Psychopharmacology (2019) 236:811-819
https://doi.org/10.1007/500213-018-5114-2

ORIGINAL INVESTIGATION

@ CrossMark

Effects of caffeine on intraocular pressure are subject to tolerance:
a comparative study between low and high caffeine consumers

Jesus Vera' - Beatriz Redondo ' ® - Rubén Molina’ - Javier Bermudez' - Raimundo Jiménez'

Received: 27 July 2018 / Accepted: 6 November 2018 /Published online: 11 November 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Background Caffeine has a well-established effect on intraocular pressure (IOP) and ocular perfusion pressure (OPP); however,
the possible differences between low- and high-caffeine consumers remain unknown.

Methods In this placebo-controlled, double-blind, and balanced crossover study, 40 healthy individuals were divided in low-
(n=21) and high (n=19)-caffeine consumers, according to their daily caffeine consumption. All participants ingested either
caffeine (4 mg/kg) or placebo, and IOP and OPP were measured after 30, 60, and 90 min of ingesting caffeine or placebo.
Subjective feelings of arousal were also obtained.

Results Caffeine induced an acute IOP rise (p < 0.001, p2 = 0.408), whereas habitual caffeine demonstrated a mediating effect on
the IOP changes induced by caffeine intake, with high-caffeine consumers showing a less accentuated IOP rise in comparison to
low-caffeine consumers. The greatest IOP change induced by caffeine intake was reached after 90 min from capsule ingestion,
being more accentuated for the low-caffeine consumers (+ 3.4 mmHg) than for the high-caffeine consumers (+ 1.2 mmHg).
Consequently, the participants reported higher levels of perceived arousal after ingesting caffeine in comparison to placebo (p =
0.002, p2 = 0.222); however, similar responses were given by high- and low-caffeine consumers (p = 0.256). Our data did not
reveal any effect of caffeine consumption on OPP (p =0.304).

Conclusions These results suggest that IOP responsiveness to caffeine ingestion is subject to tolerance, which could have
important implication in the management of glaucoma. This finding may be due to alterations in the adenosine receptor system
caused by chronic caffeine consumption. Future studies are needed to assess if these findings are also applicable to patients with
glaucoma.
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Introduction

Caffeine is the most widely consumed psychoactive drug
worldwide, with coffee being the primary source of caffeine
intake (Barone and Roberts 1996). The consumption of caf-
feine has demonstrated to provoke ergogenic effects on phys-
ical and cognitive tasks (de Morree et al. 2014; Einéther and
Giesbrecht 2013; Haskell et al. 2005; Smirmaul et al. 2016), as
well as a wide range of physiological and behavioral benefits
(Glade 2010). Also, the impact of acute and regular coffee
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consumption on health status has been a matter of debate
and controversy in the last years (Grosso et al. 2017,
Loftfield et al. 2018). Recent evidence suggests that coffee
consumption has beneficial effects for a variety of chronic
diseases (e.g., cancer, neurological and metabolic conditions),
whereas potential adverse effects have been described for
pregnancy-related outcomes (e.g., low birth weight), as well
as for cardiovascular conditions, although the latter may be
influenced by the confounding effect of smoking (Grosso
et al. 2016, 2017).

In relation to the effects of caffeine consumption on ocular
health status, there are several studies that have explored the
impact of caffeine on a variety of ocular indices such as ocular
blood flow (Okuno et al. 2002), retinal vessel diameter (Terai
et al. 2012) choroidal thickness (Vural et al. 2014), tear secre-
tion (Osei et al. 2014), amplitude of accommodation (Abokyi
et al. 2016), or oculomotor control (Connell et al. 2017)
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among others. Also, it is noteworthy that numerous researches
have focused their attention on the ocular variables related to
the incidence and progression of glaucoma, since this disease
is the leading cause of irreversible blindness worldwide
(Tham et al. 2014). In this regard, intraocular pressure (IOP)
and ocular perfusion pressure (OPP) are determinant factors in
the management of glaucoma (De Moraes et al. 2011;
Cherecheanu et al. 2013). The consumption of caffeine seems
to have an acute effect on the IOP and OPP levels in clinical
populations (Avisar et al. 2002; Li et al. 2011; Jiwani et al.
2012), although negligible effects have been also reported in
healthy individuals (Li et al. 2011; Terai et al. 2012;
Dervisogullari et al. 2016). The long-term effects of habitual
caffeine intake has demonstrated to be positively associated
with elevated IOP (Chandrasekaran et al. 2005; Kang et al.
2008), suggesting that caffeine consumption may not be ad-
visable when a stable IOP and OPP behavior is required (i.e.,
glaucoma patients).

