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Coffee is one of the most widely consumed beverages in the world and is also a major source of
caffeine for most populations [1]. This special issue of Nutrients, “The Impact of Caffeine and Coffee
on Human Health” contains nine reviews and 10 original publications of timely human research
investigating coffee and caffeine habits and the impact of coffee and caffeine intake on various diseases,
conditions, and performance traits.

With increasing interest in the role of coffee in health, general knowledge of population
consumption patterns and within the context of the full diet is important for both research and
public health. Reyes and Cornelis [1] used 2017 country-level volume sales (proxy for consumption)
of caffeine-containing beverages (CCBs) to demonstrate that coffee and tea remain the leading CCBs
consumed around the world. In a large coordinated effort spanning 10 European countries, Landais
et al. [2] quantified self-reported coffee and tea intakes and assessed their contribution to the intakes
of selected nutrients in adults where variation in consumption was mostly driven by geographical
region. Overall, coffee and tea contributed to less than 10% of the energy intake. However, the greatest
contribution to total sugar intake was observed in Southern Europe (up to ~20%). These works not
only emphasize the wide prevalence of coffee and tea drinking, but also the need for data on coffee
and tea additives in epidemiological studies of these beverages in certain countries as they may offset
any potential benefits these beverages have on health.

Doepker et al. [3] provided a user-friendly synopsis of their systematic review [4] of caffeine
safety, which concluded that caffeine doses (400 mg/day for healthy adults, for example) previously
determined in 2003 [5] as not to be associated with adverse effects, remained generally appropriate
despite new research conducted since then. Further concerning caffeine safety is the systematic
review of caffeine-related deaths by Capelletti et al. [6]. Suicide, accidental, and intentional poisoning
were the most common causes of death and most cases involved infants, psychiatric patients, and
athletes. Both Doepker et al. [3] and Capelletti et al. [6] alluded to the increasing interest in the area of
between-person sensitivity resulting from environmental and genetic factors, of which the latter is a
topic of additional papers in this special issue and thus reiterates this interest.

Advancements in high-throughput analyses of the human genome, transcriptome, proteome, and
metabolome have presented coffee researchers with an unprecedented opportunity to optimize their
research approach while acquiring mechanistic and causal insight to their observed associations [7].
Three timely reviews [8–10] and an original report [11] addressed the topic of human genetics and
coffee and caffeine consumption. Interest in this area received a boost by the success of genome-wide
association studies (GWAS), which identified multiple genetic variants associated with habitual coffee
and caffeine consumption as discussed by Cornelis and Munafo [8] in their review of Mendelian
randomization (MR) studies on coffee and caffeine consumption. MR is a technique that uses genetic
variants as instrumental variables to assess whether an observational association between a risk factor
(i.e., coffee) and an outcome aligns with a causal effect. The application of this approach to coffee and
health is growing, but has important statistical and conceptual challenges that warrant consideration
in the interpretation of the results. Southward et al. [9] and Fulton et al. [10] reviewed the impact of
genetics on physiological responses to caffeine. Both emphasized a current clinical interest limited to

Nutrients 2019, 11, 416; doi:10.3390/nu11020416 www.mdpi.com/journal/nutrients1
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CYP1A2 and ADORA2A variations, suggesting opportunities to expand this research to more recent
loci identified by GWAS. Despite the advancements in integrating genetics into clinical trials of caffeine,
such designs remain susceptible to limitations [9,10,12,13]. Some of these limitations were further
highlighted by Shabir et al. [14] in their critical review on the impact of caffeine expectancies on sport,
exercise, and cognitive performance. Interestingly, the original findings from a randomized controlled
trial of regular coffee, decaffeinated coffee, and placebo suggested the stimulant activity of coffee
beyond its caffeine content, raising issues with the use of decaffeinated coffee as a placebo [15].

The impact of coffee intake on gene expression and the lipidome were investigated by
Barnung et al. [16] and Kuang et al. [17], respectively. Barnung et al. [16] reported on the results
from a population-based whole-blood gene expression analysis of coffee consumption that pointed to
metabolic, immune, and inflammation pathways. Using samples from a controlled trial of coffee intake,
Kuang et al. [17] reported that coffee intake led to lower levels of specific lysophosphatidylcholines.
These two reports provide both novel and confirmatory insight into mechanisms by which coffee
might be impacting health and further demonstrate the power of high-throughput omic technologies
in the nutrition field.

Heavy coffee and caffeine intake continue to be seen as potentially harmful on pregnancy
outcomes [18]. Leviton [19] discussed the biases inherent in studies of coffee consumption during
pregnancy and argued that all of the reports of detrimental effects of coffee could be explained by one
or more of these biases. The impact of dietary caffeine intake on assisted reproduction technique (ART)
outcomes has also garnered interest. An original report by Ricci et al. [20] in this special issue found
no relationship between the caffeine intake of subfertile couples and negative ART outcomes.

Van Dijk et al. [21] reviewed the effects of caffeine on myocardial blood flow, which support a
significant and clinically relevant influence of recent caffeine intake on cardiac perfusion measurements
during adenosine and dipyridamole induced hyperemia. Original observational reports on the
association between habitual coffee consumption and liver fibrosis [22], depression [23], hearing [24],
and cognition indices [25] have extended the research in these areas to new populations.

Finally, given the widespread availability of caffeine in the diet and the increasing public and
scientific interest in the potential health consequences of habitual caffeine intake, Reyes and Cornelis [1]
assessed how current caffeine knowledge and concern has been translated into food-based dietary
guidelines (FBDG) from around the world; focusing on CCBs. Several themes emerged, but in general,
FBDG provided an unfavorable view of CCBs, which was rarely balanced with recent data supporting
the potential benefits of specific beverage types.

This collection of original and review papers provides a useful summary of the progress on
the topic of caffeine, coffee, and human health. It also points to the research needs and limitations
of the study design, which should be considered going forward and when critically evaluating the
research findings.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Coffee is widely consumed and contains many bioactive compounds, any of which may
impact pathways related to disease development. Our objective was to identify individual lipid
changes in response to coffee drinking. We profiled the lipidome of fasting serum samples collected
from a previously reported single blinded, three-stage clinical trial. Forty-seven habitual coffee
consumers refrained from drinking coffee for 1 month, consumed 4 cups of coffee/day in the
second month and 8 cups/day in the third month. Samples collected after each coffee stage were
subject to quantitative lipidomic profiling using ion-mobility spectrometry–mass spectrometry.
A total of 853 lipid species mapping to 14 lipid classes were included for univariate analysis.
Three lysophosphatidylcholine (LPC) species including LPC (20:4), LPC (22:1) and LPC (22:2),
significantly decreased after coffee intake (p < 0.05 and q < 0.05). An additional 72 species mapping to
the LPC, free fatty acid, phosphatidylcholine, cholesteryl ester and triacylglycerol classes of lipids
were nominally associated with coffee intake (p < 0.05 and q > 0.05); 58 of these decreased after coffee
intake. In conclusion, coffee intake leads to lower levels of specific LPC species with potential impacts
on glycerophospholipid metabolism more generally.

Keywords: coffee; caffeine; lipids; biomarkers; trial; lysophosphatidylcholine; lipidomics

1. Introduction

Coffee is one of the most widely consumed beverages in the world and has been implicated in
numerous diseases such as type 2 diabetes (T2D) and cardiovascular disease [1–4]. The causal and
precise molecular mechanisms that underlie the beneficial and adverse effects of coffee remain unclear.
Coffee is the major source of caffeine for many populations [5], but it also contains hundreds of other
compounds, many of which might impact pathways related to disease development or prevention [6].

High-throughput omic profiling techniques enable thorough studies of an individual’s response
to coffee intake and provide potentially new mechanistic insight to the role coffee plays in health [7,8].
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We recently performed a comprehensive metabolomics study of coffee consumption leveraging serum
samples collected during a coffee trial [8,9]. Over 100 metabolites were significantly associated
with coffee intake; several mapping to xanthine, benzoate, steroid, endocannabinoid and fatty acid
(acylcholine) metabolism. We extend this work to comprehensive lipid profiling for the first time.
Lipid molecules are a subset of the metabolome and serve as ubiquitous and essential multifunctional
metabolites [10]. Lipids are directly exposed to intracellular and extracellular biochemical changes and
as a result undergo various modifications themselves [10]. Our objective was to identify individual
lipid changes in response to coffee in order to gain more insight into biological mechanisms by which
coffee may impact health.

2. Subjects and Methods

2.1. Coffee Trial

Serum samples analyzed in the current study were obtained from participants completing an
investigator-blinded, three-stage controlled trial in 2009–2010 that lasted for 3 months (Supplementary
Note 1, ISRCTN registry: ISRCTN12547806) [9]. Briefly, habitual coffee consumers <65 years of age,
residing in Finland, free of T2D, but with an elevated risk of T2D were eligible for participation.
The participants received packages of coffee and brewed the coffee daily at home with their own
coffee machine using paper filters. During the first month, participants refrained from drinking coffee,
whereas in the second month they were instructed to consume 4 cups coffee/day (1 cup = 150 mL,
Juhla Mokka brand) and in the third month 8 cups/day. Of the 49 participants recruited, 47 completed
the trial. Baseline characteristics of these 47 participants are shown in Table S1. Several clinical
biomarkers were measured and analyzed as part of the initial report as previously described [9].
Serum concentrations of total cholesterol, High-density lipoprotein (HDL) cholesterol, apo A-I and
adiponectin increased significantly in response to coffee intake, whereas interleukin-18, 8-isoprostane,
and the ratios of low-density lipoprotein (LDL) to HDL cholesterol and of apo B and apo A-I decreased
significantly. The trial was conducted in accordance with the Declaration of Helsinki (1964), as amended
in South Africa (1996), and approved by Joint Authority for the Hospital District of Helsinki and
Uusimaa Ethics Committee, Department of Medicine, Helsinki, Finland. Written informed consent
was obtained from all participants.

2.2. Lipidomics Assay, Data Acquisition and Processing

Lipid species were measured in fasting serum samples collected after each coffee stage (True
Mass Complex Lipid Panel, Metabolon, Research Triangle Park, NC, USA). Lipids were extracted from
samples using dichloromethane and methanol in a modified Bligh-Dyer extraction in the presence
of internal standards with the lower, organic, phase being used for analysis. The extracts were
concentrated under nitrogen and reconstituted in 0.25 mL of dichloromethane:methanol (50:50)
containing 10 mM ammonium acetate. The extracts were placed in vials for infusion-mass spectrometry
(MS) analyses, performed on a SelexION equipped Sciex 5500 QTRAP using both positive and negative
mode electrospray. Each sample was subjected to two analyses, with ion mobility spectrometry
(IMS)-MS conditions optimized for lipid classes monitored in each analysis. The 5500 QTRAP
was operated in MRM mode to monitor the transitions for over 1100 lipids from up to 14 lipid
classes including cholesteryl esters (CE), triacylglycerols (TAG), diacylglycerols (DAG), free fatty
acids (FFA), phosphatidylcholines (PC), phosphatidylethanolamines (PE), phosphatidylinositols
(PI), lysophosphatidylcholines (LPC), lysophosphatidylethanolamines (LPE), sphingomyelin (SM),
ceramide (CER), hexosylceramides (HCER), lactosylceramides (LCER), dihydroceramides (DCER).
Individual lipid species were quantified based on the ratio of signal intensity for target compounds to
the signal intensity for an assigned internal standard of known concentration. Missing values were
imputed with the observed minimum value. Individual lipid species that contained more than 20%
missing values across the first (0 cups/day) and third (8 cups/day) trial stages were not included for
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statistical analysis (120 lipid species, Table S2) leaving a total of 853 lipid species for analysis. The same
data, but with missing values treated as 0, were also expressed as mole% determined by calculating
the proportion of individual species within each class. In secondary analysis, lipid species data were
used to derive additional and biologically meaningful lipid traits. Lipid class concentrations were
calculated from the sum of all molecular species within a class. For lipid classes containing more than
one fatty acid (FA) per species (i.e., DAG, PC, PE, PI, and TAG) we also determined FA concentrations
by calculating the sum of individual FAs within each of these classes. These traits were derived prior
to excluding the lipids in Table S2 (see above). The final set of lipid species (primary traits) and derived
lipid traits (secondary) analyzed in the current study are listed in Table S3.

2.3. Statistical Analysis

All statistical analyses were performed using R, SAS version 9.4 (SAS Institute Inc, Cary, NC,
USA) or Matlab. To explore the data and identify any outlier samples we first performed standard
principal component analysis (PCA) and multilevel PCA [11]. For the latter, we generated a data
matrix of the within-person variation by subtracting individual lipid values from the mean lipid value
of all three coffee stages, per participant, per lipid. Repeated measures ANOVA was used to test
the relationship between coffee treatment and each individual lipid species. P-values were further
adjusted for multiple comparisons by the Benjamini–Hochberg procedure and the false discovery rate
(FDR)-adjusted P-values, expressed as q-values, are reported [12]. All nominal (p < 0.05) associations
are presented but only those with a q-value < 0.05 are defined as statistically significant. We computed
ordinary Pearson correlations to explore the latent relationships of changes in identified coffee lipids
across treatments. These analyses were additionally supplemented with data for metabolites and
clinical biomarkers that previously changed in response to coffee in this coffee trial (Table S4) [8,9].
Formal cross-platform integration analysis will be a focus of another report. Correlation networks
were constructed using Cytoscape [13]. In secondary analysis, lipid class and fatty acid concentrations
were also subject to univariate analysis. A multivariate approach was also pursued as traditionally
done with high-throughput data and is presented in Supplementary Note 2 and Figure S5.

3. Results

PCA or multilevel-PCA demonstrated no clear separation of samples by coffee stage (Figure S1).
As a result, no clear outliers were detected and thus all samples were included for our primary analysis.

Serum lipid class concentrations (data not shown) or distributions (Figure 1a) did not significantly
change in response to coffee intake. A total of 75 lipid species were at least nominally associated
with coffee intake and these mapped to 8 lipid classes (p < 0.05, Table 1, Figure 2a and Figure S2).
When applying an FDR correction, LPC 20:4, 22:1 and 22:2 remained significantly associated with coffee
intake (Figure 2b). Similar results were observed when lipid species concentrations were expressed as
mole% (Figure 1b and data not shown). When FA concentrations of DAG, PC, PE, PI, and TAG were
examined, no associations met statistical significance (data not shown).

Results of correlation analysis of changes among previously identified clinical [9] and
metabolite [8] markers of coffee response and the 75 nominal to significant lipid species identified
here (Table 1) are presented in Figure S3. Generally lipid species of the same class or sharing fatty
acid chains clustered together. Changes in TAGs that increased in response to coffee, however, did not
correlate with changes in TAGs that decreased in response to coffee. Changes in lipid species generally
correlated with metabolites that also decreased in response to coffee and thus unlikely originated
from the coffee beverage itself. These metabolites were also lipid derivatives; particularly those of the
acyl choline and endocannabinoid pathways. Besides kynurenine and xanthines, few other aqueous
metabolites were consistently represented among correlations with either clinical makers or lipid
species. No changes in lipids or metabolites were consistently correlated with clinical markers that
responded to coffee.
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Table 1. Significant lipid markers of coffee consumption *.

Lipid Class † Lipid Species
Group Effect Fold of Change §

p-Value q-Value 4 Cups/0 Cup 8 Cups/0 Cup 8 Cups/4 Cups

CE CE(20:4) 0.0296 0.4529 0.9 0.92 1.02
FFA(20:3) 0.0021 0.297 0.9 0.87 0.96
FFA(20:4) 0.0012 0.2492 0.95 0.87 0.91
FFA(22:2) 0.0481 0.4529 0.95 0.89 0.94FFA

FFA(22:6) 0.0415 0.4529 0.98 0.89 0.91
TAG47:1-FA17:0 0.0483 0.4529 1.26 1.4 1.11
TAG51:3-FA15:0 0.0401 0.4529 0.82 0.91 1.11
TAG52:4-FA16:1 0.0317 0.4529 0.8 0.92 1.15
TAG52:5-FA16:1 0.0329 0.4529 0.77 0.89 1.16
TAG52:5-FA20:5 0.05 0.4529 1.07 1.25 1.18
TAG52:6-FA16:1 0.041 0.4529 0.78 0.9 1.14
TAG53:3-FA16:0 0.0211 0.4529 0.88 0.87 1
TAG53:3-FA18:1 0.0242 0.4529 0.9 0.93 1.03
TAG53:4-FA16:0 0.0229 0.4529 0.84 0.89 1.07
TAG53:4-FA18:2 0.0289 0.4529 0.82 0.88 1.08
TAG53:5-FA18:3 0.048 0.4529 0.87 0.92 1.06
TAG54:3-FA18:1 0.0354 0.4529 0.82 0.9 1.09
TAG54:3-FA20:1 0.0368 0.4529 0.84 0.94 1.13
TAG54:4-FA20:1 0.0306 0.4529 0.82 0.94 1.14
TAG55:3-FA18:1 0.0353 0.4529 0.82 0.86 1.05
TAG55:4-FA18:1 0.0198 0.4529 0.82 0.85 1.04
TAG55:5-FA18:1 0.0208 0.4529 0.77 0.83 1.08
TAG56:3-FA18:1 0.0103 0.4529 0.81 0.87 1.07
TAG56:3-FA20:1 0.0155 0.4529 0.79 0.86 1.09
TAG56:4-FA18:1 0.0124 0.4529 0.8 0.87 1.08
TAG56:4-FA20:1 0.0314 0.4529 0.71 0.81 1.14
TAG56:4-FA20:2 0.0141 0.4529 0.84 0.88 1.05
TAG56:5-FA18:1 0.0221 0.4529 0.83 0.9 1.09
TAG56:5-FA20:2 0.0051 0.4529 0.77 0.84 1.08
TAG56:5-FA20:3 0.0215 0.4529 0.83 0.89 1.08
TAG56:5-FA20:4 0.0447 0.4529 0.84 0.91 1.07
TAG56:6-FA18:2 0.0132 0.4529 0.77 0.88 1.13
TAG56:6-FA20:2 0.0206 0.4529 0.76 0.84 1.11
TAG56:6-FA20:3 0.0077 0.4529 0.77 0.85 1.1
TAG56:6-FA20:4 0.0306 0.4529 0.81 0.88 1.08
TAG56:7-FA18:2 0.0457 0.4529 0.8 0.91 1.14
TAG56:7-FA20:3 0.042 0.4529 0.79 0.85 1.07
TAG56:7-FA22:4 0.0484 0.4529 0.87 0.92 1.06
TAG56:7-FA22:5 0.0384 0.4529 0.85 0.95 1.12
TAG56:9-FA20:4 0.0458 0.4529 0.83 0.92 1.11
TAG56:9-FA22:6 0.0229 0.4529 0.85 0.92 1.08
TAG57:8-FA22:6 0.0093 0.4529 0.87 0.91 1.04
TAG58:10-FA20:5 0.0161 0.4529 0.86 0.94 1.09
TAG58:10-FA22:5 0.0391 0.4529 0.74 0.84 1.14
TAG58:10-FA22:6 0.0388 0.4529 0.72 0.8 1.11
TAG58:7-FA22:4 0.0294 0.4529 0.81 0.89 1.11
TAG58:7-FA22:5 0.0109 0.4529 0.79 0.85 1.07
TAG58:8-FA20:4 0.0324 0.4529 0.85 0.9 1.06
TAG58:8-FA22:5 0.0386 0.4529 0.79 0.85 1.08
TAG58:9-FA22:5 0.0478 0.4529 0.78 0.86 1.1
TAG60:10-FA22:5 0.0349 0.4529 0.85 0.9 1.06
TAG60:10-FA22:6 0.0357 0.4529 0.82 0.92 1.13

TAG

TAG60:11-FA22:5 0.0038 0.4529 0.8 0.92 1.16
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Table 1. Cont.

Lipid Class † Lipid Species
Group Effect Fold of Change §

p-Value q-Value 4 Cups/0 Cup 8 Cups/0 Cup 8 Cups/4 Cups

LPC(15:0) 0.0142 0.4529 0.95 0.92 0.97
LPC(17:0) 0.0017 0.2886 0.96 0.9 0.93
LPC(18:1) 0.0423 0.4529 0.98 0.93 0.95
LPC(20:2) 0.0094 0.4529 0.95 0.89 0.93
LPC(20:3) 0.0362 0.4529 0.94 0.91 0.96
LPC(20:4) <0.0001 0.0088 0.94 0.87 0.93
LPC(22:1) <0.0001 0.0313 0.91 0.78 0.86

LPC

LPC(22:2) <0.0001 0.0051 0.94 0.79 0.84
PC(17:0/20:4) 0.0183 0.4529 0.91 0.91 1
PC(18:0/16:1) 0.0274 0.4529 1.09 1.3 1.19
PC(18:0/18:3) 0.0375 0.4529 1.13 1.24 1.1
PC(18:0/20:2) 0.0143 0.4529 1 1.11 1.11
PC(18:0/20:3) 0.0361 0.4529 0.96 1.08 1.12

PC

PC(18:1/20:4) 0.0152 0.4529 0.92 0.91 0.99
PE(18:0/20:1) 0.0203 0.4529 0.97 1.12 1.16

PE(O-16:0/18:2) 0.0301 0.4529 1.08 1.19 1.11
PE(O-18:0/20:3) 0.0458 0.4529 0.98 1.12 1.15
PE(P-16:0/18:2) 0.0246 0.4529 1.07 1.18 1.1
PE(P-16:0/22:4) 0.025 0.4529 0.89 1.01 1.14

PE

PE(P-18:0/18:2) 0.0406 0.4529 1.04 1.15 1.1
DCER DCER(24:0) 0.0475 0.4529 1 1.1 1.1
LCER LCER(26:1) 0.0097 0.4529 0.95 1.08 1.13

CE: cholesteryl ester; FFA: free fatty acid; TAG: triacylglycerol; LPC: lysophosphatidylcholine; PC: phosphatidylcholine;
PE: phosphatidylethanolamine; DCER: dihydroceramide; LCER: lactosylceramide. * Shown are results from RMA that
meet nominal significance (p < 0.05, column 3). Bold-faced lipid species meet significance threshold of p < 0.05 (column
3) and q < 0.05 (column 4). † neutral lipids: CE, FFA, TAG; phospholipids: LPC, PC, PE; sphingolipids: DCER, LCER.
§ ANOVA contrasts: lipid levels that increase in response to coffee are shaded red (p < 0.05) or pink (0.05 < p < 0.10) and
lipid levels that decrease are colored green (p < 0.05) or light green (0.05 < p < 0.10).
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(a) (b) 

Figure 1. Lipid class (a) and LPC (b) composition response to coffee intake.
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4. Discussion

The current study is the first controlled trial-based lipidomic assessment of coffee intake. We found
three LPC species (LPC (20:4), LPC (22:1) and LPC (22:2)) that significantly decreased after 4 and 8 cups
per day. Several other species mapping to the LPC, FFA, PC and CE classes showed nominal but
plausible changes. Although the current lipid species analysis is unique from that of our previous
metabolomic analysis [8] of the same samples the findings taken together suggest that coffee drinking
has more of an immediate impact on non-lipid than lipid metabolites over the duration of the coffee
trial examined here.

The lipidomics platform was unable to distinguish between fatty acid isoforms, their position on
a glycerol backbone (i.e., sn-1 vs. sn-2) or define their bond type (acyl- or alkyl-). Several lipid species
at least nominally associated with coffee response contained FA(20:4). In our previous metabolomics
report [8], arachidonic acid (AA, 20:4n6) and LPC (20:4n6) were specifically measured and decreased
in response to coffee (p < 0.05, q < 0.05 for AA and p < 0.05, q > 0.05 for LPC (20:4n6)). These findings,
along with the correlation patterns among these lipid variables (Figure S3) suggest most contain the
n6 form of FA(20:4). The only relevant isoforms for FA(22:1) and FA(22:2) are 22:1n9 (erucic acid) and
22:2n6 (docosadienoic acid), respectively.

Figure S4 shows the biological relationships among the neutral and phospholipid lipid classes
measured in the current study. LPC is a bioactive phospholipid synthesized primarily from plasma
membrane- and lipoprotein-PC by phospholipase A1 (PLA1) or PLA2 that cleave the PC sn-1 or
sn-2 ester bond, respectively [14–16]. LPC can also be formed by lecithin cholesterol acyltransferase
in HDL, from oxidation of LDL and by endothelial lipase. LPC transports glycerophospholipid
components between tissues but is also a ligand for specific signaling receptors and activates several
second messengers [17]. Much experimental data have implicated LPC in atherosclerosis and
acute and chronic inflammation but results support both beneficial and adverse properties [18,19].
The conflicting biological properties of LPC might be due to their fatty acyl composition, with saturated
or monounsaturated LPC presenting with greater pro-atherogenic properties than polyunsaturated
LPCs [20–23]. In the current study, 18 of the 20 LPCs examined tended to decrease with coffee
intake but none of these shared a particular fatty acyl composition pattern (i.e., saturated or
polyunsaturated fatty acids) (Table 1 and data not shown). LPC(20:4n6) sn-2, a potential isoform of
LPC (20:4), is particularly interesting because it intersects several metabolic pathways that lead to the
production of potent signaling molecules such as 2-arachidonoyl-lysophosphatidic acid, and specific
eicosanoids and endocannabinoids [24–26]. Metabolites of the endocannabinoid system as well as
choline (a product of LPC metabolism) and glycerol-3-phosphate (a product of LPC metabolism
and endocannabinoid synthesis) significantly decreased in response to coffee intake in our previous
metabolomic study [8,18,27]. Interestingly, PLA2 also contributes to endocannabinoid synthesis [27].
Taken together, decreased LPC levels in response to coffee align with decreased levels of downstream
metabolites in similar biological pathways, most notably glycerophospholipid metabolism.

Although the caffeine component of coffee is known to stimulate lipolysis in the acute
setting [28–31], the mechanisms and constituents of habitual coffee drinking leading to decreased
LPC in the current study are unclear. The resistance of LDL to oxidative damage (a source of LPC)
in humans increases after consumption of coffee and this might be explained by the incorporation of
coffee’s phenolic acids into LDL [32]. Indeed, polyphenols, including those in coffee, decreased LPC
production induced by oxidation [33].

Population-based or cross-sectional metabolomic/lipidomic studies of self-reported habitual
coffee intake have also reported specific lipid species associated with coffee intake (Table S5).
Direct comparison with the current report is difficult given the study designs, different lipidomic
platforms used, and limitations in lipid species quantification (i.e., detected signals are usually a sum
of several isobaric/isomeric lipids). Interestingly, however, Miranda et al. [34] focused exclusively on
LPC species and found an inverse association between the plasma levels of LPC(16:1 a), LPC(18:1 a)
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and LPC(20:4 a) and habitual coffee intake, particularly when comparing intakes > 100 mL/day to
0 mL/day.

The uncertain biological implications of lower LPC levels also extends to human studies of
diseases or conditions of which are potentially modified by coffee consumption (Table S6). Most are
cross-sectional and include small sample sizes and generate some significant findings that are not
confirmed in other studies. Applicable to the original motivation of the data from our coffee trial
examined here is a recent meta-analysis of metabolite changes and risk of T2D [35]; only three lipid
markers were significantly associated with risk: LPC(18:0), SM(16:0) and FFA(18:1) [35]. None of these
lipid species changed in response to coffee in the current study.

All lipid species that potentially increased in response to coffee did so only after the period of
8 cups per day. These lipid species also tended to correlate among each other rather than with lipid
species that decreased in response to coffee, suggesting distinct lipid pathways altered by low and
high coffee intake. PC species were a notable exception. PC species that increased in response to
8 cups of coffee all contained FA(18:0) and their changes directly correlated with changes in LPCs,
TAGs, and acylcholines that decreased in response to 4 and 8 cups. This might suggest a shared lipid
pathway impacted by coffee intake and the increase in PC observed only after 8 cups per day is a
delayed dose response.

In the initial report of the current coffee trial, several clinical lipid and inflammatory biomarkers
changed in response to coffee [9]. None of these were convincingly correlated with lipids or metabolites
measured in the current or recent report and underscores additional information accessible via
high-throughput or more precise omic analysis. Triglycerides, for example, did not significantly
change in the trial, yet when analyzing TAG species we observed TAGs that potentially increased
and decreased in response to coffee. Nevertheless, a special complication in the analysis and clinical
interpretation of TAGs is the large number of isobars resulting from presence of different combinations
of the three acyl moieties and their regioisomers.

The application of lipidomics to a clinical study of coffee intake with repeated measures, large
contrasts in coffee intake, excellent participant compliance and standardized protocols for sample
handling and storage are major strengths of the current study. As a clinical trial it addresses many of the
limitations of observational studies. In addition, the composition of brewed coffee varies as a function
of bean type, roast and preparation methods; factors for which detailed information is rarely collected
in population-based studies of coffee. Participants of our clinical trial were all provided the same coffee:
a medium roast, 100% Arabica blend of Brazilian, Columbian, Central American and African coffee
which is a popular type of coffee in Finland. Despite these strengths, several weaknesses of the study
should be acknowledged. Our one-group study design without randomization, lack of blinding of
participants and placebo control were limitations. We cannot rule out an impact of time-varying factors
that may induce significant associations due to correlations with coffee. No specific guidelines were
provided on coffee additives (i.e., sugar, cream) or beverages to consume in the place of coffee during
the month of coffee abstinence. The very low levels of xanthine metabolites in the first month suggest
participants largely refrained from consuming any caffeine-containing beverages [8,9]. Our previous
report presented no obvious overlap with potential metabolite markers of dairy or tea consumption
or lifestyle factors [8]. Body weight, a proxy for energy balance, remained stable throughout the trial.
All participants for the current study were Finnish habitual coffee drinkers at increased risk of T2D
which may limit the generalizability of our findings to other groups.

5. Conclusions

Our study provides the first thorough analysis of the lipidomic changes in response to controlled
coffee consumption. The new findings suggest coffee alters glycerophospholipid metabolism and
build on our previous metabolomic results that yield novel candidate pathways that offer insight to
the mechanisms by which coffee may be exerting its health effects.
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Abstract: Coffee is the one of the most common beverages worldwide and has received considerable
attention for its beneficial health effects. However, the association of coffee with hearing and tinnitus
has not been well studied. The aim of this study was to investigate the association of coffee with
hearing and tinnitus based on a national population-based survey. We evaluated hearing and tinnitus
data from the 2009–2012 Korean National Health and Nutrition Examination Survey and their
relationship with a coffee consumption survey. All patients underwent a medical interview, physical
examination, hearing test, tinnitus questionnaire and nutrition examination. Multivariable logistic
regression models were used to examine the associations between coffee and hearing loss or tinnitus.
We evaluated 13,448 participants (≥19 years) participants. The frequency of coffee consumption had
a statistically significant inverse correlation with bilateral hearing loss in the 40–64 years age group.
Daily coffee consumers had 50–70% less hearing loss than rare coffee consumers, which tended to
be a dose-dependent relationship. In addition, the frequency of coffee consumption had an inverse
correlation with tinnitus in the 19–64 years age group but its association was related with hearing.
Brewed coffee had more of an association than instant or canned coffee in the 40–64 years age group.
These results suggest a protective effect of coffee on hearing loss and tinnitus.

Keywords: adult; coffee; hearing; protection; tinnitus

1. Introduction

Coffee is the most commonly consumed beverage, apart from water, in the world [1]. Coffee and its
compounds have various effects on human health [1,2]. Coffee consumption has been associated with
a decreased risk of cancers [3], diabetes [4], Parkinson’s disease [5], liver disease [6] and cardiovascular
disease [7]. It has also been associated with low birth weight, preterm birth [8] and fractures in
women [9,10]. Dementia and depression are related to coffee consumption [11,12]. However, its effect
could be related to coffee consumption behavior, social relationships and culture. The health effects
of coffee have not received much consideration. Actually, about half of consumers believe drinking
coffee is bad for their health [13].

Coffee contains over 1000 bioactive compounds [14,15] with functions, including antioxidant,
anti-inflammatory, anti-fibrotic and anticancer effects [1]. In addition, coffee contains polyphenols,
such as caffeic acid and caffeic acid phenethyl ester, which have antioxidant effects and protect against
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hearing loss in vivo and in vitro [16,17]. Caffeine is an important component of coffee that varies
according to the preparation method [1].

Hearing loss is a major public health problem [18,19]. One-fifth of adults suffer from hearing loss if
mild and unilateral hearing loss are included [20]. Hearing loss is third in terms of disease burden [21].
Common causes of hearing loss are age and noise exposure. Hearing loss affects communication and
relationships with people. In particular, it affects talking and has been associated with depression and
anxiety [22]. Hearing loss is associated with decreased cognitive performance and dementia [23].

Tinnitus is not a single disease entity. Actually, it is a symptom that decreases quality of life
and is related with hearing loss and aging. The prevalence of tinnitus is 12–30% worldwide [24,25].
In addition, coffee and caffeine are often blamed as a cause of tinnitus [26,27]. However, the effect of
caffeine on tinnitus remains controversial [28,29]. Few large population-based studies have investigated
the effect of coffee consumption on hearing and tinnitus [30].

The aim of this study was to investigate the association of coffee with hearing and tinnitus in adult
and elderly participants based on a national population-based survey. We compared the consumption
frequency and type of coffee and the prevalence of hearing loss and tinnitus.

2. Materials and Methods

2.1. Study Population

This study used data from the Korean National Health and Nutrition Examination Survey
(KNHANES). This survey collects information, such as health and nutritional status, from a
representative sample of the general Korean population to assess the health-related behavior, health
condition and nutritional state of Koreans.

The subjects were asked about their hearing, symptoms of tinnitus, health behavior and nutrition
by questionnaire. The participants were asked about the annoyance of tinnitus measured by the
following answers: “No,” “slightly annoying” and “very annoying and difficult to sleep.” Information
about the subjects included sleep time, stress, education level (less than middle school or beyond high
school), education level of the parents, income (<25%, 25–50%, 50–75%, or >75% according to the
equivalized household income per month), current smoking status and alcohol drinking status (social
drinker, heavy drinker, or problem drinker). Health status (hypertension, diabetes, anemia, renal
failure, thyroid disease, osteoporosis and menopause) was also checked. Duration of occupational
exposure to noise and earphone and headphone use time were measured.

Physical examinations were conducted by a physician to assess any problems with the tympanic
membrane or other ear, nose and throat problems, including perforation or retraction of the tympanic
membrane, otitis media with effusion and cholesteatoma. Pure tone audiometry was performed at
0.5, 1, 2, 3, 4 and 6 kHz in a soundproof room. The severity of hearing loss was based on a lower
threshold of unilateral hearing loss and a higher threshold for bilateral hearing loss. The pure tone
average was the average of the hearing levels at 0.5, 1, 2 and 3 kHz or 0.5, 1, 2 and 4 kHz, whereas the
high frequency hearing level was the average of the hearing levels at 3, 4 and 6 kHz. Blood samples
were collected and analyzed in a single laboratory (Neodin Medical Institute, Seoul, Korea).

In total, 36,067 individuals participated in the 2009–2012 KNHANES. Individuals with ear disease
(external ear problem, middle ear problem, inner ear problem, retrocochlear problem, congenital
hearing loss and systemic disease) were not included here. Of them, 27,492 participants were age
≥19 years. Among 27,492 participants aged ≥19, 9294 participants were excluded because they
did not complete all three component surveys (health interview, health examination, and nutrition
surveys) (n = 4480) or examined from January 1 to July 20 in 2009 (n = 3299, auditory test data were
not available) or aged ≥ 65 in 2012 (n = 1515, FFQ was surveyed for subjects aged 19–64 years in
2012). Of the remaining 18,198 subjects, additional 4750 were excluded because they did not receive
hearing threshold testing nor respond to tinnitus-related questions (n = 975) or did not respond for
coffee consumption frequency (n = 629) or have missing values for covariates considered in this study
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(n = 3146). Finally, 13,448 subjects (4633 subjects aged 19–39, 6631 aged 19–39 and 2184 aged ≥65 years)
were included in the analysis for the present study (Figure 1). This study was approved by the
Institutional Review Board of the Seoul National University Hospital (IRB number: E-1808-064-965).

Figure 1. Flow chart of the selection process. KNHANES, Korean National Health and Nutrition
Examination Survey.

2.2. Assessment of Coffee Consumption

Coffee consumption frequency was assessed using the food-frequency questionnaire (FFQ).
Participants were asked to indicate how frequently they consumed coffee over the previous year based on
ten categories (none, 6–11 times per year, once per month, two to three times per month, once per week,
two to three times per week, four to six times per week, once per day, twice per day and three times per
day) in 2009–2011 and on nine categories (never or seldom, once per month, two to three times per month,
once per week, two to four times per week, five to six times per week, once per day, twice per day and
three times per day) in 2012, in which the first two categories in the previous FFQ version were combined
into “never or seldom” and four times per week was grouped into two or three times per week.

Coffee consumption frequency was categorized into rarely, monthly, weekly and daily using the
FFQ data as follows: rarely, less than once per month; monthly, one to three times per month; weekly,
one to six times per week; and daily, once or more per day.

The information on the types and amount of all coffee that participants consumed over the past
24 h was collected by trained dietitians 1 week after the health interview. The type of coffee was
grouped into brewed, instant, or canned coffee using the 24-hour dietary recall method.
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2.3. Statistical Analysis

The subjects’ characteristics according to coffee consumption frequency are presented as median
(interquartile range) or number (proportion) and compared using the Fisher exact test (binary
covariates), the chi-square test (more than three categories), or the Wilcoxon rank-sum test (continuous
covariates). Multivariable logistic regression models were used to examine the associations between
coffee consumption and hearing loss or tinnitus. The analyses were adjusted for the following
potential confounders: age, sex, education, parents’ education, perceived stress, exposure to indoor
secondhand smoke, current smoking, heavy drinking, drinking-related problems, menopause, history
of hypertension, diabetes mellitus, anemia, kidney failure, thyroid disorder, tympanic membrane
perforation, cholesteatoma and otitis media with effusion. The multivariable models for tinnitus
or annoyance related to tinnitus included hearing loss as well as the potential covariates described
above. To examine the association of the type of coffee consumed with hearing loss and tinnitus,
multivariable logistic regression analyses were performed for the adjusted associations between coffee
type consumed and hearing loss or tinnitus. All statistical analyses were performed using SAS software
(version 9.2; SAS Institute, Cary, NC, USA).

3. Results

The prevalence rates of unilateral and bilateral hearing loss in the study population were 1.19%
and 0.17% for subjects in the 19–39 years age group, 5.01% and 2.9% for subjects in the 40–64 years
age group and 14.24% and 20.97% for subjects in the ≥65 years age group. The prevalence rates of
tinnitus and tinnitus-related annoyance were 18.07% and 3.86% for subjects in the 19–39 years age
group, 19.92% and 6.24% for subjects in the 40–64 years age group and 27.98% and 12.82% for subjects
in the ≥65 years age group (Table 1). The participants’ characteristics according to age group and the
frequency of coffee consumption showed that there were differences in the covariates according to
coffee consumption: age, sex, educational level, house income, sleeping duration, stress, exposure
to indoor secondhand smoke, current smoking, heavy drinking, difficulties controlling alcohol use,
menopause, hypertension, diabetes, kidney failure and thyroid disorder (Table S1).

Table 1. Characteristics of study subjects in Korean National Health and Nutrition Examination Survey
KNHANES (2009–2012) by frequency of coffee consumption.

Symptoms by Group
Frequency of Coffee Consumption

Total Rarely Monthly Weekly Daily

Age group (19–39) n = 4633 n = 634 n = 304 n = 873 n = 2822
Hearing loss *, n (%)

Unilateral 55 (1.19%) 11 (1.74%) 2 (0.66%) 6 (0.69%) 36 (1.28%)
Bilateral 8 (0.17%) 1 (0.16%) 0 (0.00%) 3 (0.34%) 4 (0.14%)

Tinnitus, n (%) 837 (18.07%) 130 (20.50%) 62 (20.39%) 177 (20.27%) 468 (16.58%)
Tinnitus-related annoyance, n (%) 179 (3.86%) 33 (5.21%) 13 (4.28%) 26 (2.98%) 107 (3.79%)

Age group (40–64) n = 6631 n = 656 n = 308 n = 899 n = 4768
Hearing loss *, n (%)

Unilateral 332 (5.01%) 40 (6.1%) 15 (4.87%) 47 (5.23%) 230 (4.82%)
Bilateral 192 (2.90%) 31 (4.73%) 18 (5.84%) 33 (3.67%) 110 (2.31%)

Tinnitus, n (%) 1321 (19.92%) 149 (22.71%) 64 (20.78%) 191 (21.25%) 917 (19.23%)
Tinnitus-related annoyance, n (%) 414 (6.24%) 50 (7.62%) 18 (5.84%) 66 (7.34%) 280 (5.87%)

Age group (≥65) n = 2184 n = 429 n = 122 n = 383 n = 1250
Hearing loss *, n (%)

Unilateral 311 (14.24%) 71 (16.55%) 18 (14.75%) 58 (15.14%) 164 (13.12%)
Bilateral 458 (20.97%) 99 (23.08%) 20 (16.39%) 79 (20.63%) 260 (20.80%)

Tinnitus, n (%) 611 (27.98%) 135 (31.47%) 38 (31.15%) 95 (24.80%) 343 (27.44%)
Tinnitus-related annoyance, n (%) 280 (12.82%) 73 (17.02%) 18 (14.75%) 47 (12.27%) 142 (11.36%)

* Hearing loss ≥ 41 dB for four-frequency average of pure-tone thresholds at 500, 1000, 2000 and 4000 Hz.
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Table 2 shows the results of the association between coffee consumption and hearing loss.
No significant correlation was detected between coffee consumption frequency and unilateral hearing
loss across all age groups. No significant correlation was detected between bilateral hearing loss
and coffee consumption frequency in the 19–39 and ≥65 years age groups. However, daily coffee
consumption resulted in a significantly decreased risk of bilateral hearing loss in the 40–64 years age
group, compared with the rare consumption group (adjusted odds ratio (aOR), 0.50; 95% confidence
interval (CI), 0.33–0.78; p = 0.0021), whereas monthly or weekly consumers did not show a significant
difference relative to rare consumers. In the 40–64 years age group, odds ratio of mild and moderate
hearing loss in daily coffee consumers and mild hearing loss in weekly coffee consumers were
significantly lower than those of rare coffee consumers (Table S7). In addition, as the frequency of
coffee consumption increased there tended to be a decrease in bilateral hearing loss in the 40–64 years
age group.

Table 3 shows the results of the association between coffee consumption and tinnitus and
tinnitus-related annoyance. In the univariable analysis, the prevalence of tinnitus in daily coffee
consumers was lower than that in the rare coffee consumers in the 19–39 years (unadjusted OR, 0.77;
95% CI, 0.62–0.96; p = 0.0186) and 40–64 years (unadjusted odds ratio (OR), 0.81; 95% CI, 0.67–0.99;
p = 0.0357) age groups. However, in the multivariable models adjusted for potential confounders,
the relationships between daily coffee consumers and rare consumers were not significant in the
19–39 year (aOR, 0.80; 95% CI, 0.63–1.00; p = 0.0548) and the 40–64 years age groups (aOR, 0.90; 95%
CI, 0.73–1.10; p = 0.3066). An inverse association was observed between tinnitus-related annoyance
and coffee consumption in weekly coffee consumers aged 19–39 years (unadjusted OR, 0.56; 95%
CI, 0.33-0.95; p = 0.0298) and daily coffee consumers aged ≥ 65 years (unadjusted OR, 0.63; 95% CI,
0.46–0.85; p = 0.0026). However, the associations in weekly coffee consumers aged 19–39 (aOR, 0.58;
95% CI, 0.34–1.01; p = 0.0529) and daily coffee consumers aged ≥ 65 years (aOR, 0.77; 95% CI, 0.54–1.09;
p = 0.1355) were not significant in the multivariable analysis.

We investigated associations between types of coffee and hearing loss, tinnitus and tinnitus-related
annoyance using multivariable analysis. Table 4 shows “adjusted” odds ratio of hearing loss, tinnitus
and tinnitus-related annoyance for three types of coffee. The odds of unilateral hearing loss or
tinnitus-related annoyance did not reach statistical significance for all age groups. However, the odds
ratio of bilateral hearing loss for brewed coffee in 40–64 years age group is significantly lower than 1
(aOR, 0.61; 95% CI, 0.44–0.84; p = 0.0028). And the odds ratio of tinnitus for brewed coffee in 19–39 years
age group is significantly lower than 1 (aOR, 0.82; 95% CI, 0.70–0.97; p = 0.0175). Contrary, the odds
ratio of tinnitus for canned coffee in 40–64 years age group is significantly higher than 1 (aOR, 1.49;
95% CI, 1.17–1.90; p = 0.0011).
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Table 4. Odds ratios and 95% confidence intervals of coffee type.

Coffee Type
Hearing Loss (Unilateral) Hearing Loss (Bilateral)

OR * (95% CI) p-Value OR * (95% CI) p-Value

Age group: 19–39
Brewed coffee (yes vs. no) 0.95 (0.53, 1.69) 0.8599 0.46 (0.16, 1.27) 0.1333
Instant coffee (yes vs. no) 0.65 (0.22, 1.91) 0.4369 0.64 (0.08, 4.88) 0.6683
Canned coffee (yes vs. no) 1.02 (0.39, 2.64) 0.9752 1.28 (0.32, 5.08) 0.7223

Age group: 40–64
Brewed coffee (yes vs. no) 1.04 (0.81, 1.34) 0.7414 0.61 (0.44, 0.84) 0.0028
Instant coffee (yes vs. no) 1.11 (0.81, 1.51) 0.5216 0.70 (0.45, 1.09) 0.1133
Canned coffee (yes vs. no) 1.41 (0.86, 2.30) 0.1694 0.63 (0.23, 1.73) 0.3672

Age group: ≥65
Brewed coffee (yes vs. no) 0.84 (0.64, 1.10) 0.2083 1.02 (0.80, 1.30) 0.8886
Instant coffee (yes vs. no) 0.87 (0.60, 1.26) 0.4472 0.74 (0.53, 1.04) 0.0842
Canned coffee (yes vs. no) 1.38 (0.51, 3.74) 0.5233 0.89 (0.30, 2.64) 0.8294

Tinnitus Tinnitus-Related Annoyance

OR † (95% CI) p-Value OR † (95% CI) p-Value

Age group: 19–39
Brewed coffee (yes vs. no) 0.82 (0.70, 0.97) 0.0175 1.09 (0.80, 1.50) 0.5821
Instant coffee (yes vs. no) 1.08 (0.84, 1.41) 0.5439 1.04 (0.62, 1.74) 0.8812
Canned coffee (yes vs. no) 0.95 (0.74, 1.23) 0.7163 1.13 (0.68, 1.86) 0.6454

Age group: 40–64
Brewed coffee (yes vs. no) 1.00 (0.87, 1.14) 0.9359 0.96 (0.77, 1.19) 0.6790
Instant coffee (yes vs. no) 0.96 (0.81, 1.14) 0.6779 0.96 (0.72, 1.27) 0.7660
Canned coffee (yes vs. no) 1.49 (1.17, 1.90) 0.0011 1.28 (0.83, 1.95) 0.2619

Age group: ≥65
Brewed coffee (yes vs. no) 0.92 (0.74, 1.14) 0.4318 0.89 (0.66, 1.20) 0.4441
Instant coffee (yes vs. no) 1.19 (0.90, 1.57) 0.2263 0.95 (0.64, 1.42) 0.7967
Canned coffee (yes vs. no) 0.85 (0.37, 1.97) 0.7051 0.63 (0.14, 2.74) 0.5328

* Adjusted for age, sex, education, parents’ education, perceived stress, exposure to indoor secondhand smoke,
current smoking, heavy drinking, drinking-related problem, menopause, history of hypertension, diabetes mellitus,
anemia, kidney failure, thyroid disorder, tympanic membrane perforation, cholesteatoma and otitis media with
effusion. † Adjusted for age, sex, education, parents’ education, perceived stress, exposure to indoor secondhand
smoke, current smoking, heavy drinking, drinking-related problem, menopause, history of hypertension, diabetes
mellitus, anemia, kidney failure, thyroid disorder, tympanic membrane perforation, cholesteatoma, otitis media
with effusion and hearing loss.

4. Discussion

This study demonstrated the inverse correlation of the frequency of coffee consumption with
hearing loss in middle aged Koreans. The prevalence of bilateral hearing loss in daily coffee
consumers was significantly lower in the 40–64 years age group compared to the other age groups.
However, no significant correlation was observed between unilateral hearing loss and coffee
consumption in any other age group. Tinnitus and tinnitus-related annoyance were not related
with coffee consumption. Instant coffee consumers aged 40–64 years had less hearing loss and less
tinnitus-related annoyance than those in the ≥65 years age group and for any type of coffee.

No previous large-scale study has demonstrated the effects of coffee on hearing loss and
tinnitus. Many people believe that coffee has a harmful effect on hearing. Actually, there is a
report that caffeine in coffee has detrimental effects on recovery from acoustic overstimulation
events [31,32]. Caffeine, a major ingredient of coffee, is proved to be an aggravating factor of Meniere’s
disease [33]. Many otologists prescribe a coffee restriction for cases of hearing loss from Meniere’s
disease [34]. Some studies have indicated that coffee has preventive effects on hearing loss but
most studies were conducted on a specific type of hearing loss or situation. Chang et al. reported
that noise-induced hearing loss in workers is less frequent in tea or coffee consumers (OR = 0.03,
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95% CI: 0.01–0.51) [35]. Caffeine improves transmission in the peripheral and central brain auditory
pathways [36]. Caffeine improves auditory processing in preterm infants, resulting in improved
neurodevelopmental outcomes [37]. Hong et al. reported that coffee ameliorates the hearing threshold
shift and delayed latency of auditory evoked potentials in patients with diabetic neuropathy [38].
Coffee improves auditory neuropathy in diabetic mice. In addition, trigonelline—the main active
compound in coffee extracts—facilitates recovery from pyridoxine-induced auditory neuropathy in a
mouse model [39].

Our univariable analyses determined that the prevalence of tinnitus in daily coffee consumers in
the 19–39 and 40–64 years age groups was lower than that in rare coffee consumers of the same age
groups. The prevalence of tinnitus in weekly coffee consumers age ≥65 years was lower than that in
rare coffee consumers in the same age group. However, this tendency disappeared in the multivariable
analysis, suggesting that coffee consumption itself does not have a direct correlation with tinnitus.
Some covariates, such as bilateral hearing loss, stress and sleep, can indirectly affect tinnitus.

The relationship between coffee and tinnitus is controversial. There is an opinion that caffeine
in coffee stimulates ascending auditory pathways or reduces the suppressive effect on the central
nervous system, which evokes tinnitus [40]. Other studies have argued that the stimulation increases
the detection of tinnitus through increased arousal or anxiety [41]. Caffeine in coffee is known
to have deleterious effects on sleep [42,43] and it can aggravate tinnitus-associated distress [44].
However, one study reported that stopping caffeine intake does not improve tinnitus symptoms [29].
Another study reported that higher caffeine intake is associated with a lower risk of tinnitus in
women [45]. McComack et al. reported that persistent tinnitus decreases with caffeinated coffee
consumption (OR = 0.99 per cup/day) and consumption of caffeinated coffee appears to be associated
with lower levels of reported transient tinnitus [30].

The relationship between the frequency of coffee consumption and the occurrence of tinnitus in
the 19–39 and ≥65 years age groups appeared to be quite different from that of the 40–64 years age
group. The abatement of tinnitus in the 40–64 years age group can be explained by a decrease in bilateral
hearing loss. However, no significant decreases in bilateral hearing loss were observed in the 19–39 years
and ≥65 years age groups. One of the covariates, such as perceived stress, can reduce tinnitus. In fact,
an inverse correlation has been reported between perceived stress and tinnitus [46–48]. Coffee consumption
is associated with social activity; thus, it is highly probable that socially active people have a relatively
lower level of perceived stress and low stress can lower the incidence of tinnitus.

Types of coffee have association with hearing loss and tinnitus. Our results suggest that brewed
coffee can have preventive effects on bilateral hearing loss and tinnitus but canned coffee can have
inducing effect on tinnitus for some age groups. Difference in preparation method, heat treatment
(freeze-drying or high temperature sterilization) and expiration date seem to have affected on bioactive
constituents in each type of coffee [49,50]. However, since the details of coffee type are very diverse,
it is difficult to make uniform conclusion.

We have some limitations in this study. First, this is an observational study, so it is difficult to
generalize the result of this study to the causal relationship from coffee consumption to hearing loss and
tinnitus. To confirm causality, well-controlled experimental design will be needed. Second, we could
not analyze unilateral and bilateral tinnitus separately, because KNHANES data did not discern
tinnitus side. However, bilateral tinnitus is different from unilateral one in the point of heritability and
prognosis [51]. Therefore, it is desirable to discern the side of tinnitus. Third, the frequency of coffee
consumption was estimated by questionnaires of subjects. It depends on the memory of the subjects,
so it is possible that there is a measurement error.

5. Conclusions

According to the results of KNHANES analyses, coffee consumers had a low prevalence of
bilateral hearing loss. However, the path of lower bilateral hearing loss and tinnitus varied according
to age group. The incidence of bilateral hearing loss was low in coffee consumers aged 40–64 years,
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which influenced the low prevalence of tinnitus. However, other covariates, such as the low perceived
stress of coffee consumers, seemed to be the main cause for the low prevalence of tinnitus in the
19–39 and ≥65 years age groups. In addition, brewed coffee consumers had lower rate of bilateral
hearing loss and tinnitus.
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Abstract: Coffee, wine and chocolate are three frequently consumed substances with a significant
impact on cognition. In order to define the structural and cerebral blood flow correlates of
self-reported consumption of coffee, wine and chocolate in old age, we assessed cognition and
brain MRI measures in 145 community-based elderly individuals with preserved cognition (69 to
86 years). Based on two neuropsychological assessments during a 3-year follow-up, individuals
were classified into stable-stable (52 sCON), intermediate (61 iCON) and deteriorating-deteriorating
(32 dCON). MR imaging included voxel-based morphometry (VBM), tract-based spatial statistics
(TBSS) and arterial spin labelling (ASL). Concerning behavior, moderate consumption of caffeine was
related to better cognitive outcome. In contrast, increased consumption of wine was related to an
unfavorable cognitive evolution. Concerning MRI, we observed a negative correlation of wine and
VBM in bilateral deep white matter (WM) regions across all individuals, indicating less WM lesions.
Only in sCON individuals, we observed a similar yet weaker association with caffeine. Moreover,
again only in sCON individuals, we observed a significant positive correlation between ASL and wine
in overlapping left parietal WM indicating better baseline brain perfusion. In conclusion, the present
observations demonstrate an inverse association of wine and coffee consumption with cognitive
performances. Moreover, low consumption of wine but also moderate to heavy coffee drinking was
associated with better WM preservation and cerebral blood-flow notably in cognitively stable elders.

Keywords: caffeine; wine; chocolate; aging; cognition

1. Introduction

Coffee, wine and chocolate are three frequently consumed substances with a significant impact
on cognitive performances.

Early studies in community-based samples suggested that moderate caffeine consumption is
associated with decreased incidence of both mild cognitive impairment (MCI) and clinically overt
AD [1–4]. More recently, a case-control study revealed that plasma caffeine levels greater than
1200 ng/mL in MCI subjects were associated with no conversion to dementia during a 2–4-year
follow-up [5]. Importantly, in the Italian Longitudinal study of aging, moderate caffeine consumption
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over time (from 1 to 2 cups of coffee/day) was associated with lower incidence rate of MCI in
cognitively intact older individuals. However, an inverse association was found for those who
increased their daily caffeine consumption [6,7].

A U-shape relationship between cognitive performance and wine consumption has been
postulated with a marked detrimental effect of heavy drinking but a decrease of Alzheimer disease
(AD) and dementia risk among light to moderate drinkers. However, this latter association
has been challenged due to confounding by socioeconomic class and intelligence (for review see
References [8–10]).

Recent lines of evidence suggest that regular consumption of cocoa is associated with
dose-dependent improvements in general cognition, attention, processing speed, and working memory
that have been documented in animal models of normal aging but also in a limited series of healthy
elders (for review see [11,12]).

The impact of these substances on resting state brain function and AD pathology has been
intensively explored. A limited number of randomized controlled trials explored the acute effects of
caffeine, cocoa flavonoids and alcohol in brain function and perfusion [13–15]. Overall, caffeine intake
was associated with a significant reduction of ASL-measured gray matter cerebral blood flow, increased
load-related activation compared to placebo in the left and right dorsolateral prefrontal cortex during
working memory encoding, but decreased load-related activation in the left thalamus during working
memory maintenance. Alcohol intake led to increased cerebral blood flow in a dose-dependent manner
(for review see Joris et al. [16]). Chronic caffeine intake has been shown to reduce Aβ-induced cell
death in vitro, decrease brain amyloid levels [6,17–21], reduce hippocampal tau phosphorylation
and proteolytic fragments but also mitigate several proinflammatory and oxidative stress markers in
AD transgenic models [22]. Several studies pointed to a caffeine-mediated decrease of resting-state
connectivity across the brain in healthy controls. More recently, it was shown that although this is
true in respect to visual and motor areas, the blood oxygenation level dependent (BOLD) functional
connectivity of the default mode network (DMN) might increase via the recruitment of attentional
networks partly explaining the caffeine-mediated elevated alertness [23–26]. Low concentrations of
ethanol have been shown to protect against toxicity induced by Aβ oligomers [27]. In alcohol drinkers
(without misuse or dependence), resting state functional connectivity is reduced in posterior cortical
areas as precuneus, postcentral gyrus, insula, right fusiform and lingual gyri and visual cortex [28] but
also in the sub-callosal cortex, in left temporal fusiform cortex and left inferior temporal gyrus [29].
In the same line, cocoa extracts reduce oligomerization of beta amyloid and modulates the brain
neurotrophic-derived factor signalling pathway in AD animal models [30,31]. At the cellular level,
chocolate and other flavonoids interact with signalization cascades involving protein and lipid kinases
that lead to the inhibition of neuronal death by apoptosis induced by neurotoxicants such as oxygen
radicals and promote neuronal survival and synaptic plasticity (for review see [32]).

Contrasting with the substantial amount of data on resting state fMRI effects of wine, coffee
and chocolate intake, a surprisingly low number of studies addressed the consequences of their
chronic consumption on structural MRI parameters in healthy controls (without any misuse or
addiction-related behaviors). Most of them concerned alcohol beverages and remain highly
controversial. Linear decrease of grey matter (GM) volumes were reported with weekly alcohol
consumption mainly in men whereas white matter (WM) volume analysis led to conflicting data [33–36].
Regular caffeine use is known to reduce arterial spin labelling (ASL)-assessed cerebral blood flow
(CBF) [37,38] in healthy controls. To our knowledge, there were no studies investigating the relationship
between chocolate consumption and structural MRI parameters as well as ASL-assessed CBF.

In order to define the structural and cerebral blood flow correlates of regular consumption of
coffee, wine and chocolate in old age, we performed voxel-based morphometry (VBM), tract-based
spatial statistics (TBSS) that detect changes in grey and white matter microstructure and arterial spin
labelling (ASL) perfusion imaging in a community-based series of 145 elderly individuals aged from
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69.3 to 85.8 who were cognitively preserved at inclusion and underwent two neuropsychological
assessments during a subsequent 3-year period.

2. Materials and Methods

2.1. Participants

The data engaged in this article was retrieved from an ongoing large population-based
longitudinal study on healthy aging that is still ongoing in the Geneva and Lausanne counties.
The cohort included 526 elderly Caucasian white individuals living in Geneva and Lausanne
catchment area. Due to the need for excellent French knowledge (in order to participate in
detailed neuropsychological testing) the vast majority of the participants were Swiss (or born in
French-speaking European countries, 92%). At baseline, all individuals were evaluated with an
extensive neuropsychological battery, including the Mini-Mental State Examination (MMSE) [39],
the Hospital Anxiety and Depression Scale (HAD [40]), and the Lawton Instrumental Activities of
Daily Living (IADL, [41]). Cognitive assessment included (a) attention (Digit-Symbol-Coding [42],
Trail Making Test A [43]), (b) working memory (verbal: Digit Span Forward [44]), visuo-spatial:
Visual Memory Span (Corsi) [45], (c) episodic memory (verbal: RI-48 Cued Recall Test [46]), visual:
Shapes Test [47], (d) executive functions (Trail Making Test B [43], Wisconsin Card Sorting Test
and Phonemic Verbal Fluency Test), (e) language (Boston Naming [48]), (f) visual gnosis (Ghent
Overlapping Figures), (g) praxis: ideomotor [49], reflexive [50], and constructional (Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD), Figures copy [51]). All individuals were
also evaluated with the Clinical Dementia Rating scale (CDR) [52]. In agreement with the criteria of
Petersen et al. [53], participants with a CDR of 0.5 but no dementia and a score exceeding 1.5 standard
deviations below the age-appropriate mean in any of the cognitive tests were classified as MCI
and were excluded. Participants with neither dementia nor MCI were classified as cognitively
healthy controls and underwent full neuropsychological assessment at follow-ups, on average 18 and
36 months later. Exclusion criteria included psychiatric or neurologic disorders, sustained head injury,
history of major medical disorders (neoplasm or cardiac illness), alcohol or drug abuse, regular use of
neuroleptics, antidepressants or psychostimulants and contraindications to MR imaging. To control for
the confounding effect of cardiovascular diseases, individuals with subtle cardiovascular symptoms
and a history of stroke, severe hypertension and transient ischemic episodes were also excluded from
the present study.

At follow-up, which took place 18 months after inclusion, the cognitively healthy individuals
underwent full neuropsychological assessment. Individuals who obtained stable cognitive scores over
the baseline and follow-up evaluation were classified as stable controls. The progressive control group
obtained a follow-up evaluation of at least 0.5 standard deviations (SD) lower than measured at baseline,
on a minimum of two cognitive tests. Two neuropsychologists clinically assessed all individuals
independently. The final classification was determined by a trained neuropsychologist considering
both the results of the neuropsychological tests and overall clinical assessment [54]. All of the case’s
individuals were assessed once again 18 months later with the same neuropsychological battery.
The participants were subsequently grouped as described above (−0.5 SD in at least two cognitive
tests), with comparison of the scores of the latest assessment. Stable individuals showing no changes in
the second assessment were classified in the stable-stable (sCON) group and progressive individuals
demonstrating a further decline as deteriorating-deteriorating (dCON). The intermediate group (iCON)
refers to participants demonstrating a fluctuating scoring pattern, incorporating stable-progressive,
progressive-stable or progressive-improved individuals.

The final sample consisted of 52 sCON (mean age 73 ± 3 years; 32 women), 61 iCON (mean age
73 ± 3 years; 30 women) and 32 dCON (mean age 74 ± 4.0 years; 18 women). All participants gave
informed written consent after formal approval by the local Ethics Committee.
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The timeline of neuropsychological assessment, MR imaging and questionnaire is illustrated
online in Figure S1.

2.2. Substance Questionnaire

Usual caffeinated foods and beverages (coffee, chocolate) consumption as well as wine intake were
assessed by a self-administered questionnaire. Participants were asked to complete the questionnaire
entering the amount consumed by day, month and year (see online Supplementary Material). After
reception of the questionnaire and in case of doubt, additional information was obtained by phone calls
in order to obtain a global estimation of the consumption. In contrast, the type of coffee preparation
or wine was not explored further since no lines of evidence indicate a differential impact of these
preparations (or type of wine) in the human brain. The caffeine questionnaire was derived from
Reference [55] and related caffeine content can be found in References [56,57].

2.3. MRI Data Acquisition

Imaging data were acquired on a 3T MRI scanner (TRIO SIEMENS Medical Systems, Erlangen,
Germany) Essential data include: a high-resolution T1-weighted anatomical scan (magnetization
prepared rapid gradient echo (MPRAGE), 256 × 256 matrix, 176 slices 1 mm isotropic, TR = 2.27 ms),
a pulsed ASL sequence (64 × 64 matrix, 24 slices, voxel size 3.44 × 3.44 × 5 mm3, TE = 12 ms,
TR = 4000 ms, inversion time (TI) 1600 ms) and a diffusion tensor imaging DTI sequence (b = 0 and
30 diffusion directions with b = 1000 s/mm2, 128 × 128 matrix, voxel size 2.0 × 2.0 × 2.0 mm3,
TE = 82.4 ms, TR = 7900 ms and 1 average).

Additional sequences included axial fast spin-echo T2w imaging (4000/105, 30 sections,
4-mm section thickness), susceptibility weighted imaging (28/20, 208 × 256 × 128 matrix,
1 mm × 1mm × 1 mm voxel size) were performed to exclude brain disease, such as ischemic stroke,
subdural hematomas, or space-occupying lesions.

2.4. Statistical Analysis of Demographic and Substance Data

Comparison among the three groups were performed with Fisher exact test, Kruskal-Wallis
test or one way ANOVA according to the distribution of the variables. Caffeinated foods and
beverages were considered as continuous variables, z-scores and also as tertile (light, moderate,
heavy consumers). Consumption of coffee was divided in tertile as follows: light (0–28 cups/month),
moderate (29–60 cups/month), heavy (61–168 cups/month). Light drinkers for wine corresponded to
a consumption of 0–8 units /month, moderate to a consumption of 9–28 units /month, and heavy to a
consumption of 29–200 units/month. Consumption of chocolate was divided in tertile as follows: light
(0–20 serving/month), moderate: 20–80 serving/month, heavy: 81–226 serving/month). Unadjusted,
adjusted and multiple ordered logistic regression models were used to predict group membership
(see results section for details) from the different type of consumptions (chocolate, coffee and wine).

