Food and Chemical Toxicology xxx (2017) 1-64

Contents lists available at ScienceDirect “* Food and

Chemical
Toxicology =

Food and Chemical Toxicology

journal homepage: www.elsevier.com/locate/foodchemtox oo
Systematic review of the potential adverse effects of caffeine
consumption in healthy adults, pregnant women, adolescents, and
children
Daniele Wikoff *, Brian T. Welsh °, Rayetta Henderson ¢, Gregory P. Brorby ¢, _
Janice Britt ¢, Esther Myers £ Jeffrey Goldberger %, Harris R. Lieberman h Charles O'Brien
Jennifer Peck’, Milton Tenenbein ¥, Connie Weaver !, Seneca Harvey ™, Jonathan Urban °,
Candace Doepker "
2 ToxStrategies, Asheville, NC, USA
b ToxStrategies, Austin, TX, USA
¢ ToxStrategies, Research Triangle Park, NC, USA
d ToxStrategies, San Francisco Bay Area, CA, USA
€ ToxStrategies, Tallahassee, FL, USA
f EF Myers Consulting, Trenton, IL, USA
& University of Miami Miller School of Medicine, Miami, FL, USA
P Military Nutrition Division, US Army Research Institute of Environmental Medicine, Natick, MA, USA
fDepartment of Psychiatry, University of Pennsylvania, Philadelphia, PA, USA
J College of Public Health, University of Oklahoma Health Sciences Center, Oklahoma City, OK, USA
X Department of Pediatrics and Child Health, Department of Community Health Sciences, Children's Hospital, University of Manitoba, Winnipeg, Manitoba
R3A 151, Canada
! Department of Nutrition Science, Purdue University, West Lafayette, IN, USA
™ ToxStrategies, Houston, TX, USA
" ToxStrategies, Cincinnati Area, OH, USA
ARTICLE INFO ABSTRACT
Arfid_e history: To date, one of the most heavily cited assessments of caffeine safety in the peer-reviewed literature is
Received 22 January 2017 that issued by Health Canada (Nawrot et al., 2003). Since then, >10,000 papers have been published
Received in revised form related to caffeine, including hundreds of reviews on specific human health effects; however, to date,
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none have compared the wide range of topics evaluated by Nawrot et al. (2003). Thus, as an update to
this foundational publication, we conducted a systematic review of data on potential adverse effects of
caffeine published from 2001 to June 2015. Subject matter experts and research team participants
developed five PECO (population, exposure, comparator, and outcome) questions to address five types of

Ic(?f/fvgnrg . outcomes (acute toxicity, cardiovascular toxicity, bone and calcium effects, behavior, and development
Systematic review and reproduction) in four healthy populations (adults, pregnant women, adolescents, and children)
Safety relative to caffeine intake doses determined not to be associated with adverse effects by Health Canada
Pregnancy (comparators: 400 mg/day for adults [10 g for lethality], 300 mg/day for pregnant women, and 2.5 mg/
Coffee kg/day for children and adolescents). The a priori search strategy identified >5000 articles that were
Behavior screened, with 381 meeting inclusion/exclusion criteria for the five outcomes (pharmacokinetics was
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addressed contextually, adding 46 more studies). 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. Conclusions were drawn for the body of evi-
dence for each outcome, as well as endpoints within an outcome, using a weight of evidence approach.
When the total body of evidence was evaluated and when study quality, consistency, level of adversity,
and magnitude of response were considered, the evidence generally supports that consumption of up to
400 mg caffeine/day in healthy adults is not associated with overt, adverse cardiovascular effects,
behavioral effects, reproductive and developmental effects, acute effects, or bone status. Evidence also
supports consumption of up to 300 mg caffeine/day in healthy pregnant women as an intake that is
generally not associated with adverse reproductive and developmental effects. Limited data were
identified for child and adolescent populations; the available evidence suggests that 2.5 mg caffeine/kg
body weight/day remains an appropriate recommendation. The results of this systematic review support
a shift in caffeine research to focus on characterizing effects in sensitive populations and establishing
better quantitative characterization of interindividual variability (e.g., epigenetic trends), subpopulations
(e.g., unhealthy populations, individuals with preexisting conditions), conditions (e.g., coexposures), and
outcomes (e.g., exacerbation of risk-taking behavior) that could render individuals to be at greater risk
relative to healthy adults and healthy pregnant women. This review, being one of the first to apply
systematic review methodologies to toxicological assessments, also highlights the need for refined

