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Benefits of dark chocolate intake
on retinal vessels functionality:

a randomized, blind, crossover
clinical trial
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There is a lack of knowledge about the effect of flavanols-rich dark chocolate intake on the anatomy
and functionality of retinal vessels. The aim of this study prospective, randomized, blind, crossover
clinical trial (ClinicalTrials.gov Identifier: NCT05227248, 07/02/2022) was to evaluate the effect of
dark-chocolate intake on the functionality and anatomy of the retinal vessels in healthy subjects using
dynamic vessel analyzer (DVA) and optical coherence tomography angiography (OCT-A). Twenty

eyes of 20 healthy subjects (mean age, 24.4 +1.6 years; 12 females) were enrolled. Participants were
randomized to consume 20 g of dark chocolate or 7.5 g of milk chocolate. Visual function, DVA and
OCT-A parameters were evaluated before chocolate consumption and two hours later. One week later,
the same participants were tested before and after consuming the opposite chocolate. Using OCT-A,
no differences were disclosed in terms of perfusion density changes after dark-chocolate and milk-
chocolate intake analyzing all chorioretinal plexuses (p>0.09 in all analyses). Using DVA, a significant
increase in the arterial dilation percentage after flicker stimulation was disclosed comparing baseline
(2.750 +2.054%) with values after the dark chocolate intake (4.145 +3.055%, p =0.016). This difference
was not disclosed after the milk chocolate intake (p=0.465). We disclosed that a reasonable amount of
flavanols-rich chocolate in healthy subjects has benefic functional short-term effects in retinal vessels
measured with DVA. This suggests a potential role of dark chocolate intake on retinal vessels. Further
studies with long-term follow-up are warranted to show if the chronic assumption of dark chocolate
could play a favorable role in the prevention of retinal diseases.

Cocoa and dark chocolate possess polyphenols as major constituents whose dietary consumption has been
associated with beneficial effects'. Cocoa polyphenols exert antioxidant effects and anti-inflammatory activi-
ties on various signaling pathways inducing the release of nitric oxide (NO) and resulting in vasodilation and
cardioprotective effects"*”. Indeed, polyphenols reduce blood pressure and improve blood flow to the brain in
healthy subjects'. Furthermore, NO release causes arterial vasodilation in healthy subjects, and it exerts anti-
inflammatory activity in situ by decreasing leukocyte recruitment and platelet aggregation”*®.

Studies published so far on the effects of chocolate on vision have led to different results. Briefly, Rabin et al.’
reported that the consumption of flavanol-rich chocolate significantly improves visual contrast sensitivity. On the
other hand, Siedlecki et al.'° disclosed no effects on visual function after chocolate intake. The introduction of new
imaging and functional methods, especially optical coherence tomography angiography (OCT-A) and dynamic
vessel analyzer (DVA), has made it possible to highlight and clarify various aspects related to ocular pathophysi-
ology and ocular diseases''™'. For this reason, the use of these new methods could clarify what the effects of
chocolate are on the retinal vessels*1%1>16, Siedlecki et al.!” reported no short-term effects of flavanol-rich dark
chocolate consumption by analyzing the perfusion density (PD) of retinal vessels on OCT-A. However, no pre-
vious studies reported the effect of chocolate consumption using an anatomic-functional test as DVA. Indeed,
DVA studies in a non-invasive way the endothelial function using the principle of neurovascular coupling'”8.
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The main objective of this clinical trial is to evaluate the effect of dark chocolate administration on the func-
tionality and anatomy of the retinal vessels in healthy subjects, by comparison with that given by the ingestion
of milk chocolate and to baseline.

Methods
This is a prospective, randomized, blind, crossover clinical trial enrolling healthy subjects from April 2021
to July 2021 at the Medical Retina & Imaging Unit of the Department of Ophthalmology, University Vita-
Salute, San Raffaele Hospital in Milan (Italy). The study was conducted in agreement with the Declaration of
Helsinki for research involving human subjects and it was approved by the San Raffaele Ethics Committee on
05/02/2020 (number 4/INT/2020). The trial was registered on ClinicalTrials.gov (ID NCT05227248, registered
on 07/02/2022). All included patients signed a written informed consent to participate in this study.

Inclusion criteria for the study group were: (1) age 18 or over; (2) healthy volunteers who can understand
and sign informed consent.

