chocolate, is associated with a reduced
risk of developing cardiovascular disease."” Additionally, a
number of human randomized clinical trials (RCTs) have con-
vincingly shown a vascular benefit from consumption of flava-
nol-rich products in different population groups. Meta-analyses
of such clinical trials have demonstrated that consumption of
flavanol-rich products improved endothelial dysfunction as
assessed by flow-mediated dilation (FMD).**

Whilst, from a nutritional perspective, it is often more
meaningful to investigate the impact of foods rather than
nutrients,” sometimes nutrient analysis is necessary to gain
insight into the main bioactive constituents, in order to be
able to recommend foods comparably rich in the most promi-
nent bioactive(s).® Nutrient analysis of cocoa flavanols shows
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that we explored, and there were significant risk-of-bias concerns with a large majority of the studies.

that they comprise several types of compounds such as (—)-epi-
catechin, (+)-catechin and their oligomers, called procyanidins
(degree of polymerization from n = 2 to n = 10).” Although few
studies have documented the generation of absorbable com-
pounds by microbiological biotransformation of procyanidins
in the large intestine,® most evidence suggests that essentially
monomers and, to a very low extent dimers, are absorbed in
the small intestine;” among them, (—)-epicatechin would be
primarily responsible for their biological activity.

Acute intervention trials have demonstrated improvement
in FMD after consumption of 1-2 mg per kg body weight
(up to 200 mg) of purified (—)-epicatechin®'® while a 30-day
intervention trial with 100 mg of purified (—)-epicatechin
failed to show any improvement in the same parameter.”* In a
previous meta-analysis, Hooper et al. 2012 * observed improve-
ment in FMD by chocolate/cocoa consumption both acutely
and chronically, with no apparent dose-effect relationship.

A number of articles investigating this area have been pub-
lished since then and, with this background, we aimed to
perform an updated systematic review and meta-analysis to sum-
marize the current scientific evidence, and evaluate the main
bioactive(s) and their optimal doses from cocoa/chocolate to
positively influence endothelial function assessed by FMD.

This journal is © The Royal Society of Chemistry 2019
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Subjects and methods
Data sources and search strategy

A literature search was performed independently by two inves-
tigators by means of the Scopus® database (Elsevier BV,
Amsterdam, The Netherlands), to identify RCTs published up
to January 2019 that investigated the effects of daily consump-
tion of flavanol-rich cocoa products on endothelial function.
Key words used in the search criteria were:

(“Arterial function” OR “vascular function” OR “vascular
dysfunction” OR “flow mediated dilat*” OR “flow mediated
vasodilat*” OR “endothel* dependent dilat*” OR “endothel*
dependent vasodilat*” OR flow-mediated OR “flow mediated”
OR brachial reactivity OR FMD) AND (cocoa* OR chocolate OR
cacao) AND (random* control* trial OR control* clinical trial
OR trial OR “double blind*” OR “single blind*”)

In addition, reference lists of published trials and reviews
were checked.

Literature selection

RCTs were included in the meta-analysis if they met the follow-
ing inclusion criteria: the primary or secondary outcome of the
study was FMD; the intervention lasted for at least 1 week; the
intervention was a flavanol-containing cocoa/chocolate food;
the last measurement of FMD was performed in a fasted con-
dition after the intervention period. A flow diagram for study
selection is presented in Fig. 1.

Data extraction

Following the literature search, the investigators reviewed the
study titles and abstracts followed by the full-text articles for
eligibility. Discrepancies were resolved by discussion and
agreement. Data were extracted following the inclusion criteria;
studies were also excluded if there was no FMD measurement,
no control or comparator group, did not include cocoa or cho-
colate extract, or when acute intervention was performed. Data
on means and standard deviations (SD) at the end of the inter-
vention for both treatment and control groups were extracted.
If FMD data were not available in the text, they were estimated

Total articles
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from the plots. If SDs were not reported, they were calculated
or estimated from standard errors (SEs), confidence intervals
(CIs), p-values for difference in means, or pooled correlation
coefficients between baseline and final measurements from
trials reporting sufficient information. Multiple comparison
arms sharing the same control group were combined to create
a single pair-wise comparison to avoid double counting and
correlated comparisons. If more than one flavanol dose levels
were tested, only the results from the highest dose arm were
included in the main meta-analysis, but all arms with different
doses were included in the subgroup meta-analysis by dose of
flavanols and in the dose-response analysis. If more than one
treatment time was described in the intervention (i.e. 7 and 14
days), only the longest intervention time was considered for
the main meta-analysis, but all time-points were used in the
subgroup meta-analysis grouped by duration of treatment.