2.5. MR Data Analysis

2.5.1. Whole-Brain Voxel-Based Morphometry (VBM)

The voxel-based morphometry analysis was carried out using the FSL software package [58],
according to the standard procedure. The essential processing steps included brain extraction using
Brain Extraction Tool [59], tissue-type segmentation using FMRIB’s Automated Segmentation Tool [60],
nonlinear transformation into Montreal Neurological Institute (MNI) reference space, and creation
of a study-specific GM template to which the native GM images were then nonlinearly re-registered.
The modulated segmented images were then smoothed with an isotropic Gaussian kernel with a sigma
of 2 mm. Finally, the voxel-wise FSL General Linear Model was applied by using permutation-based
non-parametric testing with the FSL Randomize Tool with the threshold-free cluster enhancement
(TFCE) correction for multiple comparisons [61], considering fully corrected p values < 0.05 as
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significant. The analysis was performed twice. First, the analysis was performed across all participants
across the entire brain using coffee, wine or chocolate as dependent variables- and age, gender,
education and MMSE score as potential confounders. Second, the analysis was performed as separate
models for the groups sCON, iCON and dCON using only one explanatory variable (coffee, wine or
chocolate) and again age, gender, education and MMSE score as non-explanatory variables.

2.5.2. Arterial Spin Labelling (ASL)

The reconstructed relCBF (relative cerebral blood flow) ASL perfusion images were spatially
normalized using a linear spatial alignment from ASL raw data to the individual high-resolution
3DT1 image, followed by the application of the non-linear spatial registration determined in the
pre-processing of the 3DT1 data. The spatial transformations were then applied to the relCBF
maps calculated directly on the MRI scanner, this two-steps approach results in a non-linear spatial
registration of the ASL relCBF map into the MNI space. We then calculated the whole brain average
relCBF, which was compared between groups with caffeine, wine and chocolate as dependent variables
with age, gender, education and MMSE score as potential confounders. Moreover, we applied a
voxel-wise local permutation-based, with threshold-free cluster enhancement (TFCE) correction for
multiple comparisons, considering fully corrected p values < 0.05 as significant. The statistical models
were performed similar to VBM described above.

2.5.3. Diffusion Tensor Imaging (DTI) Tract Based Spatial Statistics (TBSS)

The TBSS analysis of the DTI data was done implementing the FSL software package [58],
according to the standard procedure described in detail [62]. All subjects’ FA data were projected
onto a mean FA skeleton using a non-linear spatial registration. The tract skeleton is the basis for
voxel-wise cross-subject statistics and reduces potential misregistrations as the source for false-positive
or false-negative analysis results. The other DTI-derived parameters—longitudinal, radial, and mean
diffusivity were analyzed in the same way using spatial transformation parameters that were estimated
in the initial FA analysis. Similar to the VBM analysis above, the TBSS was analyzed using voxel-wise
statistical analysis was performed TFCE correction for multiple comparisons, considering fully
corrected p values < 0.05 as significant. We used the John Hopkins University DTI-based white
matter tractography atlas, which is distributed in the FSL package, for anatomic labeling of the
supra-threshold voxels. The statistical models were performed similar to VBM described above.

2.5.4. GM Region of Interest (ROI) Analysis

In addition to the voxel-wise whole-brain analysis described above, we additionally performed a
region of interest (ROI) analysis. The whole was parcellated into 133 regions using the Combinostics
cMRI software package [63]. We performed bivariate linear regression models to predict each
MRI regional parameters from group and each substance entered either as z-score or as an ordinal
variable (tertile).

3. Results

3.1. Clinical, Demographic and Substance Data

The clinical and demographic data are summarized in Table 1. There were no statistically
significant differences in age, gender and education among the groups sCON, iCON and dCON.

When including one type of consumption as z-score in ordered logistic regression model to predict
group membership without and while adjusting for age, sex, education level and MMS, only wine
was associated with an increased risk of adverse evolution (ORunadjusted 1.012, 95% CI 1.002–1.023;
p = 0.017 unadjusted), (ORadjusted 1.012, 95% CI 1.001–1.022; p = 0.028 adjusted). In a multiple ordered
logistic regression model adjusted for the same confounders as above and all type of consumptions,

33



Nutrients 2018, 10, 1391

wine consumption remained significantly associated with the dCON status (ORadjusted 1.401, 95% CI
1.003–1.955; p = 0.048).

When analyzing the consumption data as tertile, moderate coffee drinkers are less likely to
be classified as dCON (ORunadjusted 0.451, 95% CI 0.214–0.950; p = 0.036) (ORadjusted 0.447, 95% CI
0.210–0.952; p = 0.037). This observation persists after adjusting for wine and chocolate consumption
ORadjusted = 0.455; 95% CI 0.208–0.995; p = 0.048.

Table 1. Clinical, demographic and substance data by evolution groups.

sCON
(Stable-Stable/

Stable-Improved)

iCON (Stable-Progressed/
Progressed-Stable/

Progressed-Improved)

dCON
(Progressed-Progressed)

Total p Value

N 52 61 32 145

Age 73.6 ± 3.4 73.9 ± 3.3 74.0 ± 3.8 73.8 ± 3.5 0.898

Gender
0.321Female 33 (63.5%) 30 (49.2%) 18 (56.3%) 81 (55.9%)

Male 19 (36.5%) 31 (50.8%) 14 (43.8%) 64 (44.1%)

Education (year)

0.315
<9 10 (19.2%) 5 (8.2%) 6 (18.8%) 21 (14.5%)
9–12 20 (38.5%) 29 (47.5%) 16 (50.0%) 65 (44.8%)
>12 22 (42.3%) 27 (44.3%) 10 (31.3%) 59 (40.7%)

MMSE 28.6 ± 1.2 28.3 ± 1.3 28.5 ± 1.7 28.5 ± 1.4 0.534

Chocolate (serving/month) 61.3 ± 58.5 56.0 ± 49.2 46.4 ± 44.4 55.8 ±
51.7 0.443

Coffee (cup/month) 56.3 ± 32.6 50.6 ± 36.1 58.7 ± 43.2 54.4 ±
36.5 0.535

Wine (glass/month) 18.6 ± 18.3 28.1 ± 29.9 34.5 ± 43.7 26.1 ±
30.7 0.054

Chocolate (tertile)

0.689
Light 18 (34.6%) 20 (32.8%) 15 (46.9%) 53 (36.6%)
Moderate 17 (32.7%) 22 (36.1%) 7 (21.9%) 46 (31.7%)
Heavy 17 (32.7%) 19 (31.1%) 10 (31.3%) 46 (31.7%)

Coffee (tertile)

0.228
Light 12 (23.1%) 25 (41.0%) 13 (40.6%) 50 (34.5%)
Moderate 21 (40.4%) 19 (31.1%) 7 (21.9%) 47 (32.4%)
Heavy 19 (36.5%) 17 (27.9%) 12 (37.5%) 48 (33.1%)

Wine (tertile)

0.154
Light 24 (46.2%) 17 (27.9%) 12 (37.5%) 53 (36.6%)
Moderate 19 (36.5%) 30 (49.2%) 8 (25.0%) 57 (39.3%)
Heavy 9 (17.3%) 14 (23.0%) 12 (37.5%) 35 (24.1%)

3.2. MRI Analysis across the Entire Group

Across all participants, we observed a negative correlation in VBM with wine notably in bilateral
deep white matter regions (Figure 1).

 

Figure 1. Negative correlation between wine and VBM across all individuals. p < 0.05 TFCE corrected.
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In contrast, no significant differences were observed for ASL or TBSS measures as a function of
the substances studied.

3.3. Group MRI Analysis

In sCON cases, we observed a significant positive correlation between ASL measures and wine
in left parietal white matter (Figure 2), overlapping with the results of the VBM correlation of all
individuals reported above.

 

Figure 2. Positive correlation between wine and ASL for only sCON individuals. p < 0.05
TFCE corrected.

Moreover, we observed a negative correlation between VBM and caffeine only in sCON
individuals notably in the white matter that was more pronounced in left parietal and right frontal
regions (Figure 3).

Importantly, there were no significant associations between these substances and MRI findings in
both iCON and dCON groups.

 

Figure 3. Negative correlation between caffeine and VBM for only sCON individuals. p < 0.05
TFCE corrected.
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4. Discussion

We demonstrate an inverse association of wine and coffee consumption with cognitive
performances. In addition, low consumption of wine but also moderate to heavy coffee drinking was
associated with better WM preservation and cerebral blood-flow notably in cognitively stable elders.

At the behavioral level, the present study reveals that moderate consumption of caffeine is related
to better cognitive outcome in a community-based sample of 145 elderly controls that undergo two
detailed neuropsychological follow-ups in a 3-year period. Importantly, this association is limited to
low quantities and did not persist in cases with very subtle signs of cognitive instability (iCON) or
early phases of cognitive decline (dCON).

In contrast, increased consumption of wine is related to unfavorable cognitive evolution.
The relationship between drinking and cognitive performances in old age remains a highly
controversial issue. The deleterious effect of heavy wine consumption on cognitive evolution over time
in elderly controls has been already documented [8–10,64,65]. Several lines of evidence have suggested
that moderate drinking could have a slight positive impact on memory and verbal abilities [66,67] but
negative data have been also reported [64,68]. In our highly selected cases that mostly consumed very
low levels of alcohol (more than 75% among them consumed less than one unit per day and almost one
third less than eight units per month), we failed to document a positive association between moderate
wine drinking and cognition. In contrast, we found a negative relationship between increased wine
consumption and neuropsychological performances as already suggested previously (for review see
Reference [64]). It should, however, be noted that this finding was obtained when using z-scores
but not tertiles indicating that the heavy consumption of a limited number of elderly controls led
to this result. In contrast to wine, moderate caffeine consumption (up to two cups of coffee/day)
was associated with better cognitive outcome in our 3-year follow-up. This observation parallels
several previous reports on the protection conferred by moderate caffeine consumption in cognitive
aging [1–5]. Not surprisingly, chronic chocolate consumption was not associated with cognition in
our elderly controls. A positive effect of cocoa products seems to be confined to acute consumption as
previously reported [11,12].

Concerning brain MRI, we first assessed the entire dataset of healthy elderly controls and observed
a negative correlation between wine consumption and VBM in bilateral fronto-parietal white matter
(WM). This result may appear contra-intuitive at first glance, as VBM is usually used to assess
modifications in grey matter (GM) concentration. However, it should be noted that microvascular
WM lesion are very frequent in the elderly population. They appear as hypersignal on T2w/FLAIR
(fluid attenuated inversion recovery) sequences, and are usually reported on those sequences, e.g.,
using the Fazekas score. Although less evident and consequently usually less frequently assessed,
those microvascular WM lesions also appear as a hypointense signal on T1w images, which is the
basis of the VBM analysis. The negative correlation between wine and VBM in WM indicates less
hypointense signal on T1 and consequently a reduced severity of WM lesions with increasing wine
intake. Interestingly, the additionally performed TBSS analysis of the WM skeleton did not reveal
significant differences in FA (fractional anisotropy), which is considered as a microstructural marker
of axonal integrity. Taking together the results of VBM and TBSS, this indicates that increased wine
intake may reduce microvascular lesions of the fronto-parietal WM, while association between this
consumption and microstructural integrity of the WM seems more difficult to establish. Interestingly,
an increasing number of studies point to the positive association between low to moderate wine
consumption and WM integrity. In particular, Verbaten reported less white matter damage in elderly
light and moderate drinkers [33]. Similar results were reported by Mukamal for elders consuming
less than six units per week [69] for the vast majority of the present cases. Interestingly and unlike
cognitive performances, we did not detect a negative association between heavy drinking and WM
integrity. The absence of a U-shape association here may be related to the limited number of heavy
drinkers in this sample and low exposure to cardiovascular risk factors due to the exclusion criteria.

36



Nutrients 2018, 10, 1391

A separate set of findings concerned with the association between consumption and brain
structure as a function of the cognitive fate in this longitudinal series. We built regression models for
each subgroup. Based on repeated neurocognitive testing, the healthy controls were sub-classified
into sCON, iCON and dCON. It is important to emphasize that even for the dCON participants,
the cognitive profile remains within the normal limits at follow-up, however, the individual cognitive
profile slightly decreased two times at 18 and 36 months follow-up. In contrast, the cognitive profile
remains constant twice for the sCON participants, and is intermediate for the iCON participants.
Only in the sCON individuals, we observed a positive correlation between wine and ASL in the WM,
overlapping with the regions of the VBM results across all participants reported above. This indicates
that wine does not only reduce the WM lesion load, but also improves brain perfusion at baseline;
however, this effect is limited in cases who remained cognitively stable over time. It is noteworthy
that among sCON cases, only six cases corresponded to the classical definition of heavy drinking
(≥8 units for women and 15 for men), the mean consumption being less than one unit/day. In the
same line, we found a negative association between caffeine consumption and VBM only for sCON
participants in the right frontal and left parietal WM regions, without a significant association with
TBSS parameters. Similar to the argumentat above, this might indicate that caffeine reduces WM lesion
load only in sCON participants, without having a significant effect on WM microstructural integrity.
Interestingly, and in contrast to wine, most of the sCON cases were of moderate or heavy consumption
of caffeine, not supporting the idea of a U-shaped association between caffeine consumption and WM
lesions. Moreover, the positive association between caffeine consumption and cognition was present
only in sCON participants consistent with the view that caffeine is a cognitive normalizer rather than a
cognitive enhancer [70,71]. As for cognitive outcome, chocolate consumption was not associated with
the MRI parameters studied in the present series suggesting that the chronic consumption of chocolate
is not beneficial nor deleterious for brain integrity or cognitive performances in old age.

5. Conclusions

In conclusion, the present observations confirm the opposite associations between wine and
coffee consumption on cognitive performances, suggesting a detrimental effect of heavy drinking
and benefits of chronic consumption of moderate quantities of coffee. The low consumption of wine
but also moderate to heavy coffee drinking is associated with better WM preservation and cerebral
blood-flow in cognitively stable elders without significant cerebrovascular pathologies. Strengths of
the present study include the longitudinal follow-up with detained neuropsychological battery in all
of our community-dwelling cases and absence of health-related confounders such as neurological,
psychiatric and cerebrovascular pathologies. Several limitations should however be considered when
interpreting these data. First, our cohort of healthy controls was without significant vascular pathology
and a high level of daily functioning without any symptom of substance abuse is not representative of
the entire spectrum of old age. Second, current consumption was assessed with a food questionnaire
based on self-reporting, leading to possible underestimation of wine consumption. Third, no data
on lifetime consumption were obtained, so the possible deleterious or beneficial effect of wine and
coffee use at midlife cannot be assessed. Finally, MRI assessment was performed at baseline and thus
we cannot comment on the association between MRI structural parameter changes and wine and
coffee consumption over time. Future studies in large community-based samples combining self and
proxy-reports, lifetime assessment of wine and coffee consumption and repeated MRI scans are needed
to shed additional light into the complex relationships between these substances and structural MRI
parameters in old age.
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Abstract: Cognitive and mood benefits of coffee are often attributed to caffeine. However, emerging
evidence indicates behavioural effects of non-caffeine components within coffee, suggesting the
potential for direct or synergistic effects of these compounds when consumed with caffeine in regular
brewed coffee. The current randomised, placebo-controlled, double-blind, counterbalanced-crossover
study compared the effects of regular coffee, decaffeinated coffee, and placebo on measures of
cognition and mood. Age and sex effects were explored by comparing responses of older (61–80 years,
N = 30) and young (20–34 years, N = 29) males and females. Computerised measures of episodic
memory, working memory, attention, and subjective state were completed at baseline and 30 min
post-drink. Regular coffee produced the expected effects of decreased reaction time and increased
alertness when compared to placebo. When compared to decaffeinated coffee, increased digit
vigilance accuracy and decreased tiredness and headache ratings were observed. Decaffeinated coffee
also increased alertness when compared to placebo. Higher jittery ratings following regular coffee
in young females and older males represented the only interaction of sex and age with treatment.
These findings suggest behavioural activity of coffee beyond its caffeine content, raising issues with
the use of decaffeinated coffee as a placebo and highlighting the need for further research into its
psychoactive effects.

Keywords: coffee; caffeine; chlorogenic acids; phenolic; cognition; cognitive; mood; age; sex

1. Introduction

Coffee consumption is associated with a number of health benefits in elderly men and
women including reduced risk of cardiovascular disease (CVD) [1], lower incidence of type 2
diabetes mellitus [2], and decreased death from inflammatory diseases [3], CVD [4,5], and all-cause
mortality [6,7]. A number of physiological factors associated with these conditions are relevant to
cognitive function in healthy ageing, as well as pathological ageing conditions such as dementia
or Alzheimer’s disease (AD). Indeed, a number of epidemiological studies have demonstrated
an association between higher coffee consumption and better performance on cognitive tests in
older adults [8,9], as well as an inverse relationship between coffee consumption and risk of
dementia/AD [10–14].
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Cognitive benefits from coffee consumption are typically attributed to caffeine, which exerts its
effects through non-selective antagonism of adenosine A1 and A2A receptors [15]. In support of this,
a number of studies have demonstrated the ability of caffeine to improve measures of attention and
increase ratings of alertness [16–18]. However, coffee contains more than 1000 different compounds
including phenolics, diterpenes, and melanoidins [19], all of which have the potential to affect
behaviour either directly or indirectly through interaction with caffeine. This is demonstrated by
studies showing direct psychoactive effects and modulation of caffeine’s effects by the amino acid
l-theanine, present in tea [20–22]. Similarly, lengthened startled blink onset latency has been shown
following decaffeinated coffee as compared to caffeinated coffee, caffeinated juice, and non-caffeinated
juice [23]. Chlorogenic acids (CGA) are a group of phenolic compounds representing the principal
non-caffeine components in coffee [24] and have been explored in relation to mood and cognition in
healthy, elderly participants [25]. In comparison to regular CGA decaffeinated coffee (224 mg CGA,
5 mg caffeine), high CGA decaffeinated coffee (521 mg CGA, 11 mg caffeine) increased alertness and
decreased negative emotional processing, whereas caffeinated coffee (244 mg CGA, 167 mg caffeine)
increased accuracy on a sustained attention task and improved mood. These results indicate that the
addition of CGA to regular decaffeinated coffee can modulate its effects on behaviour. The effects of
CGA were explored further in a study comparing 540 mg isolated CGA, 6 g decaffeinated green
blend coffee (532 mg CGA), and placebo [26]. Whilst positive effects on mood were observed
following decaffeinated green blend coffee, these effects were not evident following CGA in isolation,
which also led to detrimental effects to cognition at 120 min post-drink. This provides further evidence
for behavioural effects of decaffeinated coffee and highlights the need to consider the synergistic
contribution of non-caffeine compounds in coffee.

Coffee is one of the most widely consumed beverages in the world, yet intervention trials
examining the specific impact of consuming regular, brewed coffee on cognition and mood are lacking.
Given the potential for non-caffeine components within coffee to exert psychoactive effects or to
interact synergistically with caffeine, it is important that the effects of regular coffee and decaffeinated
coffee are compared to placebo. In addition, despite physiological differences between men and
women, including in their nutrient needs and in cognitive performance [27,28], sex differences are
rarely considered in nutritional intervention trials. This is particularly important here, as studies of the
relationship between coffee and cognitive decline have indicated that whilst reduced risk is related to
coffee consumption in men [29], the effect is more pronounced in women [30,31]. This suggests that
greater effects of coffee consumption may be observed in older adults as a consequence of cognitive
decline, and that these beneficial effects may be enhanced in females. Furthermore, given the impact
of the menstrual cycle on resting metabolic rate [32] and systemic clearance of caffeine [33], it is
also possible that sex differences in response will be moderated by age. In order to explore this
further, the current study compared the behavioural effects of regular coffee, decaffeinated coffee
and placebo in elderly participants (61–80 years) to those in a younger (20–34 years) adult group and
examined differential responses in men and women. As debate continues as to whether caffeine’s
effects are modulated by habitual consumption [34,35] only those who regularly consumed coffee and
tea were included.

2. Materials and Methods

2.1. Design

A randomised, placebo-controlled, double-blind, counterbalanced-crossover design was
employed. The study was approved by Northumbria University’s Faculty of Health and Life Sciences
Ethics Committee (reference: SUB057_Forster_090216; approved: 26 February 2016) and was conducted
in accordance with the Declaration of Helsinki.
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2.2. Participants

Seventy-two participants were drawn through an opportunity sample within Newcastle upon
Tyne and the surrounding areas. Thirty-six of these represented an older group aged 61 to 80 years
(18 male), and 36 represented a younger comparator group aged 20 to 34 years (18 male). Sample size
was determined from a power calculation based upon previous data showing improvements to
cognition and mood in habitual caffeine consumers following 150 mg caffeine [16]. An effect size
of d = 0.6 indicated that a total of 72 participants would allow detection of significant effects with a
power of 0.8. All participants were healthy non-smokers for whom English was their first language.
Participants were not currently taking medication with the exception of contraception in young female
participants and those used in the treatment of arthritis, high blood pressure, high cholesterol, and
reflux-related conditions in the older participant group. Due to the potential impact of habitual caffeine
intake on response, only those who regularly consumed more than two cups of coffee or three cups of
tea (equating to ≥150 mg caffeine/day) were included. Participants were paid £60 for taking part.

Thirteen participants were excluded from the per protocol analysis (12 based on high (>1 μg/mL)
pre-dose caffeine salivary levels, and one due to under-consumption of the drink provided).
The population for analysis (see Figure 1) consisted of 30 older adults (14 male) and 29 young (16 males).
Participant characteristics for each age group by sex can be found in Table 1.

 

Figure 1. Final participant disposition. N = Number of participants; OF = Older Female; OM = Older
Male; YF = Younger Female; YM = Younger Male.
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Table 1. Participant demographics (SD = Standard Deviation).

Young Older

Male Female Male Female
Mean SD Mean SD Mean SD Mean SD

Age 26.3 4.4 26.2 3.6 67.7 6.3 67.1 3.4
Years in education 18 3 17 3 16 5 14 4

Body Mass Index (BMI) 25.7 3.8 23.8 3.6 25.9 3.4 26.1 3.9
Caffeine consumption (mg/day) 327 88.2 351 110.4 426 74.4 394 87.8
Coffee consumption (cups/day) 2.88 1.54 2.54 1.45 2.64 1.13 3.59 0.93

Fruit and vegetables (portions/day) 4.3 1.5 4.1 1.4 4.4 1.9 5.4 1.8

2.3. Treatment

At each study visit, one of the following drinks was administered by an independent third party
with no further involvement in the study.

• 220 mL water mixed with 2.5 g coffee flavouring (placebo)
• 220 mL regular coffee (without milk and sugar) containing 100 mg caffeine
• 220 mL decaffeinated coffee (without milk and sugar) containing ~5 mg caffeine

The order in which participants received each drink was determined by computer-generated
random allocation (Latin square) for each sex (male, female) by group (older and younger age
comparators). Regular and decaffeinated coffee were brewed using two separate drip filter coffee
makers following a standardised brewing procedure, including the use of filter papers to minimise
cafestol and kahweol levels. Placebo consisted of 2.5 g flavouring (maltodextrin 2.26 g, dark roast 0.1 g,
mild roast 0.1 g, and coffee natural 0.04 g—Firmenich SA, Meyrin, Satigny, Switzerland) added to
boiling water. Drinks were matched for temperature (58 ◦C) and served in an opaque thermal beaker
with a black opaque straw with 5 min allowed for drinking.

2.4. Salivary Caffeine Levels

Saliva samples were obtained using salivettes (Sarstedt, Leicester, UK). Samples were taken
immediately prior to baseline assessments in order to confirm compliance to abstinence and following
post-drink assessments to confirm effective caffeine absorption. The saliva samples were immediately
frozen at −20 ◦C until thawing. Once thawed, salivette tubes were centrifuged at 15,000× g for
10 min. Stock solutions of caffeine, paraxanthine, and benzotriazole (internal standard) were prepared
in type I ultra-pure water at a concentration of 100 μg/mL. Calibration standards for caffeine and
paraxanthine were prepared between 0.05 and 5.00 μg/mL. Quality control samples were also prepared
at a concentration of 2.5 μg/mL. Internal standard (50 μL at 5.0 μg/mL) was added to 50 μL of each
standard and sample in duplicate. To extract the compounds 2 mL of ethyl acetate was added and
solutions were vortex mixed for 3 min following by centrifugation at 4000× g for 10 min. The organic
layer was transferred to a clean tube and dried under a stream of nitrogen at 45 ◦C. The residue was
reconstituted in 100 μL of mobile phase and 50 μL injected onto the column.

Saliva samples were analysed with high-performance liquid chromatography. The HPLC system
was an Agilent 1260 Infinity™ (Cheadle, Greater Manchester, UK) consisting of an Infinity™ quaternary
pump, an Infinity™ Autosampler with integrated column oven and an Infinity™ multi-wavelength
detector set at 280 nm. Instrument control and data processing was performed using Agilent OpenLab™
CDS (Agilent Technologies Ltd., Cheadle, UK). Chromatographic separation was achieved on a Kinetex
C18 column (4.6 × 250 mm i.d., particle size 5 μm; Phenomenex Ltd., Macclesfield, UK). The mobile
phase consisted of acetonitrile, acetic acid and type I ultra-pure water (5:1:95, v%:v%:v%) delivered at a
flow rate of 1.00 mL/min.
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2.5. Cognitive and Mood Measures

With the exception of driving ability, all cognitive and mood measures were delivered using
the Computerised Mental Performance Assessment System (COMPASS, Northumbria University,
Newcastle upon Tyne, UK), a purpose-designed software application for the flexible delivery
of randomly generated parallel versions of standard and novel cognitive assessment tasks.
This assessment system has previously been shown to be sensitive to nutritional interventions [36,37]
including caffeine [20]. The tasks and mood scales were chosen based on their known sensitivity to
caffeine or susceptibility to ageing. Tasks were presented in the same order on each occasion and, with
the exception of the paper and pencil tasks (immediate and delayed word recall and verbal fluency),
responses were made using a response pad. The entire selection of tasks took approximately 25 min to
complete. See Table 2 for order and scoring of tasks completed at baseline. Due to the potential for
interference from repeat completions, computerised location learning and driving simulation were
only completed post-dose on study visits with the final session from their training day used as the
statistical baseline in the analyses.

Table 2. Cognitive tasks completed at baseline and 30 min post-dose in order of presentation
(computerised location learning and driving ability are described below).

Task Descriptor Scoring Domain

Word presentation

A series of words is displayed on the screen,
one word at a time. In this case, 15 words were
presented with a display time of 1 s and
interstimulus interval of 1 s

-

Immediate word recall
Participants are instructed to write down the
words that were presented. In this case, 60 s
were given to complete the task

Number correct and
number of errors Episodic memory

Picture presentation

A series of photographic images are displayed
on the screen, one at a time. In this case, 15
images were presented with a display time of 2
s and an interstimulus interval of 1 s

-

Simple reaction time

An upwards pointing arrow is displayed on the
screen at irregular intervals. Participants must
respond as quickly as they can as soon as they
see the arrow appear. In this case, 50 stimuli
were presented

Reaction time (ms) Attention

Digit vigilance

A fixed number appears on the right of the
screen and a series of changing numbers
appear on the left of the screen at the rate of
150 per minute. Participants are required to
make a response when the number on the left
matches the number on the right. In this case
the task lasted for 3 min

Accuracy (%), reaction
time for the correct
responses (ms) and false
alarms (number)

Attention

Numeric working
memory

Five single target numbers are displayed on the
screen, one at a time. Participants are required
to memorise these numbers as they appear.
Once the target series has been presented,
numbers are displayed one at a time and
participants are required to indicate if each
number was presented in the previous list or
not. In this case, three trials were completed

Accuracy (%) and
reaction time for the
correct responses (ms)

Working memory

Verbal fluency

Participants are presented with a letter on
screen and asked to write down as many words
as they can, beginning with that letter. In this
case, the letters presented were A, T, C, F, M,
and S and 60 s were given to complete the task

Number correct
permitted words, with
names and
perseverations
discounted from the total
score

Language

Delayed word recall

Participants are instructed to write down the
words that were presented to them at the
beginning of the assessment. In this case, 60 s
were given to complete the task

Number correct and
number of errors Episodic memory
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Table 2. Cont.

Task Descriptor Scoring Domain

Rapid visual information
processing

A continuous series of single digits are
presented in the centre of the screen at the rate
of 100 per minute. Participants are required to
make a response when three consecutive odd
or three consecutive even digits are displayed.
In this case, the task lasted for 5 min, with eight
correct target strings presented in each minute.

Accuracy (%), reaction
time for the correct
responses (ms) and false
alarms (number)

Attention

Delayed word
recognition

All target words that were shown during Word
presentation plus an equal number of decoys
are displayed on the screen one at a time.
Participants indicate if they remember seeing
the word earlier or not.

Accuracy (%) and
reaction time for the
correct responses (ms)

Episodic memory

Delayed picture
recognition

All target pictures shown during Picture
presentation plus an equal number of decoys
are displayed on the screen one at a time.
Participants indicate if they remember seeing
the picture earlier or not.

Accuracy (%) and
reaction time for the
correct responses (ms)

Episodic memory

2.6. Caffeine Research Visual Analogue Scales

Prior to cognitive assessment, subjective state was assessed with the Caffeine Research Visual
Analogue Scales [38], which have previously been used in caffeine research [16,21,39]. The following
descriptors are presented on-screen: ‘relaxed’, ‘alert’, ‘jittery’, ‘tired’, ‘tense’, ‘headache’, ‘overall mood’,
and ‘mentally fatigued’. Participants are asked to rate how much these descriptors match their current
state by placing an ‘x’ on a line with the end points labelled ‘not at all’ (left hand end) and ‘extremely’
(right hand end); with the exception of ‘headache’, which is labelled ‘no headache’ and ‘extreme
headache’; and ‘overall mood’, which is labelled ‘very bad’ and ‘very good’. Ratings are scored as %
along the line from left to right.

2.7. Computerised Location Learning—Learning Phase

Location learning was assessed with a computerised task modified from Kessels et al. [40].
Participants are shown a grid containing pictures of objects. Following a timed delay they are shown
an empty grid and asked to relocate the objects to the correct location shown to them previously. In
the current study, this was repeated five times during the learning phase, with objects presented for
15 s, a gap of 10 s before the empty grid was shown, and a pause of 5 s between each trial. For each
of the five learning trials, a displacement score is calculated as the sum of the errors made for each
object (calculated by counting the number of cells the object had to be moved both horizontally and
vertically in order to be in the correct location) from each trial. A learning index is also calculated as
the average relative difference in performance between trials [((A − B)/A + (B − C)/B + (C − D)/C +
(D − E)/D)/4].

2.8. Computerised Location Learning—Delayed Trial

During the delayed trial, which took place 30 min after completion of the learning phase,
participants are again asked to place the objects in the correct location on the empty grid with no
further prompting. The delayed trial is scored for displacement and delayed recall, which is calculated
as the difference between displacement score on the final learning trial and the delayed trial.

2.9. Driving Ability

A PC based driving simulation (Driving Simulator 2013, Excalibur Publishing Limited, Banbury
Oxfordshire, UK) was used to assess driving ability. Driving was controlled via a steering wheel and
pedals with gears set to fully automatic. The task lasted for 3 min and is scored on the basis of adhering
to road rules and driving ability. Specifically, the task is scored for errors, which are given when
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deviating too much from the track; deviating too much from the instructed directions; not indicating;
speeding; colliding. If the drive ended (either because of collision or because of exceeding 10 errors)
the task was restarted but no more than two restarts (three drives in total) were allowed.

2.10. Procedure

Potential participants attended the Brain Performance and Nutrition Research Centre at
Northumbria University for an initial screening session where they gave informed consent prior to
participation. Their eligibility was assessed in accordance with the criteria outlined in the ‘Participants’
section and training on the computerised tasks was provided. This consisted of five completions of
cognitive tasks and took place on a single day. Participants attended three study visits, separated
by at least seven days to allow for washout and to prevent confound due to caffeine abstention
instructions. These instructions required abstention from caffeine from noon the day before study
visits but this did not exceed 24 h in order to minimise any potential withdrawal effects. Consumption
of alcohol and over-the-counter medication was also restricted for 24 h (48 h in the case of systemic
antihistamines). On the morning of study visits, participants ate their usual breakfast at least 1 h
prior to arrival at the laboratory with the time and composition of breakfast standardised across
visits. Participants attended the laboratory at 9:45 a.m. and were screened to ensure eligibility for
testing that day, this included checking they were in good health and had adhered to instructions
regarding breakfast consumption, and caffeine, alcohol, and medication restrictions. A food diary was
used to aid with breakfast standardisation and a saliva sample was obtained to confirm adherence to
caffeine abstention instructions. All testing took place in a suite of dedicated temperature-controlled
university laboratories with participants visually isolated from each other and wearing noise-reduction
headphones to decrease the impact of any auditory distractions. Baseline assessments of cognition and
mood were completed and participants were then given their drink for that day. After 30 min of rest in
the laboratory, the learning phase of a computerised Location Learning Test (cLLT) was completed
before parallel versions of the tasks completed at baseline. This was followed by the delayed trial of the
cLLT, a driving simulation task and a final saliva sample for assessment of caffeine levels. At the end
of the final visit only, participants were asked to guess which drink they believed they had consumed
that day. See Figure 2 for a schematic depicting the study visit running order.

Figure 2. Study visit timeline.

2.11. Statistics

The post-dose outcome measures were modelled using the MIXED procedure in SPSS (version 24.0,
IBM Corp., Armonk, NY, USA) which included the respective baseline values and the terms treatment,
age, sex, treatment × age, treatment × sex and treatment × age × sex as fixed factors. In the case
of computerised location learning and driving simulation, baseline values were taken from the final
training session. Significant effects were followed up with Bonferroni corrected pairwise comparisons.
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3. Results

3.1. Treatment-Related Effects

3.1.1. Salivary Caffeine

Baseline salivary caffeine values were 0.17 μg/mL, confirming adherence to caffeine abstention
instructions. A significant main effect of treatment was observed on post-dose salivary caffeine
(F(2, 101.1) = 155.6, p < 0.0001). Pairwise comparisons revealed significantly greater levels following
caffeinated coffee compared to placebo (p < 0.0001) and decaffeinated coffee (p < 0.0001). See Figure 3.

Figure 3. Adjusted means + standard error for salivary caffeine measured in μg/mL. Significant
treatment effect **** p < 0.001.

3.1.2. Digit Vigilance

A significant main effect of treatment was observed for digit vigilance accuracy (F(2, 101.1) = 4.44,
p = 0.014). Pairwise comparisons revealed significantly greater accuracy following regular coffee
compared to decaffeinated coffee (p = 0.01). See Figure 4a.

Digit vigilance reaction time was also significantly affected by treatment (F(2, 71.3) = 5.07,
p = 0.009). Pairwise comparisons revealed significantly faster responses following regular coffee
compared to placebo (p = 0.009). See Figure 4b.

Figure 4. Cont.
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Figure 4. Adjusted means + standard error for those cognitive measures showing significant effects of
treatment. (a) Digit vigilance accuracy; (b) Digit vigilance reaction time; (c) Rapid Visual Information
Processing (RVIP) reaction time. Accuracy is measured as % and reaction time in milliseconds. * p < 0.05;
** p < 0.01.

3.1.3. Rapid Visual Information Processing

Rapid visual information processing reaction time showed a significant effect of treatment
(F(2, 102.9) = 3.77, p = 0.026). This was due to significantly faster responses following regular coffee
compared to placebo (p = 0.02). See Figure 4c. A significant treatment x sex interaction was also
observed for false alarms (F(2, 93.3) = 4.55, p = 0.013) but pairwise comparisons revealed no
significant effects.

3.1.4. Computerised Location Learning Delayed Trial

Computerised location learning recall showed a significant treatment x sex interaction
(F(2, 104) = 3.46, p = 0.035). However, pairwise comparisons revealed no significant effects.

3.1.5. Alert

Ratings of ‘alertness’ were significantly affected by treatment (F(2, 106) = 9.86, p < 0.0001). This was
due to significantly higher ratings following regular coffee (p < 0.0005) and decaffeinated coffee
(p = 0.0048) compared to placebo. See Figure 5a.

3.1.6. Tired

A significant main effect of treatment on ‘tired’ ratings was also observed (F(2, 101.4) = 12.31,
p = 0.0001). Pairwise comparisons revealed this was due to significantly lower ratings following
regular coffee compared to decaffeinated coffee (p = 0.003) and placebo (p < 0.0001). See Figure 5b.

3.1.7. Headache

A significant main effect of treatment on headache ratings (F(2, 92.9) = 6.31, p = 0.003) was due to
significantly lower ratings following regular coffee compared to decaffeinated coffee (p = 0.0049) and
placebo (p = 0.015). See Figure 5c.

3.1.8. Overall Mood

‘Overall mood’ was significantly affected by treatment (F(2, 105.8) = 5.56, p < 0.005). This was due
to significantly higher ratings following regular coffee compared to placebo (p = 0.004). See Figure 5d.
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3.1.9. Mental Fatigue

A significant main effect of treatment on ‘mental fatigue’ ratings was also observed
(F(2, 97.5) = 4.43, p = 0.014). Pairwise comparisons revealed this was due to significantly lower ratings
following regular coffee compared to placebo (p = 0.01). See Figure 5e.

3.1.10. Jittery

A significant treatment × age × sex interaction was observed on jittery ratings (F(3, 76.2) = 3.01,
p = 0.035). Pairwise comparisons revealed significantly higher ratings following regular coffee
compared to placebo in young females (p = 0.046) and compared to decaffeinated coffee in older
males (0.045). See Figure 5f.

Unadjusted means, standard deviations, and F and p values for all factors (treatment, age, sex)
and their interactions can be found in Tables S1–S3.

Figure 5. Adjusted means + standard error for those mood measures showing significant
treatment-related effects. (a) Alert; (b) Tired; (c) Headache; (d) Overall mood; (e) Mental fatigue;
(f) Jittery. Ratings are measured as % along a visual analogue scale with higher values indicating
greater response. YM = young male; YF = young female; OM = older male; OF = older female; * p < 0.05;
*** p < 0.005; **** p < 0.001.
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3.2. Treatment Guess

Seventy-one percent of participants correctly guessed which drink they had received at the final
visit. Eighty-one percent correctly guessed they had received regular coffee, 72% correctly identified
decaffeinated coffee, and 58% were able to correctly identify placebo as their final drink.

4. Discussion

Consumption of 220 mL of regular coffee containing 100 mg caffeine led to faster responses
during digit vigilance and rapid visual information processing tasks when compared to placebo, and
to increased digit vigilance accuracy when compared to decaffeinated coffee. In terms of mood effects,
ratings of alertness and overall mood were higher and mental fatigue ratings lower following regular
coffee compared to placebo. Tiredness and headache ratings were lower following regular coffee
compared to placebo and decaffeinated coffee. Rating of jitteriness was the only outcome to show
an interaction with sex and age indicating higher ratings following regular coffee when compared to
placebo in young females and when compared to decaffeinated coffee in older males. Decaffeinated
coffee also engendered an increase in subjective alertness, compared to placebo, whereas accuracy
of digit vigilance and tired and headache ratings were impaired in comparison to regular coffee.
A beneficial effect of decaffeinated coffee was also observed following a treatment × age × sex
interaction, which indicated that ratings of jitteriness were significantly lower following decaffeinated
compared to regular coffee in older men. The pattern of response to decaffeinated coffee generally fell
between responses to regular coffee and placebo. Specifically, numeric working memory accuracy and
reaction time, reaction time for attention tasks and mood ratings, all followed the order of placebo >
decaffeinated > regular coffee (see Supplementary Tables), with the exception of relaxed and tense
ratings which showed a preferential effect of decaffeinated coffee.

The findings with regards regular coffee are largely in line with the reported effects of
caffeine, which only has a consistent beneficial effect on attention task performance and subjective
alertness/arousal [16–18]. Whilst this could be taken as support for the notion that caffeine is the
sole contributor to the effects, the finding of psychoactive effects of decaffeinated coffee, in terms of
increased alertness when compared to placebo and a pattern of lower effects than regular coffee in
comparison to placebo, supports the suggestion of a modulatory role for the non-caffeine compounds
within coffee. The effects of decaffeinated coffee presented here are broadly in line with previous
results showing impairment to accuracy of a sustained attention task in comparison to regular
coffee [25] and increases in alertness when compared to placebo and the phenolic acid CGA in
isolation [26]. Previous studies have highlighted CGA as a potentially important component of coffee.
However, whilst there is some evidence for beneficial modulation of coffee’s effects by increasing CGA
content [25], the effects of CGA in isolation were largely negative [26]. This potentially highlights
an issue in applying a reductionist approach to nutritional interventions where complex interactions
between many different components may be required to see optimum results. Although composition
is varied depending on roasting and brewing techniques, caffeine generally only accounts for ~1%
and CGA ~10% of the weight of coffee beans, this leaves almost 90% of the constituents unaccounted
for. It is also important to note that the CGA profile may be altered as part of the decaffeination
process and therefore any analysis of effects must take account of the impact of decaffeination on other
constituents [41].

The observed benefits for regular coffee are expected due to the known effects of caffeine
in antagonising adenosine A1 and A2A receptors thereby, increasing oxygen metabolism [42] and
upregulating various neurotransmitters including noradrenaline, dopamine, serotonin, acetylcholine,
glutamate, and GABA [15]. Caffeine and its metabolites also have a number of mechanistic properties
that make them liable to have a modulatory or interactive effect when caffeine is co-consumed with
other bioactive compounds. These include the inhibition of enzymes involved in the breakdown of
neurotransmitters (e.g., acetylcholinesterase and monoamine oxidase) and cellular signalling molecules
(e.g., phosphodiesterase and PARP (poly(ADP-ribose)polymerase)) [43,44] and a role as a competitive
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substrate for a number of cytochrome P450 (CYP) enzymes (CYP2A1, CYP2E1, and CYP1A1) that
metabolise endogenous and exogenous chemicals in the human body [45–47]. Of particular relevance
here, low-doses of caffeine have therefore been shown to increase the bioavailability of phenolic
compounds [48–50] and have a synergistic effect in terms of the cardiovascular benefits of polyphenols.

Coffee also has the potential to impact glucose metabolism as evidenced by an increase in insulin
sensitivity observed following decaffeinated coffee when compared to placebo [51]. Interestingly,
this effect was not apparent following regular coffee, which may be due to counteractive effects of
caffeine and non-caffeine components within regular coffee. Support for this comes from data showing
decreased insulin sensitivity following caffeine [52]. Moreover, area under the curve (AUC) profiles
for serum insulin indicate that caffeine increases AUC when compared to decaffeinated coffee and
placebo, whilst regular coffee produced a trend towards the same when compared to decaffeinated
coffee, with similar profiles evinced for glucose AUC [53]. CGA derivatives have been shown to
increase insulin sensitivity in rats [54], and further support for the role of phenolic compounds in this
effect comes from data showing modulation of glucose and insulin response following phenolic-rich
berries [55–57] as well as a reduction in the postprandial blood glucose response following grape
seed extract [58]. Similarly, caffeine is known to have a vasoconstrictive effect, including reduced
cerebral blood flow (CBF) [39], whereas phenolic-rich foods have demonstrated the opposite effect.
Of particular relevance is the ability of phenolic-rich cocoa to increase CBF when compared to a
phenolic-poor control matched for methylxanthine content [59,60]. These findings indicate the ability
of coffee components to counteract the negative effects of caffeine and a potential synergy whereby
phenolic compounds increase CBF, and therefore oxygen supply, whilst caffeine increases brain activity
and subsequent oxygen metabolism. It is also possible that caffeine increases absorption of phenolics
as has been shown following consumption of cocoa [48] but is as yet untested following coffee.

A further consideration is that due to a focus on psychoactive effects of caffeine, the cognitive
and mood effects of coffee have typically been measured at 30 to 120 min post-dose coinciding with
a peak in caffeine levels at around 40-min post-ingestion [61]. However, analysis of the fate of CGA
following coffee consumption shows that whilst a number of phenolic acids and their derivatives
peak between 30 and 60 min, others do not appear until between 4- and 6-h post-ingestion [62].
It is therefore necessary to extend the testing period in order to fully examine the impact of these
metabolites. This is also true in relation to caffeine, which has a half-life of around 5 h [63], and has
demonstrated behavioural effects up to 8 h post-dose [64]. It is therefore probable that any effects of
coffee observed at 6-h would represent an interaction between phenolic acids and caffeine and the
measurement of biomarkers would aid in elucidating the role of each.

Learning and episodic memory tasks showed the expected effect in terms of significantly lower
performance in the older cohort when compared to young (see Supplementary Tables). However,
no interactions between age and treatment were observed on any cognitive measure. Whilst learning
and memory are not typically susceptible to caffeine, it has been proposed that these tasks may show
sensitivity in low arousal situations as is expected in the elderly as energetic resources diminish [65].
However, in the current study there was no evidence of higher arousal in the young sample when
compared to the older participants on subjective measures of ‘arousal’ or psychomotor tasks. This may
suggest that the older cohort studied here were relatively high functioning, as is supported by their
status being higher than national averages both in relation to fruit and vegetable consumption and
education level [66]. It has also been suggested that cognitive benefits of caffeine consumption
may be more pronounced in those aged over 80 years [31,67]. Therefore, the findings reported here
do not preclude interaction effects in an older sample with poorer nutritional status and/or lower
education level.

Similarly, although sex differences were observed in the current study, these did not interact
with treatment as may have been expected from data showing greater benefits of coffee consumption
in women than men [30]. However, the potential mechanisms underlying sex differences following
habitual consumption, including sex steroid levels [68,69], haemodynamic mechanisms [70], and uric
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acid responses [71,72], are unlikely to exert effects over a 30-min time period. Furthermore, given
the impact of the menstrual cycle and hormonal contraception on metabolism, it is possible that any
differential sex effects in the younger cohort were obscured by the lack of control for menstrual cycle
phase and the inclusion of four hormonal contraceptive users in this study. This also potentially
explains large variations in salivary caffeine following regular coffee in young females that were not
observed in the young male group. Similar large variations in response were shown for older men
and women indicating individual differences in response to caffeine. This variability is largely due to
differences in CYP1A2 activity, which is influenced by a number of factors including sex and genetic
polymorphisms [73].

Polymorphisms of the ADORA2A gene may only explain the age, sex, treatment interaction,
which indicated that older men and younger women experienced greater feelings of jitteriness
following regular coffee. It has previously been reported that those who are T/T homozygous
at nucleotide positions 1976C > T and 2592Tins experience increases in anxiety after caffeine
administration that are not observed in the other genotypic groups [74,75]. Moreover, sex differences
in response have been noted for 1976TT homozygotes, whereby females are more susceptible to
anxiogenic effects of caffeine than males [76,77]. Interestingly, whilst there is evidence for reduced
caffeine intake in 1976TT homozygotes [78], others have shown that intake of coffee, but not other
sources of caffeine, is increased. It was also shown that increased habitual consumption moderated
anxiogenic effects of caffeine such that they were only observed in non/light consumers of caffeine,
irrespective of genotype [79]. This indicates that even in those with a genetic predisposition, tolerance
to anxiogenic effects can occur with habitual consumption. As the older men in the current study
consumed less coffee than their female counterparts, this may in part explain the specificity of ‘jittery’
effects observed here. However, there are a multitude of factors that impact on interindividual
differences [80], which require further exploration before definitive conclusions can be reached.

In the current study, although the addition of a true placebo builds on research previously limited
to comparing effects following caffeinated and decaffeinated coffee, one important limitation is the
omission of a caffeine-only arm. The inclusion of a caffeine-only condition would have allowed a
direct comparison of any synergistic effects between caffeine and the other bioactive compounds
in coffee, including the phenolic compounds. It may also have facilitated in blinding of drinks.
Although the placebo drink in the current study was somewhat effective in that 42% incorrectly
identified it, only 1 of 19 participants mistook it for regular coffee. It is important to note that this
measure was only included at the end of the final visit when all three drinks had been consumed and,
therefore, does not rule out the blinding of participants at earlier visits. However, as the stimulant
effects of caffeine are easily detected, the inclusion of a caffeine-containing ‘placebo’ would provide an
active control for regular coffee and reduce the ability of participants to correctly identify regular coffee.

The findings presented here suggest behavioural activity of coffee beyond its caffeine content.
In fact, only one cognitive measure and two subjective measures showed significant differences
between regular and decaffeinated coffee in favour of regular coffee. This highlights two key issues
with studies which compare regular and decaffeinated coffee. Firstly, these studies attribute any
differential effects to caffeine without considering the potential for interaction with other components.
Secondly, any synergistic effects of caffeine and other coffee components within regular coffee are
likely to be underestimated due to the potential for behavioural effects of decaffeinated coffee used as
the control. If the effects of regular coffee are to be fully understood, it is important that future research
compares these to the equivalent dose of caffeine, decaffeinated coffee, and placebo. Furthermore,
research in this area must include plasma levels of potentially important compounds, including
phenolic compounds. This would allow assessment of the impact of caffeine on the pharmacodynamic
profile of other components in coffee. An extended testing period is also recommended in order to
capture effects of colonic metabolites of phenolics appearing at ~8 h. Further research is also required
in which cognition is measured alongside potential underlying mechanisms including, but not limited
to, glucoregulation and modulation of cerebral haemodynamics. Finally, in order to capture the impact
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of interindividual differences in metabolism of caffeine and other components of coffee on behavioural
outcomes, genetic factors should also be considered.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/10/1386/
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Abstract: Background: Nicotinamide adenine dinucleotide (NADH) dehydrogenase subunit-2 237
leucine/methionine (ND2-237 Leu/Met) polymorphism has been shown to modify the association of
coffee consumption with the risk of hypertension, dyslipidemia, and abnormal glucose tolerance,
and low serum chloride levels have been shown to be associated with all-cause and cardiovascular
disease mortality. Therefore, the purpose of the present study was to investigate whether ND2-237
Leu/Met polymorphism influences the association of coffee consumption with serum chloride levels
in male Japanese health checkup examinees. Methods: From among individuals visiting the hospital
for a regular medical checkup, 402 men (mean age ± standard deviation, 53.9 ± 7.8 years) were
selected for inclusion in the study. After ND2-237 Leu/Met genotyping, we conducted an exploratory
cross-sectional study to examine the combined association of ND2-237 Leu/Met polymorphism and
coffee consumption with serum electrolyte levels. Results: After adjusting for age, body mass index,
habitual smoking, alcohol consumption, green tea consumption, and antihypertensive medication,
coffee consumption significantly increased serum chloride levels (p for trend = 0.001) in men with
the ND2-237Leu genotype. After these adjustments, the odds ratios (ORs) for low levels of serum
chloride, defined as <100 mEq/L, were found to be dependent on coffee consumption (p for trend =
0.001). In addition, the OR for low levels of serum chloride was significantly lower in men with the
ND2-237Leu genotype who consumed ≥4 compared with <1 cup of coffee per day (OR = 0.096, 95%
confidence interval = 0.010–0.934; p = 0.044). However, neither serum chloride levels nor risk of low
levels of serum chloride appeared to be dependent on coffee consumption. Conclusions: The results
suggest that ND2-237 Leu/Met polymorphism modifies the association of coffee consumption with
serum chloride levels in middle-aged Japanese men.

Nutrients 2018, 10, 1344; doi:10.3390/nu10101344 www.mdpi.com/journal/nutrients60
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1. Background

Coffee intake has been shown to be a favorable health behavior [1–3], and habitual consumption
(3–4 cups per day) is more likely to benefit than to harm health [3]. Several recent meta-analyses
of prospective studies have reported finding an inverse relationship between habitual coffee
consumption and both all-cause [3–6] and cardiovascular disease (CVD) [4,5] mortality. In addition,
Rodríguez-Artalejo and López-García reported that habitual consumption of 3–5 cups of coffee per
day reduces the risk of CVD by 15%, and that habitual consumption of >3–5 cups per day does not
elevate the risk of CVD [7].

A population-based cohort study reported finding an association between lower serum chloride
levels and both all-cause and CVD mortality [8]. That epidemiological study found that the risk
ratio for CVD mortality associated with low serum chloride levels was equivalent to or higher than
that observed for well-known risk factors of CVD, including hypertension, diabetes, and habitual
smoking [8]. Furthermore, low levels of serum chloride have been reported to be associated with
increased mortality and risk of CVD in patients with pre-dialysis chronic kidney disease [9], and serum
chloride levels have been shown to be negatively associated with mortality in patients with a history
of heart failure [10,11]. By contrast, in a large-scale follow-up study involving hypertensive adults,
a 1 mEq/L increase in serum chloride levels was found to reduce all-cause mortality by 1.5% after
adjusting for confounding factors [12].

Nicotinamide adenine dinucleotide (NADH) dehydrogenase subunit-2 237 leucine/methionine
(ND2-237 Leu/Met) polymorphism has been reported to be associated with longevity in the Japanese
population [13]. The frequency of the ND2-237Met genotype has been found to be substantially higher
in Japanese centenarians compared with the general Japanese population [13], and individuals with
the ND2-237Met genotype have been shown to be less likely than those with the ND2-237Leu genotype
to develop lifestyle-related diseases [14–18].

ND2-237 Leu/Met polymorphism has been reported to modify the effect of coffee consumption on
the risks of hypertension [19], glucose tolerance abnormality [20], dyslipidemia [21], liver damage [22],
and anemia [23]. We previously reported that serum chloride levels were significantly lower in obese
men with the ND2-237Met genotype than in those with the ND2-237Leu genotype [24]. However,
to our knowledge, no studies have been conducted to investigate the joint association of ND2-237
Leu/Met polymorphism and coffee consumption with serum chloride levels.

Therefore, the purpose of the present exploratory cross-sectional study was to investigate whether
ND2-237 Leu/Met polymorphism modifies the association of coffee consumption with serum chloride
levels in male Japanese health checkup examinees.

2. Subjects and Methods

2.1. Study Participants

The study participants were recruited from among individuals visiting the Mito Red Cross
Hospital for a regular medical checkup between August 1999 and August 2000. This study was
conducted in accordance with the Declaration of Helsinki. The Ethics Committee of Kyorin University
School of Medicine approved the study protocol. Written informed consent was obtained from
all 602 volunteers before participation. Because of the insufficient number of women available for
categorization into groups based on the ND2-237 Leu/Met genotype and coffee consumption, females
were excluded, as were males with unclear or incomplete data. Finally, 402 Japanese men (mean age ±
standard deviation, 53.9 ± 7.8 years) were included in the analysis.
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2.2. Data Collection

2.2.1. Clinical Measurements

The participants’ anthropometric, biophysical, and biochemical data were obtained from the
results of regular medical checkups. Serum electrolyte levels—namely serum sodium, chloride,
potassium, or calcium levels—were determined using an auto-analyzer (HITACHI 7600-110S; Hitachi
High Technology Corp., Tokyo, Japan). Body mass index (BMI) was calculated as weight (kg) divided
by the square of height (m). Information on antihypertensive treatment was derived from the
participants’ health records.

2.2.2. Self-Administered Questionnaire

A survey regarding coffee intake, habitual smoking, alcohol consumption, and green tea
intake was conducted on the participants via a self-administered questionnaire. Similar to previous
reports [19–23], coffee consumption was categorized based on the number of cups of coffee consumed
per day (<1, 1–3, and ≥4 cups). Habitual smoking was categorized as non- or ex-smokers and
current smokers. Alcohol consumption was categorized based on drinking frequency (daily drinkers;
occasional drinkers [those who drink several times per week or month]; and non- or ex-drinkers).
Green tea consumption was categorized based on the number of cups of green tea consumed per day
(≤1, 2-4, and ≥5 cups).

2.3. Genotyping

ND2-237 genotyping methods have been described previously [23]. Briefly, DNA was extracted
from white blood cells. ND2-237 Leu/Met genotype was determined using the polymerase chain
reaction-restriction fragment length polymorphism test. The absence or presence of an AluI site was
designated as ND2-237Met or ND2-237Leu, respectively.

2.4. Statistical Analyses

All statistical analyses were performed using SAS statistical software (version 9.2 for Windows;
SAS Institute, Inc., Cary, NC, USA). Multiple logistic regression analysis was conducted to calculate
odds ratios (ORs) for the risk of low levels of serum chloride. In accordance with previous
epidemiological studies [8,12], low levels of serum chloride were defined as <100 mEq/L. For the
multiple logistic regression analysis and analysis of covariance, habitual smoking (non- or ex-smokers
= 0, current smokers = 1), alcohol consumption (non- or ex-drinkers = 0, occasional drinkers = 1,
daily drinkers = 2), green tea consumption (≤1 cup per day = 1, 2–4 cups per day = 2, ≥5 cups per
day = 3) and antihypertensive treatment (not receiving antihypertensive treatment = 0, receiving
antihypertensive treatment = 1) were numerically coded. Two-tailed p values <0.05 were considered
statistically significant.

3. Results

No statistically significant differences in serum electrolyte levels—namely serum sodium, chloride,
potassium, or calcium levels—were observed between the ND2-237Leu and ND2-237Met genotypes
(Table 1).

A significant positive association was observed between coffee consumption and serum chloride
levels in the men with the ND2-237Leu genotype (p for trend = 0.001) (Table 2). Moreover, serum
chloride levels were significantly higher in the participants who consumed ≥4 compared with <1
or 1–3 cups of coffee per day (p = 0.001 and p = 0.026, respectively). After adjusting for age, BMI,
habitual smoking, alcohol consumption, green tea consumption, and antihypertensive medication,
a significant positive association was found between coffee consumption and serum chloride levels
(p for trend = 0.002). In addition, serum chloride levels were significantly higher in the participants
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who consumed ≥4 compared with <1 cup of coffee per day (p = 0.010). Moreover, a significant
positive association was observed between coffee consumption and serum sodium levels in men
with the ND2-237Leu genotype (p for trend = 0.033); a significant positive association was also found
between coffee consumption and serum sodium levels (p for trend = 0.044). By contrast, no statistically
significant association was observed between coffee consumption and serum electrolyte levels in the
men with the ND2-237Met genotype.

Table 1. Clinical characteristics of the study participants by ND2-237 Leu/Met genotype.

ND2-237Leu ND2-237Met p Value

N = 245 N = 157

Age (years) * 54.4 (7.8) 53.2 (7.8) 0.142
Body mass index (kg/m2) * 23.3 (2.8) 23.5 (2.6) 0.366

Systolic blood pressure (mmHg) * 125.8 (15.8) 125.7 (14.1) 0.934
Diastolic blood pressure (mmHg) ** welch 73.9 (10.6) 73.7 (9.1) 0.817

Low-density lipoprotein cholesterol (mg/dL) * 121.3 (34.4) 118.0 (30.8) 0.319
High-density lipoprotein cholesterol (mg/dL) ** welch 54.5 (13.5) 56.2 (16.1) 0.285

Triglyceride (mg/dL) *** 115 (84–160) 112 (84–158) 0.948
Uric acid (mg/dL) * 5.94 (1.24) 5.94 (1.22) 0.970

Serum sodium (mEq/L) * 140.3 (2.0) 140.1 (1.9) 0.200
Serum chloride (mEq/L) * 101.3 (2.5) 100.8 (2.2) 0.062

Serum potassium (mEq/L) * 4.19 (0.28) 4.18 (0.26) 0.712
Serum calcium (mEq/L) * 9.33 (0.37) 9.38 (0.38) 0.180

Coffee consumption (<1 cup per day/1–3 cups per day/≥4 cups per day) (%) **** 44.5/46.2/9.3 36.3/51.6/12.1 0.237
Current smokers (%) **** 41.7 40.8 0.852

Alcohol consumption (non- or ex-/occasionally/ daily) (%) **** 18.2/35.2/46.6 13.4/38.2/48.4 0.431
Green tea consumption (<1 cup per day/1–4 cups per day/≥5 cups per day) (%) **** 21.9/41.7/36.4 19.8/47.1/33.1 0.562

Antihypertensive (%) **** 19.4 13.4 0.115

Age, body mass index, systolic blood pressure, diastolic blood pressure, low-density lipoprotein cholesterol,
high-density lipoprotein cholesterol, uric acid, serum sodium, serum chloride, serum potassium, serum calcium are
expressed as means (standard deviation). Triglyceride is expressed as the median (interquartile range). * Student’s
t-test, ** Welch’s t-test, *** Mann-Whitney test, **** chi-square test. All p values depict significant differences between
ND2-237Leu and ND2-237Met.

Table 2. Serum electrolyte levels by coffee consumption status and ND2-237 Leu/Met genotype.

Coffee Consumption p for Trend

<1 Cup Per Day 1–3 Cups Per Day ≥4 Cups Per Day

ND2-237Leu N = 109 N = 113 N = 23

Serum sodium levels (mEq/L) 140.1 (0.2) 140.4 (0.2) 141.2 (0.4) 0.033
Serum sodium levels (mEq/L) † 140.1 (0.2) 140.5 (0.2) 141.1 (0.4) 0.044
Serum chloride levels (mEq/L) 100.9 (0.2) 101.4 (0.2) 102.9 (0.5) **,*** 0.001

Serum chloride levels (mEq/L) † 100.7 (0.3) 101.4 (0.3) 102.4 (0.5) * 0.002
Serum potassium levels (mEq/L) 4.19 (0.03) 4.19 (0.03) 4.20 (0.05) 0.904

Serum potassium levels (mEq/L) † 4.18 (0.03) 4.20 (0.03) 4.22 (0.06) 0.439
Serum calcium levels (mEq/L) 9.33 (0.04) 9.33 (0.04) 9.32 (0.08) 0.867

Serum calcium levels (mEq/L) † 9.40 (0.04) 9.35 (0.04) 9.33 (0.08) 0.306

ND2-237Met N = 57 N = 81 N = 19

Serum sodium levels (mEq/L) 140.1 (0.2) 140.1 (0.2) 139.8 (0.4) 0.679
Serum sodium levels (mEq/L) † 140.7 (0.3) 140.8 (0.3) 140.5 (0.5) 0.700
Serum chloride levels (mEq/L) 100.8 (0.3) 100.9 (0.2) 100.8 (0.5) 0.935

Serum chloride levels (mEq/L) † 101.3 (0.4) 101.2 (0.3) 101.3 (0.5) 0.965
Serum potassium levels (mEq/L) 4.17 (0.03) 4.18 (0.03) 4.18 (0.06) 0.905

Serum potassium levels (mEq/L) † 4.14 (0.05) 4.15 (0.04) 4.16 (0.07) 0.836
Serum calcium levels (mEq/L) 9.39 (0.05) 9.40 (0.04) 9.30 (0.09) 0.507

Serum calcium levels (mEq/L) † 9.41 (0.07) 9.39 (0.06) 9.24 (0.10) 0.175
† Serum sodium levels, † serum chloride levels, † serum potassium levels, and † serum calcium levels are expressed
as least-square means (standard error) adjusted for age, body mass index, alcohol consumption, habitual smoking,
green tea consumption, and antihypertensive medication. The Bonferroni correction for multiple comparisons was
applied; * p < 0.05, ** p < 0.005 vs. <1 cup of coffee per day, *** p < 0.05 vs. 1–3 cups of coffee per day.

A significant negative association was observed between coffee consumption and the risk of low
levels of serum chloride among men with the ND2-237Leu genotype (p for trend = 0.032) (Table 3).
Moreover, the OR for low levels of serum chloride was significantly lower among men with the

63



Nutrients 2018, 10, 1344

ND2-237Leu genotype who consumed ≥4 compared with <1 cup of coffee per day (OR = 0.125, 95%
confidence interval [CI] = 0.016–0.973; p = 0.047). After adjusting for age, BMI, habitual smoking,
alcohol consumption, green tea consumption, and antihypertensive medication, the risk of low
levels of serum chloride was found to be dependent on coffee consumption (p for trend = 0.028).
In addition, the OR for low levels of serum chloride was found to be significantly lower for men with
the ND2-237Leu genotype who consumed ≥4 compared with <1 cup of coffee per day (OR = 0.096,
95% CI = 0.010–0.934; p = 0.044). However, the association between the ND2-237Met genotype and the
risk of low levels of serum chloride did not appear to be statistically dependent on the amount of daily
coffee consumption.

Table 3. Odds ratios (ORs) and 95% confidence intervals (CIs) for low levels of serum chloride (serum
chloride levels <100 mEq/L) by ND2-237 Leu/Met genotype and coffee consumption.

Genotype and
Coffee

Consumption

Frequency (%)

OR (95% CI)
Adjusted OR †

(95% CI)
Normal Levels of Serum

Chloride (Serum Chloride
Levels ≥100 mEq/L)

Low Levels of Serum
Chloride (Serum Chloride

Levels <100 mEq/L)

ND2-237Leu

<1 cup per day 80 (73.4) 29 (26.6) 1 (reference) 1 (reference)
1–3 cups per day 89 (78.8) 24 (21.2) 0.744 (0.400–1.382) 0.615 (0.308–1.226)
≥4 cups per day 22 (95.7) 1 (4.3) 0.125 (0.016–0.973) * 0.096 (0.010–0.934) *

p for trend = 0.032 p for trend = 0.028

ND2-237Met

<1 cup per day 41 (71.9) 16 (28.1) 1 (reference) 1 (reference)
1–3 cups per day 60 (74.1) 21 (25.9) 0.897 (0.419–1.922) 0.803 (0.339–1.902)
≥4 cups per day 16 (84.2) 3 (15.8) 0.480 (0.123–1.875) 0.361 (0.076–1.718)

p for trend = 0.353 p for trend = 0.264
† OR adjusted for age, body mass index, habitual alcohol consumption, habitual smoking, green tea consumption,
and antihypertensive medication. * p < 0.05.