A tolerance to caffeine’s effects on the central nervous sys-
tem, which attenuates the cardiovascular and neuroendocrine
responses, has been described for habitual caffeine consumers
(Nehlig et al. 1992; Corti et al. 2002; Ferré 2008; Grosso et al.
2017). In this regard, habitual caffeine consumption has been
described as a possible mediating factor on the physiological
and subjective effects of caffeine consumption, although con-
troversial results have been found in this regard (Watson et al.
2002; Childs and De Wit 2006; Kennedy and Haskell 2011).
According to Corti et al. (2002), categorization of the partic-
ipants depending on their caffeine consumption habits is es-
sential when analyzing the physiological effects of caffeine
intake. Recent studies on the effects of caffeine on the ocular
physiology have compared the possible differences between
habitual and non-habitual caffeine consumers (Ismail et al.
2018); however, the impact of caffeine consumption habits
on the IOP and OPP variations caused by caffeine ingestion
remains unknown. Also, the effects of caffeine vary with the
weight of consumers, being the effects of an arbitrary amount
of caffeine higher in an individual with lower weight (Nehlig
et al. 1992), and this fact has been frequently ignored when
exploring the influence of caffeine on the ocular physiology
(Li et al. 2011). Importantly, some studies have used regular
coffee vs. decaffeinated coffee, which may allow to know the
consumed beverage to the participants, probably by differ-
ences in the taste. In these cases, the expectancy theory of
placebo effects argues that participant’s beliefs about the sub-
stance consumed modulate the physiological response and
subjective perceptions to caffeine (Mikalsen et al. 2001).
Moreover, the factors previously mentioned need to be con-
trolled, and may explain the different results found in the
literature about the effects of caffeine consumption on the
ocular physiology, and specifically on IOP and OPP.

In view of the observed limitations, the present placebo-
controlled, double-blind, and balanced crossover study aimed
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to compare the short-term effects of caffeine intake on IOP
and OPP between low- (< one cup of coffee per day) and high
(> two cups of coffee per day)-caffeine consumers. The caf-
feine dose was adjusted to participant’s weight (4 mg/kg) and
the dependent variables (IOP and OPP) were assessed 30 min,
60 min, and 90 min after caffeine/placebo ingestion, as it has
been commonly carried out in the related literature (Li et al.
2011). Based on the previous evidence, we hypothesized that
a more stable IOP and OPP behavior after caffeine consump-
tion could occur in high-caffeine consumers in comparison
with low-caffeine consumers, as it has been demonstrated
for other physiological indices (Kennedy and Haskell 2011,
Grosso et al. 2017).

Methods
Participants and ethical approval

For the purposes of the study, low consumers were defined as
those who reported to consume one or less cup of coffee (or
other caffeinated drink) per day, whereas high consumers were
defined as those who consumed two or more cups of coffee (or
other caffeinated drink) per day. A total of 40 university stu-
dents were recruited to participate in this study, and were
divided in low consumers and high consumers according to
their habitual level of caffeine intake (see Table 1 for a
description of the experimental sample). The participants were
screened according to the following inclusion criteria: (i) be
free of any systemic or ocular disease, (ii) not taking any
medication, (iii) not presenting allergy to xanthines, (iv) have
a baseline IOP <21 mmHg which is considered as the upper
limit for normal intraocular pressure (National Health and
Medical Research Council 2010), and (v) have a blood pulse
difference lower than 60 mmHg at baseline conditions, which
is considered an indicator of possible cardiovascular disorders
(Franklin et al. 1999). In addition, smokers were excluded
from the study, since smoking causes an acute rise in blood
pressure (Rysz et al. 2017). Also, all participants were asked to
refrain for alcohol and caffeine-based drinks before attending
to the laboratory in both experimental conditions, and to sleep
at least 7 h the night prior to testing. The experimental proto-
col followed the guidelines of the Declaration of Helsinki, and
it was approved by the University of Granada Institutional
Review Board (IRB approval, 438/CEIH/2017).