Risk of bias assessment

To assess the risk of bias, two investigators independently per-
using the Cochrane
The criteria to assess risk of bias were

risk-of-bias assessment

1.12

formed a
Collaboration’s too
random sequence generation, allocation concealment, blinding
of participants and personnel, blinding of outcome assessors,
incomplete outcome data or selective reporting. Overall risk of
bias was defined as low when 4-6 of these criteria scored low
risk and 0-2 criteria scored unclear risk. Moderate risk of bias
was defined as unclear risk in 3-4 of the criteria, low risk in 2-3
criteria, and moderate risk in 0-1 criteria. Trials with high risk
assessment in any of the criteria were considered as high risk.

Statistical analysis

All statistical analyses for the meta-analysis were performed
using the open-source statistical software R ver. 3.2.3 and Stata
version 15 (StataCorp LLC, Texas, USA). The meta-analysis was
performed using the function metacont() within the package
meta which produces both fixed- and random-effects estimates
with continuous outcome data. Inverse variance weighting was
used to pool the different studies/publications."? Results from
the random-effects model were presented, considering the

identified from

electronic searching

Excluded after analysis of

abstract: 280

(Scopus): 307

|

Articles retrieved for
detailed analysis: 27

Excluded after analysis of full text:

-No measurement of FMD: 5

-No control or comparator group: 3

\L -Not cocoa or chocolate extract: 1
-Acute intervention: 3

Articles included in
analysis: 15

Fig. 1 PRISMA flow chart of study selection.
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large between-study heterogeneity in most cases. Sensitivity
analyses were conducted with a fixed-effects model to compare
different models. The graphical representation and smoothing
curve were done with package ggplot2 ' with the function
geom_smooth().

Locally weighted scatterplot smoothing (loess) function was
used since the number of observations was below 1000.
Weights were applied using the ones from the random-effects
model of the meta-analysis (due to relatively high heterogen-
eity). Heterogeneity in the study results was quantified by the
I statistic.'* Potential sources of heterogeneity were investi-
gated by stratified meta-analyses according to various study
characteristics defined a priori: study design, subject character-
istics, type of intervention, duration of intervention, risk of
bias, and funding body.

Meta-regression was used to assess the statistical signifi-
cance of the differences across strata. Residual heterogeneity
was also assessed using I° after each of the above-mentioned
characteristics were accounted for in meta-regression.
Sensitivity analyses were performed to assess the robustness of
the meta-analysis by removing the studies one at a time.
Publication bias was assessed by visual inspection of the
funnel plot,'® by Begg’s test'” and Egger’s test.'®

Results
Study characteristics
The literature search identified 307 articles of which

15 human clinical trials met the inclusion criteria (Fig. 1). The
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trials included 730 participants in 18 different intervention
arms.’®* The characteristics of these clinical trials are dis-
played in Table 1. Nine trials had cocoa drink intervention,
five investigated chocolate as intervention and the remaining
one had a combination of cocoa drink plus chocolate interven-
tion. Trial intervention duration ranged from 7 to 84 days
(median: 28 days). The level of flavanol intake in these studies
ranged from 80 to 1248 mg (mean: 704 mg).

Endothelial dysfunction assessed by FMD after ingestion of
cocoa drink, chocolate, or combination

The results of our meta-analysis suggested an improvement in
FMD values after ingestion of cocoa drink, chocolate, or a com-
bination of both (1.17%, 95% CI: 0.76%, 1.57%, 18 treatments,
367 participants) (Fig. 2). The high I* value (I* = 83.3%) indi-
cates that most of the variability across studies is due to het-
erogeneity rather than chance. Studies with cocoa drink inter-
vention presented an average FMD improvement of 1.13% (CI
of 0.78% and 1.48%) while studies with chocolate showed an
FMD improvement of 0.84% (CI of 0.19% and 1.50%). Studies
with cocoa drink intervention had a lower heterogeneity than
those with chocolate intervention (I = 63.7% vs. I = 81.6%).
The only study with a combination of cocoa drink plus choco-
late®® showed a higher FMD improvement (4.34%, 95% CI:
3.19%, 5.50%).