Exclusion criteria included: (1) inability to follow planned procedures; (2) opacity of the dioptric influencing
the execution of the examinations; (3) ocular pathologies and systemic hypertension; (4) myopia greater than
— 8.0 diopters (D), hyperopia greater than 5.0D, and/or astigmatism greater than 3.0D.

Study protocol

Healthy subjects underwent a complete ophthalmologic evaluation at baseline, including the assessment of dis-
tance best-corrected visual acuity (BCVA) and multimodal imaging evaluation. In detail, the healthy subjects
were evaluated using structural spectral-domain optical coherence tomography (SD-OCT, Spectralis, Heidelberg
Engineering, Heidelberg, Germany), OCT-A (PlexElite 9000, Carl Zeiss Meditec, Inc., Dublin, USA), evaluation
of retinal vascular functionality by DVA (Imedos, Jena, Germany), and evaluation of retinal vessel diameter using
Retinal Vessel Analyzer (RVA, Imedos GmbH, Jena, Germany). The same subjects repeated the full ophthalmo-
logic evaluation two hours after consuming dark chocolate or milk chocolate.

All subjects were randomized into two different groups flipping a coin by a senior investigator (RS): the
first group started with dark chocolate administration (20 g containing 400 mg of flavanols and more than
90% of pure coca) and after a week repeated all the examinations after milk chocolate intake (7.5 g containing
approximately 30% of pure cocoa), whereas the second group started with the administration of milk chocolate
and after a week repeated all the examination after dark chocolate (Fig. 1). The choice of the quantity of both
chocolate administrations was based on a previous published paper®. In order to maintain the blind design, the
main examinator did not know which kind of chocolate was administrated. Also, the patient was not informed
on the kind of chocolate that was administrated, even if the subjects could identify the type of chocolate by taste.

Participants were instructed to avoid smoking activity, and intake of caffeine, alcohol, and milk products 24 h
prior to examinations. Furthermore, in order to avoid possible confounding effects due to blood pressure changes,
all subjects were instructed to rest on the examination chair for 10 min prior to the examination. Finally, all
patients were tested between 9 and 11 a.m. and all examinations were performed by a single-trained grader (M.P).

The primary outcomes of the study were changes in retinal perfusion using OCT-A and changes in retinal
vascular response to flicker stimulation using DVA after dark chocolate intake.

Structural SD-OCT measurements

Central macular thickness (CMT) was recorded with the Spectralis software (Heidelberg Eye Explorer, version
1.9.11.0 Heidelberg Engineering, Germany) in the central 1-mm-diameter circle of the ETDRS thickness map.
Subfoveal choroidal thickness (ChT) was assessed by measuring the distance between Bruch’s membrane inter-
face and sclerochoroidal interface. Mean ChT was assessed as the mean between subfoveal ChT, ChT measured
1000 pm nasally and temporally to the fovea'®. All measurements were performed by two trained graders (M.P.
and A.S.) and mean measurement was considered for the statistical analysis.

OCT-A image acquisition and analysis

In all subjects, a scanning area of 6 x 6 mm was adopted, centered on the foveal area. En-face flow images of
superficial capillary plexus (SCP), deep vascular complex (DVC) including both intermediate and deep capillary
plexuses®, and choriocapillaris (CC) were obtained and imported into Image] 1.50 software (National Institutes
of Health, Bethesda, Maryland, USA).?° Foveal avascular zone (FAZ) area was manually outlined using the poly-
gon selection tool in the whole retinal plexus, and its dimension was expressed as square millimeters (mm?). The
area was outlined by two trained graders (R.S. and A.S.), and the mean area measurement was considered for the
statistical analysis. Perfusion density of SCP, DVC, and CC was calculated as previously reported'>*!. In detail,
SCP and DVC images were binarized through the Mean’s thresholding and PD was calculated as the ratio of
white pixels (i.e. vessels) and the total pixels after FAZ exclusion. Choriocapillaris images were binarized through
Phansalkar’s thresholding (radius, 15 pixels) and PD was calculated as the ratio of white pixels (i.e. vessels) and
the total pixels after exclusion of the CC directly beneath major superficial retinal vessels in order to eliminate
potentially confounding shadow or projection artifacts.