Experimental design

We used a double-blind, mixed design to assess the short-term
effects of caffeine consumption on IOP and OPP in low- and
high-caffeine consumers. The within-participants factors were
the caffeine consumption (placebo and caffeine) and point of
measure (baseline, 30 min, 60, min, and 90 min), whereas the
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Table 1 Descriptive (mean +

standard deviations) Low-caffeine High-cafteine Total sample

characteristics of the experimental consumers consumers

sample
Sample size 21 19 40
Age (years) 223+4.7 21.9+2.8 22.1+3.9
Gender (males/females) 8/13 7/12 15/25
Caffeine consumption (cups of coffee per day) 0.5+0.5 3.1+0.7 1.7+1.4
Weight (kg) 65.5+11.1 66.4£9.9 65.9+10.4
Height (cm) 168.1£7.2 171.6£8.2 169.7+7.8
Central corneal thickness (pum) 530.9+14.3 5334+182 532.1+16.1

kg kilogram, cm centimeter, jm micrometer

between-participants factor was the habitual caffeine intake
(low consumers and high consumers). The dependent vari-
ables were IOP, OPP, blood pressure (BP), and the perceived
level of activation. We also recorded the participant’s subjec-
tive level of alertness/sleepiness at the beginning of each ex-
perimental session. This placebo-controlled, double-blind
study was carried out in two experimental sessions (on two
different days), and both sessions were scheduled at the same
time of day (+ 1 h) in order to avoid circadian fluctuations in
both IOP and BP (Millar-Craig et al. 1978; Agnifili et al.
2015). Both sessions were identical, and we only manipulated
the caffeine ingestion by the administration of a placebo or
caffeine (~4 mg/kg) capsule at the beginning of the experi-
mental session. For this purpose, a pharmacist laboratory
(Acofarma distribucion S.A., Madrid, Spain) prepared the
caffeine-containing capsules (caffeine anhydrous) and place-
bo capsules (corn starch); the contents of which were certified
safe for human consumption. Caffeine capsules were available
in steps of 20 mg (i.e., 200 mg, 220 mg, 240 mg), and they
were chosen based on participant’s weight. For example, two
participants whose weights were 61 kg and 79 kg consumed a
caffeine capsule of 240 mg and 320 mg, respectively. The
placebo capsule contained 300 mg of corn starch. Each treat-
ment dose (placebo vs. caffeine) was administered in an iden-
tical color, size, and shape capsule, and thus, it was indistin-
guishable. Aiming to accomplish the double-blind procedure,
the capsules were prepared and coded by a third person.

Instruments

A rebound tonometer (Icare Tonometer, TiolatOy, INC.,
Helsinki, Finland), which has been clinically validated and
has showed a good level of agreement with the Goldmann
tonometer (Pakrou et al. 2008), was used to assess IOP. Both
eyes were measured in randomized order at the different
points of measure (baseline, after 30, 60, and 90 min of cap-
sule ingestion). For data analysis, we followed the guidelines
of Armstrong (2013), who recommends to calculate the
intraclass correlation coefficient between eyes, and when this
value is close to 1, data from both eyes should be averaged.