guidance and frameworks unique to the conduct of systematic review in this field.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Caffeine (1,3,7-trimethylxanthine) is a pharmacologically active
component of many foods, beverages, dietary supplements, and
drugs; it is also used to treat very ill newborns afflicted with apnea
(temporary cessation of breathing). Caffeine occurs naturally in
some plant leaves, seeds, and fruits, where it serves as an herbicide,
insect repellant, and even attractant for pollination (Lee et al., 2009;
Wright et al., 2013). This botanically sourced compound is the most
commonly consumed stimulant worldwide (Fredholm et al., 1999).
Caffeine enters the human food chain through plant-derived foods
such as coffee beans, tea leaves, guarana, cocoa beans, and kola nuts
(Barone and Roberts, 1996). Coffee is one of the major contributors
of caffeine to the diet (Mitchell et al., 2015); since the late 1980s, the
energy drink market has emerged as another source of caffeine in
the diet (Richards and Smith, 2016). Consumption practices were
recently investigated by Mitchell et al. (2014), who reported that
85% of the US population ingests at least one caffeine-containing
beverage per day, and by Fulgoni et al. (2015), who reported that
89% of the population uses caffeine in some form. In addition to
standard beverages, a number of other caffeinated products, such
as maple syrup, beef jerky, and donuts, have entered the market,
suggesting substantial consumer interest in diverse sources of
caffeine. Because of the variation in caffeine content of beverages
due to a wide range in dose and infusion times as well as unex-
pected sources of caffeine appearing on the market, assessing
exposure to caffeine has a great deal of uncertainty. This, in com-
bination with uncertainty in the use of dietary intake surveys, as
well as simultaneous exposure to many substances when
consuming the various caffeine sources, are well-known limitations
in the evidence base.

Caffeine is generally recognized as safe by the US Food and Drug
Administration (FDA) at a use level not to exceed 200 ppm (0.02%)
in cola-type beverages for the specific intended use of flavor
(21CFR§182.1180). Caffeinated beverages, like coffee, have been
consumed for centuries. Current estimates suggest that the mean
consumption of caffeine (all ages) is 165 mg/day, ~105 mg of which
is associated with coffee consumption (Mitchell et al, 2015).
Emergence of other products containing caffeine, particularly en-
ergy drinks, combined with controversies regarding the potential
for increased consumption by nonadult populations (Drewnowski
and Rehm, 2016; McGuire, 2014), has been accompanied by

concerns regarding the impact of these products on consumer
health. Regulatory agencies worldwide, including those in the
United States, Europe, Canada, New Zealand, India, and Australia,
have evaluated caffeine safety, and several agencies have issued
guidance regarding daily intake amounts (DGAC, 2015; EFSA, 2015;
Milanez, 2011; Nawrot et al., 2003; for a summary of the 2015 DGAC
conclusions, see Millen et al., 2016). The most widely cited of these
values is from Health Canada (Nawrot et al., 2003), in which the
agency authors conducted a comprehensive (but not systematic)
literature search and concluded in a peer-reviewed publication that
an intake dose of up to 400 mg caffeine/day was not associated with
adverse effects in healthy adults. Nawrot et al. (2003) also
concluded that consumption of up to 300 mg/day for pregnant
women and 2.5 mg/kg/day for children is not associated with
adverse effects.

Since the Nawrot et al. (2003) article was published, >10,000
papers have been published related to caffeine, >5000 of which
address effects or exposure in humans. In addition, >800 reviews
related to various human health effects and caffeine have also been
published (i.e., nearly all are specific to a particular adverse
endpoint category), but a robust, transparent, and systematic
assessment of the health effects associated with caffeine con-
sumption in humans is not yet available in the peer-reviewed
literature. Therefore, we conducted a systematic review (SR) of
data published since 2003 and through 2015 to update the review
by Nawrot et al. (2003). Specifically, our objective was to determine
whether the literature published since the 2003 Health Canada
review supports the conclusions 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-day for healthy children is
not associated with adverse effects. We also evaluated consump-
tion of 2.5 mg/kg caffeine/day in adolescents, although this was not
specifically addressed by Nawrot et al. (2003).

In developing their conclusions, Nawrot et al. (2003) reviewed
many outcomes; however, given the voluminous scope, this effort
was limited to evaluation of potential effects for five main out-
comes: (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 areas
of genotoxicity, mutagenicity, and carcinogenicity were not
included. These endpoints were selected based on relative impor-
tance as documented in other comprehensive evaluations (EFSA,
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2015; IARC, 1991; Milanez, 2011; Loomis et al., 2016; Nawrot et al.,
2003) and stakeholder interest. The areas of pharmacokinetics (PK)
and pharmacodynamics (PD) were also of interest but this topic
area was not considered to be reviewed systematically; rather, in-
formation was reviewed to provide contextual evidence (OHAT,
2015a). That is, because the general PK/PD of caffeine is well un-
derstood, the specific objective was to summarize any advances in
knowledge. We were particularly interested in any new informa-
tion with respect to differences and similarities between pop-
ulations of interest, characterization of PK in nonadult populations
of interest, and characterization of PK in the context of the five main
areas.