Dynamic vessel analysis

Dynamic Vessel Analyzer is a tool that dynamically assesses the degree of arterial and venous dilation upon
stimulation with flicker light. All subjects were requested to remain focused on a tip bar along the examination
while the fundus was enlightened with a green light (average luminance 130 cd/m?). In order to perform the
dynamic analysis, a superior or inferior temporal venous and arterial segment located between one-half and
two-disc diameters from the optic disc margin was chosen. During the examination (350 s) 3 cycles of flicker/
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Figure 1. Flowchart reporting the design and the flow of participant in the study.

non-flicker light were registered. The DVA creates a flicker with an optoelectronic shutter that interrupts the light
source with a bright-to-dark ratio of 25:1 at a frequency of 12.5 Hz, to maximize vasodilation and blood flow
during flicker>-*. Vessel diameters were expressed in measurement units (MU); vessel dilation was measured
by calculating the percentage increase in vessel diameter relative to baseline after 20 s of flicker stimulation and
averaging the 3 measurement cycles.

Static vessel analysis

Using the FF450 retinal camera, included in the DVA system, a 50-degree fundus photograph was acquired in
each subject. VISUALIS and VesselMap Software allowed the analysis of these photographs using the brightness
profile of the vessel®. In all subjects, we calculated the central retinal artery equivalent (CRAE), which relates
to the diameter of the central retinal artery and the central retinal vein equivalent (CRVE), which relates to the
diameter of the central retinal vein.

Statistical analysis

A sample size of 17 eyes has a greater than 80% power to identify a variation of 5% in PD of retinal plexuses
between pre and post chocolate intake, with an estimated standard deviation of the change outcome of 1.5% and
an alpha error of 0.05%. Allowing an additional 20% of the estimated sample size in order to counter possible
withdrawn patients, we estimated that 20 eyes would be required.

Statistical analysis was performed using SPSS statistics software version 28.0.1.0 (SPSS Inc., cIBM, Chi-
cago, IL, USA). Descriptive analyses were reported as counts and percentages for categorical variables, and as
means + standard deviation for quantitative variables. The intraclass correlation coefficient (ICC; 95% CI) was
used to estimate the agreement between individual measurements from both readers. Continuous variables were
tested for normal distributions, according to the Kolmogorov-Smirnov test. Comparisons of arterial diameter,
arterial dilation, arterial constriction, venous diameter, venous dilation, CRAE, CRVE, FAZ, PD of SCP, PD of
DVC, and PD of CC between different timepoints (before and after dark chocolate and milk chocolate intakes)
were performed using repeated measures analysis of variance (ANOVA) with LSD post hoc analysis. Correla-
tions between OCT-A parameters with age and refractive error were investigated using the Pearson correlation
coefficient. In all analyses, p-values < 0.05 were considered as statistically significant.
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Results

Demographics and main clinical findings

Twenty eyes of twenty healthy subjects with no prior ophthalmologic or medical history were included in this
study. Twelve subjects (60%) were females, and 8 subjects (40%) were males. All patients were Caucasian and
the mean age was 24.4+ 1.6 years old (median 24, range 23-29). BCVA was 20/20 Snellen equivalent (0.0+0.0
LogMAR) in all patients, and the mean refractive error was — 1.8+ 2.1D (median — 0.75, range — 5.00 to +0.50).
All the demographics of the study population were reported in Table 1.

Dynamic vessel analysis

A dynamic vessel analysis was performed in order to evaluate the response of retinal vessels to flickering light.
Importantly, the diameter of the artery and of the vein selected for the analyses was not different between the
different DVA examinations (p=0.210 and p =0.415 for the arterial diameter and venous diameter analysis,
respectively) (Table 2). This is of paramount importance, reflecting that the same kind of vessels was selected
for the different examinations with reliable analysis.

Analyzing the response of the retinal vessels to the flicker light, we disclosed a significant increase in the
arterial dilation percentage after the dark chocolate intake in comparison to the baseline (mean arterial dilation
of 2.750+2.054% at the baseline vs 4.145 +3.055% after the dark chocolate intake, p=0.016) (Fig. 2A,B). This
difference was not disclosed after the milk chocolate intake (p=0.465) (Table 2) (Fig. 2C,D). On the other hand,
the arterial constriction after the dilation due to the flicker light showed no changes after both dark chocolate
and milk chocolate intake (p=0.934 and p =0.575, respectively).