The intraclass correlation coefficients between eyes ranged
between 0.952 and 0.992, and thus, we considered the average
value from both eyes for further analyses. The participants
were instructed to fixate on a distant target, and an experi-
enced examiner took six rapidly consecutive measurements
against his/her central corneal following the manufacturer’s
instructions. The tonometer indicates whether differences be-
tween measurements were acceptable, we only considered
values with low standard deviations (ideal measure). Central
corneal thickness was also measured by ultrasound
pachymetry (handheld pachymeter IOPac, Reichert
Ophthalmic Instruments, Depew, NY) (see Table 1).

BP was evaluated by an RX3 wrist digital automatic blood
pressure monitor (Omron, Hoofddorp, The Netherlands),
which has been clinically validated (Cuckson et al. 2004),
according to manufacturer’s specifications. OPP was indirect-
ly calculated from the IOP and BP values as OPP sitting = (95/
140 x MAP) — IOP (Quaranta et al. 2013), where mean arterial
pressure (MAP) = diastolic BP + 1/3 (systolic BP — diastolic
BP) (Costa et al. 2014).

Subjective questionnaires

The participants filled in the questionnaire Stanford
Sleepiness Scale (SSS) at the beginning of both experimental
sessions. This survey evaluates individuals’ self-reported acti-
vation, and it contains seven statements ranging from 1
“Feeling active, vital, alert, or wide awake” to 7 “No longer
fighting sleep, sleep onset soon, having dream-like thoughts”
(Hoddes et al. 1972). Additionally, we asked the participants
to complete a visual analog scale in order to evaluate the
subjective level of activation before the commencement of
the experimental session, and after 30, 60, and 90 min after
capsule ingestion. This numerical scale ranged from 1
“absolutely not activated” to 10 “extremely activated.”

Procedure

After signing the consent form, the participants were weight-
ed, and they filled out the subjective scales (SSS and level of
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activation) and completed a demographic and caffeine habits
questionnaire. Subsequently, we measured BP and IOP while
the participants were seated with neutral neck position. At this
moment, the corresponding capsule (placebo or caffeine)
along with a cup of water (100 ml) was administered. Then,
the level of activation, IOP and BP were assessed at the mi-
nutes 30, 60, and 90 after capsule ingestion.

Statistical analysis

Before any statistical analysis, the normal distribution of the
data (Shapiro-Wilk test) and the homogeneity of variances
(Levene’s test) were confirmed (p >0.05). A mixed ANOVA
with caffeine consumption (placebo and caffeine) and point of
measure (baseline, 30 min, 60, min, and 90 min) as the within-
participants factors, and the habitual caffeine intake (low con-
sumers and high consumers) as the between-participants fac-
tor, was carried out for all the dependent variables (IOP, OPP,
SBP, DBP, and subjective level of activation). The magnitude
of the differences was reported by the partial eta squared ( pz)
and Cohen’s effect size (ES) for F's and ¢ tests, respectively.
Statistical significance was set at an alpha level of 0.05, and
post hoc tests were corrected with Holm-Bonferroni proce-
dure. Statistical analyses were performed using the JASP sta-
tistics package (version 0.8.1.0).

Results

Table 2 shows the descriptive values for all the variables
assessed at the different points of measure. First, we checked
that all participants attended to the laboratory under the same
level of alertness/sleepiness by the analysis of the SSS, show-
ing no statistical significant differences for caffeine consump-
tion (F(1,38) < 1), habitual caffeine intake (F(1,38)=2.211,
p=0.145), as well as the interaction caffeine consumption x
habitual caffeine intake (F(1,38) < 1).

Effectiveness of the experimental manipulation
on subjective perception

The perceived level of activation yielded statistical signifi-
cance for caffeine consumption (F(1,38)=10.83, p=0.002,
p2 =0.222), point of measure (F(3,114)=15.096, p =0.002,
pz =0.118), and the interaction caffeine consumption x point
of measure (F(3,114)=6.656, p<0.001, pz =0.149).
However, no statistical differences were observed for habitual
caffeine intake (F(1,38)=1.331, p=0.256), and the interac-
tions caffeine consumption x habitual caffeine intake
(F(1,38)=1.329, p=0.256) and point of measure % habitual
caffeine intake (F(1,38)<1). Post hoc comparisons for the
point of measure revealed that the perceived level of activation
after 30, 60, and 90 min after capsule ingestion was
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significantly higher than the baseline level of activation
(corrected p values =0.007, 0.044, and 0.044; ESs=0.56,
0.44, and 0.43, respectively).