4. Discussion

Although somewhat limited by the small sample size, the results of the present study suggest
that ND2-237 Leu/Met polymorphism and coffee consumption exert a joint association with serum
chloride levels in middle-age male Japanese health checkup examinees; namely, serum chloride levels
were positively associated with the amount of daily coffee consumption in men with the ND2-237Leu
genotype. Moreover, the risk of low levels of serum chloride, which has been shown to be associated
with a higher risk of CVD and mortality [8–12], was significantly lower in men with the ND2-237Leu
genotype who consumed ≥4 compared with <1 cup of coffee per day. However, coffee consumption
did not appear to affect serum chloride levels in men with the ND2-237Met genotype.

In regard to the role of the interplay between caffeine and mitochondria in the cardiovascular
system, Ale-Agha, et al. recently established experimentally that caffeine acting jointly with
mitochondrial cyclin-dependent kinase inhibitor 1B exerts protective effects against CVD [25].
However, although likely related to biochemical differences between ND2-237Leu and ND2-237Met in
response to some compounds in coffee, the physiological mechanisms underlying the joint association
of ND2-237 Leu/Met polymorphism and coffee consumption with serum chloride levels remains
unknown. NADH dehydrogenase is known as a major site of the generation of reactive oxygen
species (ROS) in mitochondria; it is also known itself to be a target of attack by ROS [26]. Some
animal experiments have demonstrated that ND2-237Met protects NADH dehydrogenase from ROS
attack and/or suppresses ROS production [27,28]. Moreover, coffee consumption has been shown
to exert antioxidant potential in humans [29]. The results of our previous research suggest that
moderate coffee intake exerts antioxidant effects in men with the ND2-237Leu but not the ND2-237Met
genotype [19,20,22]. To elucidate the mechanisms underlying the joint association of ND2-237 Leu/Met
polymorphism and coffee consumption with serum chloride levels, further biophysical and biochemical
investigations are needed.
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Previous cross-sectional studies have reported finding an interactive association of ND2-237
Leu/Met polymorphism and coffee consumption with the risks of hypertension [19], glucose tolerance
abnormality [20], dyslipidemia [21], liver damage [22], and erythrocytic parameters [23]. The risk
of hypertension was significantly lower in men with the ND2-237Leu genotype who consumed
≥2 compared with ≤1 cup of coffee per day [19], and that of glucose tolerance abnormality was
also significantly lower in those who consumed ≥4 compared with <1 cup of coffee per day [20].
Consequently, the risk of abnormally elevated levels of serum liver enzymes was significantly lower in
men who consumed ≥3 compared with <1 cup of coffee per day [22]. However, the risk of anemia
was significantly higher in those who consumed ≥4 compared with <1 cup of coffee per day [23].
Meanwhile, the risk of dyslipidemia was significantly higher among men with the ND2-237Met
genotype who consumed ≥1 compared with <1 cup of coffee per day [21]. Taken together, other than
the risk of anemia, moderate levels of coffee intake appear to be more beneficial for health in men with
the ND2-237Leu compared with the ND2-237Met genotype.

Although the focus of the present study was on serum chloride levels, serum sodium levels were
also significantly and positively associated with coffee consumption in men with the ND2-237Leu
genotype. In addition, in a population-based cohort study, De Bacquer, et al. reported finding a
remarkably positive association between serum chloride and serum sodium levels [8]. In patients with
acute decompensated heart failure, compared with that of serum chloride levels, the prognostic value
of serum sodium levels was diminished [10]. Moreover, in patients with post-myocardial infarction
accompanied by systolic dysfunction and heart failure, low levels of serum chloride were found to be
associated with CVD mortality accompanied by low levels of serum sodium [30]. Recently, a large-scale
follow-up study reported finding an association between low serum sodium levels and an increased
risk of CVD mortality [31]; therefore, serum sodium levels may affect the pathophysiology of serum
chloride levels for CVD. However, to verify whether serum chloride levels act jointly with serum
sodium levels in regard to CVD in the general population, further epidemiological studies are needed.

A potential contradiction may exist in relation to these findings. Although low serum chloride
levels have been shown to be associated with an increased risk of both all-cause and CVD
mortality [8–12], the results of our previous study showed that serum chloride levels were significantly
lower in men who had the ND2-237Met genotype—who have been reported to have a genetic tendency
toward longevity [13] and resistance against life-threatening diseases [14–18]—compared with those
with the ND2-237Leu genotype [24]. Therefore, the genetic advantage of having the ND2-237Met
genotype may surpass the physiological disadvantage of having low serum chloride levels.

The present study did have several important limitations. First, the data were collected 18 years
ago. Second, the sample size was relatively small. Third, the participants consisted of only men.
Fourth, only a single population was analyzed; to prevent errors in genetic epidemiological studies,
several independent data sets need to be analyzed. Fifth, although cross-sectional studies can suggest
causal associations, they cannot prove valid causality. To overcome this limitation, a follow-up study
involving a larger study sample that includes multiple populations is needed. Sixth, we did not obtain
any data on salt intake or other dietary factors. Although no significant associations have been found
between serum chloride levels and dietary sodium intake [32], higher sodium intake has been found
to be a risk factor for CVD in Japan [33]. Potential correlations between additional dietary factors and
coffee consumption have been reported [34]. Therefore, a food frequency questionnaire survey will
be required in future studies. Finally, we based the categorization of habitual coffee consumption on
the number of cups consumed per day. Whether any interaction exists between ND2-237 Leu/Met
polymorphism and levels of caffeine, chlorogenic acids, or other unknown compounds in coffee on
serum chloride levels remains unclear and therefore warrants further investigation.

5. Conclusions

The results of the present exploratory cross-sectional analysis suggest a joint association of
ND2-237 Leu/Met polymorphism and coffee consumption with serum chloride levels among
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male Japanese health checkup examinees. For men with the ND2-237Leu genotype, higher coffee
consumption may reduce the risk of low levels of serum chloride. Therefore, daily coffee intake is
recommended for men with the ND2-237Leu genotype to reduce the risk of CVD. To the best of our
knowledge, this is the first report of the effects of gene–diet interaction on serum chloride levels.
These findings may contribute to individualized prevention strategies for CVD.
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Abstract: Coffee is one of the most widely consumed drinks around the world, while depression is
considered the major contributor to the overall global burden of disease. However, the investigation
on coffee consumption and depression is limited and results may be confounded by the overall dietary
pattern. We assessed the relationship between coffee intake and the risk of depression, controlling for
adherence to the Mediterranean diet. We studied 14,413 university graduates of the ‘Seguimiento
Universidad de Navarra’ (SUN) cohort, initially free of depression. We evaluated coffee consumption
using a validated food-frequency questionnaire (FFQ). Incident depression cases were adjudicated
only if the participant met two criteria simultaneously: (a) validated physician-diagnosed depression
together with (b) new onset of habitual antidepressant use. Both criteria were needed; participants
meeting only one of them were not classified as cases. Participants who drank at least four cups of
coffee per day showed a significantly lower risk of depression than participants who drank less than
one cup of coffee per day (HR: 0.37 (95% CI 0.15–0.95)). However, overall, we did not observe an
inverse linear dose–response association between coffee consumption and the incidence of depression
(p for trend = 0.22).

Keywords: coffee; depression; cohort study

1. Introduction

Depression is considered the major contributor to the overall global burden of disease and a
common cause of disability worldwide, with more than 300 million people affected [1]. Severe forms of
depression can lead to suicide, which is the second leading cause of death in people aged 15–29 years,
accounting for 800,000 deaths every year [2]. The lifetime prevalence of depression and the distribution
of suicide rates are not uniform. Within Europe, both depression prevalence and suicide rates are
higher in northern countries than in southern ones [3]. Nowadays, the prevention of depression
represents a public health priority due to its huge social and economic burden.
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Some investigations suggest that underlying pathophysiological mechanisms in depression are
also present in metabolic syndrome (MetS), obesity, and cardiovascular disease (CVD) [4]. Endothelial
dysfunction and an increased production of proinflammatory cytokines may explain the link between
depression and CVD [5,6].

On the other hand, coffee is one of the most widely consumed beverages around the world.
It is known that coffee contains antioxidant substances with potentially beneficial properties; e.g.,
chlorogenic acid, flavonoids, melanoidins, and various lipid-soluble compounds such as furans,
pyrroles, and maltol [7].

Two recent meta-analyses including three longitudinal and five cross-sectional studies found
an inverse association between coffee consumption and depression [8,9]. It is noteworthy that none
of the longitudinal studies adjusted their estimates for an overall dietary pattern. Given that coffee
consumption may be associated with a high-quality overall dietary pattern and that a healthy dietary
pattern, such as the traditional Mediterranean diet (MedDiet), has been associated with a lower risk of
depression [10], the overall dietary pattern may be a potential confounder in the association between
coffee consumption and depression. Therefore, it is interesting to assess the association between coffee
consumption and the risk of depression once adherence to an overall healthy dietary pattern has been
accounted for in the analysis. This seems especially relevant when the association is assessed in a
Mediterranean setting.

To our knowledge, the effect of coffee on the risk of depression has not been assessed in a
Mediterranean cohort and it has neither been assessed if coffee consumption can show an inverse
association with depression incidence once adherence to the traditional MedDiet has been accounted for.
Thus, the aim of this study was to evaluate whether coffee consumption is independently associated
with the risk of depression in the SUN project, a prospective cohort of Spanish graduates, after
controlling for adherence to the traditional MedDiet.

2. Materials and Methods

2.1. Study Population

The “Seguimiento Universidad de Navarra” (SUN) project is a prospective multipurpose cohort
of Spanish university graduates. The study methods have been described in more detail elsewhere [11].
Briefly, the SUN project is a dynamic cohort assessing the relationship between diet and chronic
diseases. It was developed inspired by the models of the Nurses’ Health Study and the Health
Professionals Follow-Up Study. Recruitment started in December 1999 and is permanently open.
After the initial questionnaire, follow-up questionnaires are mailed every other year to participants to
update information on diet and lifestyle and collect information on health outcomes which might have
happened in the previous two years. For participants lost to follow-up, the National Death Index is
consulted periodically to assess their vital status. Participants are middle-aged university graduates
from different Spanish regions.

By 2017, 22,564 participants were recruited. In order to allow the minimal follow-up of two
years, we included only those participants who were recruited before March 2014 (2.75 years before
the database closing date). Out of 22,279 eligible subjects, we excluded 1990 participants with no
follow-up information (retention rate 91%); 1910 participants with total energy intake out of predefined
limits (<500 or >3500 kcal/day for women and <800 or >4000 kcal/day for men); participants with
previously diagnosed cardiovascular diseases, cancer, or diabetes (n = 1798); participants who died
before returning their first follow-up questionnaire (n = 39); participants with baseline depression,
regular antidepressant use, or implausible date or depression diagnosis (n = 1811); as well as patients
with diagnosed depression during the first 2 years of follow-up or regular antidepressant use at 2
years of follow-up (n = 318). The final sample consisted of 14,413 participants who answered at least 1
follow-up questionnaire.
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2.2. Assessment of Coffee Consumption

The baseline questionnaire included a previously validated 136-item food-frequency questionnaire
(FFQ) [12–14]. The serving size for coffee was 50 cc. Information about the consumption of regular
and decaffeinated coffee was gathered separately. The FFQ assessed regular food consumption over
the previous 12 months and included nine categories of response for the frequency of consumption,
ranging from ‘never/seldom’ to ‘more than six times per day’. Then, participants were grouped in four
categories according to their level of coffee consumption (<1 cup/day, 1 cup/day, >1–<4 cups/day, ≥4
cups/day).

2.3. Case Ascertainment

We adjudicated an incident case of major depressive disorder during follow-up in a participant
initially free of any history of depression only if he or she met 2 criteria simultaneously: (a) a
validated [15] self-reported new physician-made diagnosis of depression together with (b) new-onset
habitual use of antidepressants (in the previous 2 years). Both criteria were needed; participants
meeting only one of them were not classified as cases.

2.4. Assessment of Covariates

Sociodemographic, anthropometric, lifestyle, and comorbidity information were also collected
at baseline and updated every two years through the follow-up questionnaires. The adherence to
the MedDiet was established based on the information in the FFQ according to the index defined by
Trichopoulou et al. [16]. The latest available information on food composition tables for Spain was
utilized by trained dietitians to update the nutrient dataset from the information collected with the
FFQ. The baseline questionnaire also included three questions on self-perceived personality traits with
scores ranging from 0 to 10. More concretely, these questions assessed self-perceived psychological
dependence (0—autonomous to 10—dependent), competitiveness (0—conformist to 10—competitive)
and anxiety (0—relaxed to 10—tense) [17].

2.5. Statistical Analysis

Baseline quantitative traits of participants were described as the mean and standard deviation
according to categories of coffee consumption and baseline qualitative traits, and as the percentage
across the same categories. We calculated p values for comparisons across categories of
coffee consumption with ANOVA for quantitative variables and with chi-squared tests for
qualitative variables.

Cox regression models were fit to assess the association between coffee intake and the risk of
clinical depression development. We used age as the underlying time variable in all the analyses.
Models were stratified by age and period of completion of baseline questionnaire. Participants
contributed to the person-years of follow-up from the study inception until diagnosis of depression,
death, or last follow-up questionnaire; whichever occurred first.

In our main analysis, we used total coffee intake as the exposure variable. The group in the lowest
level of coffee consumption was used as the reference category in all the analyses. For the linear trend
test, the median in each category of coffee consumption was calculated to generate a new quantitative
variable. As a sensitivity analysis, we also fit models for regular and decaffeinated coffee separately.

The final model was adjusted for potential confounders such as sex, body-mass index (BMI;
3 categories), physical activity (continuous), alcohol intake (linear and quadratic), smoking status
(never/former/current/missing) and package-years of smoking (continuous), total energy intake
(continuous), adherence to the traditional MedDiet (continuous), years of university studies
(continuous), marital status (3 categories), TV-watching hours (continuous), snacking, following
any special diet, baseline hypertension and baseline hypercholesterolemia, self-perception of
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competitiveness, anxiety, and psychological dependence (continuous), and use of tranquilizers or
anxiolytic drugs, and was stratified for age (decades) and recruitment period.

The interactions of coffee consumption (4 categories) with sex, age (2 categories), and smoking
status (4 categories) were studied by introducing an interaction term in the model and calculating the
likelihood ratio test between the model with the interaction and the model without it.

All analyses were performed with Stata SE 15.0. A two-sided p value below 0.05 was deemed as
statistically significant.

3. Results

We followed 14,413 participants, 5765 (40%) men and 8648 women, for a mean follow-up time of
10 years (standard deviation (SD): 4). Mean age of participants at recruitment was 36.4 years (SD: 11.5).
Among 144,029 person-years follow-up, we identified 199 incident cases of depression. The incidence
rate of depression was 1.3/1000 person-years of follow-up in the lowest category of coffee consumption
and 1.5, 1.5, and 0.8/1000 persons-years of follow-up in the subsequent categories.

Participants’ baseline characteristics by category of coffee consumption are shown in Table 1.
On average, participants in the highest category of coffee consumption were older, had a higher
average BMI, and reported higher mean total energy intake, lower physical activity, and being more
tense compared to participants in the lower coffee consumption categories. Those participants were
also more likely to be male, married, current smokers, and to consume more alcohol. At baseline, they
also reported higher blood cholesterol levels and were more prone to be following any special diet
than their peers in the other categories of coffee consumption.

Table 1. Baseline characteristics of participants according to total coffee consumption.

Cups/Day
Total Coffee Consumption

p Value
<1 1 >1 and <4 ≥4

N 5253 2667 5928 565

Age at recruitment 34.5 (11.8) 37.7 (11.9) 37.1 (10.8) 39.5 (11.1) <0.001
Body-mass index (kg/m2) 23.2 (3.4) 23.4 (3.3) 23.5 (3.4) 24.1 (3.7) 0.002
Physical activity in METS 28.7 (26.1) 26.8 (23.9) 25.7 (21.5) 26.4 (24.9) <0.001
Total energy in kcal/day 2292 (630) 2352 (593) 2406 (598) 2479 (653) <0.001
Adherence to Mediterranean diet (0–9 score) 4.04 (1.79) 4.36 (1.82) 4.37 (1.78) 4.37 (1.69) 0.157
Alcohol intake in g/day 5.24 (8.32) 7.08 (10.25) 7.28 (10.13) 8.34 (14.2) <0.001
Years of university education 4.92 (1.48) 5.09 (1.50) 5.13 (1.52) 5.12 (1.58) 0.055
Sex (% male) 41.2 40.1 38.4 45.3 0.001
Snacking (%) 35.8 29.1 32.5 35.4 <0.001
Special diet (%) 6.24 6.60 7.25 9.73 0.007
Hypertension (%) 8.68 9.00 8.11 8.85 0.514
Cholesterol >200 mg/dl (%) 13.0 15.7 16.0 20.2 <0.001
Smoking (%)

Never 59.5 49.5 41.8 28.8
Current 19.4 22.2 29.5 40.4
Former 18.3 25.9 26.4 27.1 <0.001

Marital status (%)
Single 56.1 42.7 44.2 36.5
Married 41.6 54.7 53.1 60.7
Other 2.25 2.55 2.77 2.83 <0.001

Personality traits (range 0–10)
Psychological dependence 3.69 (2.83) 3.49 (2.87) 3.53 (2.81) 3.59 (2.97) 0.236
Competitiveness 6.99 (1.73) 6.96 (1.77) 6.96 (1.70) 7.09 (1.73) 0.086
Anxiety 5.82 (2.22) 5.80 (2.20) 5.91 (2.13) 6.22 (2.19) 0.017

Data are mean (standard deviation), unless otherwise stated.

Table 2 presents hazard ratios (HR) and their 95% confidence intervals (CI) for the risk of
depression in the crude and multivariable adjusted models. In the comparison across extreme
categories of coffee consumption, participants who consumed at least 4 cups of coffee per day showed
a 63% (HR = 0.37, 95% CI 0.15–0.95) lower risk of depression than participants who drank less than

72



Nutrients 2018, 10, 1333

1 cup of coffee per day. However, overall, we did not observe a linear dose–response association
between coffee consumption and the incidence of depression (p for trend = 0.22).

No significant interaction was found between total coffee consumption and sex, age, or smoking
status in their association with incident depression (p > 0.05 for all of them).

Table 2. Hazard ratios (HR; 95% confidence intervals) for incidence of depression according to baseline
total coffee consumption.

Cups/Day
Total Coffee Consumption

p for Trend
<1 1 >1 and <4 ≥4

Cups/day (median) 0.07 1 2.5 5
N 5253 2667 5928 565
Cases 64 39 91 5
Person-years 51,145 26,065 60,705 6115
Crude HR 1 (ref.) 1.14 (0.76–1.70) 1.12 (0.81–1.55) 0.60 (0.24–1.50) 0.963
Model 1 1 (ref.) 1.12 (0.75–1.67) 1.09 (0.79–1.51) 0.58 (0.23–1.45) 0.923
Model 2 1 (ref.) 1.05 (0.70–1.58) 0.95 (0.68–1.33) 0.37 (0.15–0.95) 0.220

Results from Cox regression models. Age was the underlying time variable in all analyses. Model 1: adjusted for
sex and stratified for age (decades) and recruitment period. Model 2: adjusted for sex, alcohol intake (linear
and quadratic term), years of university education, marital status, smoking, body mass index, total energy
intake, adherence to the Mediterranean diet, between-meal snacking and following special diets, leisure-time
physical activity (METS-h/week), hours of TV watching, hypertension at baseline, baseline high blood cholesterol,
self-perception of competitiveness, anxiety, and psychological dependence, and use of anxiolytics, and stratified for
age (decades) and recruitment period.

In further analyses, we specifically studied regular and decaffeinated coffee consumption (Table 3).
The HR for the risk of depression associated with ≥4 cups per day of regular coffee compared to <1
cup per day was 0.44 (95% CI: 0.18–1.11; p for trend = 0.141), in a model adjusted for the consumption
of decaffeinated coffee consumption. On the other hand, decaffeinated coffee consumption was not
associated with the risk of depression in the fully adjusted model.

Table 3. Subgroup analysis. Hazard ratios (95% confidence intervals) for incidence of depression
according to baseline regular and decaffeinated coffee consumption.

Cups/Day
Regular Coffee Consumption

p for Trend
<1 1 >1 and <4 ≥4

Cups/day (median) 0 1 2.5 5
N 6315 3433 4193 472
Cases 84 49 61 5
Person-years 61,621 34,065 43,130 5212
Crude HR 1 (ref.) 1.01 (0.71–1.44) 0.97 (0.69–1.35) 0.65 (0.26–1.60) 0.569
Model 1 1 (ref.) 1.00 (0.70–1.42) 0.96 (0.69–1.34) 0.64 (0.26–1.59) 0.533
Model 2 1 (ref.) 0.96 (0.67–1.37) 0.84 (0.59–1.18) 0.43 (0.17–1.07) 0.095
Additionally adjusted for
decaffeinated coffee consumption 1 (ref.) 0.97 (0.68–1.39) 0.87 (0.61–1.23) 0.44 (0.18–1.11) 0.141

Cups/day
Decaffeinated Coffee Consumption

p for Trend
<1 1 >1

Cups/day (median) 0 1 2.5
N 12,700 1268 445
Cases 167 21 11
Person-years 127,007 12,674 4348
Crude HR 1 (ref.) 1.25 (0.79–1.96) 1.90 (1.03–3.51) 0.033
Model 1 1 (ref.) 1.20 (0.76–1.89) 1.77 (0.96–3.26) 0.065
Model 2 1 (ref.) 1.20 (0.76–1.89) 1.54 (0.82–2.87) 0.142
Additionally adjusted for
regular coffee consumption 1 (ref.) 1.15 (0.72–1.82) 1.46 (0.78–2.76) 0.218

Results from Cox regression models. Age was the underlying time variable in all analyses. Model 1: adjusted
for sex and stratified for age (decades) and recruitment period. Model 2: adjusted for age, sex, alcohol intake
(linear and quadratic term), years of university education, marital status, smoking, body mass index, total energy
intake, adherence to the Mediterranean diet, between-meal snacking and following special diets, leisure-time
physical activity (METS-h/week), hours of TV watching, hypertension at baseline, baseline high blood cholesterol,
self-perception of competitiveness, anxiety, and psychological dependence, and use of anxiolytics.
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4. Discussion

In this study, we found that participants who consumed at least four cups of coffee per day
showed a lower risk of depression than participants who drank less than one cup of coffee per day.
Nevertheless, we found no significant dose–response relationship between coffee consumption and
the risk of depression.

The observed inverse association between extreme categories of coffee consumption is consistent
with previous literature. On the one hand, several cross-sectional studies have assessed this
association [18–22]. Some [18–20], but not all [21,22], found a significant inverse association
between coffee consumption and the risk of depression. However, due to the cross-sectional
design of these studies, reverse causality cannot be ruled out. On the other hand, there are three
prospective studies that have longitudinally assessed the association between coffee consumption
and the risk of depression [23–25]. These three prospective studies have been pooled in two
independent meta-analyses [8,9]. The combined results suggested an inverse association between
coffee consumption and the risk of depression. As far as the setting for the three prospective cohort
studies was concerned, two of them had been conducted in the U.S. [23,24], and another one, including
a smaller number (2232) of participants, in Finland [25]. Individually, the three studies described
an inverse association between coffee consumption and the risk of depression. The strength of
the association was highest in the Finnish cohort, which included only men [25]. In that study,
a 75% reduction in the risk of depression was observed when heavy coffee drinkers were compared
with non-coffee drinkers [25]. Nevertheless, the analyses were based on 73 events. Risk reductions
in the other two cohorts were milder [23,24]. It is worth mentioning that our study had some
differential characteristics with previous prospective studies. First, the mean age of participants
in our cohort was 36 years, whereas the mean age was 53 years in the study by Ruusunen et al. [25],
62 years in the study with data from the NIH-AARP study [24], and 63 years in the Nurses’ Health
Study [23]. Also, in the Finnish study, the outcome was given by a discharge diagnosis of depressive
disorder [25] and our outcome—consistent with the other two studies [22,23]—was ascertained through
self-reported information.

When we separately assessed the association between regular and decaffeinated coffee
consumption and the risk of depression, we found no significant association for decaffeinated coffee
consumption. Out of the three longitudinal studies which have assessed the association between
coffee consumption and depression risk, decaffeinated coffee consumption was associated with a
lower risk of depression (HR ≥ 4 cups/day vs. none = 0.88 (95% CI 0.78–1.00), p for trend = 0.003) in
the NIH-AARP study [24], but no significant association for decaffeinated coffee consumption was
observed in the Nurses’ Health Study [23]. In the Kuopio Ischaemic Heart Disease Risk Factor Study,
decaffeinated coffee consumption was not specifically assessed [25].

In a dose–response meta-analysis on coffee consumption and depression risk, Grosso et al.
observed a nonlinear J-shaped dose–response association with a peak (the lowest observed risk) for
the inverse association at 400 mL/day, which was stable toward a slight increase for higher coffee
consumption [9]. It is worth mentioning that the studies that contributed most—i.e., had a higher
weight—in this meta-analysis had been conducted in the U.S. [23,24], where the typical serving size
is bigger than in Spain. The greatest risk reduction in our study was observed for participants who
consumed at least four cups of coffee per day compared to those who consumed less than one cup per
day, but we were not able to draw conclusions for participants with heavier coffee consumptions.

There are two main hypotheses which could explain the association between the higher coffee
intake and a possible reduction in the risk of depression. First, coffee is the main dietary source
of caffeine. Caffeine is an alkaloid exerting a stimulant effect on the central nervous system and
modulating the dopaminergic activity by nonspecific antagonism against A1/A2 adenosine receptors.
A moderate amount of caffeine has a beneficial effect, improving psychomotor activity, vigilance level,
and increasing the perception of feeling more energetic [26]. Second, coffee has a high concentration of
polyphenols, such as chlorogenic acid and trigonelline, which have anti-inflammatory potential [7].
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Thus, coffee consumption could protect against low-grade inflammation, which seems to be involved
in the pathogenesis of depression [27]. In fact, coffee is the main dietary source of polyphenols [28,29]
in some populations such as the U.S. or Northern Europe, where the other prospective studies on coffee
and depression had been conducted [21–23]. Contrarily, in our cohort (data not shown), as well as in
other Spanish cohorts, fruits—and not coffee—are the primary source of polyphenols [30]. Interestingly,
in the prospective studies conducted so far [23–25], the analyses were not adjusted for an overall
dietary pattern. Only one analysis [24] was adjusted for daily intake of folate and polyunsaturated fatty
acids. Therefore, it was unknown if coffee had the same beneficial effect on participants beyond an
overall healthy dietary pattern. To our knowledge, our study is the first one evaluating the association
between coffee consumption and depression in which adherence to an overall healthy dietary pattern
has been accounted for.

Some limitations of our study should be acknowledged. First, the SUN cohort is not a
representative sample of the general population in the pure statistical sense. However, lack of
representativeness does not preclude from establishing associations [31,32]. These associations can
be generalized to other groups as long as no biological mechanism suggests that the association
no longer holds for other populations. Second, dietary information was self-reported. Therefore,
we cannot exclude some degree of nondifferential misclassification which could have biased our
results more probably towards the null. However, the FFQ has been previously validated [12–14].
Third, due to the strict criteria used for the adjudication of the outcome together with some particular
characteristics of our study participants—such as their high educational level and their high levels
of health-consciousness related to voluntarily participating in a cohort—the incidence of depression
in our cohort may seem relatively low in comparison with other studies. However, when we
included as incident cases all participants with a medical diagnosis of depression, those who were
using antidepressant medication, and the cases that occurred in the two first years, the overall
incidence of depression in the cohort during follow-up was 6% (data not shown). In any case,
this does not necessarily mean a bias in the sample, as Rothman and other methodologists have
repeatedly considered regarding the nonrepresentative nature of most cohorts in the statistical sense
of “representativeness” [32]. Fourth, although all the results were adjusted for potential confounders,
we cannot exclude the presence of some residual confounding factors that could partly explain our
results. Nevertheless, with subsequent adjustment of our models with a wide array of potential
confounders, the association became stronger for total coffee consumption and for regular coffee
consumption. Therefore, we believe it is unlikely that unmeasured confounders could explained
the observed association. Fifth, coffee consumption was assessed only in the baseline questionnaire,
assuming it was maintained over time. Nevertheless, previous studies have suggested that coffee
consumption remains relatively stable over time [33]. Sixth, tea consumption was not very common in
Spain by the time the FFQ was developed, and this item was thus not included in the FFQ. Therefore,
we could not assess the specific association between tea consumption and incident depression.

Several strengths of this study deserve to be mentioned. The prospective longitudinal design of
the study with an extended follow-up period, the relatively large sample size, the validated assessment
of coffee consumption, the validated self-reported medical diagnosis of depression, the ability to
control for a good number of potential confounding factors, and the high retention rate (91%) are
strengths of our study. Additionally, the high educational level of our participants could contribute to
increase the quality of the self-reported information and, thus, reduce the potential for misclassification
bias. Furthermore, the exclusion of participants with a depression diagnosis or use of antidepressant
medication at baseline or before the first two years of follow-up reduced the possibility of reverse
causation bias due to subclinical cases of depression present at baseline. Baseline coffee consumption of
participants with baseline depression or antidepressant use might be a consequence of their condition,
rather than vice versa. Also, participants who were diagnosed during the first two years of follow-up
might have already had some symptoms at the study inception, which might have conditioned
their coffee consumption. Therefore, we excluded participants with self-reported depression or
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antidepressant use during the first two years of follow-up in order to ensure temporal sequence.
Finally, the incident cases were defined as self-reported physician-diagnosed depression together with
commencement of regular antidepressant medication. Self-reported medical diagnosis of depression
showed an acceptable validity in a previous validation study [15]. In the present paper, we increased
the specificity of our outcome by including as an additional criterion the commencement of regular
antidepressant use. This definition is consistent with previous literature in this area [23] and is stricter.
Eventually, this definition might have led to the underestimation of true cases and to a lower sensitivity,
but to a higher specificity. Supposedly, with perfect specificity, the nondifferential sensitivity of disease
detection would not bias the estimate for the relative risk [34].

5. Conclusions

In conclusion, higher coffee consumption was inversely associated with the incidence of
depression in a Mediterranean cohort, although the linear dose–response association was not
significant. Future studies with longitudinal design and intervention studies would be needed to
investigate potential health benefits of coffee consumption.
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Abstract: Caffeine intake, a frequent lifestyle exposure, has a number of biological effects. We designed
a cohort study to investigate the relation between lifestyle and assisted reproduction technique
(ART) outcomes. From September 2014 to December 2016, 339 subfertile couples referring to an
Italian fertility clinic and eligible for ART procedures were enrolled in our study. Sociodemographic
characteristics, smoking, and usual alcohol and caffeine consumption in the year prior to ART were
recorded. The mean age of participants was 36.6 ± 3.6 years in women and 39.4 ± 5.2 years in
men. After oocytes retrieval, 293 (86.4%) underwent implantation, 110 (32.4%) achieved clinical
pregnancy, and 82 (24.2%) live birth. Maternal age was the main determinant of ART outcome. In a
model including women’s age and college degree, smoking habits, calorie and alcohol intake for
both partners, previous ART cycles, and partner’s caffeine intake, we did not observe any association
between caffeine intake and ART outcome. Using the first tertile of caffeine intake by women as a
reference, the adjusted rate ratio (ARR) for live birth was 1.09 (95% confidence interval (CI) 0.79–1.50)
in the second and 0.99 (95% CI 0.71–1.40) in the third tertiles. In conclusion, a moderate caffeine
intake by women and men in the year prior to the ART procedure was not associated with negative
ART outcomes.

Keywords: caffeine intake; assisted reproduction techniques; risk factors; implantation; clinical
pregnancy; live birth

1. Introduction

Caffeine Intake is Among the Most Common Lifestyle Exposure in Women and Men Alike

Caffeine (1,3,7-trimethylxanthine) is found in coffee, tea, soft drinks (particularly cola-containing
beverages and energy drinks), and chocolate. It easily crosses biologic membranes, is rapidly
distributed throughout the body, and has been found in saliva, breast milk, the embryo, and the
neonate [1]. The caffeine molecule is easily absorbed by humans, having approximately 100%
bioavailability when taken by oral route and reaching a peak in the blood within 15–45 min after
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its consumption [2]. Caffeine has a number of biologic effects, including central nervous system
stimulation, increased secretion of catecholamine, relaxation of smooth muscles, and stimulation of
heart rate. Caffeine can also reach the follicular fluid, suggesting that it might exert a harmful role on
the female reproductive process [3].

During the last decades, the relation between lifestyle factors and spontaneous fertility has been
investigated in several observational studies, but, with regard to caffeine intake, few studies have
analyzed the association between caffeine intake and in vitro fertilization (IVF) outcomes, showing
inconsistent results. One study observed a negative association with live birth, when comparing
women consuming >2–50 and >50 versus <2 mg/day of caffeine in the year prior to IVF [4], while other
studies found no association between caffeine intake consumed just before or during IVF treatment
and IVF outcomes [5,6]. In a study conducted in Boston [7], the adjusted percentage of cycles resulting
in live birth for women in increasing categories of caffeine intake was 46% for <50 mg/day, 44%, 42%, 40%
in intermediate intake categories, and 40% for >300 mg/day. On the other hand, Karmon et al. [8] recently
found that caffeine intake was associated with a lower probability of achieving live birth after assisted
reproduction techniques (ART), although this inverse association was limited to intracytoplasmic
sperm injection (ICSI) cycles.

Thus, limited and conflicting data are available on the relation between caffeine intake and ART
outcomes. In this paper, we analyzed the role of male and female caffeine consumption in ART
outcomes, using data from a cohort study conducted in an Italian fertility center.

2. Methods

From September 2014 to December 2016, on randomly selected days, subfertile couples presenting
for evaluation to the Fertility Unit of Fondazione IRCCS Ca’ Granda, Ospedale Maggiore, Policlinico,
Milan, and eligible for assisted reproduction technologies (ART), were invited to participate in an
ongoing prospective cohort study on the role of lifestyle habits and diet on ART outcome. The study
protocol was approved by the Ethical Review Board of Fondazione IRCCS Ca’ Granda, Ospedale
Maggiore, Policlinico (Milan, Italy). All procedures were conducted in accordance with the Helsinki
Declaration and all participants provided written informed consent.

Study participation was proposed during the diagnostic phase. Couples were interviewed on the
day of oocyte retrieval. On the same day, a semen sample was also collected and analyzed to proceed
with in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI). The time interval between
the proposal of the study and the interview was generally less than one month. In the early period
only women were interviewed, whereas partners’ information collection started at a later stage.

Both partners of couples who agreed to participate were interviewed by centrally trained
personnel, using a standard questionnaire to obtain information on general sociodemographic
characteristics, personal and health history and habits (including smoking, physical activity, alcohol
intake, and methylxanthine-containing beverages consumption). Couples who did not speak fluent
Italian were excluded.

The overall participation rate was close to 95%. This high participation rate was mainly due to
the fact that couples were interviewed during the period spent waiting for the different diagnostic
stages, before the actual ART procedure. Considering this down time and the not sensitive character
questions, couples did not usually refuse to answer the questionnaire.

The questionnaire included information on sociodemographic characteristics, anthropometric
variables, and lifestyle factors—including tobacco smoking, alcohol and caffeine intake, and diet
habits—as well as a problem-oriented personal medical history and reproductive history.

Information on diet was based on a reproducible and validated food frequency questionnaire
(FFQ), including 78 foods, food groups (such as the major sources of animal fats (i.e., red meat, milk,
cheese, ham, salami), folates, vitamins (vegetables and fruit), pasta and bread consumption, cake,
sweets and chocolate, fish), and the most common Italian recipes [9–11]. Patients were asked to
report their usual weekly food consumption in the last year. The FFQ includes the average weekly
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consumption of 78 food items or food groups. Energy and mineral, macro-, and micronutrient intakes
were estimated using the most recent update of an Italian food consumption database [12].

The weekly numbers of drinks for several alcoholic beverages were elicited from the subjects.
Taking into account the different ethanol concentrations, one drink corresponded to approximately 125 mL
of wine, 330 mL of beer, and 30 mL of hard liquor (i.e., about 12.5 g of ethanol). Total alcohol intake,
expressed in grams of ethanol per day (g/day), was computed as the sum of all reported alcoholic
beverages. “Never drinkers” were patients who abstained from drinking lifelong; “ex-drinkers” were
individuals who had abstained from drinking for at least 12 months at the time of interview. For the
purpose of this study, we considered these subjects in the category “abstainers”.

Further, questions included information on coffee and other methylxanthine-containing beverages
(tea, cocoa, and decaffeinated coffee), and the average number of cups per day. Caffeine intake from
coffee (60 mg per cup), cappuccino (75 mg per cup), tea (45 mg per cup), decaffeinated coffee (4 mg
per cup), and chocolate (6 mg/10 g) was calculated [13].

A subject was considered a smoker if she had smoked more than one cigarette/day for at least
one year; an ex-smoker if she had smoked more than one cigarette/day for at least one year, but had
stopped more than one year before the interview, and a non-smoker if she had never smoked more
than one cigarette/day.

Satisfactory reproducibility of questions on self-reported smoking and drinking habits in our
study populations has been previously reported [14].

Patients were managed according to a standardized clinical protocol, as reported in detail
elsewhere [15]. Couples underwent ART with conventional IVF or ICSI as clinically indicated.

Serum hCG assessment to detect pregnancy was performed 14 or 16 days after ovulation triggering
or luteinizing hormone (LH) surge. Women with positive human corionic gonadotropin (hCG) values
underwent a transvaginal sonography three weeks later. Clinical pregnancy was defined as the
presence of at least one intrauterine gestational sac.

All clinical information (including infertility diagnoses) was collected from medical records.

Statistical Analysis

Multiple outcomes were considered in this analysis: (1) number of retrieved high quality oocytes;
(2) undergoing embryo transfer (implantation); (3) clinical pregnancy; (4) live birth.

Categorical variables were described as frequency (N) and percentage (%) and compared using the
Pearson or Mantel-Haenzsel (MH) chi-square, as appropriate. Continuous variables were described as
means with standard deviation (SD) if normally distributed, or medians and interquartile ranges (IQR)
if not normally distributed. Univariate analyses used were analysis of variance and Kruskal-Wallis test.
The correlation between male and female caffeine consumption was evaluated by means of Spearman
correlation rho, because caffeine consumption was not normally distributed.

In the multivariable models, we included as potential confounders variables associated with
caffeine intake or ART outcomes at the univariate analysis. Thus, we accounted for women’s age,
education, tobacco smoking, alcohol intake, total energy intake, and previous ART cycles.

As regards the oocyte number, it was square-root transformed and included in a general
linear equation with the aforementioned variables. We calculated the adjusted means in tertiles
of women’s caffeine intake, and according to its 95% confidence intervals (CIs). Then, these figures
were back-transformed to medians and 95% CIs.

Using unconditional multiple logistic regression, we estimated rate ratios (RR) of each outcome
and corresponding 95% CIs in categories of caffeine intake (approximate tertiles). In the logistic
regression equation, we included woman’s age, education, tobacco smoking, alcohol intake, total
energy intake, and previous ART cycles. As regards men’s variables, we included alcohol and calorie
intake. Furthermore, we mutually adjusted men’s and women’s caffeine intake. In a second model,
we combined categories of intake under and over the median (for each sex) and, using the lowest
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category (both the woman’s and partner’s intake under the median) as the reference, we calculated the
RRs for ART failure in the other three groups.

Statistical significance was set at p < 0.05. All analyses were performed using SAS software,
version 9.4 (SAS Institute, Inc., Cary, NC, USA).

3. Results

From September 2014 to December 2016, 501 women and 347 men were interviewed; since
eight men did not provide complete information, the couples were excluded from the analysis.
The final analysis included 339 couples, who provided complete information about their lifestyle and
coffee/caffeine intake and underwent an ART cycle.

As regards women, the mean age was 36.6 years (standard deviation, SD, 3.6, range 27–45) and
the mean body mass index (BMI) was 22.2 kg/m2 (SD 3.7, range 17.0–41.0); 18 (5.4%) women were
obese (BMI > 30.0 kg/m2). As regards men, the mean age was 39.4 years (SD 5.2, range 27–60) and the
mean BMI was 25.3 kg/m2 (SD 3.0); 29 (8.8%) men were obese.

Table 1 shows the characteristics of women and men according to caffeine intake. There was no
difference in terms of age, education, BMI, or cause for infertility in tertiles of caffeine consumption.
A relationship was observed with smoking habits and alcohol intake both in men (chi-square p = 0.001
and 0.02, respectively) and women (chi-square p = 0.002 and 0.01, respectively). Women who had
undergone previous ART cycles were more frequently in the lowest caffeine intake tertile (p = 0.002).
Both men’s and women’s total energy intake increased by tertiles of caffeine consumption (p < 0.0001).

The correlation between male and female caffeine intake was statistically significant (p = 0.0002)
but not very high (Spearman rho = 0.20).

After oocytes retrieval, 293 (86.4%) underwent embryo-transfer, 110 (32.4%) achieved clinical
pregnancy, and 82 (24.2%) experienced a live birth, including eight twin births. Out of 28 interrupted
clinical pregnancies, 27 were miscarriages and one was an induced abortion.

ART outcomes were not associated with any men’s characteristics, whereas women’s education
was significantly related to implantation (RR for college degree 1.78, 95% CI 1.00–3.18) and age at
clinical pregnancy (for women aged: 35–40 years, RR 1.11, 95% CI 0.80–1.54; ≥40 years, RR 1.80, 95%
CI 1.09–2.98; chi-square for trend 5.05, p = 0.025) and live birth (for women aged: 35–39 years, RR
1.30, 95% CI 0.88–1.93; ≥40, RR 2.43, 95% CI 1.28–4.63; chi-square for trend 7.93, p = 0.005). In both
outcomes, older women were at a higher risk of failure. At univariate analysis, no association was
observed with men’s or women’s caffeine intake.

Mean gestational week at delivery was 39.2 (SD 1.9, range 34–42); this was not associated with
maternal caffeine intake, either as a continuous variable or in tertiles (Spearman rho = 0.19, p = 0.09).
Mean gestational age in tertile of maternal intake was 39.0 (SD 1.7), 39.4 (SD 2.0), and 39.3 (SD 2.1) in
the first, second, and third tertiles, respectively. Excluding twins, mean birth weight was 3140 (SD 428),
with no significant differences across groups of maternal caffeine intake.

Table 2 shows the adjusted number of retrieved oocytes, adjusted for women’s age, education,
smoking habits, and calorie and alcohol intake. Adjusted median number of oocytes was higher in the
third tertile of caffeine intake, but this difference was not statistically significant.
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RRs for caffeine intake, after adjusting for variables that were associated with caffeine intake
(smoking habits and alcohol intake, daily calories) or ART outcomes (women’s age and education),
was consistently higher in the intermediate class of women’s intake, but this findings were not
significant. Men’s caffeine consumption was also not statistically significant; no dose-effect was
suggested by the observed estimates.

We built a second model with four categories for combined couple’s caffeine intake (lower and
equal/higher than the median for their sex): using the group of lowest combined caffeine intake,
we did not find significant associations between the outcomes and different couples’ caffeine intake,
nor did we observe trends suggesting a relationship.

Performing the analysis in groups of procedure (IVF or ICSI), we did not find any marked
difference in the relationship between caffeine intake and ART outcomes (data not shown).

4. Discussion

This prospective study of couples undergoing IVF or ICSI found that caffeine intake by women,
men, and the couple was not associated with implantation, clinical pregnancy, and live birth, adjusting
for women’s age class and college degree, smoking habits, calorie and alcohol intake for both men and
women, and previous ART cycles. Similarly, caffeine consumption by women was not related to the
number of oocytes retrieved.

Potential limitations of this study should be considered. All information on lifestyle habits
was self-reported by the patients, so some underestimates may have occurred. However, in Italy,
recommendations to avoid caffeine in pregnancy have not received widespread attention and are not
routinely advocated by gynecologists before IVF or ICSI, and misreporting of this variable should
be unlikely.

Other sources of bias, including selection or confounding factors, are also unlikely to have
produced marked effects, especially considering that all subjects were interviewed in the same
institution and that participation was practically complete.

With regard to other biases, we analyzed information on nutritional status, and their inclusion into
the model did not change the estimated OR. Further, the questionnaire was satisfactorily reproducible:
correlation coefficients were >0.65 for most frequently eaten food, and between 0.50 and 0.65 for
others [16]. However, the exact amount of caffeine in caffeinated beverages is difficult to quantify.
Although patients reported the number of cups of caffeinated beverages that they drink, the exact
amount of milligrams of caffeine in a cup depends on the mix of the brew, how it is prepared, and the
size of the cup. The questionnaire also asked questions about soda, but did not discriminate between
caffeinated and non-caffeinated varieties. Although these factors are likely to underestimate the
caffeine intake, a differential bias is unlikely.

Another potential limitation is study power. For example, with our data we can identify an RR of
pregnancy loss for the third tertile of caffeine intake of about 1.8. Thus, our results cannot rule out
modest effect sizes, which we were underpowered and thus difficult to detect.

The strengths of our study include its prospective design with complete follow-up and our ability
to adjust for a wide range of potential confounders. We also obtained information on male partner
diet, alcohol intake, and smoking habits, which previous studies have not included.

We did not found any statistically significant association between caffeine intake and ART success.
Our findings are not consistent with those of Klonoff-Cohen et al. [4], who observed an association

between usual coffee intake and lower ART success rate in 221 couples undergoing IVF or gamete
intra-Fallopian transfer. This relationship was significant even in women reporting an intake of
20–50 mg caffeine/day, less than the equivalent of one cup of coffee per day. However, no association
was observed with intake in the week before or during the procedure, a fact that the authors ascribed
to the possibility that during the ART procedure women refrained from or decreased coffee drinking.
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In the study by Al-Saleh and colleagues [3], no relationship emerged between coffee consumption
and pregnancy outcomes, yet the authors observed a decrease in the number of eggs retrieved and an
increase in miscarriage frequency as caffeine intake increased.

On the contrary, a recent cohort study, including 300 women and 493 ART cycles, provided
reassurance that low to moderate intakes of caffeine (e.g., <200 mg/day) in the year prior to infertility
treatment initiation do not have an adverse effect on intermediate or clinical outcomes of ART [7].
Another recent study by Machtinger et al. [6] enrolled 340 women undergoing IVF from 2014 through
2016 and did not retrieve any association between coffee and caffeine consumption and ART outcomes,
whereas a threat to reproductive success was attributable to sugared beverages, independent of their
caffeine content.

Considering men’s caffeine intake as well, Choi et al. [5] found no relationship with implantation,
fertilization, or live birth in a cohort including 2474 couples and 4716 IVF cycles. Although higher
caffeine intake by women was associated with a significantly lower peak estradiol level, it was not
related to the number of oocytes retrieved, implantation, fertilization, or live birth rate.

In a survey conducted in Italy in 2005–2006 [17], 1245 women had a median caffeine intake of
116 mg/day (95th percentile 355 mg/day) and 1068 men had a median caffeine intake of 112 mg/day
(95th percentile 330 mg/day). In our sample, levels of consumption were similar in men, with a higher
median (180 mg/day) but a similar 95th percentile, but not in women, who showed a similar median
(126 mg/day) but a lower 95th percentile intake (272 mg/day). About 80% of women in our group
consumed less than 200 mg of caffeine, which is the limit that, according to the European Food Safety
Agency (EFSA), does not give rise to safety concerns for the fetus [18].

5. Conclusions

Our study does not show an effect of moderate coffee intake by women, men, or the couple
on oocyte quality and success rate after ART procedures. Considering that our sample represented
a moderate consumption of caffeine, as well as alcohol and tobacco, we cannot evaluate the effect
of higher intakes on IVF outcomes. Thus, conservatively, all women seeking pregnancy should be
advised to maintain caffeine intakes within limits suggested by the EFSA.
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Abstract: Norwegians are the second highest consumers of coffee in the world. Lately, several studies
have suggested that beneficial health effects are associated with coffee consumption. By analyzing
whole-blood derived, microarray based mRNA gene expression data from 958 cancer-free women
from the Norwegian Women and Cancer Post-Genome Cohort, we assessed the potential associations
between coffee consumption and gene expression profiles and elucidated functional interpretation.
Of the 958 women included, 132 were considered low coffee consumers (<1 cup of coffee/day),
422 moderate coffee consumers (1–3 cups of coffee/day), and 404 were high coffee consumers
(>3 cups of coffee/day). At a false discovery rate <0.05, 139 genes were differentially expressed
between high and low consumers of coffee. A subgroup of 298 nonsmoking, low tea consumers
was established to isolate the effects of coffee from smoking and potential caffeine containing tea
consumption. In this subgroup, 297 genes were found to be differentially expressed between high
and low coffee consumers. Results indicate differentially expressed genes between high and low
consumers of coffee with functional interpretations pointing towards a possible influence on metabolic
pathways and inflammation.

Keywords: whole-blood; mRNA; transcriptomics; gene expression; coffee; the Norwegian Women
and Cancer Cohort (NOWAC)

1. Introduction

Coffee is consumed worldwide, and consumption rates in Norway (9.7 kg per capita) are
surpassed only by Finland (12.3 kg per capita) [1]. On average, Norwegian women consume 454 grams
of brewed coffee per day [2].

There has been a growing interest in studying the associations between coffee consumption and
health in the recent decades. Some studies have indicated that coffee is beneficial to health, and it has
been linked with a decreased risk of Alzheimer’s, Parkinson, and type 2 diabetes [3–7]. Studies have
also indicated that coffee has either has a neutral or a beneficial effect on the risk of cancer, specifically
associations with a probable decreased risk of liver, and endometrial cancer [8].

Other studies have revealed detrimental health effects such as increased total cholesterol and
triglycerides in blood, as well as certain negative pregnancy outcomes [9–13]

These diverse health effects may be attributed to different constituents of coffee, some of the
most bioactive being caffeine, cafestol, kahweol, polyphenols, trigonellin, and polycyclic aromatic
hydrocarbons [14,15].
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Linking the different coffee constituents to health outcomes is challenging because of the
individual variation in metabolism and physiological response to coffee. As an example,
the metabolism of caffeine can vary up to 12-fold between individuals, mostly due to the variability of
hepatic cytochrome p450 (CYP)1A2 activity, which metabolizes over 95% of caffeine [16].

Genes associated with either coffee or caffeine intake have been identified in genome-wide
association studies of single nucleotide polymorphism (SNPs). Some of the most well established SNPs
are located in CYP1A1 and CYP1A2 (caffeine metabolism), and AHR (regulation of CYP1A2) [17,18].
SNPs in these genes were also confirmed as being associated with coffee consumption in a large
meta-analysis of over 120,000 individuals together with SNPs in six other genes (GCKR, ABCG2,
MLXIPL, POR, BDNF, and EFCAB5) [19]. Still, the knowledge from functional genomics studies using
mRNA is limited, and especially gene expression studies in peripheral blood are scarce.

The health effects of coffee consumption can also be difficult to disentangle from other diet
and lifestyle factors, as many of the constituents of coffee are also present in other dietary sources.
For example, tea and certain soft drinks contain caffeine, while smoking can influence the same
metabolic pathways as coffee.

The Norwegian Women and Cancer Cohort (NOWAC) started its questionnaire data collection in
1991, with the aim of being a national representative, population-based cohort study [20]. Collection of
whole-blood samples viable for microarray gene expression started in 2003 [21].

By using dietary data and whole-blood derived, microarray based mRNA gene expression
data from NOWAC, we assessed whether high versus low consumers of coffee had differentially
expressed genes that could elucidate the possible relevant biological processes associated with
coffee consumption.

2. Materials and Methods

2.1. Study Population

The NOWAC study consists of more than 170,000 women aged 30–70 years at recruitment.
These women were randomly chosen from the Norwegian central person registry, and received an
invitational letter and an eight-page lifestyle and food frequency questionnaire (FFQ). Approximately
50,000 of these women also later gave blood samples eligible for gene expression analysis (the
Norwegian Women and Cancer Post-Genome Cohort), and answered a two-page questionnaire about
current lifestyle at the time of blood sampling. Detailed information on NOWAC is available from
Lund et al. [20], and on the NOWAC Post-Genome Cohort from Dumeaux et al. [21]. The present
paper describes results from a subset of the NOWAC Post-Genome Cohort, where cancer-free women
(n = 977) originally enrolled as controls in one prediagnostic- and one postdiagnostic breast cancer
case-control study were included. These controls were randomly drawn, but matched by age and
time of inclusion in the NOWAC cohort. Women who either (1) did not answer the food frequency
part of the questionnaire; (2) or did not answer the questions regarding tea and coffee consumption
or (3) consumed less than 2500 KJ were excluded. Further details about dietary assessment are given
below. From the 977 women in total, 958 women were left in the group “all women” after exclusion
criteria were applied (Figure 1). As smoking and tea consumption are highly confounding variables to
coffee consumption, we performed a subgroup analysis of 298 nonsmokers who drank less than an
average of half a cup of tea per day to isolate the effects of coffee from smoking and tea consumption.

The women gave written informed consent to donate blood samples for gene expression analysis.
The NOWAC study was conducted in accordance with the Declaration of Helsinki, and approved by
the Norwegian Data Inspectorate and the Regional Ethical Committee of North Norway (reference:
REK NORD 2010/2075). Collection and storage of human biological material was approved by the
REK in accordance with the Norwegian Biobank Act (reference: P REK NORD 141/2008 Biobanken
kvinner og kreft ref. 200804332-3).
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Figure 1. Flowchart showing the exclusion criteria in the study group and number of cancer-free
women included in the study.

2.2. Determination of Gene Expression Levels

Non-fasting blood samples were collected using the PAXgene™ Blood RNA System (PreAnalytiX
GmbH, CH–8634 Hombrechtikon, Switzerland), with buffers specially designed for the conservation
of mRNA. The samples were mailed overnight to the Department of Community Medicine at
the University of Tromsø-The Arctic University of Norway, and immediately frozen at −80 ◦C.
The samples were sent to the Genomics Core Facility at the Norwegian University of Science
and Technology, and processed according to the PAXgene Blood RNA Kit protocol. Total RNA
was extracted and purified using the PAXgene Blood miRNA isolation Kit. RNA purity was
assessed by NanoDrop ND 8000 spectrophotometer (ThermoFisher Scientific, Wilmington, DE, USA),
and RNA integrity by Bioanalyzer capillary electrophoresis (Agilent Technologies, Palo Alto, CA, USA).
Complementary RNA (cRNA) was prepared using the Illumina TotalPrepT-96 RNA Amplification
Kit (Ambion Inc., Austin, TX, USA), and hybridized to Illumina HumanHT-12 Expression BeadChip
microarrays (Illumina, Inc. San Diego, CA, USA). The raw microarray images were processed in
Illumina GenomeStudio.

The preprocessing of the dataset was performed by the Norwegian Computing Center, and the
methods are further described in Günter et al. [22]. In short, the preprocessing involved (1) removal of
case-control pairs where either case or control was an outlier (determined by density plot, principal
component analysis, or inspection of laboratory quality measures). (2) Background correction was
performed using negative control probes (R package limma: Function nec), and finally (3) filtering
out probes that either were reported to have poor quality in Illumina, were detectable in <1%
of samples, or that were not annotated before mapping probes to genes. The dataset was then
normalized on original scale by quantile normalization (R lumi: LumiN) and log2 transformed (R lumi:
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LumiT). The packages R lumi: nuID2RefSeqID and R illuminaHumanv4.db were used to annotate the
preprocessed dataset. The final dataset included 7741 probes and 977 individuals.

2.3. Dietary Assessment and Descriptive Variables

The FFQ contains questions on quantity and frequency of the most commonly consumed food
items. From these, grams per day (g/d) of the food items and total energy intake (kJ/d) were estimated.
Standard portion sizes and weights were taken from the official Norwegian Weight and Measures
for Foods [23], and intake of energy, alcohol and nutrients from the Norwegian Food Composition
table [24]. The FFQ has been validated by test-retest reproducibility and by comparison with repeated
24-h dietary recalls [25,26]. The test-retest study concluded that the FFQ performed within the reported
range for similar instruments, and the comparison with 24-h dietary recalls found that the FFQ gave a
good ranking especially for foods consumed frequently. Coffee was found to have the best Spearman’s
rank correlation coefficient (0.82) when the FFQ was compared to the 24-h dietary recalls [26].

Coffee consumption was self-reported based on the question: “How many cups of coffee do
you normally drink of each brewing method?” with the different brewing methods being boiled,
filtered, and instant. The frequency of consumption was divided into seven categories: Never/seldom,
1–6 cups per week, 1 cup per day, 2–3 cups per day, 4–5 cups per day, 6–7 cups per day, and 8+ cups per
day. Interval midpoints of the frequencies were used to add the different brewing methods together.
Average total coffee consumption was divided into the categories: Low (<1 cup/day), moderate
(≥1–≤3 cups/day), and high (>3 cups/day). This categorization of coffee cups is similar to previously
conducted studies on coffee consumption in the NOWAC cohort, but due to a lower sample population
in the current study only one high consumption category was used [27,28].

A second version of the FFQ also included espresso (received by 205 of 977 women), only 9 of
the 78 women who answered the question on espresso consumption replied something else than
never/seldom. One cup of espresso was considered equal to one cup of coffee in the analyses.

One question on green tea and one question on black tea were combined for total tea consumption.
For group characteristics, the variable g/d was used. However, the sum of the midpoints of the tea
consumption frequency intervals was used for further establishing a subgroup “low tea, nonsmokers”
that consisted of nonsmoking women who on average consumed less than half a cup of tea per
day. This was done to isolate the effects of coffee from smoking and potential caffeine-containing
tea consumption.

The women reported their physical activity level (both activity at home and at work) in the
FFQ on a scale from 1 to 10, with 1 being very low and 10 being very high. Education was reported
as years in school, including lower education. Both information on smoking status and BMI from
self-reported height and weight were taken from the two-page questionnaire filled in at time of blood
sampling. The smoking question asked if the women had smoked in the week prior to the blood
sampling (yes/no).

2.4. Statistical Analysis

Potential confounders were investigated by comparing the categories of coffee consumption as
described above using a Kruskal-Wallis test, robust ANOVAs, and a Chi-square test with p < 0.05 as the
significance threshold; subsequent post hoc methods were then used to establish a significance between
coffee consumption categories. Both Kruskal Wallis and robust ANOVA showed similar results,
but since no variables were normally distributed except for “red and processed meat,” Kruskal-Wallis
with Dunn’s post hoc rank sum test is presented in the tables. Based on these initial analyses, further
analyses of differential gene expression between coffee consumption categories were performed on a
subgroup of “low tea, nonsmoking” consumers (298 women), in addition to “all women.” In the “low
tea, nonsmoking” group, the differences in age, education, and meat and dairy consumption found in
the “all women” group were no longer significant, and were therefore not adjusted for.
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All analyses were performed using R v3.4.0 [29] and packages from R and the Bioconductor
project. The R package limma [30] was used to find differentially expressed genes (false discovery rate
(FDR) < 0.05 was used) between the three categories of coffee consumption. The lists of differentially
expressed genes from limma were then used in clusterProfiler [31] to perform over-representation
analysis (R clusterProfiler: EnrichGO) and to compare the enriched functional categories of each gene
cluster between “all women” and “low tea, nonsmokers” (R clusterProfiler: CompareCluster) for
biological processes within Gene Ontology (GO) terms. To ensure balanced comparisons between the
gene lists of each group, the top 100 genes in each list were used to compare the groups.

3. Results

3.1. Descriptors

The group “all women” consisted of 958 women with a median coffee consumption of 525 grams
of brewed coffee per day. Of these 958 women, 132 (13.8%) had a low coffee consumption (<1 cup of
coffee/day), 422 (44.1%) were moderate coffee consumers (≥1–≤3 cups of coffee/day), and 404 (42.2%)
were high coffee consumers (>3 cups of coffee/day) (Table 1). Filtered coffee was reported as the
brewing method by 783 women, followed by instant coffee (205 women), boiled coffee (121 women),
and espresso (nine women), with some women consuming more than one type of brewing method.

There was a higher percentage of women who smoked in the week before the blood sample was
taken in the high coffee consumption group (36.8%) compared to both the low (14.4%) and moderate
coffee consumption groups (17.3%). The high coffee consumption group also had the lowest median
tea intake (0 g/d) of the three groups. The moderate group had higher median tea consumption
(135 g/d) than the high coffee consumers, but the low coffee consumption group had a substantially
higher intake than both moderate and high coffee consumers with a median of 405 g/d.

Further, a low education level was more frequent in the high coffee consumption group than in
the two other groups. There was a higher median intake of dairy products in the high (179 g/d) and
moderate (175 g/d) coffee consumption groups compared to the low consumption group (128 g/d).
Median consumption of red and processed meat was slightly higher in the high coffee consumption
group (93 g/d), compared to the moderate (86 g/d) and low (86 g/d) consumption groups. However,
for red and processed meat, the actual difference in grams was small, and this is therefore unlikely to
be of clinical relevance.

Table 2 describes the characteristics of the subgroup of women who did not smoke in the week
before blood sample donation, and that drank less than 1–6 cups of tea per week (average of half a cup
per day). This “low tea, nonsmoking” group consisted of 298 women with a median coffee consumption
of 630 grams brewed coffee per day, of which 25 (8.4%) had a low coffee consumption, 139 (46.6%)
were moderate coffee consumers, and 134 (45.0%) were in the high coffee consumption category.

In the “low tea, nonsmoking” group there was a difference in median energy intake among the
coffee consumption categories, with a borderline significant difference (p = 0.054) between the high
(7188 kJ/day) and low consumption group (6450 kJ/day), and a significant difference between the
moderate (6625 kJ/day) and high group (p = 0.034).
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3.2. Differential Gene Expression

When comparing high versus low coffee consumers in “all women,” there were 139 significantly
differentially expressed genes (FDR < 0.05) (Figure 2a, Table S1). The gene most differentially expressed
(LRRN3) when comparing high versus low coffee consumers was also the only differentially expressed
gene when comparing high versus moderate coffee consumption groups. When studying only those
who did not smoke the week before blood sampling, 414 genes were significantly differentially
expressed between high and low consumers (results not presented). In the group that consisted of
the 298 women who neither smoked in the week before blood sampling nor drank more than an
average of half a cup of tea per day (“low tea, nonsmoking”), 297 genes were significantly differentially
expressed when comparing high versus low coffee consumers (Figure 2b, Table S2). Table 3 shows the
top 20 significantly differentially expressed genes when comparing high versus low coffee consumers
in the “low tea, nonsmoking” group. There were 36 genes in common between all the significantly
differentially expressed genes in “all women” and “low tea, nonsmoking” groups, but there was only
one gene in common between the top 50 genes for both groups.

Table 3. Top 20 significantly differentially expressed genes (false discovery rate < 0.05) between high
and low coffee consumers in the “low tea, nonsmoking” group.

Gene
Symbol

Gene Name
Log Fold
Change

Average
Expression

T p-Value

TLE3 Transducin like enhancer of split 3 −0.318 6.907 −4.682 0.000004
HLX H2.0 like homeobox −0.299 7.276 −4.577 0.000007

DDX18 DEAD-box helicase 18 0.282 8.330 4.536 0.000008
YRDC YrdC N6-threonylcarbamoyltransferase domain containing 0.159 7.034 4.415 0.000014

KDM6B Lysine demethylase 6B −0.294 7.003 −4.401 0.000015
CANT1 Calcium activated nucleotidase 1 −0.264 8.524 −4.397 0.000015
WDR61 WD repeat domain 61 0.213 7.608 4.387 0.000016
MTSS1 MTSS1, I-BAR domain containing 0.260 7.383 4.375 0.000017
MACF1 Microtubule-actin crosslinking factor 1 0.248 7.815 4.336 0.000020
PPP3CC Protein phosphatase 3 catalytic subunit gamma 0.241 7.482 4.284 0.000025
FAM36A Cytochrome c oxidase assembly factor 0.190 6.781 4.274 0.000026

TXK TXK tyrosine kinase 0.265 7.023 4.261 0.000027
TFE3 Transcription factor binding to IGHM enhancer 3 −0.198 7.043 −4.230 0.000031

SPATA2L Spermatogenesis associated 2 like −0.220 7.134 −4.204 0.000035
DYSF Dysferlin −0.529 9.697 −4.197 0.000036
TTC13 Tetratricopeptide repeat domain 13 0.219 7.541 4.193 0.000036

LOC642684 - −0.136 6.339 −4.188 0.000037
CDK5RAP1 CDK5 regulatory subunit associated protein 1 0.166 7.422 4.178 0.000039
LOC441124 - −0.261 7.219 −4.175 0.000039
PHOSPHO1 Phosphoethanolamine/phosphocholine phosphatase −0.400 7.532 −4.169 0.000040

Log Fold change: Log2 fold change between high and low coffee consumption; Average expression: Average
log2-expression level for that gene; t: Moderated t-statistic.

Figure 2. (a) Significantly up-(red) and down-(grey) regulated genes between coffee consumption
categories for “all women.” (b) Significantly up-(red) and down-(grey) regulated genes between coffee
consumption categories for “low tea, nonsmokers.”
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3.3. Over-Representation Analysis

Over-representation analysis for the gene lists with significantly differentially expressed genes
found no over-representation at FDR < 0.05. In the over-representation analysis for “all women”
at p-value < 0.01 (n = 139 genes, Figure 3a), the top over-represented categories were involved in
regulation and assembly of different tissues and cell constituents. In the “low tea, nonsmoking”
group, processes related to immunological responses were indicated (n = 297 genes, Figure 3b).
When separating the differentially expressed genes from the “low tea, nonsmoking” group into
upregulated (146 genes) and downregulated (151 genes), the immunological responses were only
apparent in the downregulated genes (Figure S1).