Subgroup analyses and meta-regression

Subgroup analyses categorized by interventional treatment, trial
design, trial intervention duration, doses per day (from 1 to 3),

Table 1 Characteristic of the trials, participants, interventions and flavanols levels in this meta-analysis

ATotal
Age Duration flavanols
First author Year nC/nT (years) % Men Healthy status Control Treatment (days) (mg)
Balzer™ 2008 20/21 6483 29 Medicated diabetic Cocoa drink Cocoa drink 8, 30 888
Davison (A)*° 2008 13/13 45+3.5 38 Unhealthy Cocoa drink Cocoa drink 84 866
and exercise and exercise
Davison (B)*° 2008 11/12 45+4.4 30 Unhealthy Cocoa drink Cocoa drink 84 866
Esser”! 2014 41/41 63 %5 100 Overweight Chocolate Dark chocolate 28 819
Farouque®? 2006 20/20 61+8 75 CAD Cocoa drink + Cocoa drink + 21, 42 424.4
Chocolate Chocolate
Flammer™ 2012 10/10 60+10.1 85 CHF Chocolate Chocolate 14, 28 1248
Grassi (A)** 2005 15/15 44+7.8 50 Hypertensive White chocolate  Chocolate 15 550
Grassi (B)** 2005 15/15 34+7.6 47 Normotensive White chocolate  Chocolate 15 550
Grassi®’ 2008 19/19 45+8 58 Hypertensive IGT White chocolate ~ Chocolate 15 1008
Grassi’** 2015 20/20 54+89 55 Healthy Cocoa drink Cocoa drink 7 80, 200,
500, 800
Heiss®’ 2010 16/16 64 +12 81 CAD Cocoa drink Cocoa drink 30 750
Heiss (A)*® 2015 11/11  26+3.2 100 Healthy Cocoa drink Cocoa drink 14 900
Heiss (B)*® 2015 10/10 60+6 100 Healthy Cocoa drink Cocoa drink 14 900
Mogollon®® 2013 20/22 29+3.2 0 Pregnant healthy Chocolate Chocolate 42, 84 340
Njike** 2011 39/39 52+10.7 15 Overweight Cocoa drink Cocoa drink 42 796
(with/without sugar)

Sansone®’ 2015 50/50 45+8 50 Healthy Cocoa drink Cocoa drink 28 900
Wang-Polagruto®> 2006  8/9 5822 0 Hyper-cholesterolemia  Cocoa drink Cocoa drink 42 403
Rassaf*? 2016 25/24 65+14 73 Haemodialysis Cocoa drink Cocoa drink 30 900

Abbreviations: nC: number of subjects in control arm, nT: number of subjects in treatment arm, ATotal flavanols: the difference in amount of
total flavanols between the treatment and the control, CAD: coronary artery disease, CHF: congestive heart failure, IGT: impaired glucose