Effectiveness of the experimental manipulation
on intraocular pressure and ocular perfusion

The analysis of IOP showed statistically significant differ-
ences for caffeine consumption (F(1,38) =28.053, p <0.001,
p2 =0.408), point of measure (F(3,114)=5.029, p=0.003,
p2 =0.110), and the interaction caffeine consumption x point
of measure (F(3,114)=28.430, p < 0.001, p2 =0.409). For its
part, habitual caffeine intake (#(1,38) < 1) and the interaction
caffeine consumption * habitual caffeine intake (F(1,38)=
2.680, p =0.110) did not reach statistical significance; howev-
er, the interaction point of measure % habitual caffeine intake
(F(3,114)=2.862, p =0.040, pz =0.062) and the triple inter-
action caffeine consumption % point of measure % habitual
caffeine intake (F(3,114)=3.078, p=0.030, pz =0.044) ex-
hibited statistical significance. Post hoc comparisons of the
different points of measure demonstrated higher IOP values
after 60 and 90 min of capsule ingestion in comparison to the
baseline IOP measure (corrected p values =0.013 and 0.011,
and ESs=0.51 and 0.53, respectively). The mean changes on
IOP for the low-caffeine consumers were 2.7, 2.9, and
3.4 mmHg at 30, 60, and 90 min after caffeine consumption
in comparison to baseline values, respectively. For its part,
high-caffeine consumers had an IOP mean change after caf-
feine intake of 1.2 mmHg for all points of measure in com-
parison to baseline (Fig. 1).

OPP data did not indicate any statistical effect either for the
factor caffeine consumption (F(1,38)=1.088, p=0.304),
point of measure (F(3,114)< 1), and habitual caffeine
(F(1,38)< 1), as well as for all the possible interactions (F'<
1, in all cases).

Effectiveness of the experimental manipulation
on blood pressure

Systolic BP yielded statistical significance for the main factor

of caffeine consumption (F(1,38)=9.786, p=0.003, p2 =

0.203), and the interactions point of measure x habitual caf-

feine intake (F(3,114)=4.782, p =0.004, p2 =0.109) and caf-
feine consumption * point of measure x habitual caffeine

intake (F(3,114)=2.807, p=0.043, pz =0.056). Post hoc
analyses for the different points of measure did not reach sta-
tistical significance for any comparison (all corrected p values
>0.05).

Lastly, caffeine consumption demonstrated a statistical sig-
nificant effect on diastolic BP for caffeine consumption
(F(1,38)=10.168, p=0.003, p2 =0.209), and the main factor
of point of measure did not reach statistical significant but
may represent an effect (F(3,114)=2.573, p=0.057, p2:
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Table 2 Average + standard deviation values for the subjective and physiological measurements at the different points and measure and both