Figure 3. Over-representation analysis of Gene Ontology biological process categories. In the figure,
the color of the dots indicates the p-value, the size of the dots indicates gene count, and the GeneRatio
indicate the “number of genes in common between gene list and GO-category/number of genes in
gene list.” (a) Over-representation analysis for “all women,” using the 139 significantly differentially
expressed genes between high and low coffee consumers. (b) Over-representation analysis for “low
tea, nonsmokers,” using the 297 significantly differentially expressed genes between high and low
coffee consumers.

Genes related to metabolic processes were indicated in ontology categories in a group comparison
of high and low coffee consumers between “all women” and “low tea, nonsmokers” when using the
top 100 significantly differentially expressed genes for both groups (Figure 4).
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Figure 4. Group comparison of Gene Ontology biological process categories using a gene list of the top
100 significantly differentially expressed genes between high and low consumers in the “all women”
group versus the “low tea, nonsmoking” group. GeneRatio indicates “number of genes in common
between gene list and GO-category/number of genes in gene list.”

4. Discussion

In this study of Norwegian women, 139 differentially expressed genes were found in whole-blood
between self-reported high and low coffee consumers. Subgroup analyses with nonsmoking, low
tea consumers yielded a separate set with 297 differentially expressed genes, but comparisons of
the top 100 differentially expressed genes in both groups show similar tendencies towards gene
ontologies involved in general metabolic processes. An over-representation analysis of GO biological
process categories for the differentially expressed genes from the “low tea, nonsmoking” group
pointed towards involvement in inflammation related processes. Both the “all women” and “low tea,
nonsmoking” groups demonstrated modest fold changes, and the changes were both upregulation
and downregulation of expression. This indicates effects from coffee consumption on whole-blood
gene expression.

The median intakes of coffee consumption found in the current study were in accordance with the
average consumption (560 g/d) among Norwegian women in the age group 50–59 [2]. Energy intake
in the “low tea, nonsmoking” group was highest among high consumers of coffee. Few studies have
investigated the influence of coffee consumption on energy intake. The studies that exist somewhat
contradict our finding, with coffee consumption either having no effect on single meal energy intake
or leading to a small daily decrease in energy intake [32].

Genes indicated from the gene expression profiles in this study have not previously been
associated with coffee consumption. However, we were not able to distinguish the findings from
coffee consumption in the full study group due to confounding from especially smoking. Smoking is
strongly associated with coffee consumption, with smokers consuming more coffee than nonsmokers
do, possibly due to an increased caffeine metabolism [33–35]. The two top differentially expressed
genes (LRRN3 and PID1) identified between current smokers and never smokers in a meta-analysis
by Huan et al., [36] were the same two top differentially expressed genes between low and high
consumers in the group “all women.” LRRN3 was also the only gene differentially expressed between
the moderate and high coffee consumers in the same group. The observation of LRRN3 and PID1
indicate a strong influence of smoking on the gene expression profiles for “all women.” However,
LRRN3 and PID1 were not differentially expressed between high and low consumers of coffee in the
“low tea, nonsmoking” group.

SNPs linked to several genes have previously been associated with coffee consumption [17–19],
of these only POR was found to be significantly differentially expressed in the current study, and only
in the group “low tea, nonsmokers.” POR encodes P450 oxidoreductase that transfers electrons to
microsomal CYP 450 enzymes, which are needed for the metabolism of caffeine [19].
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Notably, some of the most prominent candidate genes (CYP1A1, CYP1A2 and AHR) involved in
caffeine metabolism were filtered out from our expression data due to low detection rates, and we
were therefore not able to assess the association between these and coffee consumption in the NOWAC
cohort. Still, the fact that these genes had low detection rates indicates low expression of these
genes in whole-blood. CYP1A2 is mainly expressed in the liver, and only low levels of CYP1A1 can
usually be found in lymphocytes [37,38]. The association found between POR and coffee consumption
might indicate that the CYP1 genes are affected in other ways than by transcriptional regulation in
whole-blood. In general, genetic background must also be considered, especially sex and ethnicity can
impact the expression of CYP1A2 [39,40].

Among the top 20 differentially expressed genes from the “low tea, nonsmoking” group, there
were especially five genes, TXK, HLX, KDM6B, SPATA2L, and CDK5RAP1, that are of interest for
further research concerning coffee consumption and gene expression. TXK and HLX are involved in
development of T-helper 1 cells, which are necessary for human immune defense [41,42]. KDM6B,
also known as JMJD3, takes part in inflammatory responses by participating in differentiation of
macrophages [43], while SPATA2L is involved in processes related to inflammatory signaling [44].
CDK5RAP1 is a repressor of CDK5, which is a cyclin-dependent protein known to be involved in
neurodegenerative diseases like Parkinson’s and Alzheimer’s [45,46]. However, among these five
genes, only TXK was in the GO biological processes involving inflammatory responses found in the
over-representation analysis.

Inflammatory response processes were indicated in the over-representation analysis on “low tea,
nonsmokers.” It should be taken into consideration that monocytes and lymphocytes in whole-blood
are immune cells, so an expression of immune-related processes should be expected, and is often
found in studies concerning diet and gene expression [47,48]. Epidemiological studies have previously
discovered that coffee consumption is associated with reduced risk of death attributed to inflammatory
diseases, and that coffee consumption is negatively associated with inflammatory processes [49,50].
Another study found increased concentrations of inflammatory markers among both men and females
that consumed >200 mL coffee per day compared to non-consumers [51]. Other indicated effects of
coffee consumption have been. e.g., increased serum cholesterol [10], reduced risk of Parkinson’s
disease [4–6], and reduced risk of type 2 diabetes [7], which are all health endpoints caused by
inflammation. Thus, associations between high coffee consumption and inflammatory indicators in
peripheral blood could indicate markers of related pathways. In the healthy Norwegian population
over 60% of the antioxidant intake is estimated to originate from coffee [52]. The increased intake
of antioxidants among coffee consumers is a plausible source for the positive influence of coffee on
inflammatory processes. Negative influences on inflammatory processes might be related to cafestol
and kahweol, two coffee lipids mainly found in unfiltered coffee. In particular, cafestol is associated
with increased serum cholesterol, which is a known underlying factor of atherosclerosis [53,54].

Five GO categories of different biosynthetic and metabolic processes were found to be the top
categories in the comparison between genes identified for “all women” and the “low tea, nonsmoking”
group. The “low tea, nonsmoking” group had a higher proportion of the top 100 differentially
expressed genes involved in the metabolic processes than the group “all women”. The metabolic
processes evident in this comparison indicate that at least certain genes found to be associated with
coffee consumption are involved in the metabolism of constituents of coffee. However, when looking
at the over-representation analyses, these metabolic processes were not evident.

Some strengths and limitations of this study should be considered. Gene expression profiles
represent a snapshot of the mRNA transcripts available in the whole-blood at the time of blood
sampling, while the FFQ represent long term dietary intake. The indicated effects are therefore
likely impacted by the discrepancy between this reported long term intake and short term mRNA
snapshot. The blood samples were not collected in a fasting state, and we have no data on time
since coffee consumption. Caffeine has a half-life of approximately 5.5 h, but other coffee metabolites
have a half-life below one hour [55]. Therefore, both in the high and low consumers there could be
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participants whose gene expression profiles underestimates their differential expression compared to
their FFQ reported intake.

This study used a relatively large number of women compared to many other whole-blood
nutrigenomic studies, the higher sample size mitigates some of the concerns of limited impact and
reliability found in other studies [48].

The FFQs used in this study were comprehensive and contained most of the commonly
consumed food and beverages in Norway. However, there was no question designed to capture
caffeine-containing beverages other than tea and coffee, and this might lead to some residual
confounding in our analyses. Coffee consumption and other dietary exposures were assessed based
on self-reported data. Thus, some misclassification could have occurred in the dietary exposures,
although it was likely non-differential. The participants reported cups of coffee, but was not given an
estimate of an average cup size, which would have allowed more detailed assessment of consumption.
However, coffee showed good validation with a Spearman’s rank correlation coefficient of 0.82 when
the FFQ was compared to the 24-h dietary recalls where the women reported coffee consumption
either in exact amount or based on cup sizes from a picture booklet [26]. Coffee differs in chemical
constituents depending on variables such as bean type, roasting of bean, grinding of bean, and soaking
time of coffee grinds. This information was not available from the FFQ. Taken together, we cannot
rule out the possibility of coffee category misclassification, and for some women the classification
might differ between reported coffee consumption and some of its constituents due to difference in
cup size, brewing strength, and other factors. In this paper, we focus on coffee per se, rather than its
constituents, as this is what people consume. No biomarker assessed in blood was used to affirm the
estimates of coffee.

The gene expression data was not adjusted for age, education, or consumption of red and
processed meat or dairy, even though high coffee consumers reported lower education level and a
higher intake of red meat and dairy. Smoking and tea consumption are two known confounders for
coffee consumption, and were also associated with coffee consumption in this study. For that reason,
subgroup analyses targeting women with low tea consumption (<0.5 cup/day) and no smoking in the
week before blood sampling were performed. Subsequently, the associations found between coffee
consumption and dairy, red and processed meat, age, and education disappeared, indicating that
smoking might be driving the differences observed in the full study group, and not coffee consumption
per se.

Whole-blood samples were used in the NOWAC post-genome cohort since these are relatively
non-invasive and practical for cohort studies. The PAX gene Blood RNA System made it possible to
ship blood samples by mail overnight without having to freeze them first, while at the same time
conserving the mRNA over time. Whole-blood has been considered as a surrogate biopsy material
for other tissues, due to its transporting role where it both interacts with all tissues and organs and
is exposed to bioactive molecules such as nutrients, metabolites, pollutants, and waste products [56].
This makes whole-blood a viable candidate for capturing gene expression profiles associated with
dietary exposure [56]. The most transcriptionally active blood cells are the leukocytes, which are
important in immune responses. The gene expression microarrays were performed on whole-blood
samples lacking information regarding disease status and immune cell subtypes. Gene expression
profiles vary depending on differences in cellular components of the whole-blood [57], and infections
or autoimmune diseases can introduce differences in these cellular components. By quantification of
the blood composition, genes specific to immune cells could have been better elucidated.

5. Conclusions

In this exploratory cross-sectional study, we show that coffee consumption is significantly
associated to differentially expressed genes in whole-blood. To the best of our knowledge this is
the first study using mRNA gene expression data to elucidate how coffee consumption influences gene
expression in whole-blood. Our results indicate that the differentially expressed genes between high
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and low coffee consumers were associated with both metabolic and inflammatory processes. Some
of the top genes found to be differentially expressed are especially interesting in relation to the effect
on inflammatory processes associated with coffee consumption, and warrant further investigation.
However, since this is an exploratory cross-sectional study based on self-reported coffee consumptions,
the results presented herein must be interpreted with care.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/8/1047/
s1, Table S1: Significantly differentially expressed genes (FDR < 0.05) “all women,” Table S2: Significantly
differentially expressed genes (FDR < 0.05) “low tea-nonsmoking” group. Figure S1: Over-representation
analyses of Gene Ontology biological process categories for up and down regulated genes in the “low tea,
nonsmoking” group.
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Abstract: Background: Coffee and tea are among the most commonly consumed nonalcoholic
beverages worldwide, but methodological differences in assessing intake often hamper comparisons
across populations. We aimed to (i) describe coffee and tea intakes and (ii) assess their contribution to
intakes of selected nutrients in adults across 10 European countries. Method: Between 1995 and 2000,
a standardized 24-h dietary recall was conducted among 36,018 men and women from 27 European
Prospective Investigation into Cancer and Nutrition (EPIC) study centres. Adjusted arithmetic means
of intakes were estimated in grams (=volume) per day by sex and centre. Means of intake across
centres were compared by sociodemographic characteristics and lifestyle factors. Results: In women,
the mean daily intake of coffee ranged from 94 g/day (~0.6 cups) in Greece to 781 g/day (~4.4 cups)
in Aarhus (Denmark), and tea from 14 g/day (~0.1 cups) in Navarra (Spain) to 788 g/day (~4.3 cups)
in the UK general population. Similar geographical patterns for mean daily intakes of both coffee and
tea were observed in men. Current smokers as compared with those who reported never smoking
tended to drink on average up to 500 g/day more coffee and tea combined, but with substantial
variation across centres. Other individuals’ characteristics such as educational attainment or age
were less predictive. In all centres, coffee and tea contributed to less than 10% of the energy intake.
The greatest contribution to total sugar intakes was observed in Southern European centres (up to
~20%). Conclusion: Coffee and tea intake and their contribution to energy and sugar intake differed
greatly among European adults. Variation in consumption was mostly driven by geographical region.

Keywords: coffee; tea; European Prospective Investigation into Cancer and Nutrition; 24-h dietary recall

104



Nutrients 2018, 10, 725

1. Introduction

Coffee and tea are the most widely consumed nonalcoholic beverages across the world [1,2]. Both
beverages contain various antioxidants and phenolic compounds such as flavonoids or caffeine, some
of which have been shown to have anticancer properties in laboratory conditions [3–6].

According to the third expert report of the World Cancer Research Fund (WCRF) and the
Continuous Update Project (CUP), the evidence on the associations between cancer and the intakes
of tea, and for many cancer sites, of coffee, were too limited in amount, consistency, and/or quality
to draw conclusions, except for a probable decreased risk for cancers of the liver and endometrium
among regular coffee drinkers [3,7].

Several systematic reviews and meta-analyses conducted subsequently also reported inconsistent
results for the potential association of coffee or tea on certain types of cancers such as prostate, lung,
colorectal, oesophageal, renal, or breast cancers. Indeed, whilst some of the studies reported inverse
associations for tea or coffee (e.g., coffee and liver or prostate cancers, tea and lung cancer) [8–13],
others did not observe any significant adverse or potential protective effects of such beverages [14–19].

A monograph conducted by the International Agency for Research on Cancer (IARC) in 2016
evaluating the carcinogenicity of drinking coffee to humans concluded that it was unclassifiable as to
its carcinogenicity to humans [20].

Differences in tea- and coffee-drinking habits (e.g., green tea, black tea, with caffeine,
decaffeinated) as well as the preparation processes, amount consumed, and additions such as
sugar/milk are likely to vary by population and countries and could contribute to the inconsistencies
found between studies comparing tea and coffee consumption and the risk of chronic diseases.
Furthermore, the use of different assessment methods, such as distinct food frequency questionnaires,
different variable definitions (e.g., food classification, serving sizes), or levels of detail to describe
foods, may impede comparisons between studies [21].

Our main objective was to describe coffee and tea intake in men and women across 27 centres in
the European Prospective Investigation into Cancer and Nutrition (EPIC) study using standardized
24-h dietary recall (24-HDR) data. We also estimated variation in intake levels according to selected
sociodemographic, lifestyle, and anthropometric characteristics of study participants, and assessed the
relative contribution of coffee and tea to intakes of total energy and selected nutrients (total sugars,
calcium, magnesium, phosphorus).

2. Materials and Methods

2.1. Setting and Subjects

EPIC is a multicentre prospective cohort study investigating the association between diet and
cancer and other chronic diseases in 23 centres in ten countries: Denmark, France, Germany, Greece,
Italy, the Netherlands, Norway, Spain, Sweden, and the UK [22,23]. EPIC participants were mostly
recruited from the general population between 1992 and 1998 and included 521,330 men and women
aged 35–70 years; exceptions were France (health insurance members), Utrecht (The Netherlands) and
Florence (Italy) (participants of breast cancer screening), and some centres in Spain and Italy (mostly
blood donors). In the UK, a cohort consisting predominantly of vegetarians (‘health-conscious’ in
Oxford) was considered separately from a ‘general population’ group recruited by general practitioners
in Cambridge and Oxford. Most centres recruited both men and women, except Norway, France,
Utrecht, and Naples, where only women were recruited. Details of the methods of recruitment and
study design have been published previously [22,24,25]. All participants provided written informed
consent, and the project was approved by ethical review boards of the IARC and local participating
centres. In the present study, the initial 23 EPIC centres were redefined into 27 regions according to a
geographical south–north gradient and relevant to analyses of dietary consumption and patterns [23].

The calibration substudy nested within the EPIC cohort was undertaken between 1995 and 2000
with the aim to partially correct for attenuation in diet–disease associations due to measurement
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errors. This has been obtained by rescaling the country-specific individual dietary intakes against
the same reference dietary measurement obtained using a highly standardized 24-h dietary recall
(24-HDR) [26]. The calibration population sample consisted of 36,994 participants, representing
a random sample (~8%) of the total EPIC cohort, stratified by age, sex, and centre. Details of
the population characteristics of the calibration study have been published previously [23,27–29].
In brief, each participant completed a single 24-HDR during a face-to-face interview, except in Norway,
where it was conducted through a validated phone interview alternative [30]. A computer-based
interview programme, named EPIC-Soft (recently renamed GloboDiet; IARC, Lyon, France), was
developed to conduct standardized 24-HDR interviews [31,32] with the same structure and interview
procedure across countries. The interviews were conducted over different seasons and days of the
week. For logistical constraint reasons, interviews recalling diet on Saturday were conducted on
Monday (instead of Sunday) in most countries, whereas for all other days of the week, the interviews
were conducted the following day. Time and place of consumption were also collected.

2.2. Dietary Variables

The common food group classification used in the EPIC-Soft software, which has been described
previously [23], was used to divide the overall coffee and tea group into four different subgroups
as follows: coffee, split into three subgroups regarding caffeine content (with caffeine, partially
decaffeinated, decaffeinated); tea, either black or green; herbal tea; and chicory and substitutes.
Anything added to these beverages, e.g., milk or milk substitutes, sugar, and honey, was also taken
into consideration, in order to evaluate the overall contribution of coffee and tea with their added
ingredients to total energy and selected nutrients’ intake (alcohol was a negligible ingredient to coffee
in all cohorts). The beverages are expressed in grams per day as complete beverages (i.e., including
the water for diluted beverages or reconstituted beverages from powder). The overall coffee and tea
intake of individuals on the recall day was calculated by summing the amount of these four groups.

Places where coffee and tea could potentially be consumed were recorded as home, work, fast-food
restaurant, bar, cafeteria, restaurant, friends’ home, school, street, car/boat/plane, and other. These
options were common across centres. After considering their distribution, some of these categories
were merged as follows: work, school, and cafeteria into ‘work’; other, street, and car/boat/ plane into
‘other’; and fast-food restaurant with restaurant. The resulting places of consumption were: home,
work, bar, restaurant, friends’ place, and other place.

2.3. Nutrient Databases

Energy and nutrient intakes were estimated by means of standardized nutrient databases
developed through the EPIC Nutrient DataBase (ENDB) project. Only relevant nutrients (sugar,
calcium, magnesium, phosphorus) with regards to coffee and tea and their related added ingredients
are reported. The rationale and procedures used to improve between-country comparability of the 26
nutrients included in this database are described elsewhere [33].

2.4. Nondietary Variables

Data on other lifestyle factors, including education (none or primary, secondary/technical,
and university degree; completeness >98%), total physical activity (inactive, moderately inactive,
moderately active, and active; completeness >86%) [34], and smoking status (never, former, current;
completeness >98%), were collected at baseline through standardized questionnaires and clinical
examinations and have been described elsewhere [22,23,35]. In most centres, age as well as body
weight and height were self-reported by the participants during the 24-HDR interview. Individuals
were classified according to age categories (35–44, 45–54, 55–64, 65–74 years) and body mass index
(BMI; based on self-reported data) categories (BMI < 25 kg/m2, BMI 25 to <30 kg/m2, BMI ≥ 30 kg/m2;
no missing data). The time interval between the baseline questionnaires and the 24-HDR interview
varied by country, ranging from one day to three years [23].
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2.5. Statistical Methods

Centre-specific arithmetic means of coffee and tea intakes and standard errors of the mean (SEM)
were calculated using generalized linear models, stratified by EPIC centre and sex. Fully adjusted
models were adjusted for age, total energy intake, height, and weight (except for analyses stratified on
BMI) and were weighted by season and day of recall to control for different distributions of 24-HDR
interviews across seasons and days of the week. Means were also calculated for each type of coffee and
tea as well as for decaffeinated versus caffeinated (including partially decaffeinated) coffee. If fewer
than 20 persons were represented in a cross-classification (for example, centre, sex, and age group), the
least-square mean was not reported in the table.

In order to compare means of coffee and tea across centres by categories of age, education, BMI,
physical activity, and smoking status, we fitted regression models that included an interaction term
between centre and each of the potentially associated factors at a time, to test whether the association
of coffee and tea consumption with these factors differed across centres. These analyses were adjusted
for age, total energy intake, height, and weight and weighted by season and day of recall, separately
for men and women. Participants with missing data were omitted. Type III statistics of the GENMOD
procedure in SAS were used to examine the partial effect of each variable; that is, the significance of a
variable with all the other variables in the model. Tests for trends were computed across categories by
using a score variable (from 1 up to the number of categories of a given variable).

The relative contribution of coffee and tea intake (overall and by type) to total energy and selected
nutrient intakes (sugar, calcium, magnesium, phosphorus) were calculated by centre as the mean percentage
of intake, stratified by centre; adjusted for sex, height, and weight; and weighted by season and weekday.

All the analyses were performed using SAS (version 9.4, SAS Institute, Cary, NC, USA).

3. Results

A total of 36,018 subjects with 24-HDR data were included in this analysis, after exclusion of 958
subjects aged under 35 or over 74 years because of low participation in these age categories and of 18
subjects without lifestyle variable data.

3.1. Coffee and Tea Intakes

The adjusted mean daily intake of coffee and tea varied widely across centres, ranging
from 174 g/day and 170 g/day for men and women, respectively, in Greece to 1468 g/day and
1321 g/day in the UK general population (Table 1 for men and Table 2 for women). Overall, Northern
European countries tended to drink more coffee and tea compared to Southern European countries
(see Supplemental Materials, Table S1).

When describing consumption for the four different coffee and tea groups, the adjusted mean
daily intake of coffee ranged from 107 g/day in Greek men (which corresponded to 0.9 cups) to
1016 g/day for men living in Aarhus (Denmark) (which corresponded to 5.5 cups) (Table 1) and
from 94 g/day for Greek women (which corresponded to 0.6 cups) to 781 g/day for women from
Aarhus (Denmark) (which corresponded to 4.4 cups) (Table 2). Among men, tea intake ranged from
18 g/day in San Sebastian (Spain) (which corresponded to 0.1 cups) to 928 g/day in the UK general
population (which corresponded to 4.9 cups), and among women from 14 g/day in Navarra (Spain)
(which corresponded to 0.1 cups) to 788 g/day in the UK general population (which corresponded
to 4.3 cups). Across centres, the lowest consumption of herbal tea was observed in Umeå (Sweden)
(0 g/day and 7 g/day for men and women, respectively) and the highest one in Germany (128 g/day
for men in Potsdam and 202 g/day for women in Heidelberg). For both men and women, the lowest
consumption of chicory and substitutes was reported in Sweden and Denmark, and the highest in UK
health-conscious individuals (Tables 1 and 2).

Overall, in all centres but those in the UK, the amount of coffee consumed was higher than the
amount of tea for both sexes.
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3.2. Proportion of Consumers

In comparison with all centres, Greece had the highest proportion of individuals not consuming
coffee nor tea over the previous day (27% and 31% for men and women, respectively), and
Aarhus (Denmark) for men and Utrecht (The Netherlands) for women had the lowest proportion
of nonconsumers (0.9% and 0.4%, respectively) (see Supplemental Materials, Figures S1 and S2).
The proportion of men drinking only tea the previous day was the lowest in Ragusa (Italy) (0.6%)
and the highest in the UK general population (23%). Women from Naples (Italy) and Navarra (Spain)
had the lowest proportion of tea-only drinkers the previous day (0.7% in both cases) and the UK
health-conscious population had the highest proportion (30%). The proportion of men and women
drinking coffee only over the previous day was the lowest in the UK general population (10% and
12%, respectively) and the highest for both Italian men and women (Ragusa 87% and Naples 86%,
respectively). Apart from in the UK, most of the men were coffee drinkers only. The same pattern was
found for women in the UK as well as in The Netherlands.

Among coffee consumers from both sexes, the large majority of coffee consumed was coffee
with caffeine (see Supplemental Materials, Figures S3 and S4). Overall, the mean percentage of
decaffeinated coffee consumers slightly differed between sexes, with women tending to drink more
decaffeinated coffee than men (8.8% vs. 6.0%). No south–north gradient was observed for the
consumption of decaffeinated coffee. In Granada (Spain), men and women were the highest consumers
of decaffeinated coffee (33% and 38%, respectively). In Malmö (Sweden), both men and women were
the lowest consumers of decaffeinated coffee (0.3% and 0.6%, respectively).

3.3. Place of Consumption

When investigating the place of consumption, the large majority of coffee or tea consumed was
consumed at home by both women and men. The percentage ranged from over 60% for both sexes
in Denmark to almost 90% of all coffee and tea consumed in Italy (for men, the percentage ranged
from 68% in Copenhagen (Denmark) to 88% in Florence (Italy), and for women, from 68% in Aarhus
(Denmark) to 88% in Ragusa (Italy) (Figures 1 and 2).

0% 20% 40% 60% 80% 100%

Greece
Granada

Murcia
Navarra

San Sebastian
Asturias
Ragusa
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Turin
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Heidelberg

Potsdam
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Malmo

Umea

C
en
tr
es

Home Work Bar Restaurant Friends Other

Figure 1. Proportion of coffee and tea consumption at different places of consumption, among men
across EPIC centres; fully adjusted models among consumers only; “friends” refers to friends’ place.

110



Nutrients 2018, 10, 725

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Greece
Granada

Murcia
Navarra

San Sebastian
Asturias
Ragusa
Naples

Florence
Turin

Varese
South coast of France

South of France
North-East of France

North-West of France
Heidelberg

Potsdam
Bilthoven

Utrecht
UK General population

UK Health conscious
Copenhagen

Aarhus
Malmo

Umea
South & East of Norway

North & West of Norway

C
en

tr
es

Home Work Bar Restaurant Friends Other

Figure 2. Proportion of coffee and tea consumption at different places of consumption, among women
across EPIC centres; fully adjusted models among consumers only; “friends” refers to friends’ place.

The second most important place of consumption was work, for which there was a south–north
gradient as overall, for individuals living in the Northern part of Europe, coffee and tea were more
frequently drunk at work compared to what was reported in the Southern part. The other important
places of consumption were “bar” and “friends’ place”, for which a south–north gradient was observed.
Indeed, for women living in the Northern part of Europe, coffee and tea were more frequently
consumed at a friends’ place rather that at a bar. The opposite pattern was observed for women living
in South Europe, except for Greek women and women living in the South of France. A similar pattern
was observed among men.

3.4. Sociodemographic Factors

When studying the age trends, overall, coffee and tea intake was significantly associated with age
(p < 0.0001 in both sexes). Stratified by centre, a linear trend between coffee and tea consumption and
age was only significant among four out of the 23 centres (Table 3), which could be related to lack of
power due to stratification. In Greece and Florence (Italy), older men tended to drink significantly more
coffee and tea compared to the younger ones. On the contrary, younger men from Malmö (Sweden), as
well as younger women from Navarra (Spain), drank significantly more coffee and tea than their older
counterparts on the day of the recall.

Education across all centres was significantly associated with coffee and tea consumption among
both men and women (p < 0.005 and p < 0.0001, respectively). Overall, the amount of coffee and tea
consumed was higher with higher education. Yet, when stratified by centre, the linear trend between
coffee and tea intake and education was significant only in men from the UK general population (the
less educated tended to drink more coffee and tea), as opposed to women from the South of France,
Copenhagen (Denmark), and Umeå and Malmö (Sweden), where the more educated tended to drink
more coffee and tea on the day of the recall compared to the less educated women (Table 4).
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3.5. Lifestyle Factors

Lifestyle factors such as smoking (p < 0.001 for men and women) and physical activity (p < 0.01 for
men and p = 0.03 for women) were both associated with coffee and tea consumption. These two factors
were still significant when considering coffee and tea separately in both men and women. Whilst there
was a clear pattern for smoking, where current smokers drank more coffee and tea compared to “never”
smokers, a similarly consistent pattern was not found for physical activity (see Supplemental Materials,
Tables S2 and S3). Nevertheless, significant linear trends were found among men in Murcia (Spain, p =
0.02), Bilthoven (The Netherlands, p = 0.04), and Copenhagen (Denmark, p = 0.04), where active men
tended to drink ~100 g/day less coffee and tea combined compared to inactive men. The opposite
was observed for men from the UK general population (p < 0.05). Similar patterns were observed in
women in these very same centres, although respective linear trends were statistically nonsignificant
(all p > 0.13).

The overall association between BMI and coffee and tea consumption was not significant among
women (p = 0.06), but was significant among men (p < 0.001), although with no clear pattern except for
men from Potsdam (Germany), where normal-weight men tended to drink significantly more coffee
and tea compared to obese men (Table S4).

3.6. Contribution to Energy and Micronutrients

The contribution of coffee and tea along with their added ingredients (i.e., milk, sugar,
honey, etc.) to energy, sugar, calcium, magnesium, and phosphorus intakes was the lowest in Norway.
The contribution of coffee and tea to energy intake ranged from 1.2% in the south and east of Norway
to 8.2% in Asturias (Spain) (Table 5). The contribution to sugar intake ranged from 2.5% in the north
and west of Norway to 23% in Varese (Italy). Coffee and tea contributed to more than one-fifth of
sugar intake in five centres, all of them belonging to the southern centres (Granada, Navarra, Asturias,
Naples, and Varese). The contribution of coffee and tea to calcium intake ranged from 3.3% in the
north and west of Norway to 33% in Asturias (Spain). As for sugar, in Spain and in most Italian centres,
coffee and tea contributed to more than one-fifth of calcium intake, reaching one-fourth and even
one-third in some centres. The contribution of coffee and tea to magnesium intake ranged from 8.7%
in Greece to 35% in France. Compared to other countries, in France, this contribution was higher and
around 30%. The contribution of coffee and tea to phosphorus intake ranged from 1.6% in Norway to
19% in Murcia (Spain).
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4. Discussion

This is one of the largest population-based studies comparing coffee and tea consumption using
a common, detailed, and standardized 24-h dietary recall method across 10 European countries
participating in the EPIC study.

The amount of coffee and tea consumed varied widely across countries/centres and according
to the type of beverages consumed. Average tea consumption was highest in the UK and lowest in
Greece and Spain, while coffee consumption was highest in Denmark and lowest in Greece.

Apart from Greece, the majority of coffee and tea intakes from the previous day was consumed at
home. Most coffee drinkers consumed caffeinated coffee.

These results are consistent with studies that used long-term dietary assessment methods in
the EPIC cohort [36–38]. For coffee, the observed geographical differences might be due to different
consumption habits. For instance, in countries such as Denmark, people tend to drink more diluted
coffee in larger amounts, whilst in other countries such as Greece or Italy, people tend to drink stronger
coffee in smaller amounts (e.g., Turkish coffee or ristretto coffee). Indeed, in Italy, the mean cup of
coffee weighed 55 g, whereas in Denmark, the mean cup of coffee weighed 182 g.

Coffee and tea consumption also varied to some extent by sex, age, and education, with the
direction of the associations being different across centres. For example, coffee and tea consumption
combined decreased with level of education in the UK general population by about 200–300 g/day,
comparing the population subgroup with primary education to that with a university degree (Table 4);
whereas an opposite trend was observed in the two centers in Sweden (Malmö, Umea) and in
Copenhagen (Denmark). In the remaining countries/centers, differences across level of education
were less pronounced, which suggests that coffee and tea consumption is driven by country-specific
dietary habits rather than characteristics at the individual level. Other studies that have investigated
relationships between sociodemographic factors and coffee consumption also reported mixed results.
For instance, the National Health and Nutrition Examination Survey (NHANES) 2003–2012 in the US
observed that the mean usual intakes of coffee were higher in men than in women, in older versus
younger individuals, and in lower- versus higher-educated individuals [39]. Different results were
reported from the Japan Collaborative Cohort Study for Evaluation of Cancer Risk (JACC study), in
which both men and women with high coffee consumption were younger and better educated [40].
A cross-sectional population-based survey conducted in Poland reported that higher coffee consumers
were more likely to be women, younger, and with a medium–higher education [41]. The same study
also reported that higher tea consumers were more likely to be women. These mixed results emphasize
the fact that coffee and tea consumption differs with the population under investigation and explain
why no homogeneity was found across the different EPIC centres.

In the present study, current smokers compared to former/“never” smokers tended to drink
more coffee and tea. Other studies conducted in the US, but focusing on coffee only, reported that
lifestyle factors such as smoking were related to coffee consumption. Also, in the National Institute of
Health-American Association of Retired Persons Diet and Health Study, coffee drinkers where more
likely to smoke [2]. A more recent study, also conducted in the US but using the NHANES 2003–2012
data, reported that the mean intake of coffee was higher among smokers versus “never” smokers [39].
The same pattern was also observed in Japan [40], Singapore [42], and Brazil [43].

Overall, BMI was associated to coffee and tea consumption among men, but with no clear
patterns, and was not associated with coffee and tea consumption among women. This result, albeit
different from what is generally reported in the literature [37,41,44,45], was not unexpected, considering
the cross-sectional design and the use of a single 24-h dietary recall, and that the development of
overweightness or obesity is a life course process.

The contribution of coffee and tea to sugar and calcium intakes was higher in Italy and Spain
compared to other countries, reflecting different consumption habits and suggesting that in Southern
European countries, people tended to add (more) sugar and milk, which both contribute to total sugar
intake, to their coffee and tea. In those two countries, coffee and tea, with their added ingredients,
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contributed to about 20% to the overall sugar intakes, whilst in Norway, coffee and tea contributed
to less than 3%. Given these results, it is recommended to consider both coffee and tea as potential
major sources of sugar intake (free/added sugars) in dietary monitoring and public health surveillance.
There are health concerns regarding added/free sugar consumption, and compared to carbonated soft
drinks, coffee and tea with their added ingredients receive less attention. In a more positive sense, this
also applies to coffee and tea as a source of calcium, where the milk added is rarely considered as a
source of calcium.

The present study was based on a single 24-HDR and therefore did not reflect usual intakes of
individuals. Hence, the interpretation of nonconsumers should be performed with caution due to the
day-to-day variability. Indeed, the prevalence of tea or coffee nonconsumers was higher compared to
the same prevalence measured with the EPIC country-specific Food Frequency Questionnaire assessing
food intakes over the past 12 months [46]. However, considering the large sample size, except in
Ragusa, and the fact that individuals usually drink such beverages on a daily basis, the population
mean consumption levels should have been reasonably well captured. Indeed, when comparing the
results of the present calibration study to the EPIC long-term consumption data, similar patterns were
found [36–38]. Moreover, the standard error of the mean should be interpreted with caution because it
is most likely overestimated due the day-to-day variation in consumption levels.

Data for the current study were collected in the mid to late 1990s, and coffee and tea intakes
may have changed over time. Compared to more recent surveys conducted between 2003 and 2011
in Germany, Denmark, Spain, the UK, Italy, The Netherlands, and Sweden, where a similar dietary
assessment method was used, i.e., 24-h dietary recalls, coffee intake in our study was lower, whilst tea
intake was higher [47]. Such comparisons indicate that our study may serve as a common benchmark
to evaluate trends in coffee and tea consumption over time in these countries.

However, some caution is warranted because the EPIC study populations were not necessarily
representative of the corresponding national populations, and in several countries, they tended to be
more “health-conscious”.

Although the information about coffee was detailed, as individuals were asked to specify whether
coffee was with caffeine or decaffeinated, the EPIC Nutrient DataBase does not contain information
on caffeine content. Hence, for instance, one cup of coffee in Italy—where a 60-mL cup of espresso
contains approximatively 80 mg of caffeine [48]—cannot be strictly compared with one cup of coffee
in Denmark, where a 200-mL cup of filter coffee contains approximatively 90 mg of caffeine [48].
However, caffeine intake across Europe, as reported in the European Food Safety Authority’s fact
sheets on caffeine [48], roughly confirm our findings based on consumed quantity of the beverages. For
example, the estimated caffeine intakes in Greece (~30 mg/day) and Spain (67 mg/day) were lower as
compared to Denmark (~320 mg/day) or Germany (~238 mg/day) [48]. The same reasoning applies
for tea, as the different types of tea (green, white, black) differ in caffeine content [49]. The assessment
of caffeine intake is of importance and therefore there is a need for collecting more detailed data, to
add caffeine content in food composition tables or to use biomarkers, such as the dimethylxanthines
theophylline or paraxanthine, in order to enable a more objective assessment of caffeine intake [49].
Additionally, the brewing method might also be considered when collecting data because of the
consequences on the content of diterpenes [50] that have an anticarcinogenic activity [6].

The health benefits of coffee and tea consumption are still controversial [15,17,19]. Therefore, the
use of a standardized method such as the one used in the present study, but with repeated assessments,
to collect comparable dietary data across countries is of interest as it might help to investigate better
associations between coffee and tea consumption and health outcomes. Moreover, such a method
provides data that is not only geographically comparable, but is also comparable over time.
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5. Conclusions

Levels of coffee and tea intake, and their contribution to energy and sugar intake, differed greatly
among European adults. Variation in consumption was mostly driven by geographical region and to a
lesser extent by individuals’ characteristics.
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Abstract: Background: Coffee intake has been shown to modulate both the effect of ethanol
on serum GGT activities in some alcohol consumers and the risk of alcoholic cirrhosis in some
patients with chronic diseases. This study aimed to analyze the impact of coffee intake and alcohol
consumption on advanced liver fibrosis (ALF) in HIV-HCV co-infected patients. Methods: ANRS
CO13-HEPAVIH is a French, nationwide, multicenter cohort of HIV-HCV-co-infected patients.
Sociodemographic, behavioral, and clinical data including alcohol and coffee consumption were
prospectively collected using annual self-administered questionnaires during five years of follow-up.
Mixed logistic regression models were performed, relating coffee intake and alcohol consumption to
ALF. Results: 1019 patients were included. At the last available visit, 5.8% reported high-risk alcohol
consumption, 27.4% reported high coffee intake and 14.5% had ALF. Compared with patients with
low coffee intake and high-risk alcohol consumption, patients with low coffee intake and low-risk
alcohol consumption had a lower risk of ALF (aOR (95% CI) 0.24 (0.12–0.50)). In addition, patients
with high coffee intake had a lower risk of ALF than the reference group (0.14 (0.03–0.64) in high-risk
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alcohol drinkers and 0.11 (0.05–0.25) in low-risk alcohol drinkers). Conclusions: High coffee intake
was associated with a low risk of liver fibrosis even in HIV-HCV co-infected patients with high-risk
alcohol consumption.

Keywords: HIV-HCV co-infection; liver fibrosis; coffee; alcohol consumption

1. Background

Chronic hepatitis C virus (HCV) infection in patients co-infected with HIV who receive
antiretroviral treatment (ART) accelerates hepatic complications including chronic inflammatory
lesions of the liver, steatosis, liver fibrosis progression, liver cirrhosis and hepatocellular carcinoma
(HCC) [1,2]. In addition, excessive alcohol consumption, which is associated with reduced liver
function and steatosis in the general population, can increase the severity of fibrosis in HIV-HCV
co-infected individuals due to the strong dose-response relationship between alcohol and liver fibrosis
progression [3–5]. Furthermore, chronic alcohol consumption increases the risk of developing HCC,
through inflammation of hepatic cells and metabolic disorders [6].

The consumption of certain beverages, such as coffee and green tea, has been shown to have
hepatoprotective effects [7,8]. Coffee is one of the most consumed drinks in the world, especially
in high-resource settings [9]. Coffee contains large amounts of bioactive compounds, including
caffeine, diterpenes, melanoidins, and antioxidants, such as chlorogenic acids [10]. Dietary intake
of coffee has been shown to be associated with human health [11], in particular with lower risk
of mortality [12], cancer [13] and cardiovascular disease (CVD) [14]. Epidemiological studies have
found an association between high coffee intake (≥3 cups per day) and lower levels of liver enzymes,
including aspartate aminotransferase (AST), alanine aminotransferase (ALT) and gamma-glutamyl
transferase (GGT), which are markers of liver function [15–17]. In recent years, coffee intake has also
been shown to modulate both the effect of ethanol on serum GGT activities in alcohol consumers
and the risk of alcoholic cirrhosis in patients with chronic diseases [18]. In the context of HIV-HCV
co-infection, high coffee intake has been found to have important benefits in terms of better adherence
to treatment, less perceived toxicity [19,20], reduced levels of liver enzymes and lower risk of insulin
resistance [15,17]. Several meta-analyses have also shown that coffee consumption is associated with a
significant delay in the progression of liver fibrosis [21] and a reduced risk of HCC [22].

To our knowledge, no longitudinal study has ever analyzed the concomitant effects of coffee
intake and alcohol consumption on liver fibrosis severity in HIV-HCV co-infected patients. This study
aimed to analyze the impact of the interaction between high coffee intake and alcohol consumption on
advanced liver fibrosis (ALF) among co-infected patients.

2. Materials and Methods

2.1. Study Design

This study is based on longitudinal data collected in the prospective, multicenter, observational
ANRS CO13 HEPAVIH cohort, which recruited 1293 adult HIV-HCV co-infected individuals from
21 hospital centers throughout France between January 2006 and June 2014 [23].

Inclusion criteria in the cohort were as follows: being aged 18 years or more, HIV-1 infection and
chronic HCV co-infection. Patients who had already cleared HCV, i.e., those who had a sustained
virological response (SVR) to previous HCV treatment and those who had spontaneously cleared HCV,
could also be included if eligible.

The study population included participants in the cohort with at least one measurement of alcohol
consumption and coffee intake during the five first years of cohort follow-up. Patients with a history
of liver transplant or clinical signs of decompensated liver cirrhosis at enrolment were excluded.
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2.2. Data Collection

Throughout the follow-up, clinical/biological and socio-behavioral data were collected from
medical records (clinical visits were scheduled annually, or every six months for cirrhotic patients)
and annual self-administered questionnaires, respectively.

2.2.1. Outcome: Advanced Liver Fibrosis (ALF)

For the evaluation of liver fibrosis, we used patient age and serum markers—including ALT, AST,
and platelets count—to calculate the FIB-4 index [24]. ALF was defined at each visit as a FIB-4 index >3.25.

2.2.2. Covariates

Clinical Variables

Clinical variables considered in the analyses included HIV plasma viral load, CD4 cell count,
CDC clinical HIV stage, and time since antiretroviral therapy (ART) initiation at each follow-up visit.
A detectable HIV viral load was defined as having a plasma HIV RNA level higher than the given
hospital laboratory assay’s threshold. Information concerning diabetes and current ART status history
was also available at each follow-up visit.

We used the body mass index (BMI) to classify patients as obese if the BMI was >30.
We also recorded information about HCV genotype, exposure to HCV treatment before enrolment

and during follow-up, and post-treatment HCV clearance.

Variables in the Self-Administered Questionnaire

Data on patients’ socio-demographic characteristics (age, gender, educational level, marital status,
and employment), coffee and tea consumption as well as psychoactive drug use were collected at
enrolment and yearly thereafter using a self-administered questionnaire.

Data concerning patients’ tobacco use were recorded during face-to-face medical interviews
with physicians. Patients were asked about their experience of smoking (non-smoker, former smoker,
and current smoker).

The AUDIT-C questionnaire was used to assess alcohol consumption during the previous six
months. The number of alcohol units (AU) consumed per day (a standard drink, defined as one AU,
contains 11–14 g of alcohol, and corresponds to one small bottle of beer, one medium glass of wine,
or a shot of distilled spirits) was calculated for patients who reported they were current consumers.
Alcohol consumption was defined as “high-risk” if it was >4 AU/day for men and >3 AU/day for
women, and “low-risk” if it was ≤4 AU/day for men and ≤3 AU/day for women [25]. Binge drinking
was defined as reporting to have consumed six alcoholic drinks or more on one occasion.

Coffee intake was investigated using a question referring to the 6 months prior to the given
follow-up visit. Five answers were possible: never, occasionally, 1 cup/day, 2 cups/day and 3 cups or
more/day (1 cup corresponding to 150–200 mL). Patients were classified as having high coffee intake
if they reported drinking 3 cups of coffee or more/day.

A four-category variable combining alcohol consumption and coffee intake was also created (low coffee
intake and low-risk alcohol consumption, low coffee intake and high-risk alcohol consumption, high coffee
intake and low-risk alcohol consumption and high coffee intake and high-risk alcohol consumption).

The self-administered questionnaire also collected information about psychoactive drug use
consumption including use of cannabis and other drugs (cocaine, heroin, crack, ecstasy, street buprenorphine,
amphetamines) in the month prior to the visit, as well as patients’ previous history of drug use.

2.3. Statistical Analysis

Participants’ characteristics at the last available follow-up visit with completed self-administered
questionnaire were compared according to fibrosis status using a Chi-square test or Fisher’s exact test for
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categorical variables and Student’s t test for continuous variables. For continuous variables, means and
standard deviations were calculated while for categorical variables we calculated proportions.

All the variables included in this statistical analyze were used as time-varying covariates, as these
variables were collected at the baseline and at each follow-up visits, except for gender. We used
mixed-effects logistic regression models in order to take into account the correlations between repeated
measurements. This type of models enables testing of both fixed (e.g., gender) and time-varying
covariates (e.g., consumption behaviors), In the univariate analysis, we identified explanatory variables
correlated with fibrosis status. Those with a liberal p-value ≤ 0.25 were selected to be candidates for
the final multivariable model.

The final multivariable model was built using a backward selection procedure, which was based
on the likelihood ratio test (p < 0.05). Results were reported as adjusted odds ratios (aOR) with 95%
confidence intervals (CI). Interactions between independent variables were also tested for.

Statistical analyses were performed using SAS software, version 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Patients’ Characteristics at the Last Available Follow-Up Visit with a Completed
Self-Administered Questionnaire

A total of 1019 patients were included in the study with a median follow-up of 5.0 years
(IQR: 4.1–6.0). Men accounted for 69.7%. At the last available follow-up visit with a completed
self-administered questionnaire, one third of patients had at least a high-school certificate and almost
half (48.2%) were employed. Patient age varied between 19 and 75 years with a mean (SD) age of
47.8 (±6.4) years. In addition, 15.2% had ALF. The majority of patients (95.0%) were receiving ART.
Only 36.9% were receiving or had received anti-HCV treatment. Elevated coffee intake was reported by
27.4% of the study patients, and patients without ALF were more likely (p = 0.0002) to report elevated
coffee intake (29.3%) than those with ALF (14.1%). Almost 6% of the patients reported high-risk alcohol
consumption. Patients with ALF were more likely (p = 0.0018) to report high-risk alcohol consumption
(11.3%) than those without ALF (4.7%) (Table 1).
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3.2. Factors Associated with ALF

In the univariate analyses, the following variables were significantly associated with higher odds
of having an ALF (p < 0.05): older age, unemployment, lower CD4+ cell count, obesity, not currently
receiving ART, currently receiving HCV treatment, and high-risk alcohol consumption (Table 2).
By contrast, high coffee intake and being HCV cured were significantly associated with lower odds of
having ALF.

The multivariable analysis (Table 2) confirmed these results, except for the association with
unemployment, which was no longer significant after multiple adjustment. Moreover, obesity increased
the odds of having advanced fibrosis.

After multiple adjustment, compared with patients with low coffee intake and high-risk alcohol
drinking who had a higher risk of advanced fibrosis (reference group), patients with low coffee intake and
low-risk alcohol drinking had a 76% lower risk of ALF aOR (95% CI): 0.24 (0.12–0.50)). Among those with
high coffee intake, high-risk alcohol consumption seemed to have no effect on liver fibrosis, with these
drinkers having at least an 86% lower risk of advanced fibrosis than the reference group (0.14 (0.03–0.64)
in high-risk alcohol drinkers and 0.11 (0.05–0.25) in low-risk alcohol drinkers) (Table 2 and Figure 1).
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Figure 1. Risk of advanced liver fibrosis according to the pattern of coffee and alcohol consumption.

4. Discussion

In this longitudinal observational study of HIV-HCV co-infected patients from the French ANRS
CO13 HEPAVIH cohort, after controlling for age, CD4, HCV clearance, ARV treatment and BMI,
we found that there is an inverse relationship between alcohol intake and coffee consumption on
the risk of ALF. This is a major result in a population where liver disease may persist even after
HCV clearance, because of HIV-related risk factors [26]. This study also confirms that there is
a strong inverse association between high coffee consumption and ALF. This important finding
provides further evidence of the beneficial effect of coffee consumption on clinical issues in HIV-HCV
co-infected patients.

Our findings are consistent with those of Stroffolini et al. [18] in a study conducted in Italy among
patients who had either chronic hepatitis B or C. Their study showed that the association between
high-risk alcohol consumption and the risk of cirrhosis decreased in individuals who consumed at
least 3 cups of coffee/day. It has also been demonstrated that coffee minimizes the harmful effect
of high-risk alcohol consumption on the functioning of the body and consequently on the health of
the individual [27,28]. In Japan, Oze et al. conducted a case-control study to analyze the association
between coffee and tea consumption and the risk of upper aerodigestive tract (UADT) cancer [27].
They demonstrated that drinking three cups of coffee or more per day was inversely associated with
incidence of UADT cancer, but that this protective effect was observed only among people who had
never smoked or drunk alcohol. In addition, in a study on mortality among 28,561 individuals in a
cohort from three Eastern European countries [28], a mortality study stratified on alcohol consumption
showed that drinking three cups of coffee/day or more was inversely associated with mortality
irrespective of the level of alcohol consumption.

Other studies have shown that even in patients with chronic liver diseases, coffee consumption
was associated with a decreased risk of alcoholic related cirrhosis [29,30]

In prior studies conducted in the ANRS HEPAVIH CO-13 cohort, we showed that high
coffee intake had the following beneficial effects in HIV-HCV co-infected patients: reduced levels
of liver enzymes, including aspartate aminotransferase (AST), alanine aminotransferase (ALT)
and gamma-glutamyltransferase (GGT) [15], fewer self-reported side-effects during peg-IFN and
ribavirin treatment [20], and a 50% reduction in mortality risk [25]. These findings are consistent with
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those of a meta-analysis of studies on patients with chronic hepatitis C which also showed an inverse
relationship between coffee intake and the risk of liver fibrosis [7,31,32].

Coffee is a complex mixture of bioactive components including caffeine and polyphenols,
like chlorogenic acids, although the precise chemical ingredient profile depends on the variety of
coffee. These substances not only decrease the inflammation of liver cells (in the case of liver disease)
by reducing the expression of inflammatory cytokines, but also demonstrate a well-documented
anti-fibrotic effect [33,34]. It is also well documented that high alcohol consumption is strongly
associated with several hepatic complications, including hepatic inflammation, steatosis and ALF
in HIV-HCV co-infected patients [35,36]. In these patients, the two diseases are independently
involved in fibrinogenesis—the inflammation of hepatic cells—and hepatocyte apoptosis in the
liver [37–40]. This predisposes these patients to a higher risk of developing liver fibrosis and cirrhosis.
These mechanisms may be accelerated by high-risk alcohol consumption. However, in our study,
the latter effect seems to have been greatly diminished in HIV-HCV co-infected patients who drank at
least 3 cups of coffee/day. Although the protective effect of coffee for several major health issues is
becoming increasingly plausible, the mechanism by which coffee intake slows the progression of liver
disease in HIV-HCV co-infected patients, and/or how it may inhibit the toxic effect of alcohol on the
liver, is not understood. Some studies have reported antioxidant properties of certain components
of coffee such as chlorogenic acids [41,42]. These properties help regulate the genes involved in the
fibrogenesis process, and this could partially explain why patients in our study who consumed coffee
were less likely to have ALF. Furthermore, just as has been reported for the effect of certain nutritional
supplements—including L-cysteine, vitamin C and vitamin B1—on alcohol toxicity [43], coffee might
also interact in the metabolization of blood alcohol into acetate, carbon dioxide and water, and thereby
minimize the toxic effect. Another explanation, is that high coffee consumption may be associated with
decreased alcohol consumption or the blocking of specific alcohol receptors in liver cells. Future studies
are needed to better understand the interactions between consumption behaviors, including alcohol
and coffee intake, and liver-related outcomes, such as liver fibrosis and liver stiffness, in HIV-HCV
co-infected patients.

As reported elsewhere [44–46], HCV clearance in HIV-HCV co-infected patients with sustained
virological response (SVR) was associated with a lower probability of having ALF, meaning that HCV
clearance after antiviral therapy had a major impact on the natural course of the disease. A previous
study in this cohort showed that in HIV-HCV co-infected patients, SVR after pegylated interferon-based
treatment was significantly associated with improvement in liver stiffness [46]. In another study
conducted among HIV-HCV co-infected patients in Spain [45], those who were treated for chronic
HCV and cured with peg-IFN and ribavirin, experienced a significant reduction in liver fibrosis.
Among chronic HCV patients in the United States, Fontana et al. [47] showed that serum levels in
fibrosis markers decreased significantly in patients with SVR after peg-interferon- and ribavirin-based
treatment for 24 to 48 weeks. In addition, Berenguer et al. [48] evaluated the clinical course of a cohort
of HIV-HCV co-infected patients who were followed even after therapy with peg-interferon plus
ribavirin, and showed that patients with SVR had significantly fewer liver-related events, including
liver fibrosis, than those without SVR. The primary goal of the peg-Interferon and ribavirin treatment is
the eradication of HCV, which may slow, stop or even reverse the progression of HCV infection events
including liver fibrosis. In addition, successful HCV treatment leads to hepatic inflammation reduction
and liver function improvements, even in patients with decompensated cirrhosis or transplant patients
with chronic hepatitis C. These beneficial results are now being amplified by the generalized use
of Direct Antiviral Analogues (DAA), which enable the treatment and cure of a large majority of
HIV-HCV coinfected patients.

Importantly, our results revealed that co-infected patients on ARV treatment were less likely to
have ALF. HIV infection is known to have a harmful effect on the natural history of HCV infection.
In chronic hepatitis C patients, HIV co-infection was strongly associated with a rapid progression
of hepatic complications including liver fibrosis and cirrhosis, due to immunosuppression [49,50].
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Logically therefore, antiretroviral treatment in HIV-HCV co-infected patients should reduce the
progression of liver complications [51]. However, several studies have shown persistent progression of
liver fibrosis in HIV-HCV co-infected patients on antiretroviral treatment, which could be explained by
a potential hepatotoxicity effect (including necroinflammation of hepatic cells) of certain categories of
antiretroviral drugs [52,53]. In addition, closely related to the effectiveness of antiretroviral therapy,
a greater CD4 count was associated with a decreased probability of having advanced fibrosis in the
present work.

In our study, patients’ body mass index was significantly associated with the risk of liver fibrosis,
as obese HIV-HCV co-infected patients were six times more likely to have ALF. Several studies have
shown a strong association between obesity and disease progression in chronic HCV patients [54–
57]. In a study of an American cohort of chronic HCV patients with available liver biopsies,
Younossi et al. [57] highlighted that overweight and obese patients were much more likely to have
advanced fibrosis. In another study of chronic HCV patients [56], obese patients had a greater risk
of advanced fibrosis. Similar results were found by El-Ray et al. In Egypt [55]. The harmful effects
of obesity are caused by a state of chronic metabolic inflammation induced in the liver, which may
predispose individuals to liver fibrosis and non-alcoholic fatty liver disease. This result, in our study,
should be interpreted with caution, as the confidence interval (5.93 (1.95–18.07), p = 0.0031) is wide.

Finally, results from a meta-analysis [58,59] suggest that the effect of coffee does not depend
on caffeine, as similar benefits on liver diseases including hepatocellular carcinoma were shown for
caffeinated and decaffeinated coffee.

Our study had several limitations. First, it was observational in nature, meaning that the
associations observed did not imply causality. Accordingly, more research (for example a randomized
clinical trial) is needed to confirm these findings in this population. Second, although the sensitivity
of FIB-4 was estimated to be only approximately 65% in a different study by Sterling et al. [19].
The FIB-4 index is nonetheless considered one of the most reliable non-invasive methods in the
assessment of liver fibrosis in HIV-HCV co-infected patients. In this study, we did not use data from a
DAA-based cohort but from a PEG-IFN-based one, and so treatment initiation rates and cure rates
were much lower. However, the positive effect of coffee on ALF remained true both for patients cured
and not. Finally, the behavioral data related to the consumption of alcohol and other substances were
based on self-reports which could be affected by social desirability bias.

5. Conclusions

This observational study analyzed the combined effect of coffee intake and alcohol consumption
on the risk of ALF. High coffee intake was associated with a significantly reduced risk of ALF in
HIV-HCV co-infected patients, even in those with high-risk alcohol consumption. This finding confirms
the need to systematically take into account coffee intake in the evaluation of liver fibrosis progression
in this population. Further studies are needed not only to confirm our findings, but also to evaluate
the dose-effect response of coffee consumption on liver fibrosis in HIV-HCV co-infected patients.
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Abstract: Coffee, tea, caffeinated soda, and energy drinks are important sources of caffeine in the diet
but each present with other unique nutritional properties. We review how our increased knowledge
and concern with regard to caffeine in the diet and its impact on human health has been translated
into food-based dietary guidelines (FBDG). Using the Food and Agriculture Organization list of
90 countries with FBDG as a starting point, we found reference to caffeine or caffeine-containing
beverages (CCB) in 81 FBDG and CCB consumption data (volume sales) for 56 of these countries.
Tea and soda are the leading CCB sold in African and Asian/Pacific countries while coffee and soda
are preferred in Europe, North America, Latin America, and the Caribbean. Key themes observed
across FBDG include (i) caffeine-intake upper limits to avoid risks, (ii) CCB as replacements for plain
water, (iii) CCB as added-sugar sources, and (iv) health benefits of CCB consumption. In summary,
FBDG provide an unfavorable view of CCB by noting their potential adverse/unknown effects
on special populations and their high sugar content, as well as their diuretic, psycho-stimulating,
and nutrient inhibitory properties. Few FBDG balanced these messages with recent data supporting
potential benefits of specific beverage types.

Keywords: caffeine; coffee; tea; soda; energy drinks; mate; guidelines; country; consumption;
population; public policy

1. Introduction

Caffeine is the most widely consumed psychostimulant in the world [1]. It occurs naturally
in coffee beans, tea leaves, cocoa beans, and kola nuts, and is also added to foods and beverages.
Important dietary sources include coffee, tea, yerba mate, caffeinated soda (cola-type), and energy
drinks [2]. There is increasing public and scientific interest in the potential health consequences of
habitual intake of these caffeine-containing beverages (CCB). Rigorous reviews of caffeine toxicity
conclude that consumption of up to 400 mg caffeine/day in healthy adults is not associated with
adverse effects [3–5]. Epidemiological studies support a beneficial role of moderate coffee intake in
reducing risk of several chronic diseases, but heavy intake is likely harmful regarding pregnancy
outcomes [6]. Health implications of regular tea, mate, and energy drink consumption are inconclusive
and most concern for caffeinated soda intake currently pertains to its sugar content and relationship to
obesity [7–12].

CCB also contribute a wealth of other compounds to the diet that have potential benefits or
risks to health and thus it is imperative to consider the context (i.e., beverage type) in which caffeine
is consumed [12–16]. Food-based dietary guidelines (FBDG) provide context-specific advice on
healthy diets that are evidence-based and respond to a country’s public health and nutrition priorities,
sociocultural influences, and food production and consumption patterns, among other factors [17].
These factors change over time, and in turn, so do FBDG. Our knowledge and concern with regard to
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caffeine sources in the diet and their impact on human health has increased over the years. We therefore
sought to review how such knowledge and concern has been translated into FBDGs and within the
context of what each country actually consumes.

2. Material and Methods

2.1. Data Collection Strategy for Dietary Caffeine Guidelines

Figure S1 outlines our data collection strategy. We initially used the Food and Agriculture
Organization (FAO) website, which provided general food-based dietary guidelines (FBDG) from
each country (http://www.fao.org/nutrition/nutrition-education/food-dietary-guidelines/en/).
Each country’s page included the most recent publication date of the guidelines, intended audience,
general FBDG messages, downloadable guidelines if available, and contact information of those
governmental institutions that established the guidelines.

The general messages from FAO were the first resource for any guidelines pertaining to caffeine
or CCB including coffee, tea, yerba mate, energy drinks, and carbonated soft drinks. Beverages
were a focus of the current review because they are the primary contributors of caffeine in the
diet [2,18]. Other caffeine sources, such as products containing cocoa and kola nut, contribute
relatively small amounts to the diet [18]. We considered guidelines for the broader categories of
soft drinks or sugar-sweetened beverages (SSB) since colas (typically containing caffeine) were rarely
distinguished from these other beverages. Non-caffeine-containing teas were also considered because
some FBDG provide different guideline for these teas and regular tea (i.e., black or green tea) that might
provide additional insight into the underlying reason for the recommendations. We then accessed
the downloadable materials if available to search for more caffeine-related messages. For materials
published in foreign languages, we found translators using the Cochrane Task Exchange or personal
contacts. Additionally, we used the contact information from the FAO page to inquire via email or
web applications about any updated or additional caffeine-related guidelines that were not available
via the FAO website. Finally, after these search efforts, for countries with limited or no information
regarding dietary caffeine, we searched for publications related to national dietary guidelines and
contacted the authors for further information.

Countries were classified according to the World Bank income classification [19]. We also used the
non-comprehensive World Cancer Research Fund International NOURISHING database to identify
actions in place by countries that attempt to regulate dietary caffeine consumption [20,21].

2.2. Data Resource for Dietary Caffeine Consumption

We adopted country-level volume sales of CCB as a proxy measure of CCB consumption and these
were estimated using the Euromonitor Passport Global Market Information Database [22]. Euromonitor
collects these data from trade associations, industry bodies, business press, company financial reports,
and official government statistics. Specifically, we downloaded (bulk format) 2017 country-specific
annual sales of (i) coffee, total brewed volume (liters); (ii) tea, total brewed volume (liters); (iii) “other
hot drinks,” total brewed volume (liters); (iv) carbonates, total volume (liters); (v) sports and energy
drinks, total volume (liters); (vi) ready-to-drink (RTD) coffee, total volume (liters); and vii) RTD tea,
total volume (liters). For each country, data for each beverage was presented as a proportion of total
CCB volume sales. Total CCB volume sales were also expressed on a per capita basis using total
population estimates for 2017 (also downloaded from Euromonitor). For each country, we additionally
reviewed the 2017 detailed report to collect information on the most common type or category of each
beverage sold. Additional details for “sports and energy drinks,” RTD coffee and RTD tea were not
systematically collected as they were not uniformly available across countries. Aside from including
yerba mate, the “other hot drinks” category was deemed an unlikely key source of CCB and thus we
only make reference to this category as appropriate.
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3. Results

Using the FAO listing of the most recent FBDG from 90 countries as a starting point, we found
any mentions of caffeine or CCB in 81 of these, which are summarized in Table 1. Sixty-six of these
were published in the last ten years. The oldest guidelines were published by Venezuela (1991) and
Greece (1999). Intended audiences for each FBDG are provided in Table S1. Most FBDG were intended
for the general, healthy population over 2 years of age with several FBDG including specific guidelines
for subgroups of the population such as children and pregnant/nursing mothers. Euromonitor annual
volume sales of CCB in 2017 were available for 56 of the 90 FAO countries. Euromonitor data was
not available for countries of the Near East (as defined by FAO). Figure 1 presents the percentage
of caffeine-containing beverage volume sales per beverage per country. Subcategories of coffee, tea,
and carbonates were assigned according to the most commonly, but not exclusively, consumed beverage
type in that category. North America (defined by FAO as including Canada and USA) had the
highest average country annual total CCB volume sales per capita (348 L/capita), followed by Europe
(200 L/capita), Latin America and the Caribbean (153 L/capita), Asia and the Pacific (126 L/capita),
and Africa (90 L/capita).
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Figure 1. Percentage of caffeine-containing beverage volume sales per beverage (Euromonitor
2017). Subcategories of coffee, tea, and carbonates were assigned according to the most commonly,
but not exclusively, consumed beverage type in that category. Countries were classified by
income based on World Bank 2017. HI: high-income; LI: low-income; LMI: lower-middle-income;
UMI: upper-middle-income. Data for RTD beverages were incomplete for Kenya, Nigeria, South
Africa, India, Bosnia-Herzegovina, Croatia, Estonia, Georgia, Latvia, Slovenia, Bolivia, Costa Rica,
Dominican Republic, Guatemala, Uruguay, and Venezuela.
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3.1. Africa

The most commonly consumed CCB in African countries include tea and carbonated soda. Tea is
typically of the black type while carbonated drinks are commonly non-cola-type (unlikely caffeinated
including lime, ginger ale, tonic water, orange carbonates, and “other”). When coffee is consumed,
it is usually of the regular (not decaffeinated, >95% of sales) and instant type. Data for RTD coffee/tea
were not complete for these selected African countries.

Five African countries have published FBDG that consider dietary caffeine sources in some context.
Nigeria, Sierra Leone, and South Africa discourage high coffee and tea intake because they inhibit
iron bioavailability or increase phosphorous levels. South Africa’s guidelines for ages 5+ nevertheless
support the intake of these beverages as a means to attain adequate fluid intake, further noting that
any diuretic effects of caffeine are only a concern for individuals unaccustomed to regular caffeine
intake. Most FBDG discourage caffeinated soda, but only due to their high sugar content.

3.2. Asia and the Pacific

Tea and carbonated soda are the leading CCB sold across Asia and the Pacific countries.
High carbonated soda consuming countries prefer the cola type, while low consuming countries prefer
non-colas. Black, green, and “other” teas are major tea types consumed. RTD teas are also popular in
Japan, Hong Kong, and Vietnam. Most coffee that is consumed is of the regular (>97% of sales) and
instant type; instant mixes (coffee, sugar, and cream powder) are especially popular in South Korea,
Hong Kong, Malaysia, Thailand, Philippines, Vietnam, and China.