tolerance.
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N, mean N, mean %
Authors SMD (95% Cl) (SD); Treatment (SD); Control ~ Weight
'
Cocoa drink :
Heiss 2010 [27] —— 0.93(0.19, 1.66) 16, 3.8 (3.61) 16,1.3(1.24) 9.08
Heiss 2015(A) [28] + 1.16(0.25,2.07) 11,17(2.41)  11,-3(335) 7.48
Heiss 2015(B) [28] + 1.18(0.22,2.14) 10,14(1.86)  10,-2(476) 7.10
Sansone 2015 [31] : — 242(1.91,294) 50,1.1(524) 50,0 (.37) 1.27
Rassaf 2016 [33] —_— 112 (051, 1.72) 24, 5(636) 25,0(.0675) 10.37
Njike 2011 [30] —+{— 0.91(0.44,1.38) 39,195(265) 39,-8(3.35) 1182
Wang-Polagruto 2006 [32] ——0—{— 0.56 (-0.41,1.54) 9,2 (8.07) 8,-15(2.83) 697
Grassi 2015 [26] —_— 0.94 (0.29,1.60) 20,2.01(1.79) 20,0 (2.42) 9.84
Davison 2008(A) [20] —'OHI— 0.76 (-0.04,155) 13,15(2.36)  13,-4(267) 845
Davison 2008(B) [20] —+:—- 0.86 (0.01,1.72) 12,1.8(295)  11,-3(168) 7.91
Balzer 2008 [19] —_— 1.19(0.52, 1.85) 21, 1(925) 20,.1(529) 9.72
Subtotal (I-squared = 63.7%, p = 0.002) <> 1.13(0.78,1.48) 225 223 100.00
- 1
Chocolate :
Mogollon 2013 [29] —— : -0.13(-0.73,0.48) 22,-15(4.96) 20,-2(137) 17.90
Flammer 2012 [23] —— 172(068,276) 10,1.88(2.19) 10,-1.14 (1.17) 13.77
Grassi 2005(A) [24] —:0— 1.56 (0.73,2.38) 15, 1.5(1.05) 15, .1 (.721) 15.83
Grassi 2005(B) [24] —:—0— 1.71 (0.86, 2.55) 15, 1.9 (1.33) 15, .2 (.476) 15.64
Grassi 2008 [25] —c— 057 (-0.08,1.22) 19,1.3(263) 19, 2(794) 17.50
Esser 2014 [21] —— : 0.08 (-0.35,0.52) 41,1.2(3.7) 41, 9(36) 19.36
Subtotal (I-squared = 81.6%, p = 0.000) <> 0.84 (0.19, 1.50) 122 120 100.00
- :
Cocoa drink+Chocolate 1
Farouque 2006 [22] : e 4 34 (3.19, 5.50) 20, .8 (.748) 20,-2.7 (.859) 100.00
Subtotal (I-squared = %, p =.) : <>- 4.34(3.19,550) 20 20 100.00
1
Overall (I-squared = 83.3%, p = 0.000) <> 1.17(0.76, 1.57) 367 363
1
NOTE: Weights are from random effects analysis :
| I

55 0

Treatment reduces FMD Treatment

55

increases FMD

Fig. 2 Effect of cocoa drink and chocolate on flow-mediated dilation (FMD) in the included studies.

BMI, age of population treated, potential risk of bias, and
source of study funding included in the meta-analysis are
depicted in Table 2. The study by Farouque et al.>* combining
cocoa drink plus chocolate intervention significantly differed
from those studies with cocoa drink or chocolate only (p <
0.001). Studies with low risk of bias demonstrated a smaller
but statistically significant effect on FMD (0.78%, CI: 0.38%-—
1.19%) than studies with moderate risk of bias (p = 0.07). No
significant differences were observed between other subgroup
categories. Remaining heterogeneity after subgroup meta-ana-
lyses showed that only trial intervention categorization accounted
for a substantial amount of study heterogeneity (I* was reduced
from 83.3% in the overall studies to 72.6%). Specifically,
between-study heterogeneity was reduced to 0% for the following
subgroups: studies with treatment duration of 7-15 days
(6 studies); studies with mean subject BMI >30 kg m™>
(2 studies); and, studies with mean subject age ranging from
45-60 years (7 studies). The remaining subgroups studied did
not demonstrate a major improvement in heterogeneity. No
conclusions could be inferred from source of funding since only
a small number of studies are grouped in each subgroup.

This journal is © The Royal Society of Chemistry 2019

Since cocoa-derived products do not contain similar
amounts and profiles in flavanols, subgroup analyses were per-
formed with different dose categories for total flavanols,
(—)-epicatechin and (+)-catechin respectively (Table 3).
According to the categories described, maximum effect on
FMD was observed in studies evaluating over 900 mg of total
flavanols per day, 50-<150 mg (—)-epicatechin per day or
20-40 mg (+)-catechin per day. Treatments with 50-<150 mg
(—)-epicatechin per day showed a statistically significant
difference compared with treatments containing <50 mg day

(p =0.05).