Analyzing the venous dilation percentage, there was an increasing trend after the dark chocolate intake (mean
venous dilation of 3.265+3.159% at the baseline vs 4.465 +2.969% after the dark chocolate intake, p =0.086),
and lower changes after the milk chocolate intake (p =0.124) (Table 2).

Static vessel analysis
By means of RVA, the static analysis disclosed no significant difference in mean CRAE and mean CRVE before
and after the dark chocolate and milk chocolate intake. Since CRAE and CRVE are related to the diameter of the

Study population (n=20)
Age, years (mean+SD) 244+1.6
Sex, n (%)
Females 8 (40)
Males 12 (60)
BCVA, LogMAR (mean +SD) 0.0+0.0
Refractive error, D (mean +SD) -1.8+2.1
CMT, pm (mean * SD) 278+17
Subfoveal ChT, um (mean + SD) 299+98
Mean ChT, um (mean + SD) 298+99

Table 1. Demographics and main clinical features at the baseline of the study population. n number, SD
standard deviation, BCVA best-corrected visual acuity, D diopters, CMT central macular thickness, ChT
choroidal thickness.

Milk chocolate Dark chocolate

ANOVA | Pre-intake Post-intake Pre-intake Post-intake

Pvalue* | Mean*SD Mean+SD Pvalue* | Mean+SD Mean+SD P value*
Arterial diameter, MU 0.210 1159+11.9 113.9+11.1 0.232 116.8+£10.9 119.1+16.8 0.408
Arterial dilation, % 0.047 2.935+2.699 3.510+2.326 | 0.465 2.750+2.054 4.145+3.055 | 0.016
Arterial constriction, % 0.957 -0.460£1.576 | —0.010£2.830 | 0.575 —0.390+2.194 | —0.455+2.229 | 0.934
Venous diameter, MU 0.415 143.4+£16.8 145.3+14.1 0.455 145.4+15.8 142.5+16.6 0.215
Venous dilation, % 0.281 2.970+3.013 4.330£3.521 | 0.124 3.265+3.159 4.465+2.969 | 0.086
CRAE, MU 0.161 247.7+36.8 264.3+41.2 0.099 275.0+48.4 257.0£54.5 0.152
CRVE, MU 0.145 257.2+41.4 274.8+52.6 0.055 272.6+41.1 277.6+45.0 0.658

Table 2. Dynamic and static vessel analysis of the study population. Statistical analysis: analysis of variance
(ANOVA) for repeated measures with LSD post-hoc analysis. ANOVA analysis of variance, SD standard
deviation, CRAE central retinal artery equivalent, CRVE central retinal vein equivalent, MU measurement
units. *ANOVA for repeated measures. + Comparison between pre-intake and post-intake using LSD post-hoc
analysis.
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Figure 2. DVA analysis of a representative case. DVA analysis showing the arterial dilation and constriction
after flicker stimulation before and after dark chocolate intake (A,B) and before and after milk chocolate intake
(C,D). Of note, arterial dilation was greater after dark chocolate intake (B) in comparison to the pre-intake
examination.

central retinal artery and vein, respectively, we did not disclose any significant change in the mean diameter of
major retinal vessels after both chocolate intakes. All data are reported in Table 2.

OCT-angiography analysis
Regarding the analysis of retinal plexuses using OCT-A, no significant change was found in FAZ area by com-
paring examinations before and after dark chocolate intake (p=0.095) and milk chocolate intake (p =0.502).
Interobserver variability between readers was excellent for FAZ measurements (ICC=0.991 [0.978-0.996]).
Perfusion density among SCP, DVC, and CC did not show any significant change before and after dark chocolate
and milk-chocolate intakes (Table 3). Of note, the only trend that was disclosed in this analysis, was a greater PD
of the SCP after the dark chocolate intake, although this difference was not statistically significant (p=0.090).
The signal strength index (SSI) of examinations did not show any significant difference among the different
examinations (p > 0.2 in all analyses). Sex, patient age, and refractive error did not influence significantly the
FAZ area, and PD of the whole analyzed plexuses (p > 0.1 in all analyses).