Six of the fifteen included countries of Asia and the Pacific express caution concerning the iron
inhibitory effects of coffee and tea, particularly when these beverages are consumed with meals. China,
India, Indonesia, New Zealand, and Korea all advise pregnant and lactating women to minimize
their intake of CCB. Indonesia and New Zealand further cite research supporting caffeine limits of
250–300 mg/day for these women. Potential diuretic effects of caffeine are discussed in guidelines
for Fiji, Indonesia, and Malaysia. According to Fiji and Indonesia, heavy tea and coffee consumers
may need to adjust their water intake, while Malaysian guidelines note little concern regarding the
diuretics effects of CCB in amounts typically consumed. India’s guidelines discuss the stimulant
effects of caffeine present in coffee and tea and advise moderation when consuming these beverages.
Excess consumption of coffee was viewed unfavorably for cardiovascular health, while any potential
benefits noted for tea consumption were off-set by its caffeine content. The majority of FBDG
discouraged caffeinated soda due to its high sugar content. New Zealand further referenced the
caffeine content of these beverages, discouraging the intake of these and other caffeine-containing
beverages among children and adolescents. With some concern of caffeine’s impact on bone health,
older people in New Zealand are advised to consume no more than 300 mg of caffeine per day.
Moderate amounts of tea and coffee are also advised for adults; advice that aims to balance the
beneficial and potentially adverse properties of these beverages attributable to polyphenol, caffeine,
and tannin content. Sri Lanka also noted that tea without milk and sugar has some antioxidants that
benefit health.

3.3. Near East

FBDG for Iran advise the general population to reduce soft drink consumption in the context of
reducing overall sugar intake. Lebanon’s guidelines advise individuals to avoid consuming coffee,
tea, or caffeinated sodas with meals as they inhibit dietary iron absorption. Despite notes concerning
caffeine’s diuretic effects, tea and coffee are the preferred beverages (after water) for hydration.
Sweetened beverage intake should be limited according to Qatar’s guidelines and in this context,
soda and energy drinks are discouraged and careful attention made to the amount of sugar added
to coffee.
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3.4. Europe

Overall, coffee and carbonated soft drinks are the top CCB sold in Europe. Netherlands consumes
the largest volume of coffee per capita than any other country in the Euromonitor database, followed
by Finland and Sweden. U.K. and Turkey prefer instant coffee while the rest of Europe prefers
fresh-brewed coffee. Decaffeinated coffee accounts for ≈8% of coffee sold in Spain and U.K. and <5%
for other parts of Europe. Most carbonated soft drinks sold are of the cola-type. Ireland, Turkey, U.K.,
and Latvia prefer tea over other CCB. Ireland consumes the more tea per capita than any other country
in the Euromonitor database. Black and fruit/herbal teas are the most commonly consumed teas across
Europe. Sports and energy drinks and RTD teas are consumed at varying amounts across Europe
while RTD coffee consumption is uncommon.

Thirty European countries have published FBDG that consider dietary caffeine sources in some
context. Albania, Georgia, Latvia, and Romania are the only set of guidelines noting the iron inhibitory
effects of coffee and tea. Latvia and Croatia’s guidelines stated that coffee and tea can reduce calcium
absorption. Albania, Latvia, and Portugal were the only FBDG that discouraged the intake of CCB
to meet daily water requirements. Most FBDG that specifically mention limiting soda or the broader
SSB category do so in the context of limiting sugar intake. Energy drinks are discouraged in Malta
guidelines due to their sugar as well as stimulant content. Albania, Belgium, Denmark, Ireland,
Latvia, and Romania advise pregnant and lactating women to minimize consumption of coffee, tea,
or other CCB (≤200–300 mg caffeine/day). Albania, Denmark, Hungary, and Portugal discourage
caffeine intake among children. In Denmark and the U.K., adults are advised to limit caffeine intake to
400 mg/day. In Portugal, this limit is set to 300 mg/day. Netherlands’ guidelines recommend the daily
consumption of three cups of green or black tea on the basis of research showing it reduces risk of
stroke, blood pressure, and possibly diabetes. Similar benefits are stated for coffee consumption, but the
Dutch are only advised to replace unfiltered coffee with filtered coffee due to known cholesterol-raising
substances present in the former. Romania notes that tea is an important source of bioflavonoids with
antioxidant properties that might protect against cardiovascular disease (CVD) but does not provide
recommendations for tea per se. In contrast, Latvia discourages the use of coffee or tea in place of
water or herbal teas for hydration, in part, for mental health and heart disease prevention.

3.5. Latin America and the Caribbean

Carbonated soda (mostly cola-type) and coffee (mostly fresh-brewed) are the most commonly
sold CCB in Latin America and the Caribbean. Argentina and Uruguay are also heavy consumers of
yerba mate [22]. Uruguay has the highest per capita consumption of yerba mate in the world [22–24].
Other CCB are less commonly consumed across this region compared to other regions of the world.

Twenty-six countries of Latin America and the Caribbean have published FBDG with some
mention of dietary caffeine. All countries advised limiting SSB (including soda). Only seven guidelines
made specific reference to coffee, tea or caffeine. Yerba mate was not specifically mentioned in any
FBDG. Pregnant and lactating mothers in Chile are advised to limit tea and coffee intake while
Colombian guidelines advise they avoid energy drinks. In FBDG of Bolivia, Guatemala and Honduras,
coffee, tea, and caffeine more generally, were discouraged as substitutes for water because they are
diuretics, acidic and/or lead to digestive system problems. In Mexican guidelines, non-sweetened
coffee and tea are limited to four cups/day. In Brazil, unsweetened coffee and tea were acceptable
substitutes for water.

3.6. North America

In North America, fresh-brewed coffee and carbonated sodas are the most commonly sold CCB.
Tea (mostly black) and other CCB are common as well. The USA consumed the most carbonated soda
and sports and energy drinks per capita than any other country in the Euromonitor database.
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Canadian and American guidelines for CCB were based on evidence compiled and reviewed,
in part, for the purpose of setting national guidelines [4,25]. Canada’s FBDG include caffeine upper
limits ranging from 45 to 85 mg/day for ages 4 through 12 years, 2.5 mg/kg body weight for adolescents
aged 13+, 400 mg/day for adults, and 300 mg/day for pregnant or breastfeeding women, as well as
women planning to become pregnant. In the USA, three to five cups of coffee/day (providing up to
≈400 mg/day caffeine) is considered safe for adults, yet individuals who do not consume regular
coffee or other caffeinated beverages are not encouraged to begin doing so. Pregnant and breastfeeding
women are encouraged to consult their health care providers for advice concerning caffeine intake.
Sodas and energy drinks are discouraged but more with regard to their sugar content. Caution is also
advised when mixing caffeine and alcohol.

4. Discussion and Conclusions

The goal of the current review was to provide the first world summary of guidelines pertaining to
dietary caffeine consumption. CCB, while major contributors to caffeine in the diet, also present
with other unique nutritional properties. We therefore leveraged existing FBDG since they
emphasize food-specific rather than nutrient-specific advice on healthy diets and are developed
by interdisciplinary teams of experts with many sources of information reviewed in the process [17].
We begin our discussion with country differences in consumption habits that extend the macro-level
consumption data we present in the current report. These are followed by key themes observed
across country FBDG including (i) caffeine-intake upper limits to avoid potential health risks,
(ii) CCB as replacements for plain water, (iii) CCB as added-sugar sources, and (iv) health benefits of
caffeine-containing beverage consumption.

Consumption habits are greatly affected by factors such as geographical origin, culture, lifestyle,
social behavior, and economic status. Although regular coffee dominates over decaffeinated coffee
across countries, coffee brewing methods differ and these are only partly captured by Euromonitor
data used in the current report. While drip filter coffee is the most popular brewing method worldwide,
plunger coffee dominates in northern Europe. Turkish coffee is popular in the Middle East, Greece,
Turkey, and Eastern Europe, and Espresso and Moka methods are the most common in Italy, Spain,
and Portugal [26–37]. Tea habits also vary around the world [38–40]. For example, Western countries
generally drink black tea, made by pouring boiling water over a teabag in a pot or mug and allowing
it to steep before consuming (either with or without milk and/or sugar). In India, Pakistan, and
some Middle Eastern countries, black tea is largely prepared by boiling the black leaves in a pan for
several minutes prior to consumption (often together with water, milk, and sugar). In China and
Japan, the drink is normally prepared from green tea by infusing it in hot (but not boiling) water and
only the second and subsequent infusions are consumed [40]. Yerba mate is consumed in several
South American countries, where it originated, but is less common to other parts of the world [12,22].
Grounded and dried yerba mate leaves and stems are widely consumed in the form of infusions, such as
chimarrão and tererê, prepared with hot and cold water, respectively [15]. Differences in brewing
methods as well as the type and processing of beans/leaves/stems used are relevant since all affect the
sensorial quality and the amount and type of compounds in a “cup” of coffee, tea, or mate [12,15,41].
For example, one needs to consume about three Turkish and five Espresso coffee cups to acquire
the same amount of caffeine in one American cup [41]; details to consider when comparing country
guidelines. In contrast to the aforementioned natural sources of caffeine, there is little evidence, to our
knowledge, in support of a true cultural component to consumption of caffeine-added beverages
such as caffeinated soda and energy drinks. A global and concerning pattern is that caffeine-added
beverages, which have potential health risks and no benefits, are the primary contributors to caffeine
in the diet of children and adolescents [18,42–52].

FBDG respond to a country’s public health and nutrition priorities, sociocultural influences and
food production and consumption patterns, among other factors [17]. Historically, the FBDG have
focused on undernutrition and included guidelines aimed at consuming a diverse diet to address
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energy and nutrient gaps [53]. With time, many FBDG have evolved to include guidelines to support
healthy lifestyle and specific recommendations to target various age groups [53]. In general, FBDG of
some countries such as Sri Lanka, Sierra Leone, and Bangladesh address nutrient inadequacies in the
population [54–59], while those of other countries, such as India, Thailand, Iran, Lebanon, and Brazil,
address the double burden of undernutrition and overnutrition [54,60–65]. FBDG of developed and
high-income countries, much of Europe and North America, are largely intended for prevention
of chronic disease, adverse symptoms, or side effects [25,66,67]. These nutritional priorities partly
determined if and how dietary caffeine sources were incorporated into guidelines.

For infants, children and adolescents, CCB consumption is often simply discouraged in FBDG.
Canada is an exception and provides quantitative upper limits for caffeine intake according to age.
For some countries, such as Nigeria, South Africa, Greece, and Mexico, it is not uncommon to introduce
tea to the diet of children <2 years of age [68–72] and thus caffeine guidelines targeting this age group
are highly relevant. Only thirteen country FBDG, spanning Asia and the Pacific, Europe, Latin America,
and North America, advise pregnant/nursing women to avoid CCB. Eight of these advised specific
caffeine limits, which ranged from 200 to 300 mg/day. Small epidemiological studies report that over
60% of women drink caffeine-containing beverages during pregnancy, but total amounts are generally
below advised limits [23,73–77]. For adults, Denmark, U.K., Portugal, Canada, and USA advise to
limit caffeine intake to 300 or 400 mg/day. FBDG for Australia, Indonesia, New Zealand, Denmark,
Hungary, Malta, Colombia, USA, and Canada state specific concerns for energy drinks, generally
defined as any drink with >150 mg of caffeine/liter, but often contain other bioactive ingredients and
sugar [16,78]. Some guidelines to avoid or limit caffeine intake were based on human or animal studies
of pregnancy outcomes, fetal development, and acute caffeine effects (including diuresis, see below).
Other guidelines were in place as a safety-precaution since the long-term adverse effects of caffeine are
not clear.

Water is essential for life and thus a staple recommendation in all FBDG. Coffee, tea, and yerba
mate are naturally non-caloric beverages and currently make important contributions to total fluid
intake for many countries [79–82], but whether they are suitable substitutes for plain water varies by
country guidelines and likely reflects the nutritional priorities of the country. For example, FBDG of
African countries stress the importance of consuming “enough safe” water as opposed to listing
adequate water-substitutes. They were nevertheless concerned about the iron absorption inhibitory
effects of tannins present in coffee and tea [83–87], as were the FBDG of several countries of Asia
and the Pacific. For some FBDG, whether coffee or tea were adequate water-substitutes was often
dependent on whether the diuretic effects of caffeine were considered significant by the country.
European and North American countries rarely noted these diuretic effects.

Caffeine-containing soda is a major contributor to sugar intake along with other SSB and
implicated in obesity and other metabolic disease around the globe [88]. Guidelines concerning
reductions in soda are thus geared towards reducing sugar intake as opposed to monitoring
caffeine intake. Coffee and tea become significant sources of added sugar and energy in the diet
for countries such as China, Korea, Malaysia, Spain, Italy, Brazil, and Uruguay that prefer to
prepare coffee and tea with sugar and cream, or for countries where instant coffee mixes are highly
consumed [37,43,44,82,89–93]. These habits are often overlooked and may off-set any benefits that
coffee and tea might offer over other beverage types [89,92]. In our review of guidelines, Sri Lanka,
Thailand, Qatar, Bulgaria, France, Greece, Italy, Malta, Poland, Turkey, Brazil, Mexico, and the USA
advised careful attention to the amount of sugar added to coffee and tea.

While there is currently no evidence of health benefits for caffeine-added beverages, recent reviews
concerning coffee, and perhaps tea, suggest some benefits with coffee and tea consumption [6,10]. Some
FBDGs make reference to these benefits and a few of these also provide specific guidelines. In 2015,
the USA dietary guidelines committee reviewed the literature concerning coffee, specifically, as well as
total caffeine on health. Potential benefits of three to five cups of coffee/day were discussed in the
committee’s Scientific Report [25]. The favorable message, however, could not yet be applied to children

165



Nutrients 2018, 10, 1772

or pregnant women or for an equivalent amount of total caffeine (from any source). The Netherlands
also point to benefits of green and black tea consumption and recommend three cups/day. Interestingly,
Poland discourages consumption of black tea in particular, and Latvia discourages the use of coffee or tea
for hydration, in part, for mental health and heart disease prevention. India also provides an in-depth
look at coffee, tea, and caffeine. Coffee and caffeine are viewed negatively and potential benefits with
tea are off-set by its caffeine content. Mexican guidelines classify beverages from the most (level 1)
to the least (level 5) healthy according to their energy content, nutritional value, and risks to health.
Coffee and tea (without sugar) are level 3 beverages, limited to four cups/day. No African studies
encourage coffee and tea consumption for health. Taken together, inconsistencies concerning health
benefits (and risks) of coffee and tea consumption were observed across FBDG and this may be due to
the breadth of research on the topic (function of FBDG development date and country-relevancy) or
nutritional priorities of the country.

Most guidelines pertaining to dietary caffeine are evidence-based but there are some exceptions.
Portugal’s guidelines, for example, state “in tea, the absorption of caffeine is slower than in coffee,
which means the stimulating effect is lower but lasts longer.” Albania guidelines advise menopausal
women to avoid coffee (among other foods/beverages) because it worsens “warming.” Peer-reviewed
literature supporting these statements were often not available. Missing from guidelines was
information on known between-person variation in caffeine metabolism, resulting from lifestyle
or genetic factors [94,95]. However, despite enthusiasm for “personalized-caffeine recommendations,”
further studies are warranted before they can be included in FBDG.

While FBDG help individuals optimize their caffeine habits, many countries regulate caffeine
intake at the food manufacturing level by setting limits to the amount of caffeine added to foods [78,96].
Several countries have specifically enacted measures to regulate the labeling, distribution, and sale
of energy drinks [2,8,97,98]. For example, Denmark, Turkey, Norway, Uruguay, Sweden, Lithuania,
Latvia, and Iceland have banned or restricted sales to children or those <18 years of age, while Hungary
and Mexico apply an additional tax to energy drinks [20,21,99,100]. The USA, Canada, and Mexico
have further restrictions on the sale of caffeinated alcohol beverages [101,102]. In view of the health
risks associated with the widespread consumption of SSB, many national governments have also
taken action to reduce consumption of SSB [20,21,103,104]. While these actions are not targeting
caffeine, per se, they are targeting a subset of SSB that contain caffeine which include colas and
energy drinks. Unfortunately, all policies in place to regulate caffeine intake are challenged by the
fact that major dietary sources of caffeine (i.e., coffee and tea) are exempt since they naturally contain
caffeine [105,106].

Our data collection strategy for dietary caffeine guidelines was systematic and comprehensive
but may be incomplete. We relied on FAO as a starting point which may have missed FBDG of
certain countries or may not have been updated with the latest FBDG. Our approach offered several
opportunities to address the latter. Our efforts to search and contact secondary resources was often met
with limited success. As described elsewhere, the Euromonitor Passport is not a scholarly database and
the data have similar limitations to official government trade and economic statistics [107]. Euromonitor
data capture sales volume only, an imperfect measure of consumption because it does not capture
products distributed through informal food systems or wastage [108]. Moreover, some beverage
categories are not exclusively CCB. For example, sports drinks without caffeine are consumed in
greater quantities than energy drinks and thus contributions to overall CCB by the “sports drinks and
energy drinks” is likely overestimated. However, these data are abundant, less biased than survey data,
and they have been consistently reported across countries and time using standardized measures [107].
Despite these limitations, the current review is a starting resource for country-level guidelines and
consumption data pertaining to dietary caffeine.

In summary, FBDG provide an unfavorable view of caffeinated-beverages by noting their potential
adverse/unknown effects on special populations as well as their diuretic, psycho-stimulating and
nutrient inhibitory properties. Few FBDG balanced these messages with recent data supporting
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potential benefits of specific beverage-types. FBDG can serve to guide a wide range of food and
nutrition policies and programs with the unique opportunity to favorably impact diets and the food
system [17]. FBDG undergo review and revisions in keeping with changes in nutrition priorities of a
country and advancements in nutrition research. We therefore anticipate modifications to guidelines
pertaining to caffeine in future releases of FBDG.
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Abstract: In 2016–2017, we conducted and published a systematic review on caffeine safety that set out
to determine whether conclusions that were presented in the heavily cited Health Canada assessment,
remain supported by more recent data. To that end, we reviewed data from 380 studies published
between June 2001 and June 2015, which were identified from an initial batch of over 5000 articles
through a stringent search and evaluation process. In the current paper, we use plain language to
summarize our process and findings, with the intent of sharing additional context for broader reach to
the general public. We addressed whether caffeine doses previously determined not to be associated
with adverse effects by Health Canada (400 mg/day for healthy adults, 300 mg/day for pregnant
women, 2.5 mg/kg body weight/day for adolescents and children, and 10 g/day for acute effects)
remain appropriate for five outcome areas (acute toxicity, cardiovascular toxicity, bone & calcium
effects, behavior, and development and reproduction) in healthy adults, pregnant women, adolescents,
and children. We used a weight-of-evidence approach to draw conclusions for each of the five outcomes,
as well as more specific endpoints within those outcomes, which considered study quality, consistency,
level of adversity, and magnitude of response. In general, updated evidence confirms the levels of intake
that were put forth by Health Canada in 2003 as not being associated with any adverse health effects,
and our results support a shift in caffeine research from healthy to sensitive populations.

Keywords: caffeine; coffee; systematic review; pregnancy; safety
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1. Introduction

Consumption of caffeine remains a topic of popular interest, but it is also often a cause of
confusion for medical professionals, nutritionists, and the public. The editors of this special issue
of Nutrients, related to the impact of coffee and caffeine on human health, invited us to provide
a summary of the recently published article, “Systematic Review of the Potential Adverse Effects of
Caffeine Consumption in Healthy Adults, Pregnant Women, Adolescents and Children”, for a broad
audience. The large (64-page) systematic review was published in Food and Chemical Toxicology in
April 2017, received much attention in the press, and was chosen “Best Paper of the Year” by the Editors
of the journal [1]. The format of the paper followed a systematic review (SR) approach, which used
an established and recognized framework that was specifically chosen to ensure transparency. Staying
true to this framework required a large amount of documentation, which rendered the paper
groundbreaking in terms of content but perhaps challenging to read and digest. At the same time,
tracking statistics have demonstrated that the general public, in fact, has an interest in the SR findings
with regard to caffeine. Scientific findings lose their value if they cannot be easily comprehended by
diverse audiences. The Institute of Medicine (IOM) also recognizes this fact, and their guidance related
to systematic reviews suggests that plain-language summaries can improve the work’s usability for
general audiences [2]. Thus, the aim of this paper is to provide a plain-language summary of this
important review, and the reader is referred to the original work for full references [1]. We hope that
this approach will allow the findings to be more understandable and help individuals make educated
decisions regarding their (or their patients’) consumption of caffeine.

Caffeine (1,3,7-trimethylxanthine) is a pharmacologically active component of many foods,
beverages, dietary supplements, and drugs. Interestingly, it is also used to treat very ill, often premature,
newborns afflicted with apnea (temporary cessation of breathing) [3]. Caffeine is probably best
recognized for its use as a flavor in cola-type beverages, and for its natural occurrence in some seeds,
such as coffee and cocoa. Coffee is one of the major contributors of caffeine to the diet [4] and it has
been consumed safely for centuries, as have black and green tea. Energy drinks entered the market in
the 1980s, introducing another popular source of caffeine. A number of other caffeine-added products
have also attempted entry into the marketplace, such as maple syrup, beef jerky, donuts, and chewing
gum. These products, with varying degrees of success, have attempted to provide novel sources of
caffeine to the consumer.

The long history of caffeine use and the wide array of new products offered as sources suggest
that consumers continue to desire caffeine’s pharmacological effects. In the last decades, caffeine has
received both favorable and unfavorable attention from various stakeholders, such as the scientific
community, the press, and Non-Government Organizations. Any general internet search yields many
consumer questions related to the health and safety of caffeine. Mixed messaging in the press related
to benefits and potential adverse effects, combined with the possible difficulty of assessing one’s own
exposure to caffeine, can lead to a great deal of uncertainty for the consumer. To address this concern in
the United States, health-care professionals made a public request in the form of a letter to the FDA to
gather data related to overall caffeine safety [5]. As part of this request for more investigation, the IOM’s
Food and Nutrition Board and Board on Health Science Policy hosted a two-day workshop in August
of 2013, entitled, “Caffeine in Food and Dietary Supplements: Examining Safety”. This workshop
provided a public forum for discussion and examination of the potential health hazards of caffeine,
which were later summarized in a large (190-page) publication [6]. The bulk of the data presented at
that time came from the Oak Ridge National Laboratory (ORNL) report that was commissioned by the
FDA [7]. The IOM’s public forum event to discuss caffeine safety was not unprecedented—in the past
couple of decades, many other countries have initiated discussions about the use of caffeine in food
and beverages, with the intent of better understanding the consumption practices and potential safety
concerns (India [8]; Australia and New Zealand [9], Europe [10], and Canada [11]). The European
Food Safety Authority (EFSA) has the most recent publication of such an effort [10].
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Most of the authoritative reviews or discussions mentioned above allowed for some sort of
public and stakeholder input, either via submission of public comments directly or participation in
public forums for discussion, and three major themes or requests continually surfaced: (1) help the
consumer understand how much caffeine is actually in food and beverages (exposure); (2) help the
consumer understand what level of caffeine is safe (risk); and (3) better elucidate what sort of adverse
effects are associated with particular doses (dose-effect). Throughout the discussions and various
publications, another commonality was the repeated references to one particular publication—Nawrot
et al. (2003) [11]—and subsequent references to the suggested “safe values” for ingestion of caffeine
those authors put forward.

Nawrot et al. (2003) [11] is a peer-reviewed publication from Health Canada, which conducted
a narrative, but not systematic, review of scientific literature. We believe that at least part of the
reason this article has been so heavily cited is that it is easy to read and covers multiple areas of
interest related to caffeine. In developing their conclusions, Nawrot et al. (2003) [11] reviewed many
potential adverse-event areas; however, given the voluminous scope, they focused primarily on five
outcomes (1) acute toxicity (defined herein as abuse, overdose, and potential death); (2) cardiovascular;
(3) bone and calcium; (4) behavior; and (5) development and reproductive toxicity. The authors also
touched on genotoxicity, mutagenicity, and carcinogenicity, but these have not been a focal point of
concern for caffeine outside of reproductive toxicity. The authors concluded after conducting their
qualitative review that the consumption of up to 300 mg/day for pregnant women and 2.5 mg/kg
body weight/day for children is not associated with adverse effects. They went on to conclude that an
intake dose of up to 400 mg caffeine/day is not associated with adverse effects in healthy adults [11].
Importantly, since Nawrot et al. [11] was published in 2003, more than 10,000 papers on caffeine-related
topics have been published, and of those, more than 5000 address effects or exposure in humans.
In addition, 800+ reviews related to various human health effects of caffeine have also been published
(nearly all are specific to a particular adverse endpoint category).

With this as background and in light of the wealth of new data in the peer-reviewed literature,
and because Health Canada’s work is so commonly referenced in discussions and debates over caffeine
safety, the goal of our systematic review was to investigate whether or not the Nawrot et al. (2003) [11]
conclusions remain current as an acceptable level of protection to the healthy general public. We chose
the same outcomes for evaluation, because these endpoints reflect importance, as documented in
other comprehensive evaluations [6,10–13], and indicate stakeholder interest. Therefore, it is useful
to determine whether the values that were put forth by Nawrot et al. (2003) [11] remain appropriate
and as such can still serve as a basis to assure the typical healthy caffeine consumer of a reasonable
certainty of no harm. This evaluation also allows scientists to move on from this question and focus
more on sensitive subpopulations that may be at greater risk.

Thus, the need for our systematic review was established. Specifically, our objective was
to determine whether the literature published since the 2003 Health Canada review supports the
conclusion that caffeine consumption at amounts up to 400 mg/day for healthy adults, 300 mg/day for
healthy pregnant women, and 2.5 mg/kg body weight/day for healthy children is not associated with
adverse effects. We also evaluated the consumption of 2.5 mg/kg body weight/day in adolescents,
although this was not specifically addressed by Nawrot et al. (2003) [11].

2. Materials and Methods

The Systematic Review (SR) was conducted using the IOM’s Finding What Works in Health
Care—Standards for Systematic Reviews as guidance [14]. The overall work flow of the systematic
review is shown in Figure 1 and it included problem formulation; developing a protocol; conducting
a systematic search (informed by a librarian) of three databases; screening of literature for
inclusion/exclusion; critically appraising individual studies; conducing endpoint, outcome, and overall
syntheses and weight-of-evidence analyses; and, reporting the systematic review.
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Figure 1. Work flow of the systematic review.

Consistent with IOM recommendations, the first step that is involved establishing a team with
appropriate expertise and experience (Table 1). The project team was composed of eight scientists from
ToxStrategies with a range of expertise, as well as a scientific advisory board (SAB), of which each
member had expertise in an outcome (e.g., cardiovascular) evaluated in the review.

Table 1. Project team and roles for the systematic review.

Entity Description Roles

Scientific Review
Team: ToxStrategies

Scientists with a range of expertise (caffeine,
toxicology, epidemiology, systematic review,

literature searching, etc.)

Develop and perform the systematic
review (SR) (consistency in application of

SR process, independent assessment,
documentation)

Scientific Advisory
Board (SAB)

Multidisciplinary experts (systematic review,
behavior, cardiovascular, bone & calcium,

reproduction & development, acute,
pharmacokinetics—PhDs and MDs from
academic, private, and clinical practices)

Provide input, review, and approval;
develop protocol, conclusions

Sponsor: ILSI
North America

Members of the ILSI-North America Working
Group (additional funding through two

unrestricted grants from the American Beverage
Association and the National Coffee Association)

Budgetary

Develop the Population Exposure Comparator Outcome (PECO). As part of the IOM framework
problem formulation, the specific research question or objective addressed in the systematic review was
based on a “PECO” format (which is different from the PICO (population, intervention, comparator,
and outcome) format that is often used in nutrition and clinical medicine). Specifically, the PECO was:

“For (population), is caffeine intake above (dose), compared to intakes (dose) or less, associated
with adverse effects on (outcome)?” As an example, for healthy adults, the PECO would be,
“For healthy adults, is caffeine intake above 400 mg/day, compared to 400 mg/day or less, associated
with adverse cardiovascular effects?”

The SR focused on five outcomes (Figure 2): acute, cardiovascular, bone and calcium, behavior,
and development and reproduction (further descriptions of the endpoints included within each of
these outcomes can be found in the results section of each outcome. It should be noted and emphasized
that, within each outcome (e.g., cardiovascular), there were many endpoints (e.g., morbidity, mortality,
blood pressure, heart rate, etc.). A sixth outcome, pharmacokinetics (PK), was included as a contextual
topic; the objective was to generally characterize the current understanding of caffeine kinetics and
critically review any information that advances the science. Thus, this topic particularly pertained
to the differences and similarities between our populations of interest, characterization of kinetics in
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children and adolescent populations of interest, and characterization of kinetic parameters (particularly
fast/slow phenotypes) in the context of the outcomes of interest.

 

Figure 2. Populations, dose/intake levels, outcomes, and endpoints evaluated.

Four populations were evaluated: healthy adults, healthy pregnant women, healthy adolescents
(aged ≥12–≥19 years), and healthy children (aged ≥3–<12 years). For all outcomes, except acute,
the daily intake (exposure) values that were evaluated were based on those established by
Nawrot et al. (2003) as acceptable levels of daily intake. Thus, the exposure values (the “E” in
the PECO) were 400 mg/day (10 g for acute), 300 mg/day, and 2.5 mg/kg body weight/day for
adults, pregnant women, and adolescents and children, respectively. Similarly, comparators (the “C”
in the PECO) were ≤400 mg/day for adults (10 g for acute), ≤300 mg/day for pregnant women,
and ≤2.5 mg/kg body weight/day for adolescents and children. Thus, for example, we investigated
whether the literature supports a finding that a daily exposure of 400 mg caffeine per day is safe for
adults (the exposure), or rather, whether the literature supports the safety of daily exposures to less
than 400 mg caffeine body weight per day for adults (the comparator).

Protocol Registration. Consistent with expectations for transparency as part of the framework,
a protocol for each outcome was developed and registered on PROSPERO (PROSPERO protocol
nos. CRD42015026704, CRD42015027413, CRD42015026673, CRD42015026609, and CRD42015026736;
https://www.crd.york.ac.uk/PROSPERO/). Each protocol included: (1) context and rationale for the
review; (2) study selection and screening criteria; (3) descriptions of outcome measures, time points,
and comparison groups; (4) search strategy; (5) procedures for study selection; (6) data extraction
strategy; (7) approach for critically appraising individual studies; and (8) method for evaluating the
body of evidence. The objective of registering a protocol is to make the approach apparent a priori,
as is consistent with the IOM guidelines and standard practice of systematic review.

Literature Search. A comprehensive search strategy was iteratively developed and employed
with the assistance of a librarian who had expertise in the conduct of SRs. Three databases were
searched: PubMed, EMBASE, and the Cochrane Database of Systematic Reviews. DistillerSR
(a software tool that facilitates systematic review) was used for screening and selecting studies, as well
as for documenting the extraction and evaluation of data. It is important to note that, to be included
in the SR, studies had to provide a quantitative estimate or measurement of individual exposure to
a caffeine source associated with an adverse effect. We included many forms of caffeine, such as
coffee, tea, chocolate, cola-type beverages, energy drinks, supplements, medicines, and energy shots.
For included studies, basic information that was reported by the author was extracted from each study
(i.e., direct extraction of information from the text), along with other selected information needed to
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inform the PECO questions (e.g., dose/exposure calculations) that may have required interpretation
by the analysts. For example, the exposure (dose) of caffeine was extracted directly from the studies
when the authors of the studies evaluated caffeine directly or reported findings based on the amount of
caffeine in given sources. In cases where this was not directly reported, the reviewers standardized the
quantity of caffeine; this process was explained in supplementary materials to the original publication,
and the interested reader can find more details there.

Individual Study Evaluation. During extraction of information from an individual study,
the level of adversity (potential for harm) of the endpoints within the study was characterized [15].
That is, the reviewer noted whether the study evaluated a clinical (e.g., morbidity or mortality) or
physiological endpoint (e.g., blood pressure changes), as well as the importance of the effect for
decision making (e.g., mortality vs. blood pressure changes). Additionally, from each study and each
eligible endpoint within a study, specific values were selected or determined in order to compare to the
PECO (i.e., the conclusions of Nawrot et al., 2003 [11]). This involved identifying effect and no-effect
levels. Specifically, we endeavored to establish a lowest-observed-effect level (LOEL), or, preferably,
a no-observed-effect level (NOEL) (e.g., a daily exposure of X caffeine/day was without effects on Y
endpoint in study Z), which could then be used for comparison to the PECO.

Following data extraction, individual studies were assessed for the risk of bias (internal validity)
using the National Toxicology Program’s Office of Health Assessment and Translation (OHAT) Risk of
Bias Rating Tool for Human and Animal Studies [15]. Bias is differentiated from the broader concept
of quality of the methodology and is aimed at assessing the systematic error—a measure of whether
the design and conduct of a study compromised the credibility of the link between exposure and
outcome [14–16]. This approach evaluated what are called “specific domains” based on study type
(i.e., controlled trial vs. observational study). Specific domains related to bias included selection,
confounding, performance, detection/measurement, attrition/missing data, reporting, and other types
of bias. Each domain was rated from “definitely low risk of bias” to “definitely high risk of bias” per
the OHAT tool. These ratings for individual studies were then considered in the weight-of-evidence
assessment when developing conclusions for the endpoint, outcome, and overall (Figure 3).

Figure 3. Review process, from initial evaluation to reaching overall conclusions.

Determination of Weight of Evidence. Following the appraisal of individual studies, the body
of evidence was evaluated using a weight-of-evidence approach for each endpoint, each outcome,
and overall (Figure 3). Similar to the approach and conclusions of Nawrot et al. (2003) [11], the objective
in the weight-of-evidence assessment was not to find the most protective amount or the lowest amount
associated with an effect, per se, but rather, to make a determination that is based on the body of
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evidence as a whole, which included considerations for positive and negative findings, quality of data,
level of adversity, consistency, and magnitude of effect (for studies with effects below the comparator).
The weight-of-evidence approach implemented was based on the framework established by the
IOM [14] and it was complemented by guidance from the National Toxicology Program handbook
on systematic reviews [17], given the specific application to toxicological assessments. We also relied
on the GRADE (Grades of Recommendation, Assessment, Development and Evaluation) process in
determining and implementing our weight-of-evidence approach [18,19].

In evaluating and conducting a qualitative synthesis of the body of evidence, data were described
based on the volume of data above and below the comparator, as well as the types of effects and
quality of evidence of data that are above and below the comparator. An initial level of confidence in
the evidence was assigned based on key features of study design: controlled exposure, exposure prior
to outcome, individual outcome data, and comparison group used [17]. Then, using expert judgement,
a number of additional factors were considered for the overall body of evidence, which yielded
increases or decreases in the confidence level. These factors included the following: overall risk of
bias, indirectness (when the population, exposure, or outcome differ from those in which we were
interested), magnitude of effect, confounding, and overall consistency [17–19]. Consideration of
endpoint importance in terms of the endpoint’s degree of adversity [18,19] was also important in
reaching weight-of-evidence conclusions.

Weight-of-evidence determinations were made by endpoint, outcomes, and overall (Figure 4).
Such determinations were also made by population, because the comparators were different for
healthy adults, pregnant women, and children. Conclusions were developed by categorizing evidence
relative to the comparator (an intake value not associated with adverse effects) as follows: comparator
is acceptable (i.e., evidence supports the Nawrot et al., 2003 [11], conclusions regarding intake),
comparator is too high (i.e., evidence suggests the comparator is too high for a given endpoint),
or comparator is too low (i.e., evidence suggests the comparator could be higher for a given endpoint).
Using a similar approach, conclusions were also developed for the outcome. When developing outcome
conclusions, clinical endpoints with a high level of adversity were given the most weight. Several tools
were used to facilitate and support the weight-of-evidence evaluation, including generation of evidence
tables, risk-of-bias heat maps, summary plots of selected NOEL/LOEL data from individual studies,
and a tabular summary of the confidence in the evidence for each outcome and endpoint. Conclusions
were not developed for endpoints that contained fewer than five studies; in these instances, summary
thoughts were provided, but data were determined to be insufficient to reach a conclusion.

Figure 4. Number of studies that met the SR inclusion criteria and were reviewed for each endpoint.

Transparency in Reporting. All data from the systematic review were placed in a freely available
Agency for Healthcare Research and Quality (AHRQ) Systematic Review Database Repository (SRDR).

3. Results

Throughout this section, the reader is reminded to refer to the original paper for extensive
references [1]. This approach (not including full references here) was chosen to best fulfill the goal of
simplifying the text so that this summary can accomplish its aim—i.e., to provide ease of reading and
understanding for diverse audiences. Figure 5 below summarizes the key findings from each outcome,
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as well as perspective that is related to confidence in the value based on our analysis. The manner in
which these conclusions were reached is discussed in each section for the respective outcomes below.

Figure 5. Summary of the spectrum of data and our endpoint conclusions for healthy adults, weighted
for level of confidence in the body of evidence considering risk of bias, magnitude, consistency,
and other factors. Shading indicates that data reported effects at the corresponding intake level (<400,
400, or >400 mg caffeine/day), and darker shading indicates increased confidence in the body of
evidence (from very low to high). X indicates the SR weight-of-evidence conclusion for the level of
intake not associated with significant health effects. Although effects were observed at exposures below
400 mg (e.g., blood pressure, bone mineral density and osteoporosis), these results did not affect the
overall conclusion of the SR, due to considerable variability in individuals’ sensitivity to caffeine and
potential confounding, and the effects were limited to physiological effects following acute exposure,
and subgroups of clinical endpoints, such as those with low calcium intake. Such effects were generally
of low magnitude, and/or were of overall low or negligible consequence to downstream effects. Several
studies also showed a lack of effects on clinical endpoints at exposures above 400 mg.

3.1. Literature Searching

All databases were searched on 8 June 8 2015. Following removal of duplicates, 5706 records of
human studies were identified. Following committee reviews, internal quality-control efforts, and SAB
review of title and abstract screening, 740 records were carried forward to full text review (Figure 3).
The most common reasons for exclusion during title and abstract review were as follows: outcomes not
included in the SR (e.g., cancer), unhealthy populations, co-exposures (e.g., alcohol), study was focused
on benefit or therapy, and in vitro studies. Following a full text review, a total of 381 studies (plus 46
for contextual pharmacokinetic discussion) were included in this SR relevant to the five outcomes
considered for healthy adults, children, adolescents, or pregnant women. Almost half of the studies
(42%) specifically evaluated caffeine as a source; the majority of the remaining studies evaluated coffee
(21%), tea (12%), and soda (9%) as sources of caffeine, whereas the other studies evaluated caffeine
from energy drinks, chocolate, medicine, and other sources. In 77% of the studies, the exposure (dose)
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of caffeine did not need to be standardized (i.e., the author either evaluated caffeine directly or reported
findings based on the amount of caffeine in the given sources). With respect to study type, more than
half of the studies (63%) were controlled trials. The remaining were observational studies as follows:
cohort studies (14%), case-control studies (9%), cross-sectional studies (5%), and meta-analyses (2%).
Seven percent of the publications were case reports or case series, all of which were associated with the
acute outcome (these were excluded for other outcomes). The majority of the literature (79%) identified
and reviewed the involved adult populations. Literature characterizing the outcomes of interest in
other populations was much more limited, including studies that involved pregnant women (14%),
adolescents (aged 12–19 years) (4%), or children (aged 3–11 years) (2%). Data were extracted by the
research team and rated for risk of bias and indirectness (internal and external validity). Selected no-
and low-effect intakes were assessed relative to the population-specific comparator. See Figure 4 for
the specific number of studies reviewed per outcome.

3.2. Endpoint Evaluation

Results by outcome are discussed below. Often, observational studies relied on food
frequency questionnaires and thus used categorical exposure groups based on self-reported exposure
(e.g., <1 cup/day, 1–3 cups/day). Thus, the studies that directly evaluated caffeine (i.e., low level
of indirectness) were given more weight in the body-of-evidence assessment relative to those that
evaluated caffeine via the consumption of coffee or other substances, such as soda, tea, and chocolate,
which needed to be standardized by the reviewer. It should also be noted that the general lack of
mention of pregnant women in each section, outside of the outcome for reproductive effects, is a result
of the lack of studies investigating this subpopulation. Figure 5 is a graphical depiction of the key
findings discussed below.

To deliver the key findings from the original work in an easy-to-follow format, we have chosen to
omit the original references that are cited extensively in the SR. However, the reader will find that the
summary format follows that of the original text, and full references can be found therein: Food and
Chemical Toxicology 109 (2017) 585–648 [1].

3.2.1. Bone and Calcium

The potential for caffeine to adversely affect bone metabolism was raised in Nawrot et al.
(2003) [11], and this was likely considered as an area of concern due to work that originated in
the 1980s in the lab of Heaney and Recker [20]. This work examined the effect of caffeine on the
calcium economy in the bone, and concerns regarding risk of osteoporosis followed soon after. Because
this was an important outcome of interest raised by Nawrot, we specifically looked for literature
that investigated the relationship between caffeine and risk of fracture and fall, bone mineral density
(BMD) and osteoporosis, and metabolic impacts on calcium homeostasis. The majority of the studies
reviewed evaluated associations between caffeine consumption and BMD or bone mineral content
(BMC); in some studies, these data were also used to characterize osteopenia. Results were found to
vary by bone site. Overall, there were 14 studies that met the inclusion criteria, because they permitted
comparison to the conclusions of Nawrot et al. (2003) [11]. Most studies were observational (including
large cohorts, such as the Nurses’ Health Study), although randomized controlled trials were included
as well, and the study populations were healthy adults (with the exception of one study that also
included adolescents).

In reviewing studies for this outcome, we recognized that calcium intake was a potential
confounding factor that was not accounted for equally in all studies. Effects of caffeine on bone
are most often associated with increased urinary calcium excretion. Altered calcium balance through
perturbing calcium excretion can influence bone mass. However, urinary calcium excretion is affected
by calcium intake, so calcium intake needed to be considered in the analysis. This was reported by
the aforementioned Heaney and Recker (1982) [19], the research group that first identified caffeine
as a potential risk; however, they later concluded that individuals who ingest the recommended
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daily allowance of calcium are not at risk of effects from caffeine on calcium economy of the bone
(Heaney, 2001) [21]. To this end, it is noted that almost 20% of the United States (US) adult population
does not consume the estimated average requirement of calcium [22]. Other important common
variables accounted for in studies included age, weight, body mass index (BMI), other nutrient intake,
alcohol consumption, smoking habits, and physical activity level.

Exposures evaluated in the evidence base ranged from below 20 mg/day up to 760 mg/day.
For risk of fracture and fall, the majority, but not all, of the data demonstrated a lack of effects at
levels below and well above (up to 760 mg/day) the comparator of 400 mg/day, with a moderate
level of confidence. It is worth noting that there was no significant concern for those with adequate
calcium intake. For BMD and osteoporosis, the majority of studies reviewed support a finding that
the comparator of 400 mg/day in healthy adults is not harmful, although more evidence is needed
for effects of caffeine intake above the comparator, because only one study examined such exposure.
Calcium homeostasis was also reviewed, but only two studies met the inclusion criteria, and thus,
no conclusion was developed. No data for children, adolescents, or pregnant women were available.

Weight of Evidence for Outcome. Overall, the recent evidence is consistent with the conclusions
reached by Nawrot et al. (2003) [11] for bone and calcium endpoints. Individual studies generally
had a low risk of bias. When the weight of evidence was considered, 400 mg/day was found to
be an acceptable intake that should not cause concern with regard to adverse effects on bone or
calcium-related endpoints, particularly when individuals are consuming adequate amounts of calcium.
When effects were observed at levels below 400 mg/day, they were physiological effects that followed
an acute exposure, or they occurred in population subgroups; and they were generally of low health
impact Limitations of the data included uncertainty in exposure estimates, ambiguity regarding
calcium intake, and a high level of indirectness. Due to factors such as the consideration of only
females and only one site (as opposed to fracture risk at all sites evaluated), as well as the use of
different consumption groupings by study authors, the uncertainty associated with assessing caffeine
exposure (particularly relative to calcium consumption), and the lack of consistently observed effects
(above or below the comparator), a moderate to low level of confidence was placed on this conclusion.

3.2.2. Cardiovascular

Caffeine is a central nervous system stimulant, and its pharmacological activity involves
non-specific antagonism of the adenosine receptor, which in terms of the cardiovascular system,
produces various effects [23]. For that reason, extensive literature reports both caffeine’s acute effects
(e.g., blood pressure, heart rate) and its chronic effects (e.g., heart disease) on this system. With this
background, we considered the effects of caffeine on mortality, morbidity, blood pressure, heart rate,
cholesterol, and heart-rate variability. A key factor in evaluation of endpoints other than mortality
and morbidity was the consideration of level of adversity, or how much a measured endpoint actually
affects a person’s overall state of health, in both the short and long term. For example, elevated heart
rate, while considered an “adverse effect”, is a temporary state, and occasional increases in heart rate
do not affect one’s overall health status.

Overall, there were 203 studies that, after full review, met the inclusion criteria of the SR, because
they permitted comparison to the conclusions of Nawrot et al. (2003) [11]. A large majority of the
included studies were randomized controlled trials (RCTs), and the remaining were observational
studies, meta-analyses of observational studies, and one meta-analysis of RCTs. Exposure was well
defined in the RCTs, with most studies administering pure caffeine in pill/capsule or liquid form in
a single “acute” exposure or dose, which meant a high level of directness. Often in the clinical studies,
participants had fasted or abstained from caffeine consumption for some number of hours or an entire
day before exposure. Some study designs involved pre-treating individuals, followed by a challenge
of caffeine. Most studies involved healthy adult populations, while only 11 involved children or
adolescents; however, not enough evidence existed for children to reach an overall conclusion for that
population. Most of the controlled trials evaluated few, if any, potential confounders, whereas the
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majority of the observational studies included analyses accounting for many common risk factors for
cardiovascular disease (CVD) (e.g., age, sex, smoking, alcohol consumption, BMI).

Quantified exposures generally ranged from below 50 mg/day to more than 800 mg/day.
About one-half of the data points were below the comparator of ≤2.5 mg/kg body weight in studies
of children and/or adolescents. There was a moderate to high level of confidence, depending on the
endpoint. The endpoint of cardiac mortality was reviewed, and the majority of evidence supports
a conclusion that 400 mg caffeine/day in healthy adult populations is an acceptable intake that is
not associated with significant concern. Even at higher intakes, up to ~822 mg/day, there are no
consistently reported effects on mortality; further, several studies reported findings that suggest
protective effects. Regarding cardiovascular morbidity, when all data were considered collectively,
and considering the greater utility of meta-analyses, evidence supports that 400 mg caffeine/day in
healthy adult populations is an acceptable intake that is not associated with significant effects for this
endpoint. Some studies, including two meta-analyses, reported a lack of effects above the comparator
(suggesting that the comparator is too low). In several cases, associations were observed only in specific
genotypes, highlighting the potential role of kinetic influence on pharmacodynamics (PD; discussed
below in the pharmacokinetics section). No data were available for pregnant women, adolescents,
or children.

Blood pressure was a heavily studied endpoint, with more than 100 controlled trials using
exposures ranging from 50 mg to 1 g/day and considering different aspects of blood pressure. It is
important to note that chronically elevated blood pressure is a known risk factor for CVD [24],
whereas intermittent blood pressure elevations, such as those that are associated with exercise, are not.
Taken together, studies were relatively consistent in demonstrating that exposures to caffeine at intakes
both below and above the comparator of 400 mg/day have the potential to minimally increase blood
pressure (often only a few mmHg) in all the populations evaluated. The biological significance of this
small magnitude of change is difficult to interpret relative to the determination of adversity, because
such a determination is likely to be conditional. When the evidence is considered collectively, findings
suggest that the comparator of 400 mg/day in healthy adults is too high if one is considering only the
potential for caffeine to cause a physiological change in blood pressure (which may or may not be
adverse). However, when considering the small magnitude of changes in this physiological parameter,
as well as the lack of information demonstrating an association between chronic caffeine-mediated
blood pressure increases relative to known cardiovascular risk factors, the comparator of 400 mg/day is
likely acceptable with a moderate to high level of confidence. Regarding the comparator of 2.5 mg/kg
body weight/day in children, findings were mixed with regard to changes in blood pressure (but as
noted above, blood pressure changes may not necessarily be adverse). As in the healthy adult
population, when considering the small magnitude of changes and the lack of association between
chronic caffeine-mediated blood pressure increases and known cardiovascular risk factors, evidence
shifts to support the comparator of 2.5 mg/kg body weight/day with a moderate to high level of
confidence. Additionally, results indicate that it would be prudent to evaluate blood pressure in
children and/or adolescents with significant caffeine intake and consider limiting such intake for those
with significant caffeine-mediated blood pressure rise. There were no data for pregnant women.

Mainly controlled trials evaluated heart rate, with exposures ranging from <100 to 780 mg
of caffeine/day, often evaluated during exercise. Collectively and with a moderate to high level
of confidence, data supported that the comparator of 400 mg caffeine/day in healthy adults is
acceptable in terms of not raising meaningful concern regarding the adverse effects on heart rate.
Heart rate was often, but not always, significantly increased during or after exercise at a wide
range of caffeine exposures, with the reported increase in these studies considered to be a beneficial
(i.e., performance-enhancing) effect (heart-rate increase during exercise is a key mechanism to improve
cardiac output). For children and adolescents, the data support a relationship between caffeine
exposure and decreased heart rate; however, further characterization of exposures associated with
such an effect were difficult, given that changes were observed in studies both below and above the
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Nawrot et al. (2003) [11] comparator of 2.5 mg/kg. Thus, it was determined that the evidence base
was insufficient to render a conclusion regarding appropriateness of the comparator for potential
impacts of caffeine consumption on heart rate in children and adolescents. There were no data for
pregnant women.

Caffeine effects on cholesterol were investigated in controlled trials, with exposures ranging from
180 to 475 mg caffeine/day; relatively consistent data showed a lack of effect of caffeine consumption on
cholesterol at intakes below and above the comparator. This supports a conclusion that, for cholesterol,
400 mg/kg is an acceptable comparator in healthy adults, with a moderate to high level of confidence.
No data were available for pregnant women, children, or adolescents.

Heart-rate variability (HRV) was the final endpoint evaluated in the category of cardiovascular
effects, with a moderate to high level of confidence. Exposures ranging from 40 to 500 mg caffeine/day
were investigated in controlled trials, and most subjects were habitual consumers of caffeine or coffee,
whereas others were relatively caffeine naïve or not specified. Taken together, there was no consistent
effect of caffeine on HRV at intakes below or above the comparator, thus supporting that 400 mg
caffeine/day in healthy adults is an acceptable intake that is not associated with significant change in
heart-rate variability.

Weight of Evidence for Outcome. Overall, the recent evidence is consistent with the conclusions of
Nawrot et al. (2003) [11], and we maintain a moderate to high level of confidence in the evidence base.
Most of the studies were clinical trials that were designed to specifically evaluate caffeine, so the level
of indirectness was low. When the weight of evidence was considered, 400 mg/day was concluded to
be an acceptable intake that is not associated with significant concern for adverse cardiovascular health
effects in healthy adults. In general, evidence for clinical endpoints (mortality, morbidity) indicated
that 400 mg/day is too conservative, and consuming higher amounts of caffeine would still be safe.
While effects were seen for physiological endpoints (e.g., blood pressure, heart rate) at intakes below
400 mg/day, it remains unclear what amount of change would be considered adverse in a clinical
or toxicological context. Data in children and adolescents were limited to 11 studies that evaluated
physiological endpoints. Therefore, it was determined that the evidence base was insufficient to render
a conclusion regarding the appropriateness of the comparator for assessing the potential impacts
of caffeine consumption on cardiovascular outcomes in these populations. The available data for
blood pressure and heart rate are inconsistent; several studies that report physiological changes are
described below.

3.2.3. Behavioral

As discussed in the Pharmacokinetics/Pharmacodynamics section of this article, caffeine is
probably best known for two of the behavioral effects it exerts on the body through antagonism of the
adenosine receptor: increasing mental alertness and vigor. Although it may seem remiss to not include
these effects here, because this systematic review was intended to look only at potential adverse
effects, these mood states were not relevant to the inclusion criteria. Instead, the main categories that
encompass potential caffeine-related adverse effects were mood, withdrawal, headache, and sleep,
which were similar to those that were described in Nawrot et al. (2003) [11]. One newer category
that was not covered in Nawrot et al. (2003) [11] was that of “risk-taking behavior”, which has
become a topic of heightened interest in adolescents and young adults with the rise in popularity of
energy-drink consumption in these cohorts.

After full review, 80 studies met the inclusion criteria of the SR, because they permitted
a comparison to Nawrot et al. (2003) [11] conclusions. The majority of these were RCTs with healthy
adults. For sensitive populations, only five studies were found that met the requirement for quantitative
information; these studies were conducted in children or adolescents, and no studies in pregnant
women met the criteria. In the controlled trials, a large number administered pure caffeine, which led
to a low level of indirectness.
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As has been described elsewhere in this summary, confounding remains an important
consideration. For the endpoint of behavior, confounders, such as smoking, age, and sex,
and sometimes anxiety sensitivity or sleep behavior, were taken into consideration by the authors,
depending on the endpoint objective. Most studies evaluated caffeine intake that fell at or below the
comparator of 400 mg/day, with a quantified exposure range from 60 mg/day up to approximately
1.2 g/day. Overall confidence in this data set was moderate to high.

A number of endpoints represented potential behavioral effects, and for this reason,
major categories were used for simpler designations, and subdivisions within each category were
discussed. For example, the category of “mood” was subdivided to include anxiety and other
general mood states. In studying this endpoint, the majority of studies were randomized controlled
trials, and within the study design, questionnaires, such as the Profile of Mood States (POMS) or
visual analogue scales (VAS), were frequently used to summarize perceptions by subjects. Using this
form, subjects could use common terms such as vigor, depression, fatigue, anger, and confusion,
as well as anxiety, to gauge their mood state. It is important to note that these dimensions represent
nonclinical mood states, and changes to them do not necessarily indicate negative effects. In our
review, we also wanted to note (as did Nawrot et al., 2003 [11]) that, when evaluating anxiety, some of
the potential associated manifestations, such as “tension”, “jitteriness”, “nervousness”, and “worry”,
must be also considered in light of caffeine’s pharmacologic ability to increase alertness and arousal,
and thus, these can be associated effects. Taken together, some but not all evidence, primarily from
RCTs involving single/short-term caffeine exposure (range 70–1200 mg caffeine/day) and subjective
measures of anxiety, suggests that the comparator of 400 mg/day can lead to increases, albeit small,
in measures of anxiety in adults. There were no data for pregnant women.

Tolerance to the stimulant effects of caffeine occurs with repeated dosing over several days,
and this explains why the effects on increased blood pressure are largely temporary and not usually
clinically important in the long term. The opposite of tolerance is withdrawal, which is reported
as sleepiness and fatigue if the usual dose of caffeine is omitted for a day. This has been clinically
recognized by the diagnosis of “caffeine withdrawal” by the American Psychiatric Association (DSM-5,
p. 506) [25].

“Anger” and “confusion” were other subdivisions of mood for which a number of RCTs
used doses ranging from 70 to 1200 mg caffeine. Confusion included difficulty concentrating and
bewilderment or muddled perception. Overall, the data suggest that the comparator of 400 mg/day is
an acceptable daily intake that is not associated with significant concern regarding anger and confusion.
There were mixed findings when doses were administered above the comparator—well-rested
individuals manifested no effect, but at very high doses (1200 mg/day given as 400 mg 3×/day
for seven days), there was a significant increase in POMS anger scores. There were no data for
pregnant women.

Depression and related endpoints were investigated in mostly RCTs, but also a fair number of
observational studies where exposures ranged from 80 to 1200 mg caffeine/day. Similar to Nawrot et al.
(2003), the finding from our review indicated no effects of caffeine, even at very high exposures,
on scores of depression. Taken together, the weight of evidence suggests with moderate to high
confidence that the comparator of 400 mg/day of caffeine is an acceptable intake. A few studies
indicated a decreased risk of depression effect that is associated with exposure to caffeine. There were
no data in pregnant women.

Headache was another category of relevance and interest, due to both “acute” effects and potential
“withdrawal” effects of caffeine. Ratings of headaches (pain or severity), which are often captured via
customized questionnaires or a VAS, were not significantly increased in any of the controlled trials
that evaluated the effect of acute caffeine ingestion doses below the comparator of 400 mg.

For adults, the weight of evidence supports, with a moderate to high level of confidence,
that consumption of ≤400 mg caffeine is not associated with an increase in headaches. However,
like the evidence presented in Nawrot et al. (2003), observational studies do indicate a potential link
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between caffeine use and headache prevalence in some individuals, although some of this effect is
likely due to withdrawal-related symptoms. There were no data for pregnant women.

Sleep was a category divided by subjective and objective categories, because the types of endpoints
evaluated by each metric vary (i.e., different endpoints of sleep). The subjective effects are those that
looked at perceptions of “sleepiness”—mood states, such as fatigue, tiredness, drowsiness, or weariness
that are often measured with POMS or VAS questionnaires. Objective measures included sleep latency,
duration, and efficiency, all of which are quantitated for the night(s) following caffeine intake. Of the
large number of controlled trials that were reviewed, the majority demonstrate that the comparator of
400 mg caffeine/day is acceptable as an intake that is generally not associated with concern regarding
adverse effects on sleep. There were a few cases in which prolonged dosing was associated with
increased fatigue, but the magnitude of these changes was difficult to assess. Caffeine’s mode of action
in the central nervous system (CNS) helps, in part, to explain why most caffeine doses tested in these
studies may indeed provide some benefit on this endpoint by reducing perceived fatigue; however,
higher doses might disrupt sleep and lead to an increase in fatigue when consumed over the course of
several days.

Objective effects of sleep were evaluated in controlled studies and observational studies.
With respect to the data obtained via objective measures of sleep in adults, results indicate that
the comparator of 400 mg caffeine/day is likely too high as an intake, in that it would be expected
to disrupt sleep when administered with the intention to do so. Specifically, ingestion of caffeine,
even at doses below the comparator, can lead to delayed sleep onset and decreases in sleep quality and
efficiency, but this is particularly the case when caffeine is consumed near bedtime. Overall, caffeine at
doses both above and below the comparator might provide short-term benefits to improve perceived
fatigue, but, depending on the dose and timing, may also disrupt sleep, leading to increased fatigue
the following day. There were no data for pregnant women.

The available literature for children and adolescents included in this SR was scant, but the
higher-quality studies suggest no major adverse effects on the observed endpoints at doses near
or less than 2.5 mg/kg. Above this comparator for all mood endpoints (anger, confusion, anxiety,
depression) measured in children and adolescents, it was determined that data were insufficient to
develop refined conclusions regarding the potential effects of caffeine. However, the two studies
identified that fit the criteria for inclusion suggested no effect of caffeine on mood parameters in
adolescents. Regarding headache and sleep, like the other endpoints, it was concluded that there are
insufficient quantitative data to evaluate with confidence the effect of caffeine dose on sleep in children
and adolescent populations. Based on the limited data, and similar to adults, considerations, such as
timing and duration of dose, are likely to be important for these populations. Regarding headache,
for children and adolescent populations, there was not enough information, high quality or otherwise,
to fully evaluate the appropriateness of the comparator. More targeted research is required to identify
sensitive subpopulations in these younger groups, to better quantify the levels at which adverse
behavioral effects are observed, and to better understand the link between caffeine consumption and
adverse effects.

Regarding risk-taking behavior, there is sparse evidence that caffeine is associated with an increase
in risk-taking behavior in adults. This latter effect is a research area that has seemingly attracted more
attention since the work by Nawrot et al. (2003) was published, particularly for younger consumers.
Unfortunately, the majority of these studies did not provide quantitative caffeine values for comparison
to the comparator value of 400 mg/day.

Weight of Evidence for Outcome. When the weight of evidence was considered, the comparator,
400 mg caffeine/day, was found to be an acceptable intake that is not associated with significant
concern for adverse behavioral effects in adults. However, intake below the comparator may affect
some sensitive individuals who are prone to anxiety or sleep disruption. Often, observed effects
below the comparator (e.g., anxiety) were limited to subgroups or the timing of dose (e.g., sleep),
whereas others were complicated by consumer status (e.g., headache and fatigue). For some endpoints
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(depression, headache, sleep (subjective), and anger/confusion), there was largely a lack of effects
reported, and in some cases, data suggested that intakes higher than the comparator were without effect.
There is a moderate to high level of confidence in the body of evidence supporting this conclusion.
Confidence was increased by the overall low risk of bias and low level of indirectness, although
the variability that was introduced by sensitive subpopulations was a key limitation that precluded
a higher level of confidence. It was determined that the evidence base was insufficient to render
a conclusion regarding appropriateness of the comparator (2.5 mg caffeine/day) for the potential
impacts of caffeine consumption on behavior outcomes in these populations. Overall, the body of
literature reviewed for children and adolescents was generally of lower quality when compared to the
data for adults.

3.2.4. Reproductive and Development

Caffeine as a reproductive and/or developmental potential hazard has been and continues to
be a point of much discussion. General searching of the internet suggests that pregnant women
want to know whether they can have caffeine or not. For this outcome, 58 studies were carried
forward as meeting the inclusion criteria of the SR, because they permitted comparison to the Nawrot
et al. (2003) [11] conclusions. All of these were focused on adults, with the majority studying
pregnant women. As opposed to other outcome areas, a large majority of these were observational,
relying on self-reports of caffeine consumption from coffee, soda, and tea in most cases; chocolate,
caffeine-containing medications, and energy drinks were the source in a few of the reports. Many of
these observational studies, such as the Danish Cohort and Birth Defect Registry, used data from very
large, population-based cohorts, meaning that more than 50,000 pregnancies were examined per report.
Figure 6 summarizes the key findings for this outcome.

Figure 6. Summary of the spectrum of data and our endpoint conclusions specific to pregnant women,
weighted for level of confidence in the body of evidence considering risk of bias, magnitude, consistency,
etc. Shading indicates that data reported effects at the corresponding intake level (<300, 300, or >300 mg
caffeine/day), and darker shading indicates increased confidence in the body of evidence (from very
low to high). X indicates the weight-of-evidence conclusion. Although some effects were seen at intakes
lower than 400 mg (e.g., fetal growth, spontaneous abortion), these results did not affect the overall
conclusion of the SR due to considerable variability in findings and potential confounding.

Common variables accounted for in such analyses included maternal characteristics, such as race,
age, weight, BMI, smoking (some using cotinine as a marker), and alcohol consumption. Other factors
that were more specific to endpoints of concern were also considered, such as history of pregnancy or
miscarriage, partner characteristics, family history of condition, gestational age at birth, and maternal
nutrient and supplement intake. Some studies included changes in caffeine consumption during
pregnancy as a variable, although most studies did not. Nausea was evaluated as a confounder in most
studies, although the extent to which information was collected and incorporated varied. Although
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confounding factors need to be considered in all epidemiological studies and they were factored into
the risk of bias for all endpoints, one unique factor affects reproductive studies in particular. This is
a phenomenon known as the “pregnancy signal”: nausea, aversion to smells or tastes, and vomiting
are associated with a healthy pregnancy, which then leads to the avoidance of strong smells, including
coffee. When not properly controlled for, such avoidance can lead to a misperception that the caffeine
(e.g., coffee) is the cause of a pregnancy loss, when in fact, the pregnancy was already in jeopardy,
as manifested by the lack of pregnancy signal (i.e., the mother felt no aversion to strong smells) and is
correlated with low hormone levels [26,27]. Without specific analysis of coffee aversion, it is difficult to
ascertain whether an increased incidence of spontaneous abortion in a study is due to higher caffeine
consumption, or if reduced caffeine consumption is occurring in healthier pregnancies due to the
pregnancy signal (i.e., reverse causation).

Many potential adverse-event outcomes were reviewed, and the confidence in the evaluation of
the comparator varied. The comparator of 400 mg/day was considered acceptable, with a moderate
to high level of confidence on the endpoints of fecundability (the ability to conceive during a given
menstrual cycle), fertility, and male reproductive measures. However, due to significant limitations to
fully accommodate for the pregnancy signal, the confidence was decreased to a moderate level for
the comparator of ≤300 mg/d as an acceptable intake that would be associated with no significant
concern for spontaneous abortion, recurrent miscarriage, and stillbirth. Preterm birth and gestational
age were considered together, and because the data consistently showed a lack of effects, both above
and below the comparator of 300 mg/day, the data suggest that the comparator could be higher.
Fetal growth was an endpoint for which the body of evidence was difficult to assess despite there
being a large number of studies. The biological significance of the birth-weight changes is evaluated
more robustly in studies that assess small for gestational age (SGA) or intrauterine growth restriction
(IUGR). These types of studies, as a whole, did not support effects occurring below the comparator
of 300 mg/d. However, the low magnitude of effect (measures of association between 1.0 and 2.0
for studies below the comparator)—as well as the observation that, in many cases, the effects were
limited to single measures and/or subgroups or were not clinically relevant changes—reduced overall
confidence in the data, suggesting that the comparator may be too high. Many types of birth defects
have been studied for associations with caffeine exposure: cardiovascular malformations, choanal
atresia, cleft lip (with or without cleft palate), cleft palate only, persistent cryptorchidism, and various
other individual birth defects, including anotia/microtia, esophageal atresia, diaphragmatic hernia,
omphalocele, or gastroschisis. For all of these birth defects, there was no association with maternal
caffeine consumption at or above the comparator of 300 mg/day. Additionally, some weak to moderate
but inconsistent associations were reported for anorectal atresia, limb defects, and neural tube defects.
Thus, although the evidence base is broad with respect to the type of birth defects and underlying
etiologies, data were relatively consistent in demonstrating a lack of effects following consumption of
caffeine at intakes up to 300 mg/day in healthy pregnant women. Based on the underlying study types
(observational), low risk of bias, and consistency in findings, there was a moderate level of confidence
in this conclusion.