Modelling dose of flavanols, (—)-epicatechin and (+)-catechin
in the clinical trial treatments

The Akaike Information Criterion (AIC) was used to define the
optimal model for the relationship between the dose of total
flavanols, (—)-epicatechin, (+)-catechin, and total flavanols
without (—)-epicatechin and the biological effect. Fig. 3 shows
the optimal models, with the degree of polynomial of 4 for
total flavanols and (+)-catechin, 2 for (—)-epicatechin and 0 for
total flavanols without (—)-epicatechin. An inverted U shape

Food Funct, 2019, 10, 6322-6330 | 6325


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9fo01747j

Open Access Article. Published on 16 September 2019. Downloaded on 10/16/2025 9:40:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Food & Function

Table 2 Results of subgroup analyses according to trial and participant characteristics

Sample size Net change P’ remaining after

Group Arms (n) treatment arm (n) (95% CI) I’ (%) Pdifference meta-regression (%)

All Total 18 367 1.17[0.76; 1.57] 83.3

Intervention Cocoa drink 11 225 1.13 [0.78; 1.48] 63.7  Ref 72.6
Chocolate 6 122 0.84[0.19; 1.50] 81.6 0.35
Both 1 20 4.35[3.19; 5.50] NA 0.001

Study design Crossover 7 165 0.89[0.47; 1.31] 68.6  Ref 82.5
Parallel 11 202 1.35[0.72; 1.97: 86.2 0.38

Duration 7-15 days 8¢ 121 1.07 [0.80; 1.35] 0 Ref 82.3
>15-30 days 7¢ 182 1.32[0.62; 2.03] 88.5 0.68
>30 days 74 137 0.99[0.21; 1.77] 87.8 0.74

Number of doses per day 1 4 70 2.07 [0.84; 3.30] 88.1 Ref 82.4
2 12 254 1.01[0.59; 1.44] 78.6 0.07
3 2 43 0.52[—-0.77; 1.81] 87.8 0.06

BMI (kg m™2) 25-30 15 321 1.22[0.74; 1.7] 86.1  Ref 84.3
>30 3 46 0.9710.53; 1.41: 0 0.66

Age (years old) <45 6” 132 1.21[0.35; 2.07] 89.0  Ref 84.5
45-60 8b 137 0.98[0.72; 1.23] 0 0.70
>60 4 98 1.55[0.18; 2.92] 93.8 0.70

Risk of bias assessment  Low risk 8 193 0.78 [0.38; 1.19] 71.1 Ref 78.5
Moderate risk 6 116 1.76 [0.82; 2.70] 87.1 0.07
High risk 4 58 1.09 [0.47; 1.70] 56.3 0.61

Funding body Mars 10 186 1.42[0.84; 2.00] 82.0 Ref 80.2
Barry Callebaut 2 42 0.40 [-0.65; 1.45] 82.0  0.20
Ritter/Kraft 2 30 1.63 [1.04; 2.22] 0.0 0.79
Hershey 1 39 0.91[0.44; 1.38] NA 0.61
Cuorenero Sugar Co. 1 19 0.57 [-0.08; 1.22] NA 0.42
ARC’ 1 41 0.08 [-0.35; 0.52] NA 0.20
Nestlé 1 10 1.72[0.68; 2.76] NA 0.79

“Balzer 2008A," Flammer 2012B> (<15 days), Balzer 2008B," Flammer 2012A,>* Farouque 2006 (<15-30 days), and Farouque 2006A*
(>30 days) are counted in different duration categories. ” Heiss 2015B** (45-60 years) and Heiss 2015A% (<45 years) are counted in different age

categories. “ ARC (American Research Cocoa).

Table 3 Results of subgroup analysis according to dose of total flavanols, (—)-epicatechin and (+)-catechin