Discussion

In this study, using a multimodal imaging evaluation including DVA and OCT-A, we analyzed the functional
and structural changes induced by dark chocolate intake in comparison to milk chocolate intake. We disclosed a
significantly greater dilation response of arterial vessels to flicker stimulus after dark chocolate intake, suggesting
a beneficial effect of dark chocolate on retinal circulation.

Our hypothesis is that the greater dilation response of arterial vessels after dark chocolate intake is due to
the chocolate flavonoids. Flavonoids, one of the major constituents of dark chocolate, have long been known to
have beneficial effects on the cardiovascular system'. The potential health benefits of flavanol span a wide range
of organs and indications: in cardiovascular disease, for example, flavanols have been reported to lower systemic

Milk chocolate Dark chocolate
ANOVA | Pre-intake Post-intake Pre-intake Post-intake
Pvalue* | Mean+SD Mean +SD Pvalue* | Mean+SD Mean +SD P value*
FAZ, mm? 0.364 0.180+0.059 | 0.177+0.056 | 0.502 0.176+0.052 | 0.181+0.058 | 0.095
PD SCP, % 0.404 42.4+23 42.3+3.5 0.862 41925 43227 0.090
PD DCP, % 0.960 40.5+2.1 40.2+3.3 0.615 404+2.6 40.4+3.0 0.937
PD CC, % 0.290 74.0+2.1 73.6+2.0 0.368 74321 74.0+2.0 0.578

Table 3. Optical coherence tomography angiography analysis of the study population. Statistical analysis:
analysis of variance (ANOVA) for repeated measures with LSD post-hoc analysis. ANOVA analysis of variance,
SD standard deviation, FAZ foveal avascular zone, PD perfusion density, SCP superficial capillary plexus, DCP
deep capillary plexus. *ANOVA for repeated measures. *Comparison between pre-intake and post-intake
using LSD post-hoc analysis.
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blood pressure, optimize coronary perfusion, and limit thrombocyte aggregation'. Cocoa flavonoids, in fact,
cause the NO release by activation of endothelial NO synthase, resulting in vasodilation and cardioprotective
benefits”’. NO can activate soluble guanylate cyclase in smooth muscle cells and platelets, resulting in an increase
in cyclic guanosine monophosphate (cGMP). Smooth muscle cell relaxation and platelet aggregation inhibition
result from the subsequent blockage of calcium flow and decrease in cytosolic calcium concentration®. Further-
more, cGMP can raise cyclic adenosine monophosphate (cAMP), which activates prostacyclin®. Interestingly,
prostacyclin serves as a vasodilator in conjunction with NO, helping to protect against thrombosis. Further-
more, prostacyclin’s ability to lower plasma leukotrienes enhances its anti-inflammatory and vasoprotective
characteristics®. The potential of cocoa flavonoids to improve cerebral blood flow in healthy young people, as
measured by functional magnetic resonance imaging (FMRI), is an important neurotrophic impact of cocoa
flavonoids®. Increased blood flow in the middle cerebral artery has been linked to protective benefits in the
treatment of dementia and stroke®'.

Differently from other specialists, the ophthalmologist has the opportunity to directly visualize and analyze
arterial and venous vessels. This is the reason why we decided to take advantage of this possibility and we used
a multimodal analysis to evaluate the effect linked to the administration of dark chocolate on the functionality
and anatomy of the retinal vessels in healthy subjects. Concerning visual function, Rabin et al.? in 2018, have
reported that consuming flavanol-rich chocolate significantly improves visual contrast sensitivity owing to sup-
posedly improved oxygenation of the retina. Subsequently, Siedlecki et al.' further investigated the correlation
of subjective flavanol effects on visual function and on the retinal perfusion measured with OCT-A. Including
20 healthy patients, the authors found no relevant changes in retinal perfusion after consumption of dark or milk
chocolate. Most recently, a study conducted by Scuderi et al.*? confirmed previously reported data, showing no
significant changes of retinal and CC perfusion using OCT-A after intake of dark or white chocolate®?.

Our analysis confirmed the results of previously cited studies because we disclosed no significant difference
in the PD of SCP, DVC, and CC after dark chocolate or milk chocolate intake. We found a slightly positive trend
of greater perfusion in the SCP after the ingestion of dark chocolate compared to the baseline (PD of 41.9+2.5%
vs 43.2+2.7%, p=0.090) that was not disclosed after milk chocolate intake. Nevertheless, based on previous
studies, the sample size of our study was calculated based on a variation of 5% in the PD of retinal plexuses.
The difference in PD after dark chocolate intake was lower than 5% and, for this reason, we did not consider it
clinically significant.