Mixed findings for childhood cancers (CNS tumor and childhood leukemia) and their association
with maternal consumption of caffeine were attributed to problems with design related to improper
control for recall bias (i.e., the phenomenon of individuals experiencing adverse outcomes tending to
report more exposure than other individuals, even when no difference may exist). That is, it is generally
recognized by epidemiologists that, when asking mothers to recall what they may have ingested during
pregnancy after giving birth to a child with a birth defect or disease, they will try to find a cause.
For this reason, an alternative study design is for both the case and control populations to have adverse
conditions manifested; otherwise, there is a high likelihood of recall bias [28]. Another stronger
study design option would be a nested case-control design with prospective assessment of exposure.
This topic of confounding was acknowledged by both the authors and observers at the International
Agency for Cancer Research (IARC) in the recent review of the potential carcinogenesis of coffee,
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in which IARC concluded that, overall, coffee drinking was unclassifiable as to its carcinogenicity to
humans [12]. The limited number of studies, combined with the significant impact of potential recall
bias, precluded the development of a conclusion for this SR but highlights the need for additional
research that accommodates this significant bias in the future.

Another area of much interest in public forums has been prenatal exposure to caffeine and
subsequent changes in childhood behavior. Only a few studies were included that related to this
endpoint. Because data were limited, and all pertained to different behavioral changes, no conclusion
was developed; however, the lack of effects observed in all studies suggests that this is not an endpoint
of concern. A number of studies that were included in the review (meeting criteria) fell into the
category designated as “other reproductive endpoints”, because only one study was identified per
endpoint. These included pregnancy-induced hypertension and/or preeclampsia, and median age at
menopause, as well as maternal stress.

Weight of Evidence for Outcome. The current body of evidence characterizing this endpoint is
generally consistent with what was reported by Nawrot et al. (2003); the majority of studies included
in the SR do not report reproductive or developmental effects at levels below the relevant comparator.
Although effects below 300 mg/day (or 400 mg/day, in the case of males and nonpregnant females)
cannot be ruled out with the currently available data, the effects seen at these levels were primarily
limited to isolated reports of congenital malformations [29,30] or childhood cancers [31,32], and the
findings were of relatively low magnitude.

3.2.5. Acute Toxicity

Acute effects that are associated with caffeine consumption can include a wide spectrum of
symptoms, with headache, nausea, vomiting, fever, tremors, hyperventilation, dizziness, anxiety,
tinnitus, and agitation at the milder end of the spectrum [33]. More severe effects resulting from
caffeine intoxication can include abdominal pain, altered consciousness, rigidity, and seizures, as well
as abnormal heart rhythms and reduced blood flow to the heart [34]. Many of these changes would
be expected at very high doses, considering caffeine’s ability to stimulate the central nervous system,
among other physiological effects [35].

In the SR, we investigated studies addressing death or non-lethal effects following an acute
exposure [1]. Acute toxicity as an outcome of interest for the systematic review was defined as abuse,
overdose, and potential death due to caffeine. Forty-six full-text papers were reviewed, and 26 were
found to meet the criteria, because they permitted comparison to the conclusions of Nawrot et al.
(2003) [11]. All 26 were case reports or case series, most of which were associated with emergency
department (ED) visits and/or suicide-related events. This was the only endpoint in the systematic
review for which case reports were allowed; while the SR authors recognize that these types of reports
are not generalizable (because they investigate one incident and not trends within a population),
more robust types of data were not identified for this endpoint.

Of the 26 included, the majority of reports were in adults, with four covering adolescents and
two evaluating pregnant women. All of the reports involved very high doses of caffeine (up to 50 g)
being delivered over a very short time frame, and in most reports, the authors delivered only brief
discussions of the amount of caffeine ingested. In about one-half of the reports, caffeine was consumed
as a powder or tablet (sleep aid), and the remaining reports involved energy drinks, with a few
involving cola. Coffee and green tea received mentions, but they were not the major sources of caffeine
in these intoxications. However, confidence in exposure characterization was low, due to mainly
self-reporting with corroboration of friends/relatives as the source. Because Nawrot et al. presented
10 g as the acute lethal dose, 10 g/person was the comparator [11].

Key Findings Described in the Body-of-Evidence Characterization: Overall, the current body
of evidence related to acute toxicity of caffeine is generally consistent with what was reported
by Nawrot et al. (2003) [11], which suggests the potential for death following acute exposures of
approximately 10 g of caffeine. The review of the data also supports a lack of nonlethal acute effects
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at or below exposures of 400 mg/day. However, there is very low to low confidence associated with
this conclusion because of the reliance on case reports, ambiguity of exposure levels, and high risk of
bias (e.g., case reports are not published when there is no effect). It is notable that each case appeared
to have a unique spectrum of adverse events, although vasospasm, seizure, mania, hypokalemia,
and muscle weakness were commonly reported. Nearly all of the case reports describing fatalities
involved caffeine powder and tablets, whereas the case reports that were associated with other acute
(non-lethal) effects generally involved rapid consumption of caffeinated beverages over a short time.

3.2.6. Caffeine Pharmacokinetics (PK) and Pharmacodynamics (PD)

Simply put, PK refers to the rates of absorption, metabolism, and excretion of caffeine, and PD
refers to the effects of caffeine upon the body. In general, the PK/PD of caffeine is well understood;
however, we were particularly interested in any new science with respect to differences and similarities
between populations of interest, in the context of the five main outcome areas. The review found that
most recent research has been in the area of caffeine metabolism focused on how one’s own genetic
makeup leads to interindividual differences in how caffeine is handled by the body.

The most common PK/PD topic reviewed was in relation to how small nucleotide polymorphisms
(SNPs) have been characterized, further helping to elucidate individual differences in caffeine
metabolism and even consumption practices. This type of work evaluates changes at the allele level
in genes and the resultant changes in how one’s body handles exposure to caffeine. As an example,
caffeine is a known antagonist of the adenosine receptor, and research has shown that the ADORA2A
gene encodes specifically the adenosine A2A receptor; polymorphisms in this gene can affect individual
sensitivity to caffeine. Effects can include different sensitivities in feelings of anxiousness following
decreased caffeine intake. A fair amount of pharmacogenomic research pertains to two other alleles
that are commonly studied: CYP1A2*1F (variant rs762551, genotype AA) and the CYP1A2*1K alleles.
These alleles are of interest, because they are associated with increased and decreased caffeine
metabolism, respectively. Our findings suggest that epigenetic trends or effects, including further
characterizations of SNPs believed to be associated with consumption practices (e.g., self-regulation),
as well as specific effects, including several behavioral endpoints (i.e., mood, tolerance, withdrawal),
can be important when interpreting overall findings, as well as future endeavors, to characterize
sensitive effects or sensitive populations.

4. Discussion

The article, “Systematic Review of the Potential Adverse Effects of Caffeine Consumption in
Healthy Adults, Pregnant Women, Adolescents and Children [1]”, summarized herein, provides
a comprehensive assessment of evidence in the peer-review literature regarding caffeine safety. Results
demonstrated that the conclusions from Health Canada established in 2003 [11] still hold true today.
That is, moderate caffeine consumption—up to 400 mg/day in healthy adults, 300 mg/day in healthy
pregnant women, or 2.5 mg/kg body weight/day in children and adolescents—is unlikely to be
associated with adverse effects. The Special Issue of Nutrients afforded us the opportunity to provide
a plain-language summary of the systematic review, thus improving the usability of the SR for
health-care professionals and consumers of caffeine.

Serious considerations were given to the strengths and weaknesses of the systematic review.
Key strengths included: (1) Use of the systematic review format based on IOM standards (IOM,
2011) [14]; this format imparts transparency and rigor to the review process (and subsequent confidence
in the overall assessment); (2) Assessment of five health outcomes (reproductive and developmental
toxicity, behavior, cardiovascular, bone and calcium homeostasis, and acute toxicity); (3) Assessment
of four populations (healthy adults, healthy pregnant women, healthy adolescents, healthy children);
(4) A large evidence base (>5000 studies considered for eligibility, >381 included across the five
outcomes); (5) A multidisciplinary team consisting of subject-matter experts and systematic-review
experts; (6) Full transparency in analysis and reporting via the registration of systematic review
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protocols on PROSPERO, use of the AHRQ Systematic Review Data Repository, and open access to
both this summary and the systematic review publication in Food and Chemical Toxicology. Additionally,
the review sponsor supports a website containing all relevant resources (http://ilsina.org/caffeine-
systematic-review-2017).

Weaknesses of the systematic review included: (1) The large volume of information reviewed
precluded the ability to discuss or present all aspects of each study (e.g., all findings, critical appraisal
of individual study strengths and limitations); (2) The evidence base was complex and heterogeneous.
Study design and reporting varied widely, both within an outcome or endpoint and between outcomes
and endpoints; for example, different methods were used to assess caffeine intake, or different
approaches were used to measure effects on sleep; (3) Limitations in the overall evidence base did not
allow for an assessment of chronic exposures for all endpoints evaluated in the review; for example,
data from studies that reported physiological endpoints (e.g., blood-pressure changes) were most often
obtained from short-term (often single-exposure) controlled trials; (4) Not all study designs properly
controlled for confounding; (5) Various sources of potential bias (pregnancy signal and recall bias)
were discussed briefly here, but the reader is also referred to an article in this special issue devoted
solely to this topic [27]; (6) Difficulties encountered in characterizing exposure (discussed in more
detail below).

One of the largest areas of uncertainty in the underlying body of evidence assessed herein,
and one of much interest to the consumer, is that of exposure. In the case of the SR, confidence
in the characterization of exposure for each individual study was not high. Several of the caffeine
sources that were included in the SR are complex mixtures with other potentially active compounds,
and the amount of caffeine within each source can be highly variable. This is a problem for coffee
in particular [4], which was the primary substance evaluated in >20% of studies assessed in this SR.
To address this, we attempted to standardize this metric in the SR. It should be noted, however, that the
evidence also contains a large number of controlled trials in which exposure was well characterized,
although these studies were associated primarily with physiological endpoints. Providing consumers
with information that is related to caffeine levels contained in specific products (e.g., better product
labeling) will help them to make educated decisions regarding their personal exposure level.

From recent literature, one can see that other aspects of caffeine consumption are important
to consider when determining caffeine safety; for example, the conditions under which various
sources of caffeine are consumed and whether caffeine consumption is habitual or not. Our SR
evaluated consumption of total caffeine amounts within a day; however, as consistent with the
kinetic behavior of caffeine, effects may vary based on how the caffeine is consumed within
a day. The most dramatic examples of this are the case studies that report lethality events that
are associated with rapid and excessive consumption of capsules or powders (the comparator for
lethality (10 g) is equivalent to ~100 cups of coffee). This concern is supported by recent FDA activity
designating pure or highly concentrated caffeine in powder or liquid as unlawful (FDA guidance, 2018;
https://www.fda.gov/newsevents/newsroom/pressannouncements/ucm604485.htm). Therefore,
it is important for the consumer to understand such nuances of exposure. To that end, considering the
wide array of caffeine-containing products in the marketplace, and hence, the potential for exposure
to caffeine, the consumer’s own perception of the effects of caffeine and self-limitation will remain
an important area of research. A recent review by Nehlig (2018) [36] provides insight into consumer
self-limiting based on objective (what caffeine does to the body that may not be recognized by the
consumer) and subjective effects (the caffeine effects sought by the consumer) of caffeine. Further
research will likely continue in the area of interindividual sensitivity and consumption practices,
as related to genetic makeup [37].

Based on our findings, we would suggest that any discussion with consumers or patients should
consider the magnitude and level of the adversity of effects. That is, the pharmacological effects of
caffeine are anticipated to cause certain physiological changes and thus require some characterization
of the level of significance to health (because not all physiological changes are adverse). An example
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is that caffeine intake is expected to result in increased alertness, which is often desirable; however,
under some conditions (such as prior to bedtime), this is an adverse effect, leading to difficulty sleeping.
Another good example is that, while data suggest that caffeine intake can result in changes to heart
rate or blood pressure, it is less clear at what level these effects are clinically significant.

The findings of the SR support the safety of standard consumption practices in the United States,
because both mean and upper-end estimated intakes (mean of 165 mg/day and 90th percentile of
395 mg/day, all ages) are below the comparator value evaluated herein. Findings of this assessment,
however, also confirm that there is no “bright-line” safe exposure, because potential effects depend
on many conditional factors; further, there is some limited evidence that self-regulation reduces
consumption [38]. With regard to child and adolescent populations, limited data were identified;
however, based on the available studies reviewed, there is no evidence to suggest a need for a change
from the recommendation of 2.5 mg/kg body weight/day. Our review supports that additional
research would be valuable in this area, as well as in other areas that were identified as having
insufficient information—a finding similar to that of other investigators (e.g., Ruxton 2014 [39]).
This includes more research on effects in sensitive populations and establishing better quantitative
characterization of interindividual variability, as well as subpopulations (e.g., unhealthy populations,
those with preexisting conditions), conditions (e.g., co-exposures), and outcomes (e.g., exacerbation
of risk-taking behavior) that could render individuals at greater risk relative to healthy adults and
pregnant women.

In addition to the area of self-regulation mentioned above, this work identified other suggested
research areas, listed here per outcome area. Bone & calcium: more research in non-adult populations
as well as a better understanding of caffeine’s effects on physiology and the role of calcium would be
valuable. Cardiovascular disease: a better understanding of dose-response relationships following
chronic exposure for some endpoints (e.g., endothelial function and heart rate variability) would be
useful. Additionally, for certain physiological effects, research should better characterize what, if any,
magnitude of change may be considered harmful. Behavior: more research is necessary on children
and adolescents; particularly with regards to caffeine’s effects on sleep and risk-taking behavior.
It would also be helpful if more consideration for/or a better understanding of the effects of caffeine
withdrawal on these endpoints. The are no data available on pregnant women that fit the quantitative
inclusion criteria, so studies designed to account for this would be beneficial. Finally, investigating
a better understanding of the effects of caffeine on anxiety and sleep in sensitive subpopulations as
well as in individuals with polymorphisms (e.g., ADORA2A) would be of use. Reproductive and
developmental: more research is necessary to understand the effect of caffeine on childhood cancer
and childhood behavior with properly designed/controlled studies. In addition, more consideration
and accounting for the pregnancy signal would be beneficial. Overall, as noted for all outcomes,
better exposure characterization in pregnant women to reduce measurement error, which continues to
be a major challenge for observational study design, would be valuable. Acute: the main identified
research need in this area is improved exposure characterization; testing of blood concentrations would
prove valuable.

5. Conclusions

In conclusion, the results of the SR support the guidance values that were characterized over
a decade ago by Health Canada [11] and reinforce integrative assessments from other authoritative
groups (EFSA, 2015) [10]. Recognizing that individuals may differ in their own level of sensitivity to
caffeine, our conclusions, as well as those of Health Canada, are intended to provide guidance on safe
levels of consumption for healthy consumers.
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Abstract: Caffeine (CAF) is widely consumed across sport and exercise for its reputed ergogenic
properties, including central nervous stimulation and enhanced muscular force development.
However, expectancy and the related psychological permutations that are associated with oral CAF
ingestion are generally not considered in most experimental designs and these could be important in
understanding if/how CAF elicits an ergogenic effect. The present paper reviews 17 intervention
studies across sport, exercise, and cognitive performance. All explore CAF expectancies, in conjunction
with/without CAF pharmacology. Thirteen out of 17 studies indicated expectancy effects of varying
magnitudes across a range of exercise tasks and cognitive skills inclusive off but not limited to;
endurance capacity, weightlifting performance, simple reaction time and memory. Factors, such as
motivation, belief, and habitual CAF consumption habits influenced the response. In many instances,
these effects were comparable to CAF pharmacology. Given these findings and the lack of consistency
in the experimental design, future research acknowledging factors, such as habitual CAF consumption
habits, habituated expectations, and the importance of subjective post-hoc analysis will help to
advance knowledge within this area.

Keywords: Caffeine; placebo; sport; exercise; health; expectancy; cognitions

1. Introduction

Caffeine (CAF) is amongst the most frequently used psychoactive substances in the world [1–6].
Approximately 90% of adults consume CAF in their everyday eating/drinking patterns [7].
Furthermore, three out four British athletes consume CAF prior to competition [2]. CAF can be ingested
from natural sources (e.g., coffee and chocolate beans, tea leaves, kola nuts, etc.) or can be artificially
synthesized and included in food and drinks (e.g., energy drinks/gels) [2]. CAF may improve
numerous cognitive and behavioural mechanisms that are associated with successful sport, exercise and
cognitive performance, including: alertness, concentration, energy levels, and self-reported feelings
of fatigue [8,9]. CAF has also been observed to improve sport, exercise and cognitive performance
directly [2,3,7,10]. Typically, the ergogenic effects of CAF have been observed with doses ranging from
3–9 mg/kg/body mass (BM) [11]. However, some individuals may be liable to CAF’s anxiogenic effects,
whilst others are susceptible to its ability to induce sleep disturbances and insomnia [11–14], and these
effects may have substantial ramifications on the quality of exercise recovery, training, and preparation
for sports competitions or general training. CAF consumption has also been observed to increase
blood pressure [15], heart rate [16], and the production of catecholamines, the latter of which have
been reported to damage myocardial cells and increase the risk of myocardial infarctions, especially
during exercise performance, whereby catecholamine total volume is already augmented [17].
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Nutrients 2018, 10, 1528

It is likely that the effects of CAF are mediated by various interpersonal factors, such as age,
the use of other drugs or medications (e.g., alosetron, adenosine, deferasirox etc.) that may interact
with CAF’s effects, circadian factors/time of ingestion, in some instances the development of CAF
tolerances (whereby a greater dosage is required to elicit the same physiological effect, as previously
consumed lower dosages), and genetic predispositions [18,19].

Genetic predispositions may influence the acute and chronic responses to CAF ingestion both
directly and indirectly. For example, genetic transcription of the AA allele of the CYP1A2 gene and
subsequent mobilisation of the enzyme p450 has been reported to increase CAF metabolism, whereas a
single base change of A to C at position 734 within intron 1 may decrease enzyme inducibility [20–22].
As such, individuals with the AA allele are considered as fast metabolisers, whereas those with the AC
and CC alleles are considered slow metabolisers [20,21]. Slower CAF metabolism may increase the
plasma half-life of CAF, potentially augmenting the previously ascribed risks to exercise and health
states [11–16,23,24]. In some populations, these genetic differences are significantly more prominent,
for example, females exhibit reduced CYP1A2 activity versus men, and females who are taking the oral
contraceptive pill may be at even greater risk due to the ability of both oestrogen and progesterone to
inhibit CYP1A2 activity [25,26]. CAF half-life has also been observed to extend up to 16 h in pregnant
females, which may pose a risk to foetus health and development [21]. Polymorphisms may often
go unnoticed until the debilitative effects of slower CAF metabolism have already manifested, this is
unless individuals are genetically screened or are made aware of such a condition [27,28].

The aforementioned health concerns are typically problematic following consumption of
pharmacologically active caffeine. However, the psychological permutations (e.g., changes in
motivation, determination, belief, mood states, etc.) that are associated with expectancy of oral
caffeine consumption may influence sport, exercise and/or cognitive performance comparably versus
caffeine pharmacology, but significantly reduce any risks to health [1,4,6]. Expectancy is closely
associated, and in some instances assumed to have a direct relationship with, the placebo effect [29–31].
It is suggested by manipulating the degree of expectancy, subsequently placebo efficacy might
increase [32,33]. According to expectancy theory, placebo effects are mediated by explicit (consciously
accessible) expectations that are influenced by factors, such as verbal information and observational
learning [31]. Positive and negative expectations may generally influence the effectiveness of an inert
intervention by resulting in either a facilitative (placebo) or debilitative (nocebo) response [34,35],
although some contradictory findings have been observed [4,36,37]. Expectations may also influence
the magnitude of effect observed after administration of pharmacologically active agents. Indeed,
previous research advocates when compared in isolation, the synergistic effect of the pharmacological
and psychological influence of nutritional interventions lead to the greatest improvements in sport,
exercise and cognitive performance [3,6,30]. Within the context of sport and exercise nutrition,
expectancy has been implicated following deceptive administration of anabolic steroids [38,39],
carbohydrates [40,41], amino acids [42], sodium bicarbonate [29,30], super oxygenated water [43],
and creatine monohydrate [44].

At present, the psychological permutations that are associated with caffeine are largely
unaddressed in most experimental designs but could be as important as caffeine pharmacology
in understanding if/how CAF elicits an ergogenic response on sport, exercise, and/or cognitive
performance. Furthermore, caffeine expectancies may represent an alternative to caffeine pharmacology,
which could prove particularly useful to individuals predisposed to caffeine’s debilitative health
concerns. For individuals who are not predisposed to caffeine’s debilitative health concerns, synergism
of caffeine psychology, and pharmacology may present the greatest ergogenic benefit. However,
in contrast to biological sensitivity that is associated with adenosine and/or ryanodine receptors,
expectancies and beliefs may be trained and/or manipulated, which may further enhance any
ergogenic benefit.
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Therefore, the primary purpose and novelty of the current systematic review is to analyse
and explore existing literature regarding the effects of CAF expectancies on sport, exercise, and
cognitive tasks [45,46] (e.g., The Bakan vigilance task, congruent, incongruent stimulus tasks, card
organisation tasks, rapid visual information processing tasks, etc.) that are considered to be important
determinants of skills (including concentration levels, attentional focus, information recall, memory,
simple motor speed performance, and many more [47,48]) associated with successful sport, exercise,
and cognitive performance. These cognitions may also improve an individual’s ability to learn
psychological (imagery, self-talk, muscular relaxation methods etc.) and performance specific skills
(passing, dribbling during soccer, etc.) [49–51].

The inclusion criteria for the current review entailed studies with a primary aim of exploring CAF
expectancies across sport, exercise, and/or cognitive performance (i.e., participants are administered
an experimental/inert intervention, whilst being informed correctly/incorrectly with respect of its
purpose). Various databases were searched (i.e., Google Scholar, Sport Discus, Research Gate) with
search criteria including terminology such as “caffeine expectancy”, “caffeine placebos” and “caffeine
deception”. Where applicable secondary search criteria were included and consisted of terminology,
such as “sport”, “exercise”, “cognitions”, and “mental processing”. If databases did not provide this
option, then primary and secondary search terminology were amalgamated. Finally, the reference
sections of select papers were also used to inform this process. In total, 17 studies fulfilled this
criterion and were subsequently included. This review is therefore split into two sections; Section 1
explores CAF expectancies and sport and exercise performance (Table 1), whilst Section 2 explores
CAF expectancies and cognitive performance (Table 2).

2. CAF Expectancies and Sport and Exercise Performance

Beedie et al. [45]

The improvements in cycling capacity following CAF expectancies in Beedie et al. [45] were
comparable to the administration of CAF reported elsewhere. However, the study design that
was employed did not entail CAF consumption therefore no direct comparisons were made.
No significant differences were observed for any physiological variables which indicates the
mechanisms underlying these results were not mediated by substantial changes in effort. To further
explore the potential mechanisms, two semi-structured interviews nota bene (N.B.) before and after the
experimental deception was revealed) were performed exploring participant expectancies, and they
were subsequently analysed using inductive content analysis [52].

Four out of seven participants indicated that they believed CAF would positively influence
their performance. Five participants reported changes in subjective perceptions associated with
CAF, with dose-dependent increases in aggression, vigour, and energy following the consumption
of CAF-LOW and CAF-HIGH, respectively. Some participants even misinterpreted better starts
to exercise performance because of CAF ingestion, which augmented feelings of motivation and
effort [6], with one participant suggesting ‘oh great, well I’ll press a little bit harder and I’ll go a
little bit faster’ (page (p). 2161). Six participants provided perceived mechanisms that are associated
with CAF. These included; reductions in pain perception, belief-behaviour relationships (enhanced
expectations resulting in changes in behaviour), increased attentional and physiological arousal. Yet,
no clear relationship between expectancies and performance effects emerged. This may be due to
only 67% of participants believing that they had ingested CAF. Had a design been adopted that more
effectively manipulated expectancies, then this figure would be closer to 100%. This may have been
achieved through a double-dissociation design, which is considered to be the most suitable design
when exploring CAF psychology and pharmacology [37,45]. The double dissociation design includes
four groups representing a placebo (given placebo (PLA)/told PLA (GP/TP)) and the pharmacological
(given CAF/told PLA (GC/TP)), psychological (given PLA/told CAF (GP/TC)) and synergistic effect(s)
of CAF (given CAF/told CAF (GC/TC)) on the dependent variable(s) assessed. When compared
to experimental designs non-inclusive of deceptive administration (e.g., traditional single-blind and
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double-blind protocols), participant beliefs are intentionally manipulated in accordance with the
experimental purpose, which reduces the discrepancy of individuals guessing which supplement they
have ingested. If uncontrolled, this might cause overlaps between pharmacology and expectancies,
making it difficult to delineate the individual effects of these properties.

Foad et al. [36]

Foad et al. [36] suggest that the low magnitude of effect for GP/TC may be attributable to a lack
of counterbalancing. Due to a clearly distinct taste in CAF containing saline solutions GC conditions
always preceded GP. Therefore, the differences in taste and potential reductions in perceived side
effects may have raised participant suspicions and lowered expectancies during GP. This issue may
have been augmented as participants were considered moderate CAF consumers and may have
consciously expected CAF associated symptoms [6]. Alternatively, the reduction in mean power
output (MPO) following synergism of CAF belief and pharmacology could be attributed to reductions
in conscious efforts that are associated with an overreliance on CAF’s ergogenic effectiveness (this
notion is later supported by Tallis et al. [37]). Unfortunately, post-hoc analysis was not performed
therefore these explanations remain speculative. Implementation of post-hoc analysis is fundamental
to gain a greater understanding of the mechanism(s) associated with expectancy. This can be achieved
via the use of questionnaires [30], visual analogue scales [46], and verbal feedback mechanisms (e.g.,
interviews, private Dictaphone logs, etc.) [45]. Within the current review, only two studies [45,46]
performed post-hoc analysis to subjectively explore these mechanisms.

Pollo et al. [53]

A greater placebo effect was observed following implementation of acute conditioning procedures,
and this was likely mediated by greater reductions in perceptual fatigue. The authors suggest these
results underline the role of learning during the placebo response, and the importance of habituated
expectancies that may be influenced by previous CAF experiences. Unfortunately, only 4/17 studies
explored habituated expectancies in the current review [37,54–56]. Alternatively, these results may
have been influenced by methodological limitations that are associated with a between-subjects
design. This design entails various inter-participant differences (e.g., genetics, age, gender, personality
traits, etc.) that have been observed to influence CAF metabolism [25,26]. For example, while no
significant differences were observed in anthropometric variables, weight lifted or 1 repetition
max (RPM), personality differences were not accounted for and may have influenced placebo
responsiveness [37]. Moreover, coffee contains over 1000 compounds, of which many have undergone
negligible investigation regarding their influence on sport, exercise, and cognitive performance [57].
Therefore, there remains a potential for other ingredients to have impacted these results.

Duncan et al. [46]

In line with previous findings [6,36,45], ratings of perceived exertion (RPE) [58] was significantly
greater during PLA versus CAF and control (CON) [46], which may indicate a nocebo effect.
The nocebo effect has been observed to overestimate the placebo effect by causing greater disparity
between expectancies and beliefs [59]. Future studies should aim to neutralise expectancies during
PLA which may reduce the prevalence of nocebo responses and improve the reliability of comparisons.
Moreover, the techniques used to manipulate expectancies are yet to be validated. Alternatively, these
results may have been influenced by daily variation. A study by Smith et al. [60], devoid of any
experimental manipulation observed similar deviations in repetitions performed (+4) during knee
extension at an even greater exercise intensity (70% 1 RPM). Additional repetitions at higher exercise
intensities may indicate greater daily variation at lower exercise intensities, due to enhanced fatigue
resistance [37]. These results may have also been influenced by learning effects (as no familiarisation
sessions were performed) and/or the provision of a minimum recovery period of 24 h. Bishop et al. [61]
suggests resistance trained male individuals should be provided a minimum of 48 h recovery between
sessions, with 72 and 96 h considered optimum. In contrast, participants in Duncan et al. [46] were
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provided between 24 and 72 h of recovery. However, an expectancy effect cannot be ruled out,
as post-hoc analysis revealed 88% of participants expected CAF to have an ergogenic effect on exercise
performance. Additionally, during CAF, all of the participants reported either CAF-related symptoms
or performance effects (with some participants reporting both). This suggests, perceived CAF
consumption resulted in relative psychosomatic symptoms, which could have augmented expectancies
and subsequently improved exercise performance [6].
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Duncan et al. [62]

Duncan et al. [62] explain that their results may be explained by reduced priori expectancies
associated with GP/TP. However, only 3/12 participants correctly identified GP/TP, whereas seven
correctly identified GC/TC. These differences are likely related to the perception of CAF symptoms.
Saunders et al. [6] suggests habitual CAF users will likely display greater habituated expectancies
versus CAF naive individuals, and the perception of side effects may catalyse beliefs to a greater extent
in these individuals. This further supports a relationship between CAF pharmacology and psychology
and explains why GC/TC conditions generally result in the greatest ergogenic benefit [3]. Alternatively,
the aforementioned discrepancies also indicate an issue with the efficacy of expectancy manipulations,
which are necessary to uphold the integrity of the double-dissociation design. Once more, this issue
may be associated with a lack of validation for the techniques that are used to modulate expectancies.
Moreover, these results may be due to learning effects associated with a lack of familiarisation sessions,
or the use of a single blind study design, which has been observed to overestimate the placebo effect
versus double blind administration due to experimenter bias [63,64].

Tallis et al. [37]

Using a 10-point Likert scale (−5 representing very negative and +5 very positive effect),
all participants in Tallis et al. [37] expected CAF to improve performance at the beginning (mean
+3.09 ± 0.44) and end of exercise (mean +3.18 ± 0.42). Interestingly, when participants perceived CAF to
have a greater performance benefit, there was a negative association in peak force of the knee extensors
at 120◦ per second for GP/TC versus GP/TP. These results suggest that a greater perceived benefit may
deduce a smaller practical significance whereas lower perceived benefits may have greater practical
significance. This theory is in contrast to Geers et al. [65], who concludes that perceived optimism
or pessimism will facilitate a placebo or nocebo response, respectively. In contrast, Tallis et al. [37]
suggest an inverse relationship between expectations and motivation with too positive an expectation
resulting in over reliance of CAF ergogenicity and reductions in conscious effort. Therefore, for the
greatest performance benefits expectations may need to be modulated to an optimum point (much like
the inverted U-hypothesis proposed by Yerkes & Dodson [66]), and this point might differ individually
(based on belief and concurrent level of motivation), temporally and experientially.

Saunders et al. [6]

In contrast to previous observations [36,45,62], the findings of Saunders et al. [6] suggest that the
correct identification and subsequent expectation of a placebo does not influence exercise performance.
The variances in these findings might be associated with differences in participant perceptions
being associated with placebo efficacy. Like CAF expectancies, a relationship may be plausible
between placebo expectancies and performance effects [67]. However, in the current review no
studies explored placebo expectancies. Moreover, when assessing the influence of CAF psychology
and pharmacology, post-exercise expectancies influenced by perceptions related to the experimental
manipulation are often overlooked, but should be considered as significant as pre-exercise expectancies
for subsequent bouts of exercise. This was evident through a relationship between CAF expectancies,
perceived symptoms (e.g., tachycardia, alertness, trembling), and improvements in mood states during
exercise, with participants feeling “better” and “less tired” (p.7). These perceptions may have been
further influenced, as participants were considered aware of CAF’s ergogenic impetus and may have
anticipated CAF-related symptoms. Consequently, this may have enhanced expectancies and improved
cycling performance. However, a relationship between habituated CAF consumption and expectancies
should not be assumed and instead assessed independently as some contradictory findings have been
observed [4,36,37].

3. CAF Expectancies and Cognitive Performance

Fillmore & Vogel-Sprott [56]
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Four types of events are relative to the type of expectancy effects observed, these are; the stimuli
that are associated with administration of the drug, the stimulus effect of the drug, the drugs effect
on a symptom/sensation related to the activity, and the subsequent outcome [56,57,68]. Post-hoc
analysis revealed that all participants in the current study believed they had received caffeinated
coffee, and the expectation for a positive/negative performance effect generally correlated with
the type of symptom/sensation experienced. For example, individuals with positive expectancies
felt more alert, whereas individuals with negative expectancies felt less alert and more tense.
Moreover, the differences in these perceptions were directly affiliated with successful/unsuccessful
psychomotor performance [56]. These findings postulate that expectancies may mediate CAF-related
symptoms/sensations, and these symptoms/sensations might be influenced by the direction of
expectancy and the performance measure employed. The authors suggest that expectancy effects are
more likely experienced by individuals who hold neutral habituated expectancies due to a greater
responsiveness to expectancy manipulation techniques employed. More salient techniques may be
required for individuals who hold greater habituated expectancies (e.g., false performance feedback,
vicarious performance observations that are associated with CAF, etc.) [36,37].

Walach et al. [69]

The lack of expectancy effect observed by Walach et al. [69] might be explained by various
methodological limitations. Firstly, the perception of a five-minute ingestion period may have been
deemed insufficient by participants, especially as elevated CAF levels are detected in the blood stream
between 20–120 min [70]. This issue may have been compounded as participants were considered
regular CAF consumers and may have held habituated expectancies regarding CAF metabolism [6].
Post-hoc analysis revealed only 50% of participants believed the cover story used with 15% discovering
the deception employed. Secondly, the consumption of exogenous CAF may have influenced these
findings, especially as CAF half-life ranges from 1.5–9.5 h [71] and participants were asked to avoid CAF
only 4 h prior to trials. This issue seems a reoccurring theme [55,72]. Thirdly, the concentration tasks
that were deployed involved participation in video games on a desk computer. 1/6% of participants
had no experience with video games and 28% did not work with a computer. Therefore, a lack of
understanding for the tasks employed may have influenced these findings.

Walach et al. [54]

Subjective expectancies were considered to be neutral at baseline and they were not augmented
by the experimental manipulation employed. The authors attribute this to the low suggested dose
of CAF used (one cup of coffee). However, the low a priori expectation observed at baseline suggests
that participants held neutral beliefs regarding CAF ergogenicity from the onset. In distinction to
the postulate of Saunders et al. [6], these findings propose that habitual CAF consumption may not
necessarily indicate habituated expectancies. Therefore, future research should explore habituated
expectancies independently. Alternatively, these findings may have been influenced by the success of
the expectancy manipulation employed with 16% of participants describing it as somewhat believable
and 11% second guessing the true nature of the study. In contrast, Fillmore & Vogel-Sprott [56]
observed performance effects across participants who displayed low a priori expectancies, however,
a more successful expectancy manipulation procedure was confirmed. Finally, it is unclear whether
the limitations that were described in Walach et al. [69] were addressed in this study.

Oei and Hartley [55]

It is unclear whether ‘told CAF’ refers to given CAF/placebo conditions. Likewise, it is difficult
to interpret the information that was provided during ‘given CAF’ conditions. Yet, if told CAF
conditions refer solely to expectancies, then the results of Oei and Hartley [55] suggest that positive
habituated expectancies can improve sustained attention performance comparably versus CAF
pharmacology. These findings are in contrast to Walach et al. [54] who observed no performance
effect in individuals displaying low a priori expectancies. However, in the current study subjective

204



Nutrients 2018, 10, 1528

expectancies were modulated through the use of verbal feedback and open preparation of solutions.
The latter technique was also used by Fillmore & Vogel-Sprott [56] who also observed expectancy effects
but in individuals displaying low a priori expectancies. This observation supports the notion that more
salient manipulation techniques could exert greater expectancy effects. Habituated expectancies may
significantly influence the ergogenicity of CAF expectancies, therefore further information regarding
the origin of these beliefs is required, as it is likely personal and vicarious experiences associated with
CAF, social factors (sports cultures etc.), and perceptions influenced by advertisement campaigns will
likely prove influential here [6,73,74].

Schneider et al. [75]

The authors attributed the lack of expectancy effect that observed to the dose of CAF used,
which may have been insufficient to stimulate central nervous activity or expectancies, especially if
participants were accustomed to consuming greater quantities whereby a physiological tolerance
may have been developed to lower dosages [76]. However, no information regarding habitual
CAF consumption was provided, therefore this cannot be confirmed. This seems a reoccurring
theme [45,46,53]. It is important for future research to explore participants’ dietary habits and
habituated expectancies to elucidate whether a relationship exists between these factors, and if so,
why contradictory observations are prevalent [6,54,56]. This may be associated with the techniques
used to manipulate expectancies. Similar to Walach et al. [54,69] who also observed no expectancy
effect, the current study also used leaflets to describe CAF’s ergogenic benefit. In contrast, when visual
techniques (e.g., presentations, watching coffee brewed, etc.) were used, an expectancy effect was
always observed [36,55–77] and successful expectancy manipulation was confirmed whenever this
was explored.

Harrell and Juliano [4]

Harrell and Juliano [4] explored the effects of caffeine expectancies on reaction time, alertness
and concentration which have been observed to enhance performance across a range of sports (e.g.,
soccer, rugby, boxing) [78–80]. The induction of side effects (e.g., episodes of headaches and negative
somatic effects) and prevalence of CAF withdrawal symptoms were considered more substantive
during “told impair” conditions. The authors suggest compensating for these debilitative perceptions
and reverse any performance declines individuals may have increased conscious effort. Alternatively,
participants in “told enhance” conditions may have become over confident resulting in reductions
in effort [37]. In support of this notion, post-hoc analysis revealed that all participants believed the
deception employed and general expectancies for improved cognitive performance were greater in
“told enhance” versus “told impair” conditions. This observation is supported by Tallis et al. [37] and
further contradicts the notion of a linear relationship between expectancies and performance [65].

Moreover, the benefit that is associated with CAF pharmacology may have been overestimated due
to the potential reversal of withdrawal symptoms (N.B. participants were described as experiencing
CAF withdrawal symptoms from the onset of this study) [81–83]. Interestingly, CAF only ameliorated
these symptoms during “told enhance” conditions, with “given CAF/told impair”, resulting in greater
perceptual side effects and withdrawal symptoms versus all other conditions. It is unclear why similar
effects were not observed for “given PLA/told impair”. We speculate, during “told impair” conditions,
CAF’s stimulatory properties may have augmented the perception of side effects and withdrawal
symptoms experienced and induced a reverse nocebo effect. This advocates an interesting relationship
between beliefs and CAF side effects. However, further research is required.

Elliman et al. [3]

The findings of this study propose, when explored in isolation, neither CAF pharmacology nor
psychology influenced reaction time. However, in combination performance improved which may
further advocate a potential synergistic-relationship. For example, a possible lack of pharmacological
stimulation associated with GP/TC may have induced suspicions and limited expectancies. Likewise,
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if the information that was relayed to participants during GC/TP was not kept neutral, any reduction
in a priori expectancies may have reduced motivation and induced a nocebo response. Alternatively,
it is possible that the performance benefits that are associated with GC/TC may also be related to
the reversal of withdrawal effects, which are only applicable to habitual CAF consumers [3]. In line
with Harrell and Juliano [4], this further supports the notion that CAF expectancies may influence
the perception of symptoms/sensations associated with its use. However, this remains speculative,
as subjective perceptions were not explored and no significant differences were observed across
mood states.

Dawkins et al. [72]

The findings of Dawkins et al. [72] are in contrast to Elliman et al. [3], however, various
methodological differences may account for these discrepancies. For example, participants in the
present study were considered CAF abstinent only 2 h prior to trials which is considerably less
than the 12 h in Elliman et al. [3]. Subsequently, expectancy effects would have been less likely
masked by the reversal of CAF withdrawal. However, CAF abstinence 2 h prior to trials suggests
exogenous CAF may have influenced these results, especially as consumption rates were not checked
at any point. Moreover, participant body mass was undisclosed, but it is unlikely that the 75 mg
dosage of CAF used fell within the previously defined ergogenic range (3–9 mg/kg/BM). Absolute
doses of CAF also present difficulties in regulating subjective CAF intake, which may negate CAF
pharmacology, especially if between-group anthropometry is not standardised. Furthermore, because
this dosage represented habitual CAF consumption, the development of CAF tolerances cannot be
ruled out [84]. Therefore, these results may indicate that CAF expectancies are not limited by the
development of pharmacological tolerances and individuals may not need to increase habitual dosages.
Moreover, the success of expectancy manipulations may partly depend on an individual’s ability to
perceive consumption of pharmacologically active CAF, which is less likely following lower dosages.
This notion is supported in the current study as no participant guessed the true nature of the research.
In contrast, the dose of CAF consumed was substantially greater during Elliman et al. [3], and the
authors did not confirm successful expectancy manipulation. Finally, participants in TP conditions
reported less vigour and greater depression from pre-drink to post-drink; therefore, a nocebo effect
cannot be ruled out. The opposite was observed for TC conditions.

Denson et al. [77]

The strength model of self-regulation [84] explains that self-control and composure rely on
executive control capacity, which during cognitively demanding tasks can be temporarily depleted.
Once participants become depleted, they will be less able to control emotional impulses, which may
inhibit mental function (e.g., decision making, awareness etc.) and subsequently impair sport, exercise,
and cognitive performance [85].

Denson et al. [77] suggest caffeine expectancies provided participants a cognitive boost and
increased motivation. However, it is unclear why similar results were not applicable to CAF.
Alternatively, CAF may have increased physiological arousal through central nervous stimulation,
which may have augmented feelings of aggression and subsequently reduced executive control
capacity. This would support the findings of Harrell and Juliano [4] and it may represent a link
between perceptions of side effects, the direction of expectancy, and the resulting benefit/lack of
benefit on the outcome measure(s) assessed. To further assess the effect of CAF on executive control
capacity, future studies should explore subjective perceptions and include a cognitively demanding
outcome measure (e.g., Stroop task, Bakan vigilance task, BATAK, etc.). This would help to triangulate
the link between expectancies, executive control capacity, and cognitive performance more effectively.
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Domotor et al. [86]

Knowledge of CAF consumption augmented general expectancies and reduced SBP (5 mmHg)
and HR (3 bpm), versus uncertainty of CAF consumption. Reductions in physiological arousal
have been observed to improve cognitive function and attention [87], however, it is unclear whether
this was mediated by expectancies or another mechanism, as CAF is generally considered to be
stimulatory in action. Alternatively, the concept of uncertainty in group 3 may have increased blood
pressure, which could also help to explain this discrepancy [88]. Alternatively, these results may have
been influenced by methodological limitations, including a between-subjects study design, a lack of
counterbalancing, and familiarisation sessions.

4. Discussion

This review has addressed seven intervention studies relating to CAF expectancies within the
sport and exercise literature, and a further 10 studies relating to measures of cognitive function that
may be indirectly affiliated with sport and exercise performance. With respect to the 17 studies
included, potential expectancy effects were implicated across 13 studies and these were for tasks
including cycling [6,36,45,62], knee extension performance [37,46,53], attentional focus [55,72,77],
simple reaction time [4,55], and cognitions [3,55,56,72,77]. This review advocates the importance for
future studies to implement experimental designs that explore expectancies and the psychological
permutations associated with CAF. This will provide further clarity regarding CAF’s mechanism(s) of
action. At present, these psychological permutations remain largely unaccounted for but may be as
influential as CAF pharmacology [6,72].

Where applicable, we propose the use of a double dissociation design and a mixed methods
approach for studies assessing caffeine expectancies and/or generic caffeine intervention studies.
With respect of generic caffeine intervention studies, it is important to standardize expectancies to
prevent overlaps between caffeine psychology and pharmacology. This will increase the reliability
when attempting to denote the true magnitude of effect for caffeine pharmacology. A double
dissociation design not only permits direct comparison of CAF pharmacology and psychology through
the use of active placebos, but also the synergistic effect of both. Within the current review, during the
adoption of a double-dissociation design, synergism of CAF pharmacology and psychology generally
resulted in the greatest performance improvements. A relationship between these properties is
plausible. However, at present, limited information is available here and further research is required.
A mixed methods approach entails quantitative analysis of the performance parameters employed,
but also qualitative exploration of the psychological permutations associated with CAF. As previously
described this can be achieved via the use of questionnaires [30], visual analogue scales [46], and verbal
feedback mechanisms [45].

Participant expectancies may be influenced by a host of experimental and non-experimental
parameters and should therefore be considered dynamic in nature and explored across studies, as the
experiences during one trial may affect subsequent trials. Additionally, perceptions have been observed
to change from pre to post exercise [6]. Henceforth, the implementation of post-hoc analysis is
important to understand the influence of expectancies across studies. Subjective post-hoc analysis
could also provide further information regarding the influence that inter-personal differences may have
on placebo responsiveness. To our knowledge, no studies have yet employed a double dissociation
design in combination with subjective post-hoc analysis to explore expectancy mechanisms. We believe
implementation of these methodological practices will help to elucidate further information regarding
CAF expectancy.

Expectancy effects are likely mediated by a variety of factors. Within the current review examples
included perceived side effects [3,6,56,72], habituated expectancies [37,45,46,54–56], confirmation
of successful expectancy manipulation [4,36,37,45,46,56,72,75], pre-existing CAF consumption
habits [37,55], and the mode of expectancy manipulation [36,62,72,75,86]. Visual stimuli were
always correlated with an expectancy effect [36,55–77], irrespective of the performance measure
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assessed. In contrast, when literature describing CAF ergogenicity was employed, an expectancy
effect was never observed during cognitive assessment [54,69,75], but always observed for sport
and exercise performance [46,53,62]. Two studies exploring cognitions proposed issues with the
success of expectancy manipulation [54,69], whilst the other did not explore this [75]. Verbal
affirmations [3,4,37,45,72,86] resulted in an expectancy effect of 75% and 100% of the time, for cognitive
and sport and exercise performance, respectively. Three studies [4,72,86] exploring cognitions
confirmed successful expectancy manipulations following verbal affirmations; this is in contrast
to the lack of success observed following the provision of literature. Only one study used multiple
techniques to modulate expectancies, and an expectancy effect was observed alongside confirmation of
successful expectancy manipulation here [36]. These findings suggest that, although expectancy effects
were always modulated during sport and exercise performance, visual depiction of CAF ergogenicity
might represent the greatest expectancy benefit during cognitive performance and this may be linked to
greater saliency [36,37,56]. In contrast, the provision of reading material proved least influential. Future
studies should confirm the success of expectancy manipulations and validate the efficacy of techniques
used to modulate these expectancies. Moreover, a lack of validation and general consideration is also
apparent when administering ‘told placebo’ conditions. Studies should aim to neutralise expectations
here. If this issue is unaddressed a nocebo response may occur which may subsequently overestimate
CAF expectancies [6,46]. Alternatively, inclusion of a 5th group (CON), which is not subjected to an
experimental manipulation, might also assist with this issue.

Thirteen out of 17 studies used individuals who were considered habitual consumers and
expectancy effects were apparent in 10/13. A trend was observed when habitual CAF consumption
and positive habituated expectancies were correlated with 2/2 studies observing an expectancy
effect [37,55]. However, when individuals displayed a low a priori expectation (2/4) [54,56], expectancy
effects were only observed following confirmation of successful expectancy manipulation. In comparison,
four studies did not confirm participants’ habitual CAF consumption habits [45,46,53,75], with three
observing expectancy effects. Two of these studies did however confirm habituated expectancies for
performance effects [45,46]. Future studies should acknowledge the potential relationship between
habitual CAF consumption and habituated expectations. However, expectancy effects may also be
observed in individuals with low a priori expectations following successful expectancy manipulations.
The relationship between habituated expectancies and consumption habits may also hold implications
regarding health states. For example, in some populations, habitual CAF consumers are at an increased
risk of the debilitative health concerns versus acute consumers. Yet, these individuals may also reap a
greater expectancy benefit due to potentially greater habituated expectancies [6]. However, too great
an expectation may prove debilitative to performance by potentially increasing motivation/confidence
to a point of debilitation [4,36,37]. Practitioners may therefore wish to consider factors (e.g., personality
characteristics, social factors, etc.) that might influence the placebo effect, and how these may be
managed to optimise the effectiveness of interventions. The perception of side effects was correlated
with an expectancy effect during four studies [3,4,56,72] with only one study observing no effect [74].
However, the direction of these effects seemed to depend on individual perceptions for a positive or
negative performance benefit.

Within the current review 12 studies attempted to explain the mechanisms associated
with expectancy effects. Some examples included: feelings of side effects and physiological
arousal [4,45,46,86], changes in mood states [45,77], reductions in the perception of effort [45,46,53],
changes in motivation [4,37,45,77], and the nature of habituated expectancies and beliefs [6,45,46,56,62].
However, only two studies [45,46] performed post-hoc analysis to subjectively explore these
mechanisms further. These mechanisms may be multifactorial and depend on a range of subjective
factors inclusive of advertisements, beliefs, living experiences, and social relationships [6,89]. However,
it is likely that individuals who share similar personal and/or sport culture(s) may utilise comparable
mechanisms due to aligned beliefs [6,73].
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5. Conclusions

To conclude, 13 out of 17 studies in the current review indicated expectancy effects of varying
magnitudes across a range of exercise tasks and cognitive skills. These results support the notion
that the psychological permutations associated with oral caffeine consumption may significantly
influence caffeine ergogenicity and it may be as significant as caffeine pharmacology. Given these
findings, we encourage future studies exploring the influence of caffeine expectancies on sport,
exercise, and/or cognitive performance, to utilize the double dissociation design that permits direct
comparisons between caffeine pharmacology versus psychology and may inform caffeine’s proposed
mechanism(s) of action to a greater extent. This recommendation is also particularly relevant to
generic caffeine intervention studies where at present caffeine’s psychological permutations are
largely overlooked, but it may significantly influence any ergogenic response. However, to effectively
employ such comparisons, future studies should assess the success of expectancy manipulation,
which is likely influenced by various inter-personal factors including habitual caffeine consumption,
habituated expectancies, and the social profile of participants used. These factors may be explored
through the use of questionnaires and/or interview procedures. Furthermore, the techniques used
to modulate expectancies are also important to the success of expectancy manipulation, however,
at present, these require validation. Finally, it is fundamental to employ qualitative analytical
techniques, including the use of questionnaires and post-hoc analysis to gain a greater understanding
how expectancies are modulated and more importantly how they may influence sport, exercise,
and cognitive performance.
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Abstract: Emerging research has demonstrated that genetic variation may impact physiological
responses to caffeine consumption. The purpose of the present review was to systematically recognize
how select single nucleotide polymorphisms (SNPs) impact habitual use of caffeine as well as the
ergogenic and anxiogenic consequences of caffeine. Two databases (PubMed and EBSCO) were
independently searched using the same algorithm. Selected studies involved human participants and
met at least one of the following inclusion criteria: (a) genetic analysis of individuals who habitually
consume caffeine; (b) genetic analysis of individuals who underwent measurements of physical
performance with the consumption of caffeine; (c) genetic analysis of individuals who underwent
measurements of mood with the consumption of caffeine. We included 26 studies (10 randomized
controlled trials, five controlled trials, seven cross-sectional studies, three single-group interventional
studies and one case-control study). Single nucleotide polymorphisms in or near the cytochrome P450
(CYP1A2) and aryl hydrocarbon receptor (AHR) genes were consistently associated with caffeine
consumption. Several studies demonstrated that the anxiogenic consequences of caffeine differed
across adenosine 2a receptor (ADORA2A) genotypes, and the studies that investigated the effects
of genetic variation on the ergogenic benefit of caffeine reported equivocal findings (CYP1A2) or
warrant replication (ADORA2A).

Keywords: polymorphism; anxiety; ergogenic; adenosine receptor; cytochrome P450; caffeine;
pharmacogenomics

1. Introduction

Caffeine (1,3,7-trimethylxanthine) is one of the most widely used drugs in the world and
is available in many mediums for consumption. The pharmacokinetics and pharmacodynamics
of caffeine have been well studied [1]. Caffeine metabolism occurs primarily in the liver via
the cytochrome P450 system (CYP1A2) [2]. The CYP1A2 proteins are encoded by the CYP1A2
gene, and CYP1A2 activity is induced when aromatic hydrocarbons bind the aryl hydrocarbon
receptor [3]. Caffeine acts as an adenosine antagonist via competitive inhibition [4], and research
in mice has demonstrated that blockade of adenosine 2a receptors (encoded via ADORA2A gene)
may potentiate dopaminergic neurotransmission [5]. It is biologically plausible that variations in
the CYP1A2 and aryl hydrocarbon receptor (AHR) genes impact the metabolism of caffeine and thus
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subsequent physiological concentrations of caffeine achieved. Further, it can be hypothesized that
variations in the ADORA2A gene may impact caffeine-adenosine 2a receptor binding characteristics
and thus downstream dopaminergic neurotransmission. Recently, the effects of single nucleotide
polymorphisms (SNPs) in the aforementioned genes on caffeine use and metabolism have been
investigated [3,6,7].

With the widespread consumption of caffeine-containing beverages, the health consequences of
these beverages are of particular interest to researchers. For example, the chronic consumption of coffee
has been associated with cognitive performance and cardiovascular health [8,9]. The identification
of predictors of habitual caffeine consumption may prove useful to epidemiologists and health
professionals. To date, several SNPs, such as the CYP1A2 (rs2472297) and AHR (rs4410790, rs6968554),
have been implicated in habitual use [10]. Further, while caffeine is generally well tolerated, some
individuals report feelings of anxiety following consumption [11]. Recent investigations have explored
the effect of variations in the ADORA2A and CYP1A2 genes as a potential explanation for caffeine’s
anxiogenic impact in some individuals [6,11,12].

Athletes have long utilized caffeine as an ergogenic aid [13]. Research has demonstrated that
3–6 mg kg−1 of body mass mildly improves exercise/physical performance [14–16]. Nonetheless,
investigators have reported equivocal findings, with some reporting interindividual variation in
ergogenic responses to caffeine within their subject pools [17–19]. Earlier work has demonstrated that a
Single Nucleotide Polymorphism (SNP) in the CYP1A2 gene (rs762551) led to differing rates of caffeine
metabolism across genotypes in smokers [3]. Recently, researchers have examined the influence of this
specific SNP and select others on the ergogenic benefit of caffeine [20,21].

To our knowledge, investigators have not systematically recognized studies evaluating the effects
of indexed and unknown SNPs in biologically plausible genes on physiological responses to caffeine
across scholarly disciplines. Such a systematic review may provide a basis for further interdisciplinary
approaches and future directions. Therefore, the purpose of the present review was to systematically
investigate the impact of select SNPs on the ergogenic and anxiogenic consequences, and habitual use,
of caffeine in humans.

2. Materials and Methods

2.1. Search Strategy

The Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA)
guidelines [22–24] were followed. Two databases [PubMed and Medline (EBSCO)] were independently
searched by two investigators (J.L.F and P.C.D) up until 5 July 2018 using an appropriate algorithm
(Figure S1). Any conflicts in the searching procedure were resolved through consensus, while the
searching results were reviewed and sorted to identify relevant publications to the topic under review.

2.2. Selection Criteria

The studies included in this review involved human participants and met at least one of the
following criteria: (a) genetic analysis of individuals who habitually consume caffeine; (b) genetic
analysis of individuals who underwent measurements of physical performance with the consumption
of caffeine; (c) genetic analysis of individuals who underwent measurements of mood with the
consumption of caffeine. Included studies displayed outcomes regarding SNPs associated with
habitual caffeine consumption, relationships between certain SNPs, and relationships between caffeine
consumption and mood. We excluded animal studies, reviews, conference proceedings, and editorials;
however, we screened the reference lists of such publications and of the retrieved articles for relevant
papers. The list of the included studies (n = 26) is available in the data extraction table (Table 1),
while the list of the excluded studies (n = 3512) is available in Figure S2.
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2.3. Risk of Bias Assessment

Two reviewers (J.L.F. and P.C.D.) independently evaluated the risk of bias of the non- randomized
controlled trials (RCT) via the 13-item tool developed by the Research Triangle Institute (RTI),
Evidence-based Practice Center [24]. This tool has previously shown median interrater agreement of
75% [43] and 93.5% [44]. The risk of bias of the RCTs was assessed via the “Cochrane Collaboration’s
tool for assessing risk of bias” [45]. Conflicts in the risk of bias assessment were resolved by two
independent referee investigators (E.J.R. and A.E.C.).

2.4. Data Extraction and Analysis

The results of the data extraction procedure are shown in Table 1. Data extraction was performed
independently by two investigators (J.L.F. and E.J.R.), and conflicts were resolved by a referee
investigator (A.E.C.). For all included studies, we extracted the first authors’ name, year of publication,
design of the studies, participants’ characteristics (i.e., number, sex, age, health status, and intervention)
and the main and secondary outcomes, including results from statistical analyses. A qualitative
synthesis of the retrieved evidence was completed thereafter.

3. Results

The reporting of the available information in this systematic review is shown in a PRISMA
checklist in Figure S3.

3.1. Searching Procedure Results

The entire search yielded 3532 records. Of these, 2115 were duplicates; therefore, 1417 were
initially screened to exclude reviews, conferences and editorials (n = 387). Consequently, 1033 records
were assessed for eligibility, with 20 studies meeting the inclusion criteria. Finally, an additional
six records were added manually. The searching outcome is presented in a PRISMA flow diagram
(Figure S4).

3.2. Characteristics of the Included Studies

The characteristics and the results of the included studies are presented in Table 1. Of the included
26 studies, 10 were RCT (38%), five were controlled trials (CT) (19%), seven were cross-sectional studies
(CSS) (27%), three were single-group interventional studies (13%), and one was a case–control study
(CCS) (4%).

3.3. Risk of Bias Assessment

The risk of bias assessment results can be found in Tables 2 and 3, and a summary of the results are
displayed in Figures 1 and 2. For the RTCs, eight showed an unclear risk of bias for random sequence
generation [11,12,31,36,38,39] and two showed a low risk of bias [21,33]. For allocation concealment,
six studies were classified as showing an unclear risk of bias [6,11,12,20,31,36,38,39] and two showed
a low risk of bias [21,33]. Seven studies demonstrated an unclear risk of bias for the blinding of
participants and researchers [6,11,12,20,31,33,36], although the studies stated that the participants
were “blinded”, and three displayed a low risk of bias [21,38,39]. Six studies were categorized as
having an unclear risk of bias for the blinding of outcome assessment [6,12,21,31,38,39], and four were
categorized as being a low risk of bias [11,20,33,36]. One out of the 10 RCTs [21] showed an unclear
risk of bias for incomplete data, while the others displayed a low risk of bias. Finally, all 10 of the RCTs
were categorized as having a low risk of bias for selective reporting and other bias.

222



Nutrients 2018, 10, 1373

T
a
b

le
2
.

R
is

k
of

bi
as

as
se

ss
m

en
tu

si
ng

th
e

C
oc

hr
an

e
C

ol
la

bo
ra

ti
on

’s
To

ol
.

F
ir

st
A

u
th

o
r

R
a
n

d
o

m
S

e
q

u
e
n

ce
G

e
n

e
ra

ti
o

n
A

ll
o

ca
ti

o
n

C
o

n
ce

a
lm

e
n

t
B

li
n

d
in

g
o

f
P

a
rt

ic
ip

a
n

ts
a

n
d

R
e

se
a

rc
h

e
rs

B
li

n
d

in
g

o
f

O
u

tc
o

m
e

A
ss

e
ss

m
e

n
t

In
co

m
p

le
te

O
u

tc
o

m
e

D
a

ta
S

e
le

ct
iv

e
R

e
p

o
rt

in
g

O
th

e
r

B
ia

s

R
an

do
m

iz
ed

C
on

tr
ol

le
d

Tr
ia

ls
(R

C
Ts

)

G
aj

ew
sk

a
[3

1]
?

?
?

?
+

+
+

A
ls

en
e

[1
1]

?
?

?
+

+
+

+
Pa

ta
ky

[3
6]

?
?

?
+

+
+

+
R

og
er

s
[1

2]
?

?
?

?
+

+
+

Pu
en

te
[3

8]
?

+
+

?
+

+
+

G
ue

st
[3

3]
+

+
?

+
+

+
+

Sa
lin

er
o

[3
9]

?
+

+
?

+
+

+
Lo

y
[2

1]
+

?
+

?
?

+
+

W
om

ac
k

[2
0]

?
+

?
+

+
+

+
C

hi
ld

s
[6

]
?

?
?

?
+

+
+

K
ey

:+
:L

ow
ri

sk
of

bi
as

(g
re

en
);

?:
U

nc
le

ar
ri

sk
of

bi
as

(y
el

lo
w

).
R

C
Ts

:r
an

do
m

iz
ed

co
nt

ro
lle

d
tr

ia
ls

.

T
a
b

le
3
.

R
is

k
of

bi
as

as
se

ss
m

en
tu

si
ng

th
e

R
es

ea
rc

h
Tr

ia
ng

le
In

st
it

ut
e

(R
TI

)I
te

m
Ba

nk
.

F
ir

st
A

u
th

o
r

S
e
le

ct
io

n
B

ia
s

P
e

rf
o

rm
a

n
ce

B
ia

s
D

e
te

ct
io

n
B

ia
s

A
tt

ri
ti

o
n

B
ia

s
S

e
le

ct
iv

e
O

u
tc

o
m

e
C

o
n

fo
u

n
d

in
g

N
on

-R
C

T

D
jo

rd
je

vi
c

[2
8]

-
+

?
o

+
?

M
cM

ah
on

[7
]

o
o

?
?

+
+

So
ar

es
[4

0]
+

+
?

o
+

+
G

ie
rs

ch
[3

2]
+

+
+

o
+

+
D

om
sc

hk
e

[3
0]

+
+

+
o

+
+

Sa
ch

se
[3

]
+

+
?

o
+

+
U

rr
y

[4
2]

?
+

?
o

+
+

Pi
ra

st
u

[3
7]

?
+

+
o

+
?

Jo
ss

e
[3

4]
+

+
?

o
+

?
C

or
ne

lis
[2

7]
+

+
?

o
+

?
D

om
sc

hk
e

[2
9]

+
+

+
o

+
+

C
or

ne
lis

[1
0]

+
+

?
o

+
?

Th
om

as
[4

1]
+

+
+

o
+

+
A

lg
ra

in
[2

5]
+

+
+

o
+

+
C

or
ne

lis
[2

6]
+

+
?

o
+

+
Lu

ci
an

o
[3

5]
o

+
?

o
+

?

K
ey

:+
:L

ow
ri

sk
of

bi
as

(g
re

en
);

-:
H

ig
h

ri
sk

of
bi

as
(r

ed
);

?:
U

nc
le

ar
ri

sk
of

bi
as

(y
el

lo
w

);
o

:N
on

-a
pp

lic
ab

le
(b

lu
e)

.

223



Nutrients 2018, 10, 1373

Figure 1. Summary of risk of bias assessment for randomized controlled trials (n = 10). Selection bias
(random sequence generation, low risk (n = 2), unclear risk (n = 8) + allocation concealment, low risk
(n = 4), unclear risk (n = 6)); Performance bias (blinding of participants and researchers, low risk (n = 3),
unclear risk (n = 7)); Detection bias (blinding of outcome assessment, low risk (n = 4), unclear risk
(n = 6)); Attrition bias (incomplete outcome data, low risk (n = 9), unclear risk (n = 1)); Reporting bias
(selective reporting, low risk (n = 10)); Other bias, low risk (n = 10).

Figure 2. Summary of risk of bias assessment for non-randomized controlled trials. Selection bias, high
risk (n = 1), low risk (n = 11), unclear risk (n = 2), non-applicable (n = 2); Performance bias, low risk
(n = 15), non-applicable (n = 1); Detection bias, low risk (n = 6), unclear risk (n = 10); Attrition bias,
unclear risk (n = 1), non-applicable (n = 15); Reporting bias (selective reporting, low risk (n = 16));
Other bias (confounding, low risk (n = 10), unclear risk (n = 6)).

Out of the 16 non-RCTs, one showed a high risk of bias [28], two were non-applicable to the
category [7,35], two showed an unclear risk of bias [37,42], and the other 11 showed a low risk of
bias [3,10,25–27,29,30,32,34,40,41] for selection bias. Of these studies, only one was non-applicable to
the category [7], while the other 15 showed a low risk of bias for performance bias. For detection bias,
six studies showed a low risk of bias [25,29,30,32,37,41], and the other 10 studies showed an unclear
risk of bias. One of the 16 studies showed an unclear risk of bias for attrition bias [7], and the other
15 studies were non-applicable to the category. All 16 of the studies displayed a low risk of bias for
selective outcome. For the confounding category, six of the 16 studies displayed an unclear risk of
bias [10,27,28,34,35,37], and the remaining 10 displayed a low risk of bias.