Sample size

P remaining after

Group Arms (n)  treatment arm (n)  Net change (95% CI)  I* (%) P difference  meta-regression (%)
All Total 18 367 1.17[0.76; 1.57 83.3
Total flavanols 0-<500 mg day ™" 5 91 1.14 [0.01; 2.28 91.2 Ref 79.4
500-<800 mg day™' 5% 105 1.10 [0.80; 1.41 6.6 0.83
800-<900 mg day™" 5% 107 0.72 [0.25; 1.19 60.2 0.59
>900 mg day 6 124 1.37 [0.73; 2.01 78.1 0.59
(-)-Epicatechin ~ 0-<50 mg day ™" 4° 101 0.54 [0.08; 1.00 59.5 Ref 75.1
50-<150 mg day™*  12° 219 1.48 [0.97; 1.98 79.9 0.05
>150 mg day™" 5 107 0.72[0.25; 1.19 60.2 0.68
(+)-Catechin 0-<20 mg day ™ 8 173 1.00 [0.40; 1.60 84.4 Ref 80.8
20-<40 mg day™" 8° 147 1.46 [0.82; 2.10 82.0 0.33
>40 mg day~! 5° 107 0.72 [0.25; 1.19 60.2 0.61

“Grassi 2015D (800-<900 mg day™ "), Grassi 2015A, Grassi 2015B and Grassi 2015C (500-<800 mg day™ ") are counted in different dose categories.
b Grassi 2015D (>40 mg day ™), Grassi 2015C (20-40 mg day™"), Grassi 2015A and Grassi 2015B (0-<20 mg day~") are counted in different dose cat-
egories. Grassi 2015D (>150 mg day™"), Grassi 2015C (50-150 mg day™"), Grassi 2015A and Grassi 2015B (0-<50 mg day ') are counted in

different dose categories.

relationship can be seen between total flavanols, (—)-epicate-
chin, and (+)-catechin with FMD, with a maximum vascular
effect for 710 mg total flavanols (FMD 2.5%), 95 mg (—)-epica-
techin (FMD 3%) and 25 mg (+)-catechin (FMD 2.5%). A
physiologically relevant effect size of 1% increase in FMD
could be achieved with doses ranging from 150 to 1000 mg of
total flavanols, 40 to 140 mg of (—)-epicatechin, or 15 to 38 mg
of (+)-catechin. The curve for total flavanols without (—)-epicate-

6326 | Food Funct, 2019, 10, 6322-6330

chin depicted a different shape, suggesting that (—)-epicatechin
content could be responsible for an important part of the
relationship with FMD. Altogether, the results indicate that the
(—)-epicatechin dose in the different interventional products
plausibly drives the biological effect over the vasculature. Other
ingredients also present in the treatments, such as theobromine
or carbohydrates, could not be plotted since insufficient data
points were available or there was no specific relationship.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Modelling of difference between intervention treatment FMD minus control treatment FMD [delta FMD (AFMD)] vs. (a) difference between
total flavanol in intervention treatment minus total flavanol control treatment (ATotal flavanols); (b) difference between (-)-epicatechin in interven-
tion treatment minus (—)-epicatechin control treatment (AEpicatechin); (c) difference between total flavanol without (-)-epicatechin in intervention
treatment minus total flavanol without (—)-epicatechin control treatment (ATotal flavanols without EC); (d) difference between (+)-catechin in inter-

vention treatment minus (+)-catechin control treatment (ACatechin).

Sensitivity analyses and publication bias

Sensitivity analyses with fixed-effects models did not differ sig-
nificantly from those observed in random-effects models (data
not shown). Removing studies individually did not substan-
tially change the differences in effect on FMD, with effect esti-
mates ranging from 0.96% (95% CI: 0.69, 1.24%) by removing
Farouque 2006A> to 1.14% (95% CI: 0.82, 1.46%) by removing
Mogollon 2013B* (see ESI Fig. 11). Egger’s test (p = 0.08),
Begg’s test (p = 0.03), and the funnel plot indicated that the
meta-analysis may be affected by publication bias (see ESI
Fig. 27). Overall risk of bias for each of the publications can be
seen in ESI Table 1.7

Discussion

The aim of this investigation was to assess the current scienti-
fic evidence on the relationship between cocoa flavanols and
endothelial function, measured by FMD, and to evaluate the
potential main bioactive and optimal dose from cocoa/choco-
late to affect endothelial function. Our meta-analysis included
15 clinical trials, 18 intervention arms with 730 participants