The novelty of our study was the application for the first time of DVA and RVA. While OCT-A studies mainly
anatomical changes of retinal vessels, DVA studies retinal vessels from a functional point of view, allowing the
identification of endothelial function'®. The mechanisms involved in the retinal vasodilation due to flicker are,
however, not yet fully understood. It was suggested that the main mechanism related to flicker-related vaso-
dilation is mediated by the endogenous NO'83*3* Several factors influenced the flicker-related vasodilation,
such as preeclampsia®, cardiovascular disease®®, hypercholesterolaemia®, obesity®®, diabetes®®, and systemic
hypertension®. Using DVA, we found a significantly greater dilation response of arterial vessels to flicker stimulus
after the intake of dark chocolate, compared to the dilation response at baseline (arterial dilation after flicker
of 2.750+2.054 vs 4.145+ 3.055 before and after the dark chocolate intake, respectively, p=0.016). The greater
dilation response has been partially evident also for the venous vessels, although no significance was found
(p=0.086). This difference in the dilation response between the artery and the vein could be due to the different
anatomical composition of the two vessels, allowing retinal arteries more responsive to the NO vasodilation effect.
Indeed, thanks to the presence of smooth muscle cells, arterial vessels respond more in terms of dilation after
NO release in comparison to venous vessels and capillaries (explaining the no differences disclosed by OCT-A).
The flavonoids contained in high quantities inside the administered dark chocolate should be able to trigger
endothelial NO synthase to produce more NO. NO is known to play a key role in arterial smooth muscle vaso-
dilation and this could explain the results we found*’. Supporting the positive role of flavonoids, we also found
that the arterial vessel dilation at the flicker analysis has no significance in the same subjects after the ingestion
of milk chocolate. This is explained by the low dose of flavonoids in milk chocolate (approximately 30% of pure
cocoa) in comparison to dark chocolate (approximately 90% of pure cocoa).

Limitations of the present study should be kept in mind. First of all, the relatively small sample size. Another
important issue in the design of prospective studies on this topic is that the subject can easily recognize using
taste what is the type of chocolate she/he is ingesting. For this reason, the double-blind study is difficult to carry.
However, being our study based on morphological analyses, this should not have a great impact on the analysis.
Furthermore, since visual function evaluations after chocolate intake were not conducted, the clinical significance
of the observed retinal artery dilation due to dark chocolate intake remains unclear.

As a strength, our study is the first that integrated DVA, RVA, and OCT-A and investigated changes in vessel
morphology and functionality as objective parameters for the evaluation of possible flavanol effects. The results
of our study show a greater dilation response, especially of the arteries following the intake of dark chocolate. Of
course, this is not enough to state that the benefits in vessel dilation inside by dark chocolate intake has effects
on retinal diseases. Further longitudinal studies with a chronic assumption of dark chocolate should be carried
out in order to evaluate the potential beneficial role of dark chocolate in terms of prevention of pandemic retinal
diseases (i.e. age-related macular degeneration, diabetic retinopathy, and others) and/or in terms of slowing the
progression of cited retinal diseases. Indeed, due to the study’s focus on healthy young participants, there is a
possibility that there is no impact on patients with retinal diseases.

We hypothesized that the effects of dark chocolate intake on arterial vessels were due the effects of the flavo-
noids; however, this correlation need further studied in order to be proven.

Furthermore, the study did not investigate the amount of flavanols that the subjects regularly consume in
their daily lives. We cannot exclude that healthy participants already had a high baseline level of flavanols, thus
additional benefits from supplementation may not be apparent.
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In conclusion, we disclosed that a reasonable amount of cocoa in healthy subjects has benefic functional

short-term effects in retinal vessels. This could suggest a potential role of dark chocolate intake in the prevention
of retinal diseases. However, our results need a cautious interpretation due to targeting healthy young individuals
and lack of confirmation of long-term effects. Further studies are warranted to better understand if the chronic
assumption of dark chocolate could play a favorable role in the clinical course of retinal diseases.

Data availability
The data used to support the findings of this study are available from the corresponding author upon request.
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