3.4. Reporting of the Outcomes

3.4.1. Habitual Use

Six of the included studies reported genetic variation associated with habitual use [7,10,26,27,
34,37]. In a CSS, Cornelis et al. [26] examined how polymorphisms in the CYP1A2 (rs762551) and
ADORA2A (rs5751876) genes were associated with caffeine intake as measured via a validated food
frequency questionnaire. These data demonstrated that the CYP1A2 genotype was not associated with
caffeine intake, but the ADORA2A TT genotype was associated with lower caffeine intake in smokers
(p = 0.008) and nonsmokers (p = 0.011). Further work conducted by Cornelis et al. [27] demonstrated
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associations between caffeine consumption and genetic loci near the AHR (rs4410790, p = 2.4 × 10−19)
and CYP1A2 (rs2472304, p = 2.5 × 10−7) genes in 47,341 subjects of European descent. A CSS confirmed
these associations in a distinct Costa Rican population (rs4410790, Odds Ratio = 1.41 high versus low
consumers; rs2472304, Odd Ratio = 1.55 high versus low consumers) [34], and an additional CSS
reported similar associations in the AHR gene (rs6968865, p range = 1.15 × 10−1 to 3.34 × 10−6 [7].
More recently, Cornelis et al. [10] demonstrated associations between caffeine consumption and
several indexed SNPs (rs1260326, Log10 Bayes-Factor (BF) = 6.48; rs1481012, Log10BF = 6.08; rs7800944,
Log10BF = 8.83; rs17685, Log10BF = 15.12; rs6265, Log10BF = 5.76; rs9902453, Log10BF = 6.29) in
individuals of European and African-American ancestry. Further, Pirastu et al. [37] implicated a novel
gene (PDSS2) that encodes for coenzyme Q10 in caffeine consumption.

3.4.2. Anxiogenic Consequences

Eight of the included studies reported data on genetic variation and anxiety/side effects of
caffeine [6,11,12,29–31,38,39]. Two of the included studies investigated the effects of an SNP in the
CYP1A2 (rs762551) gene on self-reported side effects of caffeine following consumption in basketball
players [38,39]. The results of these studies demonstrated that self-reported feelings of anxiety were
not different across genotypes. Alsene et al. [11] investigated the impact of genetic variation in
the ADORA2A gene on anxiety following caffeine consumption in caffeine-naive subjects via a
double-blind RCT. The data demonstrated that two polymorphisms (rs5751876 and rs35060421) were
associated with self-reported anxiety, with the TT and 2592Tins/Tins genotypes reporting higher anxiety,
respectively. In an additional double blind RCT, Childs et al. [6] demonstrated that genetic variation in
the ADORA2A (rs5751876, rs2298383, rs4822492) and dopamine receptor DRD2 (rs1110976) genes were
associated with anxiety in 102 non-to-moderate caffeine users. Further supporting the findings that
individuals with the rs5751876 TT genotype may be prone to anxiety with caffeine, Gajewska et al. [31]
and Domschke et al. [29] reported that subjects with the rs5751876 TT genotype exhibited impaired
prepulse inhibition (female subjects) and an increased startle reflex (particularly female subgroup)
with caffeine, respectively. Nonetheless, one study [12] demonstrated that the anxiogenic effect of
caffeine was only apparent in subjects with the rs5751876 TT genotype that were caffeine naive.
The authors concluded that tolerance to the anxiogenic impact of caffeine is observed when individuals
habitually consume moderate to large doses [12]. Additionally, one study reported that variation in
the Neuropeptide S receptor gene (rs324981) may (in conjunction with ADORA2A (rs5751876)) further
impact the anxiogenic effects of caffeine [30].

3.4.3. Ergogenic Consequences

Eight of the included studies investigated the effects of genetic variability on the ergogenic
consequences of caffeine [20,21,25,32,33,36,39,46]. Five of these studies [20,25,32,33,36] assessed the
impact of the CYP1A2 (rs762551) SNP on the ergogenic consequences of caffeine using cycling time
trials as a performance measure with disparate findings. Womack et al. [20] reported that male cyclists
(n = 35) with the CYP1A2 (rs762551) AA genotype demonstrated greater improvements in cycling
performance (40 km time trial) versus C-allele carriers following caffeine consumption (6 mg kg−1

anhydrous caffeine). Similarly, Guest et al. [33] reported that male cyclists (n = 101) with the CYP1A2
(rs762551) AA genotype demonstrated greater improvements in cycling performance (10 km time
trial) relative to those with the CYP1A2 (rs762551) CC genotype following caffeine treatment (2 and
4 mg kg−1). Equivocally, Pataky et al. [36] demonstrated that recreational cyclists (n = 38) with the
CYP1A2 (rs762551) AC genotype derived a more robust ergogenic benefit (3 km time trial) following
caffeine treatment (6 mg kg−1 and 6 mg kg−1 plus caffeinated mouth rinse) relative to CYP1A2
(rs762551) AA homozygotes. Algrain et al. [25] demonstrated that subject groups (AA vs. C-allele
carriers) responded similarly to caffeine treatment (300 mg in gum vs. placebo gum) with performance
measured via a 15-min performance ride. Giersch et al. [32] found that the ergogenic consequences
(3 km time trial) of caffeine (6 mg kg−1 anhydrous caffeine) did not differ across CYP1A2 (rs762551)
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genotype groups (AA vs. C-allele carriers). Algrain et al. [25], Pataky et al. [36], and Giersch et al. [32]
all cited methodological differences as a potential explanation for the disparate findings in the literature.
Studies investigating the impact of the CYP1A2 (rs762551) SNP on the erogenicity of caffeine utilizing
sports-related outcome measures (Wingate test, reaction time, basketball-specific skills) have reported
that genotype groups responded equally to caffeine [38,39]. One of the included studies [21] examined
the impact of the adenosine receptor ADORA2A (rs5751876) SNP on ergogenic responses to caffeine in
females (n = 12) with performance assessed via a 10-min cycling time trial. These data demonstrated
that subjects with the ADORA2A (rs5751876) TT genotype derived a larger ergogenic benefit from
caffeine relative to heterozygotes or CC homozygotes [21].

3.5. Other Outcomes

Three of the included studies investigated the effect of the CYP1A2 (rs762551) genotype on caffeine
metabolism [3,25,32]. Sachse et al. [3] reported that, among smokers (n = 51), subjects who possessed
the CYP1A2 (rs762551) AA genotype metabolized caffeine (100 mg) faster relative to C-allele carriers
while utilizing a 5 h paraxanthine/caffeine ratio as the outcome measure. The authors concluded that
the CYP1A2 (rs762551) AA genotype may confer high inducibility and CYP1A2 activity. More recently,
confirming the findings above in 20 nonsmokers, Giersch et al. [32] reported that, 1 h following the
administration of 6 mg kg−1 anhydrous caffeine, circulating caffeine concentrations were lower in
subjects possessing the CYP1A2 (rs762551) AA genotype relative to C-allele carriers. Equivocally,
Algrain et al. [25] reported comparable circulating caffeine concentrations over time in nonsmokers
across CYP1A2 (rs762551) genotypes. Two of the included studies investigated the effects of the
CYP1A2 (rs762551) SNP on the cardiovascular consequences of caffeine [40,41]. Thomas et al. [41]
reported that changes in postexercise heart rate variability with caffeine treatment (300 mg) were
similar between CYP1A2 genotype groups (AA vs. C-allele carriers). Soares et al. [40] reported that
CYP1A2 heterozygotes demonstrated increases in systolic blood pressure, while subjects with the
CYP1A2 AA genotype did not following acute caffeine ingestion (6 mg kg−1).

Three additional studies were included in the present review [28,35,42]. Djordjevic [28] explored
the association of multiple CYP1A2 polymorphisms with the induction of CYP1A2 enzyme activity
resultant from heavy caffeine consumption. These data demonstrated that high CYP1A2 enzyme
activity was associated with heavy coffee consumption only in subjects possessing the CYP1A2
(rs762551) AA genotype. In a classical twin design study, Luciano et al. [35] demonstrated that genes
not typically associated with sleep disturbance were implicated in coffee-attributed insomnia. In a CCS,
Urry et al. [42] demonstrated that subjects with type 2 diabetes mellitus exhibited higher estimated
CYP1A2 enzyme activity relative to control subjects.

4. Discussion

The purpose of the present review was to systematically recognize how select SNPs impact
habitual use of caffeine as well as the ergogenic and anxiogenic consequences of caffeine. The primary
findings of our work will be discussed in the subsections below.

4.1. Habitual Use

Genome-wide association scans have implicated several indexed SNPs in caffeine consumption.
The aforementioned SNPs occur in genes known to be involved in the pharmacokinetics and
pharmacodynamics of caffeine. The results of the present review indicate that SNPs in the CYP1A2
gene and near the AHR gene have been consistently associated with caffeine consumption [7,10,27,34].
Further, less conclusive evidence suggests that SNPs in the ADORA2A gene are associated with caffeine
consumption [10,26,27]. Recently, novel genes have been implicated in caffeine consumption, with
authors calling for replication of the findings and postulating biological plausibility [10,37].
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4.2. Anxiogenic Consequences

Our search provided strong evidence that SNPs in the ADORA2A gene (primarily rs5751876)
are associated with the anxiogenic impact of caffeine [6,11,29,31]. Particularly, caffeine-naïve females
possessing the ADORA2A (rs5751876) TT genotype may be especially prone to experiencing anxiety
following caffeine consumption [29,31]. Interestingly, one study demonstrated that self-reported
anxiety with caffeine was not apparent in subjects possessing ADORA2A (rs5751876) TT who habitually
consume large to moderate doses. Thus, the available evidence suggests that habitual use may lead to
tolerance to the anxiogenic consequences of caffeine regardless of select genetic variations.

4.3. Ergogenic Consequences

The studies included in this section of the review focused primarily on the CYP1A2 (rs762551)
SNP and reported equivocal findings. Two studies reported that the CYP1A2 (rs762551) AA genotype
resulted in a more robust ergogenic benefit of caffeine [20,33] relative to C-allele carriers, while one
study reported opposing findings [36], and two studies reported comparable ergogenic responses
across genotype groups [25,32]. Two studies reported that the CYP1A2 (rs762551) SNP did not influence
sport-specific outcomes with and without caffeine [38,39]. Our search included one pilot study that
investigated the effects of the ADORA2A (rs5751876) SNP on the erogenicity of caffeine; Loy et al. [21]
reported that females with the ADORA2A (rs5751876) TT genotype derived a larger ergogenic benefit
with caffeine relative to C-allele carriers. In general, the studies included in this section cited some
methodological constraints, such as low sample size and capricious outcome measures. We recommend
that future studies increase sample size, utilize more standardized outcome measures, and examine a
multitude of biologically plausible SNPs to further elucidate the impact genetic variation has on the
ergogenic consequences of caffeine.

4.4. Quality of Evidence, Limitations, and Potential Biases in the Review Process

Based on the studies selected for the aim of the current systematic review, we may form adequate
conclusions regarding the impact of select SNPs on the ergogenic and anxiogenic consequences and
habitual use of caffeine in humans. This is because we identified enough available evidence in
the area. The included RCTs displayed unclear and low risk of bias in the selection, performance,
and detection biases, while they mostly displayed low risk of bias in the attrition, reporting, and other
biases. Similarly, the non-RCTs displayed mostly low risk of bias in the selection, performance,
reporting, and other biases, while in the attrition bias, most studies were non-applicable for the category.
This indicates that both the RCTs and the non-RCTs may provide fairly good quality evidence.

Our systematic review has a number of strengths. We used the PRISMA guidelines [22–24]
and appropriate databases and algorithms with standardized indexing terms for our searching
procedure. We also used well-established tools to evaluate the included [24,43–45] studies. Furthermore,
to minimize bias in our systematic review process, two investigators worked independently on the
searching and screening procedure, data extraction, and risk of bias assessment. Finally, we have not
excluded studies based on language.

A possible limitation of the current systematic review is that we avoided the use of
non-peer-review data (grey literature) and conference papers to test our research question. However,
the inclusion of non-peer-review data may have itself introduced bias, given that there was available
peer-reviewed evidence [47]. Another possible limitation is the small number of the included studies,
especially the RCTs, which indicates the need for additional research of this topic in the future.

5. Conclusions

In conclusion, our search has provided evidence that the CYP1A2, AHR, and ADORA2A genes
are associated with habitual consumption, and further exploration is warranted to clarify how these
genes directly or indirectly impact physiological and/or psychological mechanisms responsible for the
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variability in consumption of caffeine across individuals. The literature also demonstrates that gender,
habitual caffeine consumption, and variability in the ADORA2A gene collectively influence individual
susceptibility to the anxiogenic consequences of caffeine and that variability in the CYP1A2 gene,
in conjunction with environmental factors (heavy coffee drinking, smoking), impact the metabolism of
caffeine. Future work is warranted to elucidate the effects of variability in the CYP1A2 and ADORA2A
genes on the ergogenic impact of caffeine. We recommend all future studies in this area utilize
an interdisciplinary approach as the physiological consequences of caffeine in humans are likely
dependent on a complex interaction of genetic, physiological, and behavioral factors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/10/
1373/s1, Figure S1: Algorithm, Figure S2: Excluded Studies; Figure S3: PRISMA Checklist; Figure S4:
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Abstract: Caffeine use is widespread among athletes following its removal from the World
Anti-Doping Agency banned list, with approximately 75% of competitive athletes using caffeine.
While literature supports that caffeine has a small positive ergogenic effect for most forms of sports
and exercise, there exists a significant amount of inter-individual difference in the response to caffeine
ingestion and the subsequent effect on exercise performance. In this narrative review, we discuss
some of the potential mechanisms and focus on the role that genetics has in these differences. CYP1A2
and ADORA2A are two of the genes which are thought to have the largest impact on the ergogenicity
of caffeine. CYP1A2 is responsible for the majority of the metabolism of caffeine, and ADORA2A has
been linked to caffeine-induced anxiety. The effects of CYP1A2 and ADORA2A genes on responses to
caffeine will be discussed in detail and an overview of the current literature will be presented. The role
of these two genes may explain a large portion of the inter-individual variance reported by studies
following caffeine ingestion. Elucidating the extent to which these genes moderate responses to
caffeine during exercise will ensure caffeine supplementation programs can be tailored to individual
athletes in order to maximize the potential ergogenic effect.

Keywords: CYP1A2; ADORA2A; time trial performance; caffeine metabolism; pharmacological
ergogenic aid

1. Introduction

Caffeine was placed on the World Anti-Doping Agency’s (WADA) banned list in 1984 and
remained there until 2004 when it was removed from this list and placed on the monitoring program
after it was determined that it no longer satisfied two of the three criteria needed to be on the banned
list. Since the removal of caffeine from the banned list, the use of caffeine as an ergogenic aid amongst
athletes has become widespread around the world with one study reporting approximately 73.8% of
athletes will have consumed caffeine shortly before or during an event, with a higher prevalence in
endurance athletes [1].

The first study to show the ergogenic potential of caffeine was published in 1907 [2], there was no
further research in this area until the work of Ivy and Costill in the late 1970s [2–4]. Ivy and Costill [3,4]
suggested that the ergogenic effect of caffeine was due to increased lipid mobilisation and utilisation
through both direct action on fat stores as well as through stimulating the release of cortisol and
norepinephrine, thus increasing lipolysis [5–8]. An increase in lipid mobilisation was hypothesised
to increase glycogen sparing and thus, delayed fatigue during endurance exercise [3,4]. However,
since then, other studies have shown that caffeine does not significantly increase lipid metabolism
during exercise [9–13]. Evidence now indicates the ergogenicity of caffeine is most likely due to its
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effect as a potent adenosine receptor antagonist, whereby it blocks the actions of adenosine primarily
in the brain [9,14,15].

The effects of adenosine on the central nervous system (CNS) have been well documented [16,17].
Adenosine has been shown to decrease feelings of arousal, alertness and vigilance, which increases
central fatigue and negatively impacts on exercise performance [16,17]. Normally, adenosine slowly
accumulates throughout the day, as well as during exercise when there is insufficient oxygen to
regenerate adenosine triphosphate (ATP). Adenosine concentrations decrease during rest or sleep
when ATP stores are regenerated [18,19]. Adenosine has been shown to down regulate various
neurotransmitters such as dopamine, serotonin, glutamate, acetylcholine and norepinephrine [16,17].
Dopamine is a key neurotransmitter in parts of the brain which regulates behavioral activation and
effort-based behavioral processes; thus, decreases in dopamine concentrations can lead to a reduced
effort during exercise and a reduction in overall exercise performance [20]. This is more evident in
endurance exercise where central fatigue plays an important role in moderating exercise performance,
compared to strength and speed-based exercise such as sprinting, where peripheral fatigue may have
a larger impact on overall performance.

The effects of adenosine are inhibited through competition by caffeine at the adenosine receptor
sites. Caffeine, as well as theophylline and paraxanthine, caffeine metabolites, have a similar structure
to adenosine, which allows them to bind to adenosine receptors throughout the body. It is the
antagonism of adenosine by caffeine and theophylline molecules which likely has the biggest impact
on the ergogenicity of caffeine, particularly during endurance exercise by reducing the effects of
adenosine and ultimately decreasing feelings of tiredness and improving vigilance, arousal and
a willingness to exert effort during exercise [15,16,21].

Despite well-documented overall improvements in exercise performance following caffeine
ingestion [9,15,22,23], there exists a significant variation, both between individuals and between
studies, in the responses to caffeine ingestion [24]. Studies which have reported individual data have
shown that a number of individuals either do not respond to caffeine supplementation, such that their
performance is unchanged between placebo and caffeine trials, or performance is decreased following
caffeine supplementation (Table 1), as opposed to the majority of individuals who show improved
exercise performance following caffeine ingestion. These studies show that approximately 33% of
individuals in these investigations did not improve their endurance time-trial performance following
caffeine ingestion. While this shows evidence of the variance between individuals and studies, the
cause of the variance is not yet fully understood. A recent publication by Pickering and Kiely [25],
provided some discussion around the inter-individual variation in the ergogenicity of caffeine, however,
the present paper looks to expand upon this further with specific reference to endurance sports as well
as taking a more in-depth look at the genes associated with caffeine ergogenicity.

Table 1. Time-trial studies investigating ergogenicity of caffeine which reported individual data.

Study Caffeine Dose
Number of Individuals Who Performed Worse

in Caffeine Trials Compared to Placebo

Acker-Hewitt et al. [26] 6 mg·kg−1 2/10
Astorino et al. [27] 5 mg·kg−1 3/16
Astorino et al. [28] 5 mg·kg−1 1/9
Beaumont & James [29] 6 mg·kg−1 1/8
Christensen et al. [30] 3 mg·kg−1 4/12
Church et al. [31] 3 mg·kg−1 8/20
Desbrow et al. [32] 3 mg·kg−1 3/9
Desbrow et al. [33] 6 mg·kg−1 4/16
De Souza Goncalves et al. [34] 6 mg·kg−1 6/40
Graham-Paulson et al. [35] 4 mg·kg−1 1/11
Guest et al. [36] 2 mg·kg−1 38/101 1

Guest et al. [36] 4 mg·kg−1 32/101 1
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Table 1. Cont.

Study Caffeine Dose
Number of Individuals Who Performed Worse

in Caffeine Trials Compared to Placebo

O’Rourke et al. [37] 5 mg·kg−1 3/30
Pitchford et al. [38] 3 mg·kg−1 2/9
Roelands et al. [39] 6 mg·kg−1 4/8
Santos et al. [40] 5 mg·kg−1 2/8
Skinner et al. [41] 6 mg·kg−1 1/14
Stadheim et al. [42] 6 mg·kg−1 2/10
Stadheim et al. [43] 4.5 mg·kg−1 4/13
Womack et al. [44] 6 mg·kg−1 3/35
Total 124/379 (33%)

1 Same group of participants.

2. The Effect of CYP1A2 on Inter-Individual Differences in Ergogenicity of Caffeine

The response to caffeine and the potency of the effects of caffeine seem to be multifaceted.
Caffeine habituation [7,45], metabolism of caffeine [9,46], method of caffeine ingestion [47], caffeine
dosage [9,48], training status [49,50], and timing of caffeine ingestion [41] have all been identified as
having an effect on the ergogenicity of caffeine. Similarly, oral contraceptives, pregnancy, ethnicity,
age, and smoking have all been suggested to affect the metabolism of caffeine [51]. Genetic variation
in specific genes, namely CYP1A2 (rs762551) and ADORA2A (rs5751876), have also been suggested to
have a significant effect on the responses to caffeine ingestion and the metabolism of caffeine [51].

The cytochrome P450s (CYP) are a family of haemoprotein enzymes which are responsible for
approximately 75% of all drug metabolism [52]. The cytochrome P450 family 1 subfamily A member 2
(CYP1A2) is predominantly found in the liver and metabolises many clinical drugs and endogenous
compounds [53]. The CYP1A2 enzyme is responsible for >90% of caffeine metabolism, breaking it
down into the three metabolites: paraxanthine (81.5%), theobromine (10%) and theophylline (5.4%),
while CYP2E1 is responsible for the majority of the transformation between caffeine to theophylline
and theobromine [54,55].

As the majority of caffeine metabolism is determined by CYP1A2 enzyme activity, variations to
the gene encoding for the CYP1A2 enzyme will alter its inducibility, thus significantly impacting the
metabolism of caffeine. A single nucleotide polymorphism (−163 C > A) at position 734 within
intron 1 (rs762551) has been identified as the major source of inducibility of CYP1A2 and thus
caffeine metabolism [46,51,53]. Individuals with the homozygous A/A allele show enhanced caffeine
metabolism and have been classified as “fast metabolisers”, whereas C allele carriers (A/C and
C/C) have a reduced caffeine metabolism and are known as “slow metabolisers” [51,53]. Therefore,
slow metabolisers are likely to have a prolonged caffeine half-life compared to fast metabolisers.
Half-lives of paraxanthine, theobromine and theophylline are ~3 h, ~6 h, and ~7 h respectively [56].
On average, 40% of the general population carry the A/A genotype while 50% and 10% carry the A/C
and C/C genotypes, respectively [36,46]. A slower caffeine metabolism would seem to be beneficial
for endurance performance as the effects of caffeine would be longer lasting as well as potentially
more pronounced, however, some studies have reported the opposite effect [36,44].

Relative to the amount of research on caffeine and performance per se, there is limited information
on the effects of CYP1A2 genotypes on the ergogenicity of caffeine (Table 2). Two studies found
greater performance improvements in individuals with the A/A genotypes compared to C allele
carriers [36,44]; two studies found no differences between genotypes in time-trial performance [57,58];
and one study found individuals with the A/C genotype performed better in a 3 km time-trial
compared to individuals with the A/A genotype [59]. Other studies [60–62] found no effect of CYP1A2
genotype on the ergogenicity of caffeine using their respective protocols.

It is evident that the results of investigations into the effects of CYP1A2 genotypes on the
ergogenicity of caffeine remain equivocal. This may be largely due to the protocols used by the
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majority of these studies and in some instances the protocol may be counter-productive to the aim of
the study. Caffeine as an ergogenic aid has been shown to be most effective and reliable when used
for endurance exercise [63], therefore, using a short duration protocol such as the 30 s Wingate test or
sport-specific skill tests will inherently lead to less reliable results. Using a long duration endurance
protocol to investigate the effects of CYP1A2 on the ergogenicity of caffeine would be beneficial as it
would allow for larger changes to be seen in caffeine metabolism between fast and slow metabolizers as
caffeine would have had more time to breakdown within the body. It would therefore be more specific
and applicable to the endurance sports it is most commonly consumed in, thus having a greater impact.
Caffeine is most commonly consumed for endurance sports such as triathlons and marathons [1] which
typically last between 1–3 h for half-marathons, marathons, sprint and standard distance triathlons,
and between 4–15 h for half and full iron-man events. Therefore, while exercise protocols which last
longer than 5 min could technically be considered endurance exercise, endurance events usually last
significantly longer than many of the protocols used in the current literature. The protocols used to
examine the ergogenicity of caffeine on endurance exercise in future studies should attempt to use
exercise protocols lasting longer than 1 h.

Table 2. Studies investigating the effects of CYP1A2 genotype on time-trial performance following
caffeine ingestion.

Study Sample
Caffeine Dose and Timing

Prior to Exercise
Protocol Results

Algrain
et al. [57]

13 male and 7 female
recreational cyclists

300 mg caffeinated chewing
gum; 10 min

15 min@70% VO2max followed
by 10 min rest and 15 min

performance cycle ride

No effect of genotype on
performance ride performance

Giersch
et al. [58] 20 male cyclists 6 mg·kg−1; 60 min 3 km TT cycle No effect of genotype on 3 km TT

performance

Guest
et al. [36]

101 male competitive
cyclists 2 mg·kg−1; 75 min 10 km TT cycle

Improved A/A genotype
performance by 4.8%; No

significant difference in A/C and
C/C genotypes

Guest
et al. [36]

101 male competitive
cyclists 4 mg·kg−1; 75 min 10 km TT cycle

Improved A/A genotype 10 km
TT performance 6.8%; Decreased

C/C genotype 10 km TT
performance by 13.7%

Klein
et al. [60]

8 male and 8 female tennis
players 6 mg·kg−1; 60 min

30 min intermittent treadmill
running followed by tennis

skill test

No effect of genotypes on tennis
skill test

Pataky
et al. [59] 25 male and 13 females 6 mg·kg−1; 60 min; 25 mL

1.14% caffeinated mouth rinse
3 km TT cycle

Greater improvements in 3 km TT
in A/C genotypes compared to

A/A genotypes

Puente
et al. [62]

10 males and 9 female elite
basketball players 3 mg·kg−1; 60 min

10 repetitions of: Abalakov
jump test and change of

direction and acceleration test;
20 min simulated basketball

game

No effect of genotype on tests
performance

Salinero
et al. [61]

14 male and 7 females
recreationally active 3 mg·kg−1; 60 min 30 s Wingate test No effect of genotypes on Wingate

performance

Womack
et al. [44]

35 recreationally
competitive male cyclists 6 mg·kg−1; 60 min 40 km TT cycle

Improved cycling TT performance
to a greater degree in A/A
genotypes compared to C

allele carriers

TT: Time-trial.

Furthermore, protocols used for a novel area of research, such as the effects of genetics on the
ergogenicity of caffeine, should be controlled to provide the best chance of obtaining a favorable
outcome as proof of concept. Using a short duration test (strength or power tests), or sport-specific skill
tests, which have been shown to produce less reliable improvements following caffeine ingestion [63],
are unlikely to provide conclusive results when examining the effect of CYP1A2 genotypes on the
ergogenicity of caffeine using these protocols. Conversely, endurance exercise protocols have shown
much more reliable results compared to short duration exercises and would aid in isolating the effect
of CYP1A2, as well as other genes, on the ergogenicity of caffeine. However, well-designed and
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well-controlled studies using shorter duration protocols should still be conducted as there are many
sports, which do not last longer than 1 h, where caffeine may still have an ergogenic effect.

Of the studies included in Table 2, only those by Algrain [57] and Giersch [58] measured caffeine
pharmacokinetics and in both cases found no difference in caffeine metabolism between individuals
with the A/A allele and C allele carriers. However, Giersch et al. [58] measured caffeine metabolites for
1 h post caffeine ingestion (6 mg·kg−1 anhydrous caffeine pill), and Algrain et al. [57] recorded caffeine
metabolites for 65 min post ingestion (300 mg caffeinated gum). When using anhydrous caffeine in pill
form, peak caffeine concentration usually occurs around 1 h post ingestion [9] and around 30 min after
using caffeinated gum [64]. Therefore, measuring caffeine metabolites for 1 h post-caffeine ingestion
(via a capsule) would mostly measure caffeine absorption, which is not determined by CYP1A2,
rather than metabolism. Thus, studies investigating the effects of CYP1A2 on the ergogenicity of
caffeine should focus on using protocols which last >1 h, which allows caffeine metabolism to be
measured over a 2-h period should caffeine be administered 1 h prior to exercise.

While it is expected that the CYP1A2 genotype affects caffeine metabolism, some studies have
reported no difference in the rate of caffeine metabolism between fast and slow metabolizers in healthy
adults [46,57,58]. CYP1A2 genotype affects the inducibility of the CYP1A2 enzyme, which results
in changes to the metabolism of caffeine. Individuals with the A/A allele have a higher CYP1A2
inducibility compared to the A/C and C/C alleles [46,51]. The results of these studies may be partly
explained by environmental factors which have also been shown to affect the inducibility of CYP1A2,
including consumption of cruciferous foods (broccoli and Brussels sprouts), heavy exercise, tobacco
smoke, oral contraceptives and various medicines (fluvoxamine, omeprazole) [65]. Combining multiple
factors could lead to a greatly increased or reduced activity of CYP1A2, potentially up to 60-fold [65].
Therefore, individuals with the A/C or C/C CYP1A2 allele may have a similar caffeine metabolism to
an individual with the A/A allele due to increased inducibility from environmental factors. These
factors should be kept in mind when examining studies which have reported effects of CYP1A2
genotype on caffeine ergogenicity and metabolism, and future studies should control or record the use
of potential potent inducers and inhibitors of CYP1A2 during caffeine trials.

While the current literature is equivocal as to whether CYP1A2 has an effect on the ergogenicity
of caffeine, it is likely that it still has a role in mediating the effects of caffeine on exercise performance.
The effects of CYP1A2 on the ergogenicity of caffeine may be more evident in endurance events lasting
longer than 1 h, where the metabolism of caffeine may have a more pronounced effect, as those who
metabolize caffeine faster would not maintain high circulating levels of caffeine throughout the event
compared to those with a slower metabolism of caffeine, unless further ingestion occurred. It should
be noted that the half-life of caffeine is 2–12 h and on average 4–6 h [66] in most adults; and it is not yet
known to what degree caffeine metabolism is altered between fast and slow metabolizers. Therefore,
it is unknown at what time point there would be a large enough difference in the circulating levels of
caffeine between fast and slow metabolizers to have a significant impact on the ergogenicity of caffeine.

It has been suggested that fast metabolizers may receive a greater ergogenic effect from caffeine
due to the faster metabolism of caffeine into the metabolites, theophylline and paraxanthine [37].
While it has been shown that the concentrations of the metabolites are likely too small to have
an ergogenic effect [67], it should be noted that paraxanthine and theophylline are both adenosine
antagonists as well [9]. Although the concentrations of paraxanthine and theophylline may be too small
in isolation, together with caffeine, they may still provide a noticeable ergogenic effect. The effects
of the CYP1A2 genotype on caffeine ergogenicity may be dependent on the duration of exercise,
where longer duration exercise (>1 h) may be more suited to slow metabolizers and short-term high
intensity exercise may be more suited to faster metabolizers of caffeine. However, this may be highly
dependent on the difference between metabolism rates which currently have not been thoroughly
explored and reported. In a letter to the editor, Pickering [68] echoed similar sentiments and stated
that while several recent studies have found C allele carriers were not reported to have an ergogenic
effect from caffeine, it may be due to the time at which caffeine was ingested, advocating for an
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earlier time of caffeine ingestion to test this hypothesis. Furthermore, studies should record and report
caffeine pharmacokinetics before, during and after exercise when investigating CYP1A2 genotypes on
caffeine ergogenicity in order to determine the magnitude of the effect CYP1A2 has on the metabolism
of caffeine.

3. The Effect of ADORA2A on Inter-Individual Differences in Ergogenicity of Caffeine

The ADORA2A (C→T) gene encodes for the adenosine receptor A2A found predominantly in
the brain and has a role in the down-regulation of dopamine and glutamate release [16,17]. Genotype
distributions are varied between studies, however, approximately 45% of people carry the C/T allele
while the T/T and C/C carriers range between 20–30% [69,70].

A number of studies have investigated the effects of ADORA2A gene variation on responses
to caffeine ingestion [69,71–75]. The studies by Alsene et al. [75] and Childs et al. [74] both reported
greater increases in self-reported caffeine-induced anxiety in individuals with the T/T allele compared
to those with the C alleles. However, Retey et al., [71] reported a greater proportion of C/C genotype
in individuals who rated themselves as caffeine “sensitive”, and a greater prevalence of T/T genotype
in individuals who rated themselves as caffeine “insensitive”. The ADORA2A genotype may also
affect habitual caffeine intake, as a study reported ADORA2A knockout mice self-administered less
caffeinated solution compared to wild-type mice [76]. This suggests that ADORA2A may have
a regulating role in the appetitive properties of caffeine, which is likely to influence habitual caffeine
intake. A later study in humans [69] reported that CYP1A2 genotype had no effect on caffeine
intake, however, individuals with the ADORA2A T/T allele had lower habitual caffeine consumption
compared with the C allele carriers. This would suggest that individuals with the T/T genotype may
have reduced habitual self-administered caffeine due to negative feedback. This supports the work
of others [74,75] who reported greater caffeine-induced anxiety in T/T genotypes compared to C/C
genotypes. A recent study [73] reported an increase in caffeine-induced anxiety in individuals with
the T/T genotypes but not the C/T and C/C genotypes [73]. However, these results were mediated
by habitual caffeine consumption, as caffeine-induced anxiety was greater in low and non-users of
caffeine compared to medium and high users of caffeine. Caffeine-induced anxiety and habitual
caffeine consumption are important factors which play a role in the ergogenic effects of caffeine,
both of which have been associated with ADORA2A polymorphisms. Individuals with high or very
low caffeine-induced anxiety, due to ADORA2A genotype may experience ergolytic or no ergogenic
effects from caffeine consumption, respectively. Similarly, ADORA2A may influence habitual caffeine
consumption which may attenuate the ergogenic effect of caffeine which is important for caffeine
supplementation in days prior to competitions.

Homodimerisation of ADORA1A and ADORA2A has also been suggested to affect caffeine
concentration as the binding of caffeine to the ADORA1A and ADORA2A receptors increases the
affinity for a second caffeine molecule to bind to the ADORA1A dimer [77]. The increased uptake
in caffeine by the adenosine receptors potentially leads to a decrease in local caffeine concentration
and may partially explain the biphasic effects of caffeine on locomotors activation. After caffeine has
binded to the adenosine receptor dimer it increases the affinity of adenosine and caffeine molecules to
bind to the remaining receptor. Therefore, at low doses of caffeine (~<2 mg·kg−1) there is not sufficient
caffeine to bind to both adenosine receptors of the dimer, thus the effects of caffeine are attenuated
due to adenosine binding to the remaining receptor site. However, at high doses of caffeine, there is
sufficient caffeine that both adenosine receptor sites can be occupied by caffeine rather than a caffeine
and adenosine molecule.

To the authors’ knowledge, only one study [78] has investigated the effects of ADORA2A genotype
on exercise performance following caffeine ingestion. Loy et al. [78] examined the effects of ADORA2A
genotype on caffeine ergogenicity during a 30 min cycle in a randomized cross-over design. Twelve
females performed 20 min of moderate-intensity cycling followed by a maximal 10 min cycle time-trial.
Results of the 10 min time-trial revealed only one individual with the C/T and C/C group (n = 6)
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improved time-trial cycle performance following caffeine ingestion, whereas all participants in the
T/T group (n = 6) showed improvements following caffeine ingestion. This is interesting as the T/T
genotype has previously been associated with increased anxiety following caffeine ingestion [73–75].
While anxiety is generally thought to be ergolytic, it has not been shown to have a strong relationship
with exercise performance [79]. Therefore, individuals with the ADORA2A T/T genotype may be
more sensitive to the effects of caffeine as caffeine-induced anxiety may also be perceived as increasing
arousal leading to potential ergogenic effects. Further research should be conducted using similar
protocols to verify the results found by Loy et al. [78]. Moreover, different exercise modalities, as well
as the use of perceptual and mood measures, should be utilised to determine the effects of ADORA2A
genotype on the ergogenicity of caffeine during various forms of sports and exercise and any potential
contributing mechanisms.

While CYP1A2 and ADORA2A remain the most researched genes with regards to the ergogenicity
of caffeine, AHR (aryl hydrocarbon receptor) has been shown to affect caffeine metabolism through
detecting polycyclic hydrocarbons such as those found in roasted coffee and induces the transcription
of CYP1A2 in the liver [69,72,80,81]. While no studies have investigated the effects of AHR on the
ergogenicity of caffeine, studies investigating the effects of CYP1A2 on the ergogenicity of caffeine
should include AHR genotyping to elucidate the role it may have in caffeine metabolism. Together
AHR, CYP1A2 and ADORA2A have all been associated with caffeine consumption. The variability of
CYP1A2 and AHR has been associated with a 42% increase in coffee intake and a cooperative action
between these two genes may exist for moderating caffeine consumption [82]. This adds support to the
hypothesis that “individuals adjust their dietary caffeine consumption to maintain biological exposure
levels of caffeine that elicit optimal stimulant effects” [83]. ADORA1A has also been reported to be
largely responsible for the anxiogenic effects of caffeine as well as influencing the disruptions to sleep
following caffeine ingestion [73]. Thus, ADORA1A could be another potential gene to investigate with
caffeine supplementation, particularly for its disruptions to sleep and increased anxiety prior to and
during competitions [84].

ADORA2A and CYP1A2 may also lead to unique interaction effects in response to caffeine
ingestion. For example, an individual with the ADORA2A T/T and CYP1A2 C/C genotypes might
have a greater ergogenic effect from caffeine when competing in a longer duration event (>1 h)
as the slow metabolism may be beneficial in maintaining biologically active levels of caffeine in
the body. Furthermore, an individual with ADORA2A T/T and CYP1A2 A/A may have a greater
ergogenic benefit during a high-intensity, short-duration activity (such as a sprinting) through increased
arousal and not requiring high levels of circulating caffeine for long periods of time. Therefore,
individuals may require different levels of circulating caffeine to receive an equitable effect based
on their genetics. Similarly, individuals will require more or less frequent consumption of caffeine
to maintain their optimal circulating level of caffeine and respective ergogenic effect based on their
genetics. However, factors such as habitual caffeine consumption, additional caffeine intake during
the event, and individual reactions to caffeine may yet further influence the overall ergogenic effect.
Further research is needed to examine and quantify the effect genetics may have on the ergogenicity of
caffeine, and potentially identify any other genes associated with responses to caffeine ingestion.

4. Limitations and Future Considerations

The key limitation to this area of research is the relatively few number of studies investigating the
effects of CYP1A2 and ADORA2A genotype on the ergogenicity of caffeine. There is a greater need to
verify results of published studies rather than adding novel elements to the very small pool of studies
currently available. This will be more useful to the end users such as coaches and athletes who need to
know what the ergogenic effects of caffeine are likely to be, based on their particular combination of
CYP1A2, AHR, ADORA2A, and ADORA1A genotypes. Therefore, studies should test participants for
ADORA2A, ADORA1A, AHR and CYP1A2 genotypes as the combination of these genes may partly
explain the equivocal results when investigating the ergogenicity of caffeine. Additionally, future
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studies should record caffeine and caffeine metabolite pharmacokinetics when administering caffeine
and testing for CYP1A2 genotypes to gain a greater understanding of the differences between fast
and slow metabolizers. This would also provide evidence for differences in caffeine metabolism for
CYP1A2 genotypes which is the main premise for studies investigating the effects of CYP1A2 on the
ergogenicity of caffeine. Studies investigating the effects of CYP1A2 on the ergogenicity of caffeine
and caffeine metabolism should use longer duration protocols which last more than 1 h to ensure that
differences between fast and slow metabolizers can more easily be determined. Currently, it cannot
be stated conclusively whether fast or slow metabolizers perform better following caffeine ingestion
because their different metabolism rates have not been measured and may in fact be similar between
these individuals.

5. Conclusions

It is clear that various factors affect the ergogenic effects of caffeine and contribute to
inter-individual variability in response to caffeine ingestion. Even with limited research, it appears
that genetics plays a key role. Future research should further investigate which genes may affect
the ergogenicity of caffeine as well as the mechanisms by which it is achieved. This would enable
practitioners and coaches to tailor individualised caffeine supplementation regimes for athletes to
achieve the maximum possible ergogenic effect in their specific sport.
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Abstract: Habitual coffee and caffeine consumption has been reported to be associated with numerous
health outcomes. This perspective focuses on Mendelian Randomization (MR) approaches for
determining whether such associations are causal. Genetic instruments for coffee and caffeine
consumption are described, along with key concepts of MR and particular challenges when applying
this approach to studies of coffee and caffeine. To date, at least fifteen MR studies have investigated
the causal role of coffee or caffeine use on risk of type 2 diabetes, cardiovascular disease, Alzheimer’s
disease, Parkinson’s disease, gout, osteoarthritis, cancers, sleep disturbances and other substance
use. Most studies provide no consistent support for a causal role of coffee or caffeine on these health
outcomes. Common study limitations include low statistical power, potential pleiotropy, and risk of
collider bias. As a result, in many cases a causal role cannot confidently be ruled out. Conceptual
challenges also arise from the different aspects of coffee and caffeine use captured by current genetic
instruments. Nevertheless, with continued genome-wide searches for coffee and caffeine related loci
along with advanced statistical methods and MR designs, MR promises to be a valuable approach to
understanding the causal impact that coffee and caffeine have in human health.

Keywords: Mendelian Randomization; coffee; caffeine; behavior; causality; genetic epidemiology;
epidemiological methods

1. Introduction

Coffee is one of the most widely consumed beverages in the world. Consumption patterns vary by
country with larger per capita consumptions reported for Nordic countries, such as Finland (12.2 kg),
Sweden (10.1 kg) and Norway (8.7 kg) compared to other countries such Brazil (5.9 kg), Netherlands
(5.3 kg), USA (4.5 kg), Australia (4.0 kg), Russia (1.7 kg), China (0.8 kg) and Turkey (0.7 kg) [1].
For most populations, regular coffee is the primary dietary source of caffeine; a psychostimulant also
present in tea, cola, and cocoa products. Absorption and exposure to caffeine from these different
sources is similar although a slight delay in absorption has been reported for cola and chocolate [2–4].
Roasted coffee also contains unique polyphenols (i.e., chlorogenic acid) and melanoidins that are
major contributors to antioxidants in diet [5,6]. Boiled or unfiltered coffee contains diterpenoids,
including cafestol and kahweol [7]. Trigonelline, magnesium, potassium, niacin, lignans, as well as
heterocyclic amines and acrylamide have also been detected in the beverage [8–12]. With widespread
popularity and availability of coffee, there is increasing public and scientific interest in the potential
health consequences of its regular consumption. Traditional epidemiology has been fundamental to
our increased knowledge on habitual coffee intake and health; but while a highly efficient and relevant
approach, it has several limitations that warrant consideration when interpreting the results [13].
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Among these is establishing causal associations. The current perspective focuses on Mendelian
Randomization (MR) approaches for determining a causal role of habitual coffee and caffeine intake
on health. Because coffee and dietary caffeine intake are highly correlated we focus on both exposures.
We first provide a brief review of coffee, caffeine and health. We follow with key concepts of the
MR approach and particular challenges when applying it to studies of coffee and caffeine. Recent
MR studies of coffee, caffeine and health are discussed, and we conclude with future directions for
the field.

2. Coffee, Dietary Caffeine and Health

A recent umbrella review considered data from 201 meta-analysis of epidemiological studies of 67
unique health outcomes, and concluded that coffee likely has a beneficial role in reducing risk of type 2
diabetes (T2D), cardiovascular diseases (CVD), several cancers and Parkinson’s disease (PD), but that
high caffeine intake is likely harmful on pregnancy outcomes, such as low birth weight and pregnancy
loss [14]. Overall, coffee consumption seems generally safe within usual levels of intake (i.e., at 3 to
4 cups a day) and more likely to benefit health than harm [14]. Rigorous reviews of caffeine toxicity
conclude that consumption of up to 400 mg caffeine/day (equivalent to ~4 cups of coffee) in healthy
adults, or 2.5 mg/kg/day for children and adolescents is not associated with overt adverse effects [15]
and thus generally support the overall findings on habitual coffee intake and health [14]. Meanwhile,
the Diagnostic and Statistical Manual of Mental Disorders (DSM-V) lists caffeine intoxication and
withdrawal as disorders, and have added ‘caffeine use disorder’ to ‘Conditions for Further Study’ [16].
Much of our knowledge pertaining to habitual coffee and caffeine intake on risk of chronic disease has
been limited to observational research [14,15]. Inferring causality from observational data is difficult,
due to potential residual confounding and reverse causality [17]. For example, in some populations
coffee consumption is highly correlated with disease risk factors, such as smoking. Participants might
acknowledge their true coffee behavior, but underreport their smoking behavior. As a consequence the
coffee intake variable will continue to convey information about smoking even after adjustment for
measures of smoking [18]. Coffee drinkers may also have reduced their coffee intake in light of disease
symptoms or diagnosis, which might result in an apparent, but non-causal protective association
between coffee and the disease [19]. Observational studies also provide no insight to mechanisms
linking coffee to health. Coffee contains caffeine, but also hundreds of other chemicals that might
benefit or harm health via different biological pathways [9]. Randomized trials of coffee consumption
and disease outcomes would require long-term adherence to high or no coffee consumption, which is
challenging given strong coffee consumption habits [20].

3. Mendelian Randomization (MR)

MR is a method of using the association of variation in genes with biomarkers or modifiable
exposures to examine the causal effect of these biomarkers and exposures on disease outcomes in
observational studies. The underlying principle of MR is that if a genetic variant alters the level
of an exposure of interest, then this genetic variant should also be associated with disease risk and
to the extent predicted by the effect of the genetic variant on the exposure [21,22]. According to
Mendel’s Law of Inheritance, alleles segregate randomly from parents to offspring. Thus, offspring
genotypes are unlikely to be associated with confounders in the population. Moreover, germ-line
genotypes are fixed at conception and so precede the observed variables, avoiding issues of reverse
causation [23]. MR studies are often described as natural RCTs, but there are important differences [24].
For example, RCTs are usually of short duration while an individual’s genetics generally reflect
life-long exposures [21,24,25].

MR relies on a number of assumptions, in particular that the genetic variants(s): (1) Is associated
with the modifiable exposure of interest, (2) is not associated with confounders of the exposure to
outcome association and (3) only influences the outcome through the exposure of interest [17]. The first
assumption is the only one that can be formally tested, but MR methods and study designs have
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advanced much over the last few years and now include methods that are robust to potential violations
of assumptions (2) and (3). It is increasingly widely used as a causal inference method in epidemiology.
One-sample (genetics, exposure and outcome measured in the same sample) and two-sample (exposure
and outcome measured in different samples) are the most common MR study designs. The latter
is advantageous in situations where it is difficult to measure exposure and outcome in the same
sample and can also be performed on publicly available genome-wide association study (GWAS) data
(summary-level data). When possible, an instrument (genetic marker of exposure) that combines the
effects of many SNPs is used to boost power while also addressing MR assumption violations (see
below). The basic method for summary-level data, inverse-variance weighted (IVW), uses a fixed
effects meta-analysis approach to combine the Wald ratio estimates of the causal effect (SNP-outcome
effect divided by the SNP-exposure effect [26]) obtained from different SNPs, but assumes all SNPs are
valid instruments or are invalid in such a way that the overall bias is zero [27,28]. The IVW is generally
equivalent to the two-stage least squares estimate commonly used with individual level data.

4. Genetic Determinants of Coffee and Caffeine Consumption

Opportunities for MR studies of coffee and health have been made possible by the success of
GWAS, which have identified multiple genetic variants associated with self-reported habitual coffee
and caffeine consumption (Table 1) [29–33]. Loci near ADORA2A, BDNF and SLC6A4 likely act directly
on coffee drinking behavior by modulating the acute psychostimulant and rewarding properties of
caffeine; driving factors for coffee drinking and caffeine use [34]. However, loci near AHR, CYP1A2,
POR, and ABCG2 generally present with the largest effect sizes and likely impact drinking behavior
indirectly by altering the metabolism of caffeine and thus the physiological levels of this compound
available for its psychostimulant effects. Only one locus is implicated in the sensory properties of
coffee (OR8U8). Others have no obvious role in coffee or caffeine consumption, but have previously
been associated with other traits in GWAS notably obesity, glucose and lipids [35–38]. GWAS and
smaller follow-up studies have linked these loci to consumption of regular coffee, decaffeinated coffee,
tea, total caffeine and water [31,39,40]. A subsequent GWAS of circulating caffeine metabolite levels
further informed the roles of these loci in coffee and caffeine consumption behavior, but also identified
variants near CYP2A6 associated with paraxanthine-to-caffeine ratio (index for caffeine metabolism),
that were nominally associated with drinking behavior [41]. Importantly, genetic variants leading
to increased coffee/caffeine consumption associate with lower circulating caffeine levels and higher
paraxanthine-to-caffeine ratio suggesting a fast caffeine metabolism phenotype. Thus, many of the loci
affecting coffee and caffeine drinking behavior do so by modulating the physiological levels of caffeine.

5. Key Challenges to MR Studies of Coffee and Caffeine

Despite progress in the identification of robust genetic variants for coffee and caffeine
consumption, efforts to apply these variants to MR studies of coffee and caffeine have been met with
challenges, such as trait heterogeneity, pleiotropy and collider bias as discussed below. Limitations
in the conduct and interpretation of MR studies more generally, along with potential solutions, have
been reviewed in detail elsewhere [23,25,42], and include weak instrument bias, lack of reliable
genetic instruments, population stratification, low statistical power (and therefore wide confidence
intervals around causal estimates), linkage disequilibrium (LD) and the Winner’s Curse phenomenon
(i.e., the tendency for effect sizes in initial studies to be inflated).
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5.1. Trait Heterogeneity

The most comprehensive (and therefore powerful) genetic instrument employed in an MR study
of coffee will reflect multiple aspects of coffee drinking behavior (Table 2), such as caffeine metabolism,
reward-response and potentially taste. Such heterogeneity does not preclude causal inference, but it
does limit the ability to infer causality for particular dimensions of coffee (e.g., caffeine vs non-caffeine)
and makes interpretation of MR analyses more difficult [23,25]. An instrumental variable (IV) that
narrows in on a particular aspect of coffee drinking might also face issues of interpretation. For example,
genetically-inferred ‘fast’ and ‘slow’ caffeine metabolizers may consume different amounts of the same
type of coffee, but their circulating caffeine levels may not be different. However, circulating levels of
non-caffeine constituents of coffee will differ. Alternatively, given the same amount and type of coffee
consumed, slow caffeine metabolizers will, on average, have higher circulating caffeine levels than
fast caffeine metabolizers. Circulating levels of non-caffeine constituents will generally be the same.
Because most of the SNPs associate with caffeine intake, and not exclusively coffee intake, the genetic
instrument for coffee might also reflect exposure to other dietary sources of caffeine, which might
confound or mask any causal relationship between coffee and outcome [43]. Although MR studies are
thought to be relatively protected against exposure measurement error, this is less likely to be the case
for an MR study of coffee or caffeine [20]. For example, the genetic predisposition to drink coffee, due
to an increased caffeine metabolism might also impact preference for regular strong coffee over other
coffee types. Taken together, it is important to specify the hypothesis being tested a priori, select the
optimal IV and sample for analysis, and consider alternate explanations for positive or null results.
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5.2. Pleiotropy

Pleiotropy can violate MR assumption 3, which requires that the genetic variant only influences
the outcome through the exposure of interest. Vertical pleiotropy does not violate MR assumption 3
and occurs when the genetic variant is associated with a factor on the pathway between the exposure
and outcome, but only because of its effect on the exposure [58]. Horizontal (or biological) pleiotropy
occurs when a genetic variant is associated with multiple exposures or traits and is therefore a
violation of MR assumption 3 [17,58]. Seven of the fourteen loci associated with coffee or caffeine
consumption are also associated with other traits based on GWAS [35] (Table 1). Whether this results
from horizontal pleiotropy or a true causal relationship between coffee and these other traits is unclear.
Nevertheless, since it is not possible to prove assumption 3 holds for all SNPs in an MR study its
becoming common practice to implement extensions of the basic MR methodology that detect the
presence of pleiotropy and account for it in causal estimates of the exposure [59]. Random effects
IVW or weighted generalized linear regressions are simple options [22,60,61], but common methods
that explicitly account for pleiotropy include MR-Egger regression [62], and the weighted-median
estimate [63]. Newer methods include MR-PRESSO [64] and generalized summary MR (GSMR) [65].
Each approach relies on different (and largely uncorrelated) assumptions, and therefore the use of
multiple approaches allows triangulation; if all provide consistent causal estimates we can be more
confident that a true causal effect exists.

5.3. Collider Bias

When individual-level data are available, a common strategy is to restrict SNP-outcome analysis
to coffee drinkers arguing that the SNPs are associated with coffee drinking (heaviness) and thus
causal relationships should only be observed among coffee drinkers (a form of gene-environment
interaction) [43,44,48,49,56,59,66]. SNP-outcome associations among non-drinkers (‘negative control
sample’) would suggest a violation in at least one of the assumptions [59,66]. However, this strategy
introduces potential for collider bias given that several loci associated with coffee intake also distinguish
between non-drinker and heavy coffee drinkers [31]. Collider bias occurs when the exposure
and outcome of interest independently influence a third risk factor, and this third risk factor is
conditioned upon, either through statistical adjustment or stratification [67–69]. This bias will also
apply to the genetic correlates of the exposure and outcome. Indeed, MR studies of coffee intake
among the Copenhagen population provided evidence for collider bias [43,44]. For example, among
coffee-abstainers, the genetic IV for coffee intake was inversely associated with age. Since age was a
risk factor for the outcome and was strongly associated with coffee intake, but among coffee consumers
only, the IV-age association in the ‘negative control sample’ likely arises from collider bias [43].

6. MR Studies of Coffee, Caffeine and Health

Table 2 summarizes all MR studies of coffee or caffeine and health outcomes published to-date.
Studies are in descending order by date of publication (column 1). For each study we extracted the
outcome of interest (column 2), the genetic variants used as the IV (column 3), the basic design and
approach (column 4), main results (column 5), interpretation or overarching conclusion of the study
(column 6) and limitations as acknowledged by study authors (column 7). With one exception [57],
all study IVs included at least SNPs near CYP1A2 and AHR—the strongest and most robust variants
linked to coffee drinking behavior and caffeine metabolite levels (Table 1). Primary analysis was
conducted using predominately regression analyses or IVW meta-analysis for multi-SNP analysis.
These were generally followed by weighted median estimates and MR-Egger regressions to address
potential assumption violations. In most studies, the exposure of interest was simply defined as
coffee consumption or caffeine use. Data from the GWAS of coffee consumption among 91,462 coffee
drinkers in the Coffee and Caffeine Genetics Consortium (CCGC) [31] were used in all summary-level
data analysis.
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Epidemiological studies report a consistent inverse linear association between coffee consumption
and T2D [14], which extends to decaffeinated coffee. This is typically interpreted as evidence for
non-caffeine constituents of coffee underlying the coffee-T2D relationship [14]. Two studies, using
individual-level and summary-level data for up to ~170,000 participants (26,000 T2D cases) provided
no evidence in support of a causal association between coffee intake and T2D risk [44,45], which also
extended to measures of adiposity, blood pressure, lipid and glucose metabolism [44,45]. Nordestgaard
and colleagues [44] additionally examined a BMI IV (SNPs in/near FTO, MC4R and TMEM18) to
examine potential reverse causation from BMI to coffee intake, and as a positive control for risk of T2D.
The coffee-intake IV was not linked to BMI, but the BMI-IV was positively associated with coffee intake.
Interestingly, SNPs included in the BMI-IV were recently shown to associate with coffee consumption
in GWAS (Table 1) [33] and so possibly relate to reward mechanisms (the causal pathway) relevant to
coffee drinking behavior and obesity and not adiposity per se [33].

Epidemiological studies also suggest coffee intake may reduce risk of CVD, CVD-mortality
and all-cause mortality, but with greatest risk reduction with 3 to 5 cups/day (i.e., a non-linear
association) [14]. Nordestgaard and Nordestgaard [43] examined all three of these outcomes in 112,509
Danes and observed a similar pattern of benefits associated with coffee consumption over a 6 year
follow-up, but no evidence for causality. In the subgroup of coffee drinkers they noted strong positive
and plausible LDL-SNP and HRT-SNP associations, but could not rule-out that such associations could
have resulted from collider bias [43].

Caffeine, nicotine, alcohol, and cannabis use are highly correlated behaviors [70]. Potential
mechanisms include shared genetic and/or shared environmental factors (i.e., common liability)
or a causal influence of one on the other [71]. The co-occurrence of coffee/caffeine use with other
substance use behaviors has been investigated in four MR studies [46,48,49,51]. Three of these studies
employed bidirectional MR [46,49,51], in which IVs for each substance use were used to evaluate
causal effects and their direction [23,72]. The first study focused on the association between smoking
and caffeine using three approaches: Bivariate genetic modelling in a twin sample, LD score regression
with summary level-data and bidirectional MR analysis using individual-levels data [46]. The results
suggested shared genetic factors for caffeine/coffee intake and smoking behavior, rather than a causal
influence of one behavior on the other. Ware and colleagues [48] specifically focused on the causal role
of coffee consumption on smoking heaviness. Two-sample MR analyses indicated that heavier coffee
consumption might lead to reduced heaviness of smoking. However, their in vitro experiments, and
attempt to replicate in the UK Biobank sample of smokers who drank coffee, did not support these
initial causal findings, and overall were not consistent with the direction of association reported in
observational analysis. Bjorngaard and colleagues [49] also examined coffee and tea drinkers from
three population studies using bidirectional MR and provided evidence for a causal relationship of
smoking heaviness on coffee and tea intake, but not vice versa. Finally, Verweij and colleagues [51]
examined causal relationships among caffeine, smoking, as well as alcohol, and cannabis use with a
variation of bidirectional MR that used ‘polygenic scores’. The latter relaxes the significance threshold
for GWAS to produce a stronger instrument, but also runs the risk of vertical pleiotropy [59]. Their
findings did not support the hypothesis that causal relationships explain the co-occurrence of use of
different substances, but are consistent with a common liability model [51].

Alzheimer’s Disease (AD) was investigated by Kwok and colleagues [45], and Larsson and
colleagues [50], using the same summary-level data, but employed different multi-SNP IVs. Larsson
and colleagues [50] used an IV with SNPs for AHR, CYP1A2, MLXIPL, POR and EFCAB and reported
a suggestive causal relationship between coffee and AD risk, but in the opposite direction to that
expected based on observational data. Kwok and colleagues [45], whom did not include the MLXIPL
SNP in their IV, reported no evidence for a causal relationship. A causal relationship between coffee
and cognitive function was also not supported by a separate MR [56]. The latter accounted for the
potential non-linear association between coffee and cognitive function by conducting analysis by
different levels of coffee intake. An association among non-coffee consumers served as a negative
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control sample. While collider bias was not acknowledged as a limitation, they noted caution when
interpreting their results as the instruments indexing greater caffeine consumption may reflect a
faster rate of caffeine clearance, and hence a lower (rather than higher) circulating level of bioactive
caffeine [56].

Although data are limited, coffee intake has been linked to lower risk of gout [14]. Larsson and
colleagues [53] examined the causal association between coffee and gout, as well as uric acid, a related
biomarker. The five SNP-IV (excluding the ABCG2 SNP, which associates with uric acid) was inversely
related to both gout risk and uric acid levels, supporting a causal relationship between coffee drinking
and gout.

MR studies have failed to support a causal association between coffee/caffeine intake and
epithelial ovarian cancer [52], prostate cancer [47], sleep behaviors [54] and Parkinson’s disease
(PD) [55]. The latter finding is in marked contrast to consistent observational and animal experimental
data suggesting coffee and caffeine are protective for PD, but rather align with RCTs and suggest
“caffeine may neither prevent PD occurring nor be of benefit in those with the condition” [55].
The authors nevertheless noted that potentially causal effects of coffee may not occur exclusively
through caffeine [55], suggesting their IV aimed to capture caffeine exposure rather than coffee
drinking per se. The most recent coffee MR was applied to osteoarthritis [57] and supported a causal
positive relationship between coffee and this outcome. However, the selection of SNPs for the study
was unclear and no human observational study has examined coffee and osteoarthritis, so that the
findings are largely hypothesis-generating.

Taken together, at least fifteen studies to date have investigated the causal role of coffee or caffeine
use in T2D, CVD, AD and cognition, PD, gout, osteoarthritis, cancers, sleep and other substance use
behaviors. Single studies investigated and provided support for a causal role of coffee in reducing
risk of gout [14] and increasing risk of osteoarthritis [57]. Four studies examined the co-occurrence of
caffeine use and other substances with conflicting results [46,48,49,51]. For the remaining outcomes,
studies did not provide clear support for a causal role of coffee or caffeine, but often acknowledged
limitations (such as low statistical power, pleiotropy and collider bias), such that a causal role cannot
yet be ruled out.

7. Future Directions

There is continued enthusiasm for understanding the causal role of coffee and caffeine in health.
Thus far, most outcomes of interest have been investigated by single studies and thus the significant
and null findings warrant confirmation in independent studies. Many outcomes, for which coffee and
caffeine have been implicated, have yet to be investigated [14]. Methodological challenges, such as
insufficient power, pleiotropy and collider bias are commonly acknowledged. However, conceptual
challenges arising from the different aspects of coffee/caffeine use captured by genetic instruments
warrant careful consideration going forward. With continued investment in GWAS it may be possible
to parse variants related to non-caffeine aspects of coffee from those related to caffeine providing
opportunities to identify the causal elements of coffee per se, rather than coffee drinking behavior.
The increasing availability of large individual-level data sets and advanced statistical methods means
that more sophisticated MR designs might also be considered. For example, the use of polygenic scores
might be optimized using the MR robust adjusted profile score (MR-RAPS) method, which weights
each variant differently based on effect size and precision of the SNP-exposure association [62]. Given
the co-occurrence of coffee drinking and smoking, a factorial MR may be an attractive approach to
study the combined causal effects (i.e., interaction) of these behaviors on disease [22]. Individuals
can be allocated into either a high or low-SNP score for coffee and then each group further allocated
into either a high or low-SNP score for smoking. The causal estimates for each of the resulting four
groups on disease could then be determined. A two-step MR may also be used to assess whether an
intermediate trait, say a biomarker or metabolite, acts as a causal mediator between coffee drinking and
an outcome [73,74]. An IV for coffee drinking is first used to estimate the causal effect of coffee drinking
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on the potential mediator (step 1). IVs for the potential mediator are then used to assess the causal effect
of the mediator on the outcome (step 2). Evidence of association in both steps implies some degree of
mediation of the association between coffee drinking and the outcome by the intermediate variable.
Finally, multivariable MRs allow multiple exposures to be examined simultaneously, and provide
an effect estimate of one conditional on the other (e.g., effects of coffee consumption conditional
on circulating caffeine levels) [75]. These alternate MR designs will still require careful attention to
challenges and limitations discussed above.

Multiple statistical methods to accommodate different MR violations combined with replication
studies and other mechanistic studies will be necessary to support stronger causal relationship between
coffee or caffeine intake and health [59]. GWAS of more refined coffee drinking behaviors, and
circulating metabolite markers of coffee intake will also be important, but the collection of such data
on a large scale will be needed first. Nevertheless, in light of the rapid pace, in which advancements
are being made in these areas, MR promises to be an increasingly valuable approach to understanding
the causal impact that coffee and caffeine have in human health.
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Abstract: Consumption of coffee by women early in their pregnancy has been viewed as potentially
increasing the risk of miscarriage, low birth weight, and childhood leukemias. Many of these
reports of epidemiologic studies have not acknowledged the potential biases inherent in studying the
relationship between early-pregnancy-coffee consumption and subsequent events. I discuss five of
these biases, recall bias, misclassification, residual confounding, reverse causation, and publication
bias. Each might account for claims that attribute adversities to early-pregnancy-coffee consumption.
To what extent these biases can be avoided remains to be determined. As a minimum, these biases
need to be acknowledged wherever they might account for what is reported.

Keywords: epidemiology; bias; causation; coffee; pregnancy

1. Introduction

Maternal consumption of coffee during early pregnancy has been viewed as increasing the risk of
miscarriage [1–4], fetal growth restriction [2,5–11], and childhood leukemias [12–20]. Unfortunately,
many of the epidemiologic studies have not acknowledged the potential biases that appear to have
influenced these perceptions of risk. The list of potential biases is long [21].

In this essay, I review five of these biases, namely recall bias, misclassification, residual
confounding, reverse causation, and publication bias. Each of these biases might account for some
of what has been reported. Unfortunately, eliminating these biases can sometimes be extraordinarily
difficult, if not impossible. Indeed, a Cochrane Review concluded, “There is insufficient evidence to
confirm or refute the effectiveness of caffeine avoidance on birthweight or other pregnancy outcomes.
There is a need to conduct high-quality, double-blinded random clinical trials (RCTs) to determine
whether caffeine has any effect on pregnancy outcome.” [22]. In essence, observational studies are
probably not able to overcome some of the biases. I know of only two clinical trials and they have shown
no adverse effect of caffeine consumption on the risk of low birth weight [23], or miscarriage [24].

2. Bias 1: Recall/Respondent Bias

Recall or respondent bias occurs when the person interviewed does not fully report what is
asked or tends to remember the past differently than others. Perhaps the most common form of
recall bias occurs when respondents want to present themselves in an idealized light. For example,
based on a review of 67 studies that examined the relationship between self-reported smoking and
smoking confirmed by cotinine (a metabolite of nicotine) measurement in saliva or urine, the authors
concluded, “Overall, the data show trends of underestimation when smoking prevalence is based
on self-report.” [25]. Indeed, approximately 20% of pregnant women who report that they are not
smokers have smoker-level cotinine concentrations in blood or saliva [26,27]. A review of 34 papers
concluded that obese adults tend to significantly under-report their food intake [28]. These reports
document that people do not always report the truth.
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One of the explanations offered for much recall/respondent bias is social desirability [29].
As applied to answering questionnaires, social desirability is seen as having two components [30].
One, identified as ‘impression management,’ is the conscious tendency to deceive others, while the
other, labeled, ‘self-deception,’ is the unconscious tendency to believe one’s own positive self-reports.
Either way, those who try to get accurate information are thwarted by social desirability [31].
whether they want to study hand washing [32], or tobacco consumption [25,33].

Another form of recall bias occurs when some respondents try harder than others to remember
the past. For example, when asked to remember exposures during early pregnancy, the mothers
of children who developed leukemia are more likely to report higher coffee consumption than the
mothers of children selected from the same community, or the mothers of children hospitalized with
acute orthopedic trauma [12–20,34–36]. How well do people remember what they drank years before?
The time between the consumption and the query is not the only influence on the accuracy of the
information provided.