This journal is © The Royal Society of Chemistry 2019

using interventions of at least 7 days with cocoa drink, choco-
late, or both. The results showed an FMD improvement of
1.08% as a measurement of vascular endothelial function.
These findings support a previous meta-analysis that described
an overall effect of 1.34% FMD (CI: 1.00%, 1.68%) for studies
longer than 2 weeks (9 clinical trials with 545 participants).’?
Brachial FMD has been inversely associated with future

cardiovascular events.**3¢

Meta-analyses have suggested a
13% risk reduction of cardiovascular events with a 1% increase
of FMD.?”*® Hence, the improvement of FMD values observed
in our meta-analysis supports the notion that chronic con-
sumption of cocoa-derived products could decrease the overall
risk of cardiovascular diseases (CVD). Importantly, there is a
stronger association between FMD and CVD risk for diseased
populations than for asymptomatic populations.® Therefore,
even small increases in FMD could be relevant for diseased
populations.

A further subgroup analysis with different levels of total fla-
vanols, (—)-epicatechin or (+)-catechin in the intervention treat-
ments showed significantly higher FMD improvement with
treatments containing between 50 to 150 mg of (—)-epicate-
chin. Interestingly, interventions with lower or higher doses of
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(-)-epicatechin showed a lesser effect on improving
endothelial function. Modelling the dose of flavanols (—)-epi-
catechin and (+)-catechin in the trial treatments depicted an
inverted U shape with maximum effect observed at
710 mg total flavanols, 95 mg (—)-epicatechin and 25 mg
(t)-catechin. It is worth noting that (—)-epicatechin and
(+)-catechin levels are correlated in the test treatments used in
the analysed studies ( = 0.78). Therefore, we cannot infer the
individual impact of each of them on improving endothelial
function.

Acute clinical trials demonstrating improvement in FMD
outcomes with other high-polyphenol-containing foods
described an inverted U shape relationship similar to that
observed with cocoa polyphenols in this analysis. For instance,
single consumption of several doses of blueberry drinks
(from freeze-dried powder) showed a dose response with a
maximum effect at 766 mg of polyphenols.>®* Higher doses
containing 1278 or 1791 mg of polyphenols did not show
a higher impact on FMD values. Another study with
different doses of cranberry juice demonstrated an improve-
ment on FMD.*® An inverted U shape was observed with the
dose containing 1238 mg of total polyphenols being the most
effective.

The idea that there is an optimal dose range of bioactives
that would result in an optimal and physiologically relevant
health effect could have large consequences for future dietary
recommendations. In addition to the notion that higher con-
centrations do not always bring more benefits, the seasonal
variation and the influence of processing on the polyphenol
content in flavanol-rich foods could have significant impact on
the health benefits that may be expected from the consump-
tion of these foods. It is all the most important since, contrary
to micronutrients (e.g. vitamins and minerals), these bioactives
are not stored within the human body.

Our meta-analysis has some inherent limitations. Firstly,
although 15 studies (with 18 study arms) were included, there
is high variability in the health status of the participants as
well as in the duration of the treatments (from 7 to 84 days).
Heterogeneity in treatment duration and other study character-
istics was investigated through subgroup analyses. However,
due to varying definitions of health status used in individual
studies (e.g. diabetic, hypertensive, overweight, etc.), it is
impossible to conduct subgroup analyses by health status
except via BMI categories. Furthermore, a number of these
studies did not describe the specific flavanol levels (i.e (—)-epi-
catechin or (+)-catechin) in the treatments. Consequently, the
levels of flavanols in these cases had to be estimated from
other publications. High heterogeneity was also found in the
data analysed (I* = 80%). Subgroup analysis did not show a sig-
nificant decrease in heterogeneity except for a few subgroups.
Therefore, the high variability in trial characteristics, the need
to estimate the levels of specific flavanols in treated groups,
and the heterogeneity of primary data used, could reduce the
confidence of recommendations about the effect of consuming
cocoa-derived products to improve the vascular endothelial
function.
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In summary, our meta-analysis of randomized clinical trials
confirmed previous findings that consumption of flavanol-rich
foods such as cocoa drinks or chocolate could significantly
improve endothelial function. In addition, the modelling of
total flavanols, (—)-epicatechin and (+)-catechin content in the
treatments as a function of the improvement on FMD suggests
a limited range of optimal dose. However, further clinical
trials, particularly with a wide range of doses, are warranted to
confirm the effective dose of flavanols with optimal cardio-
vascular-related benefits.
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