experimental conditions

Baseline 30 min 60 min 90 min
Placebo Caffeine Placebo Caffeine Placebo Caffeine Placebo Caffeine
Subjective perceptions
Perceived level of LC 23+12 23+1.0 - - - - - -
alertness (SSS) HC 20407  19+09 - - - - - -
Perceived level of activation LC 6.6+1.6 6.7+1.6 6.4+2.1 75+1.5 6.4+2.1 7.7+14 6.2+1.8 79+1.6
HC 7.1+1.5 7.1+£2.2 74+14 79+1.8 7.1+1.8 77+1.6 72+1.9 8.0+14
Physiological responses
Intraocular pressure (mmHg) LC 164+44  157+42 159+48 184+534 157+48 18.6+48 15.4+45 19.1+43
HC 16.1+34 15.6+3.1 15.0£3.7 16.8+2.81 153+£33 16.8+3.1 15.2+3.1 16.8+3.6
Ocular perfusion (mmHg) LC 443+104 43.7+10.7 456+94 46.8+11.55 443+103 455+9.0 45.0£8.9 46.0+9.1
HC 43.8+84 447+6.0 443+8.1 443+721 43.6+70 453+84 442+6.5 44.7+7.1
Systolic blood pressure LC 118.1£17.9 113.6+14.7 116.7+14.6 125.1+1645 116.6+17.1 122.1+£12.8 1159+14.7 125.7+15.1
(mmHg) HC 1163+13.3 116.5+9.7 111.8+10.0 1154+8.11 112.6+6.3 117.4+134 113.4+9.7 117.7+11.1
Diastolic blood pressure LC 753+13.6 747+14.0 77.7+13.7 81.8+£16.66 74.6+13.7 80.7+12.0 757+11.6 81.3+13.8
(mmHg) HC 744+129 751+93 752+10.6 77.4+1229 74181 787+122 746+87 77289

LC and HC refer to the groups of low- (n =21) and high (n = 19)-caffeine consumers, respectively

0.062). The rest of possible effects did not show any statistical
difference (all p values > 0.170). The comparison between the
different points of measure did not yield statistical signifi-
cance (all corrected p values > 0.05).

Discussion

Our data demonstrate that a single administration of caffeine
(~4 mg/kg) promotes an acute IOP rise. Relevantly, these
changes were dependent on habitual caffeine intake, with

a

- @ - High-consumers

Low-consumers

[,

Difference in intraocular pressure
(caffeine — placebo; mmHg)

-2

low-caffeine consumers exhibiting a more accentuated 10P
increment in comparison to high-caffeine consumers.
However, the level of habitual caffeine intake did not reveal
any effect on the perceived level of activation, since low- and
high-caffeine consumers reported similar subjective percep-
tions (higher activation) after caffeine consumption. For its
part, OPP did not vary after caffeine administration. This find-
ing suggests that the acute effect of a moderate dose of caf-
feine on IOP is subject to tolerance as a consequence of ha-
bitual caffeine consumption, and it should be considered by
ophthalmologists and optometrists, specially (i) when

30 min after
caffeine intake

60 min after
caffeine intake

90 min after
caffeine intake

baseline 30 min 60 min 90 min

point of measure

Fig. 1 Effect of caffeine consumption in high-and low-caffeine
consumers at the different points of measure. Panel a shows the
difference between the caffeine and placebo conditions, and panel b
represents the magnitude of the difference (effect size) at the different
points of measure after caffeine intake in comparison to the baseline

2 A 0 1 2
Standardized mean differences (Cohens’s d)

IOP measurement. Error bars represent the standard error and the 90%
confidence intervals in panels a and b, respectively. Asterisk denotes
statistical significance (corrected p value <0.05). All values are
calculated across the participants (n = 40)
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recommendations about caffeine habits are given to glaucoma
patients or those at risk, and (ii) it would be advisable that
patients, especially with glaucoma diagnosis or with ocular
hypertension, avoid caffeine consumption before IOP evalua-
tion during follow-ups, in order to obtain an accurate IOP
assessment.

An appropriate experimental design was confirmed by the
analysis of the SSS, which revealed that the participants
attended to both experimental sessions with a comparable lev-
el of alertness/sleepiness. Also, subjective levels of activation
converged with previous studies (Childs and De Wit 2006),
and revealed that caffeine intake increases feelings of arousal,
which cannot be attributable to participant’s beliefs since the
placebo and caffeine capsules were indistinguishable (identi-
cal color, size, and shape). In agreement with the accumulated
evidence about the caffeine ability to raise blood pressure as a
consequence of increases in total peripheral resistance (Grosso
etal. 2017), and with these effects being attenuated in habitual
caffeine consumers (Echeverri et al. 2010), we found an acute
effect of caffeine consumption on systolic and diastolic blood
pressure, with regular caffeine intake being a modulator of this
effect. Taken together, these results corroborate earlier studies,
and allow us to ascertain a successful experimental design.