Compared to the mothers of healthy newborns, mothers of children with a major congenital
malformation diagnosed soon after birth tend to recall more exposures or characteristics during
the index pregnancy [37]. This led to the inference that mothers of malformed babies are more
likely to try hard to account for what happened than mothers of children who do not have obvious
malformations. Preferential recall was also raised by the authors of one study when fathers of children
who had leukemia reported levels of cigarette smoking similar to those reported by fathers of ontrols,
but mothers of children with leukemia cases reported higher exposure levels to passive smoking than
did the mothers of controls [38].

The authors of a meta-analysis of studies that evaluated the relationship between maternal
coffee consumption and the risk of childhood leukemia acknowledged the possibility that mothers
of children who had leukemia might recall exposures during the index pregnancy differently than
community controls (“the possibility of a recall bias could not be precluded”) [39]. On the other hand,
another meta-analysis “noted the positive association between coffee consumption and childhood
ALL and childhood AML among studies using interviewing techniques, but not among studies
using self-administrated questionnaire” [40]. The differential recall implies bias somewhere along the
information-gathering process.

In light of these phenomena, strategies to minimize recall bias take several forms. “Cohort studies
are generally regarded as providing stronger evidence than case-control studies for causality because
they satisfy the temporality criterion that the measurement of exposure precede the ascertainment
of the outcome.” [41]. Not surprisingly then, that some tobacco-related exposures (including coffee
consumption) are not associated with tobacco-related malignancies in cohort studies (dependent on
exposure data collected before recognition of the disorder) [42–44], but are reported as associated in
case-control studies (dependent on exposure data collected after recognition of the disorder) [45,46].

Because of the potential recall bias even when the exposure was recent, some studies of the relationship
between caffeine consumption and miscarriage assessed consumption prior to pregnancy [47–50]. “Overall,
while most of these studies were small, the majority showed that pre-pregnancy consumption of caffeine
was not associated with increased risk of spontaneous abortion.” [51].

One way to minimize recall bias that might have contributed to the association between maternal
gestational coffee consumption and childhood leukemias would be to choose controls who also have
a potentially fatal illness that might have antenatal origins. This strategy of selecting controls who have
another disorder that prompts the mother to search her memory especially thoroughly [52], has yet to
be applied to the study of childhood leukemia. It would be reasonable to do so if the malignancies of
controls each had a relatively unique risk profile.

3. Bias 2: Misclassification

The most obvious misclassification that has the potential to distort our perception of truth about
relationships between coffee drinking and any disorder is inappropriately quantifying exposure [53].
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What is a cup of coffee? 5 ounces (150 mL)? 8 ounces (240 mL)? Is a mug 8 ounces (240 mL)? 10 ounces
(300 mL)? 12 ounces (360 mL)? Similar concerns apply to the ‘strength of the brew’, as well as to
additives (e.g., sugar, non-nutritive sweeteners, milk, cream).

Misclassification bias is potentially high in studies that assess the effects of caffeine as the exposure
of interest. Almost invariably, authors make assumptions based on reports of caffeine content of coffee,
tea, other beverages and foods [54–56], and about attributing to a population, the caffeine content as
estimated by self-report [57,58].

4. Bias 3: Residual Confounding

Confounding defines the distortion of our perception of the relationship between an exposure
(coffee consumption) and a disorder (e.g., childhood leukemia, miscarriage).

This distortion occurs when a variable that is a potential confounder is not considered in the
analysis. A potential confounder has to be associated with the disorder and the exposure, but must not
be on the causal pathway between the exposure and the disorder [59].

Tobacco smoke induces cytochrome P450 1A2 (CYP1A2), the main enzyme involved in caffeine
metabolism, thereby increasing the rate of caffeine metabolism, and shortening the half-life of
caffeine [60–62]. One consequence is that the duration of desired behavioral effects of caffeine is
shortened, prompting smokers to consume more coffee than non-smokers [63]. Among Norwegian
pregnant women, the average daily caffeine consumption varied with smoking. For example,
never-smokers consumed 54 mg of caffeine daily, while occasional smokers consumed 109 mg daily,
and daily smokers consumed on average 143 mg each day [8]. Therefore, tobacco is a potential
confounder of the relationship between a mother’s coffee consumption and her child’s risk of childhood
leukemia. This can be minimized to some extent by “adjusting” for tobacco exposure.

Residual confounding occurs when efforts to minimize confounding are not adequate.
In the most extreme examples, investigators classify as “smokers” all women who smoked during

pregnancy, even though these women varied considerably in their level of tobacco consumption,
and classify all others as “non-smokers”.

Tobacco smoke exposure is a known carcinogen [64]. Some studies have reported that maternal
tobacco exposure during pregnancy is associated with increased risk of the offspring developing
childhood leukemia [13,19,65–67], whereas others report that paternal tobacco exposure during
pregnancy (a source of second-hand smoke for the mother) is associated with the child’s heightened
risk of childhood leukemia [34,38,68].

Successful adjustment in multivariable models of the risk of a disorder depends on high-quality
exposure data. All the adjusting in the world cannot eliminate distortions due to “social desirability
responding,” such as that which occurs when respondents are truthful about their coffee consumption,
but not about their tobacco exposure.

The statement, “Only at the very highest level of pre-pregnancy intake (e.g., >900 mg/day,
a consumption level rarely seen in people who do not smoke) was caffeine consumption associated
with increased risk of miscarriage” [49]. This raises the possibility that such high consumptions reflect
the influence of tobacco exposure, which leads to the inference that the increased risk of miscarriage
might also reflect residual confounding of tobacco [69]. Cigarette smoking is also a risk factor for
low birth weight [70] and placenta dysfunction [71]. These associations again raise the possibility
of residual confounding in studies of coffee consumption during early pregnancy and low birth
weight [8,72,73], fetal growth restriction [74], and perhaps even epigenetic effects, such as childhood
overweight [75].

Another challenge to eliminating confounding is posed by polymorphisms of multiple genes that
influence caffeine and/or coffee consumption [76–84]. Some of these polymorphisms also influence
the risk of diseases associated with caffeine and/or coffee consumption [85–90].

A common strategy to disentangle the contribution of genetic propensity to consume
coffee/caffeine is to stratify the sample by possession of each gene variant. In essence, this amounts
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to exploring the caffeine/coffee association in those with and without a specific variant. However,
this can be considerably more complex and pose analysis challenges. For example, alleles near genes
associated with high coffee consumption are associated with adiposity, cigarette smoking, high levels
of fasting insulin and glucose, low risk of hypertension, as well as favorable lipid, inflammatory,
and liver enzyme profiles [82].

5. Bias 4: Reverse Causation

5.1. Coffee Consumption Changes during Early Pregnancy

Even before some women realize they are pregnant, they decrease their coffee consumption. Coffee
consumption by women tends to decline as early as the 4th and 5th weeks of normal pregnancy [91,92]
(see Figure 1 of [91]; and Figures 1 and 2 of [92]).

Perhaps the first signal of a viable pregnancy is the sensitivity to odors, which can be accompanied
by a diminished desire for coffee and the aromas associated with it [93]. As the pregnancy signal
intensifies, nausea and overt aversion to odors become increasingly evident [94].

Because women who have early nausea are at a lower risk of early fetal loss (miscarriage) than
women who do not experience nausea [95–97], a strong pregnancy signal is seen as an indicator of
a viable pregnancy, and the absence of a pregnancy signal is seen as an indicator that the situation
might be suboptimal.

The decline in coffee consumption early in pregnancy among women who apparently did not
intend to reduce their coffee consumption has been attributed to epiphenomena, including “aversion
to tastes and smells ordinarily well tolerated.” [98]. Subsequently, the term “pregnancy signal” was
used to describe some of the earliest physiologic changes associated with pregnancy, including food
aversions, and (hyper)sensitivities to aromas, including those of brewed coffee and perfume [99–102].
Some now use the term, ‘pregnancy awareness’ [103].

More than half a century ago, the pregnancy signal was attributed to the high-estrogen-content
of the first commercially-available oral contraceptives [104,105]. Two decades later, the pregnancy
signal was linked to elevated (early morning) urine concentrations of estrone-3-glucuronide and
human chorionic gonadotropin [106]. “The number of potential contributors to maternal recognition
of pregnancy continues to grow and this highlights our limited appreciation of the complexity of
the key molecules and signal transduction pathways that intersect during these key developmental
processes.” [107]. And indeed, the number of potential contributors does continue to grow [108].

The hormonal characteristics linked to coffee consumption during pregnancy to some extent also
appear to apply to consumption when women are not pregnant. For example, the lower the peak
estradiol level among women prior to in vitro fertilization, the higher their caffeine consumption [109].
A similar phenomenon occurs in premenopausal women [110].

5.2. Inferences That Follow from a Weak Pregnancy Signal

If a weak pregnancy signal is an indicator of a placenta not able to produce the high concentrations
of hormones and growth factors needed for fetal wellbeing and optimal growth, the fetus is at
increased risk of death and limited growth. If a weak pregnancy signal also allows the gravida to
continue her normal coffee consumption, then coffee will be blamed (inappropriately) for increasing
the risk of miscarriage and lower birth weight. The blame is inappropriate because the level of
coffee consumption is influenced by the very process that will result in potentially dire consequences.
In essence, the same placental deficiencies that contribute to the adversities also fail to reduce coffee
consumption. Continued pre-pregnancy level of coffee consumption is a consequence, and not a cause,
of the placental deficiencies.

This is an example of “reverse causation,” which refers to situations where an antecedent is
a consequence rather than a cause of illness [50,111–128]. Another example has occurred in some
studies that have found that people whose weight (or body mass index) is low were at heightened
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risk of death [129]. Low weight can be a consequence of disease that results in a loss of appetite [130].
In such situations the processes that lead to death also lead to weight loss, rather than low weight
contributing to mortality risk [131].

“Reverse causation” also applies to the situation where a limited-function placenta is more likely
to allow a woman to continue her usual levels of coffee consumption throughout pregnancy than
is the healthy placenta that prompts a woman to reduce her coffee consumption. As a result, coffee
consumption is associated with the consequences of a limited-function placenta precisely because
a limited-function placenta allows higher coffee consumption than does a full-function placenta.

The limited-function placenta is associated with fetal growth restriction [132–134]. So is
coffee/caffeine consumption [9], even if only by reverse causation.

Among the risk factors for childhood leukemias are two pregnancy phenomena, prior pregnancy
loss (“fetal wastage”) [135–138] and low birth weight [139–143]. Both of these have been associated
with continued normal (pre-pregnancy) level of coffee consumption [6,8,11,91,144–147]. To some extent,
each of these (i.e., fetal wastage, low birth weight, and continued coffee consumption during pregnancy
at pre-pregnancy levels) is a correlate of impaired implantation of the placenta, and a weaker pregnancy
signal than occurs following a healthy implantation. Might the association between gestational coffee
consumption and childhood leukemia reflect “reverse causation”?

6. Bias 5: Publication Bias

Publication (or dissemination) bias has been defined as the selective publication of studies [148,149].
This appears to happen most commonly when reviewers and editors view “positive” findings as
more attractive for publication than “negative” (or non-significant) findings [150]. Publication bias
can also reflect self-censorship by authors who are reluctant to continue to battle editors about the
need to publish reasonably-powered “negative” studies [151]. So many other persistent influences
contribute to publication bias [152–154] that some do not consider elimination of this bias to be
feasible [155,156]. Consequently, a negative finding, such as no relationship between early pregnancy
coffee consumption and risk of miscarriage, is unlikely to be attractive to editors in light of the plethora
of studies reporting a positive relationship. The result is publication bias [157,158], which is especially
distorting in meta-analyses [159]. These include distortion of the standardized mean difference plotted
against the standard error, which can be severe when the primary studies are small [160]. In addition,
asymmetry of the funnel plot might not accurately indicate publication bias [161].

7. Conclusions

I have provided comments about biases that might account for associations between maternal
coffee consumption early in pregnancy and subsequent events. All of the reports of detrimental effects
of coffee consumption during early pregnancy can be explained by one or more of the biases mentioned
above. To what extent these biases explain away the associations between maternal early-pregnancy
coffee consumption and subsequent events remains to be determined. Obviously, the more these
biases can be avoided, the closer we will come to the truth. A laudable goal, but one that is difficult
to achieve.
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Abstract: Background. Caffeine is one of the most widely consumed stimulants worldwide.
It is a well-recognized antagonist of adenosine and a potential cause of false-negative functional
measurements during vasodilator myocardial perfusion. The aim of this systematic review is to
summarize the evidence regarding the effects of caffeine intake on functional measurements of
myocardial perfusion in patients with suspected coronary artery disease. Pubmed, Web of Science,
and Embase were searched using a predefined electronic search strategy. Participants—healthy subjects
or patients with known or suspected CAD. Comparisons—recent caffeine intake versus no caffeine
intake. Outcomes—measurements of functional myocardial perfusion. Study design—observational.
Fourteen studies were deemed eligible for this systematic review. There was a wide range of
variability in study design with varying imaging modalities, vasodilator agents, serum concentrations
of caffeine, and primary outcome measurements. The available data indicate a significant influence of
recent caffeine intake on cardiac perfusion measurements during adenosine and dipyridamole
induced hyperemia. These effects have the potential to affect the clinical decision making by
re-classification to different risk-categories.

Keywords: caffeine; myocardial perfusion; coronary artery disease; adenosine; regadenoson; dipyridamole

1. Introduction

Noninvasive and invasive functional measurements are increasingly used to assess myocardial
perfusion in both research and the clinical setting. To unmask relevant myocardial perfusion defects,
it is essential to achieve maximal hyperemia during these measurements. The most widely used
vasodilator agents used to achieve this hyperemic effect are adenosine, regadenoson, and dipyridamole.
The hyperemic effect is primarily caused by binding to the adenosine A2A-receptor on arteriolar
vascular smooth muscle cells [1].

1.1. Vasodilator Agent Mechanisms of Action

Both adenosine and regadenoson act by directly binding to adenosine receptors. Adenosine is
a nonselective adenosine receptor agonist and binds to all the different adenosine subtypes, including
the adenosine A2B-receptor subtype [2]. Binding to this receptor causes bronchospasm in patients
with hypersensitive airways. Therefore, adenosine cannot be used in patients with either asthma or
chronic obstructive pulmonary disease (COPD) [2–4]. Regadenoson can safely be used in patients
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with hypersensitive airways, due to its selective binding to the A2A-receptor [5–8]. Dipyridamole
acts as an adenosine re-uptake inhibitor. The inhibited uptake of adenosine by cells increases the
extra-cellular adenosine concentration, increasing the amount of adenosine that is available for binding
to adenosine receptors.

1.2. Caffeine Antagonism

When adenosine binds to the G-protein coupled A2a-receptor, located on cardiac vascular
smooth muscle cells, intra-cellular production of cAMP and activation of protein kinase increase,
resulting in hyperpolarisation and consequently relaxation of vascular smooth muscle cells. Caffeine
is a well-recognized antagonist of adenosine [9]. The competitive antagonistic nature of caffeine for
the A2A-receptor is a potential cause of achieving insufficient hyperemia, resulting in false-negative
functional perfusion measurements [10]. Caffeine limits the binding of adenosine to the receptor
and consequently possibly limits cardiac vasodilation and stress adequacy. Regadenoson is a potent
selective A2A-receptor agonist that is possibly less influenced by caffeine due to the stronger affinity
for the receptor. Figure 1 is a simplified graphical illustration of the effect of the vasodilator agents and
caffeine on the A2a-receptor.

The effects of caffeine on different vasodilator myocardial perfusion measurements remains
unclear, and conflicting results have been published. By conducting a review of current literature,
two recent debate articles have attempted to shed light on the possible influence of caffeine on
myocardial perfusion imaging and its clinical impact [11,12]. However, these papers both fail to
provide a complete, unbiased systematic overview of current available evidence on the effects of
caffeine on vasodilator myocardial perfusion measurements.

 

Figure 1. Suggested molecular A2a-receptor effects showing adenosine agonism (A), caffeine
antagonism (B), competitive antagonism of caffeine on adenosine (C), and competitive agonism of
regadenoson on caffeine (D).

1.3. Caffeine Consumption

Caffeine is one of the most widely consumed stimulants worldwide and is present in a wide
range of substances such as coffee, soft drinks, energy drinks, tea, and chocolate [13]. The European
Food Safety Authority (EFSA) recently published a scientific opinion paper regarding the safety of
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caffeine [14]. The papers conducted extensive surveys in 22 European countries. They report a wide
variability of mean daily caffeine intake per country. The daily intake ranged from 21.8–416.8 mg per
day in individuals ≥18 years old, with coffee being the predominant caffeine containing beverage
consumed [14]. An average cup of coffee contains approximately 85 mg of caffeine [14]. When taking
the average amount of caffeine per cup, the reported coffee intake in the ESFA database roughly
translates to a mean coffee intake of 0.25–5 cups. However, it should be recognized that the caffeine
dose varies extensively depending on several factors, for example the type of coffee bean and brewing
method [15].

1.4. Clinical Practice

In clinical practice, patients are generally instructed to refrain from consumption of caffeine
containing substances for a period ranging from 12–24 h prior to myocardial perfusion testing.
However, the adherence rate of patients to this advice is unclear and serum concentrations of caffeine
are not routinely measured in the period preceding the functional measurement. In a study by Banko
et al., 36/190 (19%) of patients who screened negative for recent caffeine ingestion by interview still
had detectable serum caffeine levels prior to the examination [16]. It is also debatable whether 12 or
24 h caffeine abstinence prior to MPI should be recommended. Carlsson et al., compared coronary
flow reserve (CFR) on MRI measured 12 and 24 h after study-induced caffeine ingestion, and showed
a significantly lower coronary flow reserve after 12 h caffeine abstinence compared to 24 h caffeine
abstinence [17].

1.5. Aim of the Study

This systematic review will summarize the evidence regarding the effects of caffeine intake
on functional measurements of myocardial perfusion in patients with suspected coronary artery
disease (CAD).

2. Methods and Results

2.1. Protocol and Registration

This systematic review was performed in concordance with the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) statement and was registered at PROSPERO under
registration number CRD42018092187.

2.2. Eligibility Criteria

Participants—healthy subjects or patients with known or suspected CAD. Comparisons—recent
caffeine intake versus no caffeine intake. Outcomes—measurements of functional myocardial perfusion.
Study design—observational.

2.3. Search Strategy

Pubmed, Web of Science, and Embase were searched using a specific electronic search strategy.
The following search strategy was used in Pubmed: (“Coffee”[Mesh] OR “Caffeine”[Mesh] OR caffeine
[tiab] OR coffee [tiab] OR coffea [tiab]) AND (“Heart” [Mesh] OR “Myocardial Ischemia” [Mesh]
OR Myocardi* [tiab] OR Cardiac [tiab] OR cardiovas* [tiab] OR heart [tiab] OR coronar* [tiab]) AND
(perfusion* [tiab] OR “Perfusion Imaging” [Mesh] OR “Magnetic Resonance Imaging” [Mesh] OR
Magnetic Resonance [tiab] OR Magnetic-resonance [tiab] OR MR [tiab] OR CMR [tiab] OR MRI
[tiab] OR “Tomography, X-ray Computed” [Mesh] OR Computed tomograph* [tiab] OR CT [tiab]
OR “Positron-Emission Tomography” [Mesh] OR Positron Emission Tomograp* [tiab] OR PET [tiab]
OR “Single Photon Emission Computed Tomography Computed Tomography” [Mesh] OR photon
Emission Computed Tomograph* [tiab] OR SPECT [tiab] OR “Fractional Flow Reserve, Myocardial”
[Mesh] OR “Coronary Angiography” [Mesh] OR Fractional Flow Reserve [tiab] OR FFR [tiab] OR
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coronary angiograph* [tiab] OR coronary-angiograph* [tiab]). The search strategy for Web of Science
and Embase was adjusted according to requirements and preferences of the different databases.

2.4. Study Selection and Data Collection

The results from the systematic search of the different databases were collected in Mendeley.
Duplicates were removed by using the automatic “check for duplicates” function within Mendeley
and an additional manual check for duplicates. Two reviewers independently screened the articles for
eligibility using the title and abstract. After title and abstract screening, the results from the reviewers
were compared and consensus was achieved in case of discrepancies. The remaining articles were read
in full text independently by both reviewers and screened for inclusion. Results of full text screening
were compared and discussed afterwards. The data extraction of eligible articles was performed with
the use of a predefined template.

2.5. Search Results

In total, 702 articles were identified. After duplicate removal, 512 articles remained. After title–abstract
screening, 38 articles were identified for eligibility for full text screening. Final number of studies
included in the systematic review after full text screening n = 14.

2.6. Study Characteristics

An overview of the patient characteristics and study design details is shown in Tables 1 and 2
respectively. The imaging modality of choice for myocardial perfusion assessment was SPECT (n = 5),
PET (n = 2), MRI (n = 3), or ICA (n = 4). The vasodilator agent used was dipyridamole (n = 3), adenosine
triphosphate (ATP) (n = 2), adenosine (n = 9), or regadenoson (n = 3).

2.7. Study Quality

Study quality was assessed with a method based on the Quality Assessment of Diagnostic
Accuracy Studies (QUADAS) forms. For the purpose of this systematic review on the effects of
caffeine on myocardial perfusion measurements, the following study design components were assessed
and graded as either low, high, or unclear risk of bias or applicability concern: 1. Patient selection
(low: Prospective patients without inappropriate exclusion, high: (Pre-)selection based on imaging
results or measurements, unclear: Not specified); 2. Intervention (low: Serum caffeine level was
>4 mg/L, high: Serum caffeine levels <4 mg/L, unclear: Not specified); 3. Analysis (low: Analysis
was interpreted without knowledge of the intervention, high: Analysis was interpreted without
adequate blinding of the intervention status, unclear: Not specified); 4. Time interval between
caffeine intervention and analysis (low: >30 min between caffeine intervention and analysis, high:
<30 min between caffeine intervention and analysis, unclear: Not specified). The results of the
study quality assessment are shown in Table 3. All studies included in this systematic review are
at high risk of selection-bias either due to pre-selection of the study population based on imaging
results (presence/absence of ischemia, presence of significant stenosis) or due to inclusion of only
healthy volunteers.
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3. Discussion

The competitive nature of caffeine for the adenosine receptor poses a threat to the validity of all
myocardial perfusion modalities, irrespective of the vasodilator being used. In the past three decades,
several publications have attempted to assess the impact of (recent) caffeine ingestion on the perfusion
examinations. This systematic review aims to provide an overview of the available data and discusses
the impact of caffeine ingestion on the different perfusion modalities and vasodilator agents.

Currently, the fractional flow reserve (FFR), as measured during invasive coronary angiography
(ICA), is regarded as the reference standard for the functional assessment of myocardial perfusion.
The guidelines state that FFR measurements should be performed in case of uncertainty regarding
the significance of a coronary stenosis and that FFR measurements should be performed in case of
intermediate stenosis (40–70%) [18]. Other imaging modalities that have the potential to provide
functional information on myocardial pefusion are SPECT, PET, CT, and MRI. A recent meta-analysis
focusing on the diagnostic accuracy of these cardiac perfusion imaging modalities showed a superior
diagnostic accuracy of PET, MRI, and CT as compared to SPECT perfusion imaging [19]. SPECT
imaging suffers from a limited spatial resolution and as a result, subtle differences in myocardial
perfusion are more likely to be missed.

3.1. SPECT

Three out of five SPECT studies included in this systematic review reported a non-significant
effect of recent caffeine ingestion on the functional perfusion measurement [20–22]. The studies by Lee
et al. and Zoghbi et al. selected patients with ischemia on baseline SPECT and performed a second
SPECT after caffeine ingestion [20,21]. They reported no significant effect of caffeine ingestion on MPI.
However, both report a relatively low serum concentration of caffeine prior to performing the second
MPI, possibly underestimating the effect of caffeine. The study by Reyes et al. selected patients with
ischemia on baseline SPECT and performed a second SPECT after caffeine intervention (200 mg orally)
with either the standard dosage of 140 μg/kg/min (n = 12) or increased dosage of 210 μg/kg/min
(n = 18) [22]. The reported serum concentration of caffeine in this study was higher in both groups
when compared to Lee et al. and Zoghbi et al. A significant effect of caffeine on the functional
perfusion measurement in the group with standard adenosine dosage, but no significant effect in
the group with the increased adenosine dosage, was detected, suggesting that the effect of caffeine
can be overcome by an increased dosage of the vasodilator agent. Smits et al., report a significantly
lower redistribution score as measured on dipyridamole-SPECT after intravenous injection of caffeine
compared to baseline SPECT [23]. The serum caffeine concentration in this study was relatively high,
potentially securing a maximal effect of the caffeine intervention. The placebo-controlled study by
Tejani et al. with large sample size showed a significant decrease in the number of ischemic segments
by caffeine measured during regadenoson-SPECT as compared to placebo [24]. When considering the
study quality assessment, the two studies reporting no significant effects of the caffeine intervention
on the perfusion measurement score worse as compared to the studies reporting significant effects,
primarily driven by a lower serum concentration of caffeine.

3.2. PET

The two PET studies that report on the effects of caffeine on the functional perfusion measurements
show a significant reduction in the myocardial flow reserve and myocardial blood flow, all at relatively
low serum concentrations of caffeine during either dipyridamole or ATP induced hyperemia [25,26].
However, it should be noted that both studies included healthy individuals, making translation to
clinical practice difficult.
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3.3. MRI

All three studies that report on the effects of caffeine on adenosine MRI indicate a significant
effect on the perfusion measurements [17,27,28]. Greulich et al., showed that caffeine one hour before
the perfusion measurement at a serum level of 4.6 ± 2.2 mg/L caused a significant decrease in the
ischemic burden [27]. In the other two studies, serum caffeine concentration is not reported. However,
both studies report a significant effect on the Coronary Sinus Flow Reserve (CsFR) and T1-reactivitity,
respectively [17,28]. In the study by our research group, the T1-reactivity appeared unaffected by
recent caffeine intake in patients that underwent regadenoson perfusion MRI [28].

3.4. ICA

The four studies assessing the effects of recent caffeine intake on the FFR used either ATP or
adenosine as the vasodilator agent. The study by Nakayama et al., showed a significantly higher mean
FFR value after caffeine ingestion at a “low” (140 μg/kg/min) and “high” (170 μg/kg/min) dose of
ATP [29]. Matsumoto et al., also indicate a significant effect of recent caffeine ingestion on the FFR
measurement at adenosine dosages of 140 μg/kg/min, 170 μg/kg/min, and 210 μg/kg/min [30].
Mutha et al. and Aqel et al. both report a non-significant effect of intravenous administration of
caffeine 5–10 min before the FFR measurement [31,32]. Interestingly, the mean FFR values in the study
by Mutha et al. do suggest a significant effect [31]. The lack of significance in this study might be
due to the small study population, as they only included ten patients. The study does report that
in 2 out of the 10 patients, the FFR value changed from significant (≤0.8) to non-significant (>0.8)
after caffeine administration [31]. The study by Aqel et al., shows no significant effect of intravenous
caffeine administration at a low serum concentration of caffeine and also in a small study population of
only ten patients [32]. Additionally, the time interval between the coffee intervention and the perfusion
measurement in the studies by Mutha et al. and Aqel et al. was only several minutes, which is possibly
insufficient time for the caffeine to cause a maximal effect. The short time interval between caffeine
intervention and the perfusion measurement is also not a good representation of clinical practice.

3.5. Contributing Factors

When summarizing the presented data on the potential effects of recent caffeine ingestion on
functional perfusion measurements, several study design details appear to have an effect on the
outcome. First of all, the different vasodilator agents appear to have a different sensitivity for recent
caffeine ingestion, which also seems to be dose dependent. Almost all of the PET, MRI, and ICA
studies reporting on the effects of caffeine on adenosine perfusion imaging at the standard dosage of
140 μg/kg/min show a significant effect on the perfusion parameter [17,25–28,30,31]. Only two ICA
studies report non-significant effects [29,30]. As discussed in the previous section, possible explanations
for the lack of a significant effect in these studies are the small study population, the timing of caffeine
intervention, and the low serum concentrations of caffeine, which does not reflect the clinical setting.
Additionally, the SPECT studies with a reasonable time interval between caffeine intervention and
the perfusion measurement also indicate a significant effect on the perfusion measurement [23,24].
The SPECT and PET studies reporting on dipyridamole perfusion imaging show a significant effect of
recent caffeine ingestion [23,25,26]. The effects of recent caffeine ingestion on regadenoson perfusion
imaging remain unclear. Only two papers included in this systematic review report on the possible
effects of caffeine on regadenoson, and these papers show contradictory results without a clear
indication for the difference [24,28]. Regadenoson is increasingly used as the vasodilator agent of
choice for perfusion measurement, and further research should be conducted to better understand the
influence of caffeine intake on regadenoson perfusion.
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3.6. Clinical Relevance

For translation to clinical practice, it is essential to investigate if the effects of caffeine on the
perfusion measurements change clinical decision making. Current guidelines of the European Society
of Cardiology (ESC) indicate an area of ischemia ≥10% as high risk and a class IB indication for
revascularization for both improvement of prognosis and persisting symptoms under Optical Medical
Therapy (OMT) [33]. For MRI, this roughly translates to ≥2 segments with new perfusion defects.
The SDS score is used in SPECT analysis, with a score of >8 indicating “severe ischemia” [34].
During ICA, a cut-off value of ≤0.80 is used to indicate stenosis with guideline based indication
of revascularization [33].

Only a few articles included in this review provide information that can be used to make
a statement on the possible clinical relevance. The MRI study by Greulich et al. reports that no
conversion of a positive to a negative stress study occurred on a per patient basis, although the mean
ischemic burden was significantly reduced by one segment after caffeine administration [27]. However,
it must be noted that the study population consisted of a relatively diseased population with a high
baseline mean number of ischemic segments (7.9 ± 3.5), meaning that in this specific population,
re-classification as a result of caffeine ingestion would only occur if the detected ischemic burden
would be reduced with ≥6 segments by caffeine. Especially at the lower ranges of ischemic burden,
the reduction of a small amount of segments by caffeine ingestion might result in re-classification.
The SPECT study by Reyes et al. shows a re-classification of the SDS of patients from severe to
mild-moderate at the standard adenosine dosage of 140 μg/kg/min [22]. With strict adherence to the
guidelines, this would mean that these patients would not be referred for further treatment based on
their ischemia burden. Both Zoghbi et al. and Lee et al. report the presence of non-significant ischemia
at baseline without a change of classification after caffeine administration [20,21]. These results are
to be expected, as the general hypothesis is that caffeine administration might potentially lower the
amount of detected ischemia and not increase it, making “re-classification” in these studies impossible.
The ICA study by Matsumoto et al. indicates a possible clinical relevant effect of caffeine on FFR
measurements [30]. As stated previously, the current cut-off value of FFR for indicating relevant
myocardial ischemia is ≤0.80. The mean FFR value at baseline in their study population with adenosine
dosage of either 140 μg/kg/min, 170 μg/kg/min, or 210 μg/kg/min indicates significant disease
with an FFR ≤0.8 (FFR 0.78 ± 0.09 papaverine). After caffeine ingestion, the mean FFR values in the
140 μg/kg/min and 170 μg/kg/min groups change from significant to non-significant >0.8 (FFR after
caffeine administration 0.81 ± 0.09), clearly indicating the potential of recent caffeine ingestion to cause
re-classification during ICA.

3.7. Stress Adequacy

The T1-reactivity can be used as an imaging biomarker for the assessment of stress adequacy
during vasodilator perfusion MRI. It is useful to measure stress adequacy either before the perfusion
acquisition or retrospectively during image post-processing and evaluation [35]. We believe that
reporting the T1-reactivity will aid in the proper interpretation of MRI perfusion images and that the
imaging biomarker should be used as a quality check for stress adequacy.

4. Conclusions

When considering the studies with high study quality, the available data indicate a significant
influence of recent caffeine intake on cardiac perfusion measurements during adenosine and
dipyridamole induced hyperemia in SPECT, PET, MRI, and ICA. Recent caffeine ingestion prior
to functional perfusion measurements has the potential to affect clinical decision making by
re-classification to different risk-categories.
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Implications of Key Findings

Caffeine intake prior to perfusion measurements should be discouraged and in case of recent
caffeine intake, rescheduling of the procedure or switching to regadenoson as the vasodilator agent
of choice should be considered. During vasodilator perfusion MRI, the T1-reactivity can be used as
a biomarker to assess stress adequacy and to indicate patients at risk of false-negative perfusion results.
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Abstract: Caffeine is the most widely consumed psychoactive compound worldwide. It is mostly
found in coffee, tea, energizing drinks and in some drugs. However, it has become really easy to obtain
pure caffeine (powder or tablets) on the Internet markets. Mechanisms of action are dose-dependent.
Serious toxicities such as seizure and cardiac arrhythmias, seen with caffeine plasma concentrations
of 15 mg/L or higher, have caused poisoning or, rarely, death; otherwise concentrations of 3–6 mg/kg
are considered safe. Caffeine concentrations of 80–100 mg/L are considered lethal. The aim of this
systematic review, performed following the Preferred Reporting Items for Systematic Review and
Meta-Analyses (PRISMA) statement for the identification and selection of studies, is to review fatal
cases in which caffeine has been recognized as the only cause of death in order to identify potential
categories at risk. A total of 92 cases have been identified. These events happened more frequently in
infants, psychiatric patients, and athletes. Although caffeine intoxication is relatively uncommon,
raising awareness about its lethal consequences could be useful for both clinicians and pathologists
to identify possible unrecognized cases and prevent related severe health conditions and deaths.

Keywords: accidental death; caffeine; caffeine intoxication; intoxication; Suicide

1. Introduction

In recent years, the risk of caffeine intoxication has increased due to the more widespread
availability of analgesics, CNS stimulant medicine and dietary supplements at shops, health stores
and e-markets. Nonetheless, lethal cases from caffeine intoxication are quite uncommon. The first
paper about lethal caffeine intoxication was published by Jokela et al. in 1959 [1], and it described the
accidental death of a young woman following intravenous administration of caffeine.

The pharmacological effects of caffeine include central nervous system and cardiac stimulation and
usually occur at plasma concentrations of 15 mg/L or higher. Common features of caffeine intoxication,
also known as “caffeinism” (i.e., a state of chronic toxicity from excessive caffeine consumption),
include anxiety, agitation, restlessness, insomnia, gastrointestinal disturbances, tremors, psychomotor
agitation, and, in some cases, death. Symptoms of caffeine intoxication can mimic those of anxiety
and other affective disorders [2]. The cardiovascular effects include supraventricular and ventricular
tachyarrhythmias. The direct cause of death is often described as ventricular fibrillation.

Generally, life-threatening caffeine overdoses entail the ingestion of caffeine-containing
medications, rather than caffeinated foods or beverages [3], and have been associated with blood
concentrations in excess of 80 mg/L [4].
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Up to now, there has been limited detailed research regarding caffeine fatalities and there have
been sporadic reports about it, although complete reviews have been published on the topic of
caffeine [5–7]. The aim of this systematic review is to summarize data regarding caffeine lethal
intoxications and try to identify possible categories at risk for it; data obtained from our study could
support both clinicians and pathologists in identifying possible unrecognized cases and render possible
a better and further comprehension of an ever-growing phenomenon.

2. Methods

2.1. Eligibility Criteria

The present systematic review was carried out according to the Preferred Reporting Items for
Systematic Review and Meta-Analyses (PRISMA) standards [8]. Studies examining caffeine-related
deaths, paying particular attention to victims of pure caffeine intoxications, were included.
Study designs comprised case reports, case series, retrospective and prospective studies, letters
to the editors, and reviews. The latter were downloaded to search their reference lists similarly to other
papers, but yielded no other potentially eligible paper. The search was limited to human studies.

2.2. Search Criteria and Critical Appraisal

A systematic literature search and a critical appraisal of the collected studies were conducted.
An electronic search of PubMed, Science Direct Scopus, and Excerpta Medica Database (EMBASE)
from the inception of these databases to the 22th of March 2018 was performed.

Search terms were (“caffeine” OR “coffee”) AND (“toxicology” OR “death” OR “decease” OR
“fatal intoxication” OR “fatality”) in title, abstract, and keywords. Cases in which death has been
related to the consumption of energy drinks or caffeinated drinks were excluded because they do not
represent “pure” caffeine-related deaths as they are the results of a combination of more substances
such as caffeine and alcohol, or caffeine and other caffeine-like substances that may have additional
mechanisms of action on cardiovascular and neurological system.

The bibliographies of all located papers were examined and cross-referenced for further
relevant literature.

Methodological appraisal of each study was conducted according to the PRISMA standards,
including evaluation of bias. Data collection entailed study selection and data extraction. Two researchers
(D.P., S.C.) independently examined those papers whose title or abstract appeared to be relevant and
selected the ones that analyzed deaths due to caffeine intoxication. Disagreements concerning eligibility
between the three researchers were resolved by consensus process. No unpublished or grey literature
was searched. Data extraction was performed by one investigator (M.A.) and verified by another
investigator (V.F.). This study was exempt from institutional review board approval as it did not involve
human subjects.

3. Results

3.1. Search Results and Included Studies

An appraisal based on titles and abstracts as well as a hand search of reference lists was carried
out. The reference lists of all located articles were reviewed to detect still unidentified literature.
Figure 1 illustrate our search strategy.

A total of 36 studies fulfilled the inclusion criteria, producing a pooled dataset of 92 individuals.
The reviewed studies involved a sample size ranging from 1 (i.e., case reports) to 22 individuals
(i.e., a retrospective study), with a mean of 2.6 and a median of 1, indicating skewness towards
smaller samples.
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Figure 1. Search strategy

3.2. Study Characteristics

The following data were extracted from the included studies: study source; age and sex of
participants in the study; toxicological data (if reported); way of administration. An exhaustive
summary of the literature, including extracted data, is shown in Table 1.

Table 1. Caffeine-related fatalities.

Author (Year)
Caffeine Blood

Level (mg/L)
Age Gender

Manner of
Death

Route of Administration
(Source)

Jokela et al. (1959) [1] - 35 F Accidental Intravenous

Farago et al. (1968) [9] 1040 mg/L 15 months - Child abuse Intravenous

Alstott et al. (1973) [10] - 27 M Suicide Oral (pills)

Grusz-Hardy (1973) [11] 79 mg/L 45 F Accidental Oral (pills)

Dimaio et al. (1974) [12] 158.5 mg/L 5 F Accidental Oral (pills)

Turner et al. (1977) [13] 106 mg/L 34 F Uncertain Oral (pills)

McGee (1980) [14] 181 mg/L 19 F Accidental Oral (pills)

Bryant (1981) [15] 113.5 mg/L 42 F Suicide Oral (pills)

Chaturvedi et al. (1983) [16] 62 mg/L 21 M Suicide Oral (pills)

Garriott et al. (1985) [17]

129.9 mg/L 19 F Suicide Oral (pills)

147 mg/L 21 M Suicide Oral (pills)

343.9 mg/L 21 M Suicide Oral (pills)

184.1 mg/L 23 M Accidental Oral (pills)

251 mg/L 21 F Suicide Oral (pills)
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Table 1. Cont.

Author (Year)
Caffeine Blood

Level (mg/L)
Age Gender

Manner of
Death

Route of Administration
(Source)

Winek et al. (1985) [18] 240 mg/L 21 F Suicide Oral (pills)

Hanzlick et al. (1986) [19]
264 mg/L 44 F suicide Oral (pills)

182 mg/L 20 F accidental Oral (pills)

Morrow (1987) [20] 117.3 mg/L 14 months - Child abuse Oral (pills)

Mrvos et al. (1989) [21] 1560 mg/L 22 F Accidental Oral (pills)

Takayasu et al. (1993) [22] 177.0 μg/g 20 F Suicide Oral (pills)

Rivenes et al. (1997) [23] 117 mg/L 5 weeks M Child abuse Oral (pills)

Shum et al. (1997) [24]
108 mcg/dL 15 F Accidental Oral (pills)

30 mcg/dL 32 M Accidental Oral (pills)

Riesselmann et al. (1999) [25]
220 mg/L 19 F Accidental Oral (pills)

190 mg/L 81 F Suicide Not reported

Watson et al. (2004) [26] - 17 - Suicide Oral (pills)

Holmgren et al. (2004) [27]

173 mg/L 54 M Uncertain Oral (pills)

210 mg/L 21 M Suicide Oral (pills)

153 mg/L 31 M Suicide Oral (pills)

200 mg/L 47 F Uncertain Oral (pills)

Watson et al. (2005) [28] - 33 - Accidental Oral (pills)

Kerrigan et al. (2005) [29] 192 mg/L 39 F Accidental Intravenous

567 mg/L 29 M Accidental Oral (pills)

Takeuchi et al. (2007) [30] - - - Accidental Oral (pills)

Rudolph et al. (2010) [31] - 21 F Suicide Oral (pills)

Thelander et al. (2010) [32]

90 mg/L 43 M Uncertain Not reported

105 mg/L 53 M Suicide Not reported

170 mg/L 47 M Uncertain Not reported

86 mg/L 26 F Uncertain Not reported

210 mg/L 25 F Suicide Not reported

230 mg/L 40 F Uncertain Not reported

210 mg/L 21 M Suicide Not reported

153 mg/L 31 M Suicide Not reported

173 mg/L 54 M Uncertain Not reported

200 mg/L 47 F Uncertain Not reported

180 mg/L 18 F Suicide Not reported

166 mg/L 20 F Suicide Not reported

140 mg/L 72 F Suicide Not reported

80 mg/L 24 M Suicide Not reported

160 mg/L 46 F Suicide Not reported

113 mg/L 73 F Uncertain Not reported

138 mg/L 66 M Accidental Not reported

190 mg/L 84 M Suicide Not reported

192 mg/L 79 F Suicide Not reported

310 mg/L 33 F Suicide Not reported

Jabbar et al. (2013) [33] 350 mg/L 39 M Accidental Oral (powder)

Jantos et al. (2013) [34] 141 mg/L 25 F Suicide Oral (pills)

Poussel et al. (2013) [35] 190 mg/L 44 M Accidental Oral (pills)

Bonsignore et al. (2014) [36] 170 mg/L 3 M Suicide Oral (pills)
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Table 1. Cont.

Author (Year)
Caffeine Blood

Level (mg/L)
Age Gender

Manner of
Death

Route of Administration
(Source)

Banerjee et al. (2014) [37]

320 mg/L 50 F Uncertain Oral (pills)

73 mg/L 37 F Uncertain Not reported

320 mg/L 43 F Suicide Oral (pills)

74 mg/L 44 M Uncertain Oral (pills)

220 mg/L 57 M Suicide Oral (pills)

Eichner ER (2014) [38] >70 mg/L 18 M Accidental Oral (powder)

Suzuki et al. (2014) [39] 179 mg/L
22 cases

20–90
years-old

-

11 unknown
7 accidental

2 suicide
2 others

Ishikawa et al. (2015) [40]
Blood 154.2 mg/L
Bile 852.3 mg/L

Stomach 197.5 mg/L
20 F Suicide Oral (pills)

Yamamoto et al. (2015) [41] 290 mg/L 18 F Suicide Oral (pills)

Aknouche et al. (2017) [42] 401 mg/L 48 M Suicide Oral (pills)

Magdalan et al. (2017) [43]
140 mg/L 27 M Accidental Oral (pills)

613 mg/L 20 F Uncertain Oral (powder)

3.3. Risk of Bias

This systematic review has a number of strengths that include the amount and breadth of the
studies, which span the globe, the hand search and scan of reference lists for the identification of all
relevant studies, and a flowchart that describe in detail the study selection process. It must be noted
that this review includes studies that were published in a time frame of 59 years; thus, despite our
efforts to fairly evaluate the existing literature, study results should be interpreted taking into account
that the accuracy of the toxicological analyses, where reported, has changed over the years.

3.4. Caffeine-Related Fatalities

Despite the recent policy of sale restrictions of caffeine tablets, which was introduced in 2004 in
several countries, we have identified an increase in caffeine-related deaths in the last years (Table 1).

Our study allowed us to identify the manner of death as suicide (36), accidental (27), intentional
poisoning (2), and uncertain (27). Routes of administration of caffeine were: oral (pills, powder, liquid)
in 46 cases, intravenous in three cases, and not reported in the remaining 43 cases.

Unintentional caffeine abuse due to excessive intake of caffeine is relatively frequent and
responsible for classical clinical manifestations of overstimulation. However, death due to caffeine
intoxication is rare and case reports of fatalities from caffeine toxicity are relatively infrequent. We have
identified 28 cases (29%), among the 92 lethal cases described in the literature, in which death was
attributed to accidental causes (Table 2). The majority of fatalities were related to the ingestion of a
great amount of over-the-counter caffeine products. These tend to be weight loss supplements that are
frequently used and perceived as safe, but that can be toxic and linked to serious health complications.

Table 2. Accidental causes among caffeine-related deaths.

Causes Cases

Not reported 10
Over-the-counter caffeine products 9

Errors in hospital medication 3
Drug abuse 2

Recreational use 2
Accidental ingestion by children 1
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As a result, the category of individuals consuming caffeine-containing products for dietary
purposes represent a group at risk for severe intoxications, potentially leading to decease.

Despite cases where consumption of caffeine has accidentally lead to death and where caffeine
was taken with suicidal purposes, we recognized three categories of individuals who have often been
involved in caffeine-related deaths: athletes, psychiatric patients and infants.

In the latter group, the manner of death is linked to: intentional poisoning and child abuse; the low
frequency of these categories in the other groups has encouraged us to emphasize these aspects.

3.5. Athletes

Five caffeine-related deaths (5%) among athletes have been described in the literature; these subjects
were two amateur body builders, a basketball player and a wrestler [33,35,38]. The age ranged from 18 to
44. In all cases, the cause of death was attributed to cardiac arrest due to ventricular fibrillation.

Among these patients, body builders are well known to suffer from altered perception of body
image often leading to unhealthy eating, heavy exercise habits, or even drug-taking, often with little
regard to safety in spite of well publicized side effects [44]. In physiologically predisposed individuals,
a combination of excessive ingestion of caffeine and strenuous physical activity can induce myocardial
ischaemia by coronary vasospasm, with potentially fatal results.

3.6. Psychiatric Patients

Thirty-seven cases (39%) with a history of a psychiatric disorder have been identified; among the
psychiatric disorders, depression is undoubtedly the most frequent (Table 3). The age ranged from
21 to 84 years-old.

The manner of death was undetermined in most of the reviewed cases, even if suicide has been
recognized as the second most frequent manner. Many of these individuals have a history of past
suicide attempts. A recent review on this specific topic, showed that caffeine was still a rare factor in a
number of studies concerning its association with suicide attempts and death [45].

Table 3. Psychiatric disorders diagnosed before death.

Disease * Number

Depression 20
Alcohol dependence 6

Sleep disorders 6
Drug dependence 4

Eating disorder 3
Panic disorder 2
Schizophrenia 2
Not specified 2

Paranoid disorder 1

* More than one disease may have been identified for each case.

3.7. Infants

Fatal caffeine poisoning in children is rarely described in the literature [9,12,20,23], with the few
existing cases possibly being related to child abuse and neglect, as well as accidental causes. Among
accidental fatalities, iatrogenic medication errors should be taken into account.

Only two cases of intentional poisoning by using caffeine, with concomitant child abuse were
reported in literature. Morrow et al. described the case of a 14-month-old child who died for caffeine
intoxication [20]. Although in this case it is unknown when or how this child ingested caffeine, the clear
evidence of prolonged vomiting and the high blood level of theophylline attest to a long period of
severe toxicity during which no medical help was sought. These facts, as well as the delay in weight
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gain, chronic iron deficiency anemia, thymic involution and severe trauma to the ribs and spleen are
diagnostic of child neglect and abuse.

Rivenes et al. described the case of a 5-week-old boy admitted to the hospital for evaluation of
persistent tachycardia [23]. During the examination, a preliminary drug screening was negative, but a
comprehensive screen subsequently performed by gas chromatographic-mass spectrometry (GC/MS)
revealed the presence of high levels of caffeine, ranging from 5–12 mg/L, which are incompatible with
the therapeutic values for the boy’s age. Since the source of caffeine remained unknown and its levels
were far too high to be consistent with transfer from the breast milk, a referral to Child Protective
Services was made. Three weeks after discharge the infant was readmitted with subarachnoid
haemorrhages. He died a few dies later the admission. At the autopsy, signs of abuse, i.e., old
and new rib fractures, a left spiral radial fracture, a right distal clavicular fracture, and cerebral
contusion, were observed. The father admitted giving caffeine tablets to the infant “to see what it did”.

With regard to the accidental causes, only two cases of fatal caffeine intoxication are reported in
the medical literature. The first, described by Di Maio et al., concerned a 5-year-old girl who ingested
about 40 diuretic tablets that she found in her mother room [12]. The other one, reported by Farago,
regarded a 15-month-old child who underwent a test meal in a hospital [9]. Instead of receiving 90 mL
of a 2% caffeine sodium benzoate solution, the child was given 90 mL of a 20% caffeine solution
(about 18 g of caffeine). Despite the prompt treatment with gastric lavage, calcium hexobarbitone,
and transfusions his condition deteriorated, and he died few hours later.

4. Discussion

The effects of caffeine on the cardiovascular system are the result of the direct and/or indirect
action of caffeine on the neuroendocrine control systems of vascular resistance, cardiac function,
and electrolyte balance.

Although cases of lethal intoxication have been mainly associated with the occurrence of
arrhythmic events induced by caffeine, human studies provided scarce evidence to support the
substance’s ability to induce arrhythmic events in healthy subjects and in subjects predisposed to such
events [2,46–49]. These findings, however, even if provided by studies differing in sample size and
methods, should not be considered in disagreement with the conclusions of those studies reporting
cases of lethal intoxication, as they take into account caffeine doses below the ones considered toxic
for humans.

Furthermore, it should be considered that the concepts of toxic and lethal doses in humans are
relative concepts, as doses below the toxic and/or lethal range may play a causal role in inducing
intoxication or death. This could be due to:

• interactions with other substances with a synergistic effect when consumed with caffeine or able
to increase caffeine’s blood levels;

• individuals’ pre-existing diseases and/or conditions capable of potentiating the effects of caffeine;
• inter-individual differences, mostly genetically determined, that can affect caffeine metabolism in

both directions (i.e., increase or reduction), contributing to a different individual “sensibility” to
the effects of the substance.

4.1. Caffeine and Athletes

Drug use among athletes, especially bodybuilders and weightlifters, has become a recognized
problem in sports. Athletes may use drugs for therapeutic indications, for recreational or social reasons,
as ergogenic aids or to mask the presence of other drugs during drug testing. Stimulants, such as
caffeine, were some of the first drugs used and studied as ergogenic aids.

Sometimes, a psychiatric pathogenesis could represent the basis for excessive caffeine
consumption in athletes. Indeed, some disorders are typically linked to recreational and professional
athletes who consume caffeine to face fatigue and intense workouts. An example is muscle dysmorphia.
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This condition, also known as “reverse anorexia” or “Adonis complex”, is a subtype of body
dysmorphic disorder generally affecting men, with its onset in adolescence or early adulthood,
characterized by obsessiveness and compulsivity directed toward achieving a lean and muscular
physique, even at the expense of health. This raises the issue of whether caffeine use causes these
disorders in athletes, by inducing neuroadaptive changes within the reward neural circuit and affecting
mechanisms of resilience to stress, or, vice versa, athletes with pre-morbid abnormal personalities or a
history of psychiatric disorders are attracted to caffeine use, encouraged by an extrinsic motivation for
exercise focused on appearance and weight control. Further studies on this topic are necessary for a
full comprehension of this phenomenon.

Prior to 2004, caffeine was included in the World Anti-Doping Agency (WADA) Prohibited
List of substances and methods; it was then removed, allowing athletes who compete in sports
compliant with the WADA code to consume caffeine within their usual diets or for specific purposes of
performance [50]. This revision was based on the acknowledgment that caffeine enhances performance
at doses that are impossible to differentiate from daily caffeine use and that the practice of monitoring
caffeine use via urinary concentration is not completely reliable. Despite this premise, WADA
continues to measure caffeine levels through urinary concentration testing within its Monitoring
Program, in order to investigate patterns of misuse of substances in sport. Differently from the
WADA, the National Collegiate Athletic Association (NCAA), a non-profit association that regulates
the athletes of over 1000 American institutions and associations, has a urinary concentration limit
of 15 μg/mL; thus, athletes in the NCAA have to take into account that caffeine is still on the list of
controlled substances.

4.2. Caffeine and Psychiatric Patients

Psychiatric disorders have been related to large amounts and long-term use of caffeine [51].
Furthermore, it has been suggested that caffeine may act as a trigger of psychiatric symptoms,
from anxiety to depression and even psychosis [52].

In the past years, many studies have highlighted the relationship between caffeine intake and specific
psychiatric disorders, in particular, bipolar [53], anxiety [54], eating disorders [55], and psychoses [56].
In addition to causing or worsening psychiatric symptoms [57], caffeine use has been investigated for its
potential to interact with many psychiatric medications [58]. Caffeine is metabolized by the CYP1A2
enzyme and also acts as a competitive inhibitor of this enzyme, being able to interact with a wide
range of psychiatric medications, including antidepressant, antipsychotic, antimanic, antianxiety and
sedative agents. These interactions may lead to caffeine-related or medication-related side effects that
may complicate psychiatric treatment, and in the most severe cases, lead to death.

With regards to alcohol use disorder (AUD), behavioural and genetic associations indicate that
there is a significant link between caffeine and alcohol intake [59]. Regarding caffeine abuse by
alcoholics, individuals with AUD consume approximately 30% more caffeine daily, compared to
non-alcoholic individuals [60]. Besides, reports suggest that detoxified alcoholics consume large
quantities of coffee following cessation of alcohol drinking, compared to their prior intake [61].
This could be a serious concern for treatment-seeking alcoholics. For example, using caffeine
intake as a substitute stimulus for alcohol consumption could interfere with psychological and
physiological efforts to overcome addiction-related behaviours. In addition, it is uncertain what
impact a history of alcohol drinking could have on caffeine’s pharmacokinetics and metabolism
profile, and whether this could affect the caffeine levels consumed by actively drinking and detoxified
individuals. In conclusion, public health concern over caffeinated alcohol drinks is justified, although
the nature of the caffeine/alcohol relationship is yet to be fully elucidated.

4.3. Caffeine and Infants

Poisoning is a severe and potentially lethal form of child abuse, and case reports have become
increasingly frequent. Multiple agents have been used to poison children, including salt, water,
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narcotics, laxatives, diuretics, salicylates, phenothiazines, tricyclic antidepressants, insulin, sedatives
and others [62–64].

These cases can be difficult to identify because of the clinical presentation and misleading histories.
Indeed, many patients present at ages or with histories incompatible with “accidental” ingestion, others
may even present with histories of recurrent illnesses suggesting previous undiagnosed poisonings.

Child abuse is considered to occur in several clinical patterns, including child neglect and
physical/sexual abuse.

Generally speaking, when child neglect and abuse are carried out, other signs could be evident.
For example, delay in normal weight gain and unexplained trauma are typical. In particular, intentional
poisoning may be associated with other forms of abuse; approximately 20% of poisoned children may
have evidence of physical abuse [65,66].

Other cases of child abuse poisoning are reported in the medical literature. Some of these are
reports of deliberate parental poisoning of children and could represents the evidence of a Munchausen
syndrome by proxy (MSBP), carried out by the caregiver of the child [67]. In these cases the most
common mode of disease instigation involved poisoning through beverage/food contamination or
subcutaneous injection [68].

The mortality rate among children diagnosed with MSBP is 9% and the most frequent causes of
death are suffocation and poisoning [69]. For this reason, when child poisoning occurs, the eventual
role of the caregiver as cause of poisoning must be taken into account.

Fatalities from accidental poisoning are, still nowadays, frequent in literature.
Some of these cases, as the aforementioned one, involve iatrogenic medication errors, particularly

in neonatal intensive care unit where caffeine is routinely used for the treatment of the apnea [70,71].
These errors are related, in the majority of cases, to drug weighing processes.

Rivenes et al. reviewed cases of pediatric caffeine overdose and reported that the majority of cases
occurred because of iatrogenic medication errors. Authors also indicated the blood levels of caffeine
and highlighted that even high blood concentration of caffeine in infants can be successfully treated,
thus preventing the death of the patient [23].

In conclusion when unexplained ingestions occur in children, these must be treated as
non-accidental poisonings until proven otherwise. These cases required full evaluations of the social
situations and sometimes required the involvement of Child Protective Services. However, caffeine
toxicity could be missed because this drug is frequently not reported on routine toxicological analysis.

5. Conclusions

This paper represents a comprehensive review of fatal cases due to caffeine intoxication that can
be found in the literature. Athletes, psychiatric patients, and infants should receive particular attention
with regard to their caffeine consumption. Indeed, athletes seems to consume high quantities of
caffeine as performing and image enhancing aids; at the same time, caffeine use in psychiatric patients
must be considered as an important risk factor for possible intoxications because of the synergic action
of caffeine with many psychiatric drugs. Finally, infants have been recognized as a last category of
patients in which the use of caffeine should be completely avoided.

Indeed, previous authors have conducted systematic reviews of this topic, but they focused
on specific aspects of forensic toxicology or, vice versa, took into consideration more general
clinical-epidemiological issues [6,7]. Recently, a review focused on caffeine concentrations in
postmortem blood in fatal cases attributed to overdose from the compound [6]. Again, a systematic
review regarded the adverse effects of caffeine in pregnant women, adolescents, and children [7].
It is interesting to note how the authors hope for a change in methodology in the field of research
dedicated to the use of caffeine. The topic is stressed in order to characterize the inter-individual trends,
unhealthy populations, co-exposures, and outcomes, so to have a roadmap about the risk regarding
caffeine-related adverse events [7].
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The dangers of caffeine are related to the wide diffusion of the substance, which results in a
partially conscious high consumption, due to the difficulty of ascertaining the actual amount of caffeine
ingested daily and the inability to predict specific effects with regard to the “trigger role” that caffeine
can have—even at “safe” doses—on underlying and not necessarily known cardiovascular conditions.

Caffeine, like alcohol and tobacco, is legally used, but, unlike the last two, its sale in the form of
high concentration (e.g., powder or tablets) is not controlled or restricted.

Accidental deaths from the consumption of over-the-count and/or dietary caffeine products
represent the most common cause of death in our study. The high frequency of use, the uncontrolled
sales of these products, and the potentially triggering action of caffeine on cardiovascular system pose
a serious risk to the health and safety of consumers.

The findings of our paper underline the importance of a fundamental principle of prevention
strategy put forth by the eminent British epidemiologist Geoffrey Rose: “A large number of people
exposed to a low risk is likely to produce more cases than a small number of people exposed to a
high risk.”

We sincerely hope that information given about the frequency and the categories at a higher risk
for caffeine intoxications may be useful for both clinicians and pathologists for a better understanding
of the potentially fatal complications of coffee consumption.
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In response to “Letter: are there non-responders to the ergogenic effects of caffeine ingestion on
exercise performance” by Grgic [1], we welcome the additional context that this letter provides to our
paper [2]. We agree with the sentiment that responders and non-responders are misleading to readers
and thus avoided using these terms in our publication [2] as much as possible. As stated by Grgic [1],
an individual may perform well in one test and not another following caffeine ingestion, likewise the
individual may perform better or worse on different days given the same caffeine supplementation
due to multiple external factors (as mentioned in our paper [2]) and variation in performance.

With regards to the study design of future research, while it may be beneficial to use multiple
exercise modes to determine the ergogenicity of caffeine, it is quite often not realistic to do so within
the same study. Most studies investigating the ergogenic benefits of supplements use a specific exercise
modality to answer a specific research question, for example exploring the effects of caffeine intake on
endurance time-trial performance [3–6]. Including multiple exercise modalities within the same study
would greatly increase the participant burden, financial costs and time to carry out the study. However,
we agree that researchers should still be encouraged to use a variety of valid exercise modalities to
gain a comprehensive understanding of a particular supplement. The recommendations put forward
by Grgic [1] are welcomed and should be applied where applicable, particularly the reporting of
individual data in response to caffeine supplementation as well as when drawing conclusions from
the results.
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I have read with interest the recent review paper by Southward and colleagues [1].
While acknowledging that this was not the main focus of the paper, the authors attempted to estimate
the average number of non-responders to caffeine ingestion in studies that investigated the effects of
caffeine on time-trial performance [1]. Southward and colleagues [1] suggested that there might up
to 33% of those who do not enhance performance following caffeine ingestion (i.e., non-responders).
The authors came to this estimate by examining the change in performance following caffeine and
placebo ingestion from the individual responses in several studies that reported these data. They used
an approach where each participant that did not perform better on caffeine (as compared to placebo)
was deemed as a non-responder. However, the authors did not consider that some of these individual
differences between the caffeine and placebo conditions might have been merely an error of the
measurement of the performance tests and not a true lack of response. Therefore, I believe that some
additional discussion is needed to avoid confusion on this topic and to clarify the interpretation of
these results.

1. Reliability of the Exercise Protocol

Reliability refers to the reproducibility of values of a given test [2]. In sport and exercise
science, reliability is commonly determined by the error of measurement using the coefficient of
variation (expressed as the percentage of the mean) [2]. If we examine the same set of studies
as Southward et al. [1], while factoring in the coefficient of variation for the performance tests
(for studies that provided these data), it becomes clear that the percentage of those that did not
enhance performance following caffeine ingestion reduces from the initially suggested 33% to only
5% (Table 1) [3–21]. While such an amount is low, I would further question if there are really
non-responders to the ergogenic effects of caffeine ingestion on exercise performance or if such
inferences are an over-extrapolation of the results from the current body of evidence.
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2. Using Multiple Exercise Tests When Examining the Effects of Caffeine

We have reported that caffeine ingestion in the dose of 6 mg/kg enhanced lower-body
one-repetition maximum (1RM) strength and upper-body ballistic performance [22]. A scrutiny of the
individual data from our study shows the problems when classifying responders and non-responders
solely based on the results from one test. The figures provided in that paper indicate that participant
number 8 experienced a 7% decrease in 1RM strength following caffeine ingestion (as compared to
placebo). In contrast to the results for strength, the same participant experienced a 4% increase in
upper-body ballistic performance following the ingestion of caffeine. If we were to present findings
from only one test of performance the same participant can be classified as a non-responder to
caffeine (based on the strength data) or as a responder (based on the ballistic performance data).
Therefore, it becomes clear that caffeine might not enhance performance in one test while being
effective in another. Classifying an individual as a non-responder to caffeine while focusing on the
results from only one performance test may undermine the effects of caffeine that the same individual
might experience in a different exercise task. These concepts can be juxtaposed with the findings
by Churchward-Venne et al. [23] who reported no non-responders to a resistance training program
when using several different test of performance (e.g., strength assessment in different exercise,
chair-raise time, changes in lean body mass) given that each participant improved in at least some of
the employed tests.

3. Using the Same Exercise Test with Different Doses of Caffeine

Jenkins et al. [24] tested the effects of 1, 2, and 3 mg/kg of caffeine on cycling performance.
On average, their results indicated that only a 2 mg/kg dose of caffeine was effective for acute
increases in cycling performance. However, the individual data presented in this study provided
some very insightful findings. For instance, participant number 7 had a 6% decrease in performance
following the ingestion of 1 mg/kg of caffeine. If Jenkins et al. [24] only used this dose of caffeine,
this individual would be classified as a non-responder. However, in the 3 mg/kg caffeine condition,
this participant improved cycling performance by +10%, and, if the researchers used only this dose of
caffeine, the same participant would be considered as a high-responder to caffeine. While there are
participants from the study by Jenkins et al. [24] that did not improve performance with any of the
three caffeine doses, it is possible that higher doses of caffeine (e.g., 4–6 mg/kg) would elicit an acute
improvement in performance even in these individuals. Some of these initial observations suggest that
if an individual does not respond to a specific dose of caffeine, it would be erroneous to classify him as
a non-responder given that a different dose (higher or lower) might be highly effective even in the
same exercise task.

4. Repeated Testing Using the Same Exercise Test and the Same Dose of Caffeine

Astorino et al. [25] tested the same group of participants, using the same exercise test (cycling
time-trial), and the same caffeine dose (5 mg/kg) on two different occasions. The results obtained by
Astorino et al. [25] suggested that the effects of caffeine are repeatable in the majority of the participants
as most tended to improve performance on both caffeine conditions. More importantly, the individual
data presented in that study suggests that one participant improved cycling performance only in the
second administration of the 5 mg/kg caffeine dose. Accordingly, if the study reported only the results
from the first administration of caffeine, this participant would be considered as a non-responder.
By contrast, if only the results from the second testing were reported, the same participant would be
classified as a responder to caffeine. While working with limited data, these initial results imply a
possible ‘learning effect’ for caffeine which needs to be considered when interpreting individual data.
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5. Conclusions

As discussed herein, the estimate by Southward et al. [1] that there might be up to 33% of those
that do not respond to caffeine ingestion might be an over-extrapolation of the current data. In fact,
the number of those that do not respond to caffeine might be minimal given that using a different test
of performance, changing the dose of caffeine, conducting repeated measures with the same test and
the same dose of caffeine on different occasions (i.e., providing a ‘learning effect’ period), or possibly
even adjusting the timing of caffeine ingestion based on genotype (as already nicely highlighted by
Southward et al. [1]) might change a response to caffeine ingestion from a negative to a positive.
To expand our current knowledge on the variation in responses to caffeine ingestion future studies
should consider presenting the individual responses, and the interpretation of these responses should
reflect some of the information presented herein.
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