There are numerous studies which have addressed the
short-term effects of caffeine intake on IOP (see Li et al.
2011 for a detailed review). Available evidence reflected that
this effect is highly dependent on group’s characteristics,
showing no IOP changes in normal individuals and significant
increases in glaucoma patients or those with ocular hyperten-
sion. The main novelty of this study is the tolerance effect
found on the IOP response to a single dose of caffeine.
Some studies have reported tolerance to the physiological ef-
fects of caffeine; however, the human central nervous system
does not seem to develop easily a tolerance to the stimulant
effects of caffeine (Nehlig et al. 1992). There is evidence that
habitual caffeine consumers show an acute increase in the
activity of the sympathetic nervous system after caffeine in-
take that is not linked to blood pressure rise, whereas caffeine
promotes a comparable increase in sympathetic nerve activity
and blood pressure in non-habitual caffeine consumers (Corti
et al. 2002). From the present results and the previous evi-
dence, it is reasonable to argue that the potential detrimental
effects of caffeine consumption could be less apparent in ha-
bitual consumers, and thus, caffeine restriction may not be
medically necessary in these individuals (Corti et al. 2002;
Kennedy and Haskell 2011; Grosso et al. 2017). In addition,
the antioxidant compounds found in coffee have been pro-
posed as possible protectors of blood pressure changes caused
by caffeine consumption, which may partially explain the re-
duced responsiveness to caffeine consumption found in habit-
ual caffeine consumers (D’Elia et al. 2017). Of note, there was
a relative IOP increase of 21.7% after 90 min of caffeine
ingestion for the low-caffeine consumers, this percentage of
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change is similar to lowering effects of commonly used glau-
coma drugs (IOP decrease around 25% (van der Valk et al.
2005)). Thus, the acute impact of caffeine intake on IOP may
be of clinical relevance, especially in non-habitual caffeine
consumers. Moreover, based on the current finding and the
accumulated evidence on the area of cardiovascular health,
caffeine consumption habits need to be taken into account
when analyzing the impact of caffeine on the ocular health,
especially in glaucoma.

Caffeine increases blood vessel resistance and decreases
blood flow in the human optical nerve head (Okuno et al.
2002), showing in non-habitual caffeine consumers a weaker
blood vessel resistance and a higher significant decrease blood
flow when compared to the habitual consumers (Ismail et al.
2018), most likely as a result of the adaptation to long-term
caffeine consumption. Although the relationship between
OPP and blood flow is complex (Schmidl et al. 2011), it is
generally accepted that a low OPP may lead to reduced ocular
blood flow and in turn could contribute to glaucomatous optic
neuropathy (Leske 2009). Therefore, it is reasonable for us to
think that IOP is influenced by habitual caffeine consumption,
as it was found for ocular blood flow (Ismail et al. 2018). In
the present study, the acute effect of caffeine on OPP was
assessed; however, we failed to find any difference between
low- or high-caffeine consumers. The similar tendency to in-
crease from IOP and blood pressure permitted to maintain a
stable OPP, and thus, it remained unaltered after caffeine con-
sumption. These results agree with those reported by Okuno
et al. (2002), although the results comparison from both stud-
ies must be cautiously interpreted since they used a caffeine
dose of 100 mg, whereas our participants ingested a caffeine
capsule of 4 mg/kg. On the other hand, our data are contrary to
those found by Terai et al. (2012), who found an OPP increase
after 1 h of ingesting 200 mg of caffeine; however, it should be
noted that all participants included had an average daily caf-
feine consumption lower than one cup whereas the average
caffeine intake of our experimental sample was 1.70 + 1.44,
and thus, it may explain the differences observed between
both studies. The lack of homogeneity in the caffeine dose
and participant’s caffeine habits found in the related studies
did not allow to reveal solid conclusion in relation to the acute
effects of caffeine intake on OPP. Future studies should test
these mediating factors (i.e., caffeine dose, caffeine habits,
placebo effect) in their experimental designs.

A plausible physiological explanation

Several mechanisms may be responsible for the IOP changes
induced by caffeine; however, there is no clear evidence
whether it is due to greater aqueous humor production or
poorer drainage (Li et al. 2011). Potential mechanisms may
be (i) caffeine may block the enzyme phosphodiesterase
(Nurminen et al. 1999), which may increase aqueous humor
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formation (Jiwani et al. 2012), (ii) the inhibition of adenosine
receptors caused by caffeine can increase intracellular cyclic
AMP, which may stimulate the production of aqueous humor
by the ciliary body, as well as to reduce the chamber angle,
and leading to greater levels of IOP (Ajayi and Ukwade 2001),
and (iii) the increase in blood pressure induced by caffeine’s
adenosine receptor blockade could enhance the hydrostatic
pressure for aqueous humor formation, being linked the blood
pressure and IOP elevations (Nurminen et al. 1999; Li et al.
2011). Importantly, caffeine’s tolerance seems to be mediated
by a reduction on the number and sensitivity of adenosine
receptors, and it may be responsible for reduced physiological
responses in habitual caffeine consumers (Ferré 2008).
Additionally, the antioxidant compounds contained in coffee
have been proposed as a possible preventive method of the
effects of caffeine in raising blood pressure (Grosso et al.
2017), and thus, could also affect IOP.

Limitations and future research

The present study incorporates preliminary evidence on the
mediating role of habitual caffeine consumption on IOP
changes induced by acute caffeine intake. However, there
are several factors that warrant some caution in the interpreta-
tion of the present results. The main limitation of this study is
that we only included young healthy individuals, and the
inclusion of clinical populations, especially glaucoma
patients, would be of interest since they may show a
different response to caffeine consumption in comparison to
our experimental sample. A recent study of De Moraes et al.
(2018) demonstrated that even transient IOP fluctuations dur-
ing the day, as it may be caused by caffeine ingestion, have a
negative impact on the visual fields of glaucoma patients, and
thus, the relevance of the IOP behavior in glaucoma patients is
of great relevance. Caffeine’s plasma half-life lasts approxi-
mately 3 to 6 h, depending on doses, habitual consumption,
and individual differences in the metabolism (Mort and Kruse
2008); therefore, futures studies should evaluate the IOP be-
havior after 90-min caffeine intake. Also, the amount of caf-
feine administered was chosen based on the estimations of
mean daily caffeine intake for US consumers (Barone and
Roberts 1996); however, the impact of caffeine on the ocular
physiology may have a dose-response effect, as it has been
showed for other physiological variables (Quinlan et al. 2000;
Chen and Parrish 2009). It is our hope that future studies will
test the association between caffeine dose and ocular physio-
logical variations. Different physiological responses, includ-
ing the ocular physiology, have been showed depending on
the age and ethnicity of individuals, and thus, further studies
should include other age and ethnics groups in their experi-
mental designs (Chan et al. 2016). Additionally, the relatively
small sample size used in this study could mask small effects,
and thus, the present outcomes should be cautiously

interpreted in this regard. Finally, the exact mechanism of
the IOP variations (increased production of aqueous humor,
reduced drainage, or a combination of both) induced by caf-
feine is not yet fully understood, and the incorporation of new
advances in ocular imaging techniques may help to deepen
our understanding in the mechanisms of how IOP is altered
by caffeine.

Conclusions

In this placebo-controlled, double-blind study, we found that
the effects of caffeine intake (4 mg/kg) on IOP are dependent
on the habitual caffeine consumption in healthy individuals,
with low consumers showing a more abrupt IOP increase after
ingesting caffeine in comparison to high-caffeine consumers.
Nevertheless, OPP remains unaltered after consuming caf-
feine. This preliminary evidence that the effects of caffeine
consumption on the IOP response are subject to tolerance,
and it needs to be considered for eye care specialists in the
management and prevention of glaucoma. Adaptations of the
adenosine receptor system caused by chronic caffeine con-
sumption are discussed as a potential explanation of this
finding.
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