Our SR was conducted using the Institute of Medicine's (IOM)
Finding What Works in Health Care—Standards for Systematic Re-
views as guidance (Eden et al., 2011). This document provides
standards for (1) initiating a SR, (2) finding and assessing individual
studies, (3) synthesizing the body of evidence, and (4) reporting
SRs. Per the IOM framework, additional methods are required for
individual study assessment and body of evidence assessment. For
these aspects, we utilized the National Toxicology Program Office of
Health Assessment and Translation (OHAT) framework for evidence
integration (OHAT, 2015a), as well as the OHAT Risk of Bias tool
(OHAT, 2015b). These references were issued subsequent to project
initiation but prior to protocol registration, and they were selected
for their specific application to toxicology (versus clinical medi-
cine). It is anticipated that the transparency in reporting the in-
formation reviewed, as well as the integrated conclusions, will
provide value to scientists and stakeholders interested in this issue
of caffeine safety. Since Health Canada's work is so commonly
referenced in nearly every discussion of caffeine safety, validating
whether or not the Nawrot et al. (2003) conclusions remain current
provides a foundation for establishing an acceptable level of pro-
tection to the healthy general population. This foundation, in turn,
provides confidence in assuring the typical healthy caffeine con-
sumer of a reasonable certainty of no harm, and it also allows sci-
entists to move away from this question and focus more on the
sensitive subpopulations that may be at greater risk. It is antici-
pated that this review will be of utility to a variety of stakeholders,
including doctors, dietitians and other health professionals in
guiding their patient populations, as well as consumers interested
in understanding caffeine safety.

2. Methods
2.1. Establishing team and protocol development

The SR was structured using the IOM publication, Finding What
Works in Health Care—Standards for Systematic Reviews as guidance
(Eden et al., 2011). Consistent with the IOM-recommended stan-
dards for initiating a review, the first step involved establishing a
team with appropriate expertise and experience. In addition to
eight scientists from ToxStrategies, which included a caffeine
expert (C.D.) and a SR expert (D.W.), the team also included seven
scientific advisory board (SAB) members with expertise in the
following areas: SR (E.M.), caffeine (C.O., ].G., J.P,, HR.L, and M.T.),
epidemiology (J.P., C.W.), bone and calcium (C.W.), reproduction
(J.P.), behavior (H.R.L., C.0.), PK (M.T.), acute toxicity (M.T., C.0.), and
clinical medicine (J.G., M.T., C.0.).

Each study team member and each SAB member completed a
comprehensive conflict of interest (COI) questionnaire, which
documented both financial and nonfinancial COIs via questions
regarding investments, employment, consultancies, contracts/
grants, patents/royalties/trademarks, expert witness testimony,
speaking/writing, past financial interests, other involvements/re-
lationships, personal beliefs, previously published opinions,

institutional relationships, career advancement, advocacy/policy
positions, other positions, and caffeine consumption. COI declara-
tions were reviewed and the relative likelihood of creating bias in
decision making was evaluated using an internal process docu-
mented via “Management of Conflicts of Interest within Systematic
Review Team and Scientific Advisory Board Members” (internal
document, established March 2015). This document included ac-
tions for situations in which a team member was determined to
have a high degree of COI, defined in this document and based on
IOM definitions. Declarations were documented in the registered
protocols  (PROSPERO  protocol nos. CRD42015026704,
CRD42015027413, CRD42015026673, CRD42015026609, and
CRD42015026736; https://www.crd.york.ac.uk/PROSPERO/). After
review of the declared COls, it was determined, overall, that these
would not exert undue influence on the primary interest of the SR.
The sponsor, the North American Branch of the International Life
Sciences Institute (ILSI North America), was made aware of and
given an opportunity to comment on the depth and scope of the SR
when there were financial implications; however, the review team
had independence in making final decisions about the design,
analysis, and reporting of the SR.

A protocol for the SR was developed, and elements 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 evalu-
ating the body of evidence. A protocol for each outcome was
registered on  PROSPERO  (PROSPERO  protocol  nos.
CRD42015026704, CRD42015027413, CRD42015026673,
CRD42015026609, and CRD42015026736; https://www.crd.york.
ac.uk/PROSPERO/). In the present manuscript, the first element is
described in the introduction, and the remaining elements are
discussed in the subsequent text. As described in the introduction,
the premise for the overall effort was to evaluate the literature
published since the Nawrot et al. (2003) work to determine
whether the conclusions reached by Health Canada were still
supported by the updated literature.

The PECO (population, exposure, comparator, and outcome)
question for the SR was as follows: “For [population], is caffeine
intake above [dose], compared to intakes [dose] or less, associated
with adverse effects on [outcome]?” This SR focused on five out-
comes (Fig. 1): 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). A sixth outcome, PK, was
included as a contextual topic (literature was identified systemat-
ically; information was not subject to the individual study assess-
ment and body of evidence evaluation described in the protocol,
but rather was reviewed and reported in a narrative format)
consistent with practices described by OHAT (2015a). For PK, the
objective was to generally characterize the current understanding
of caffeine kinetics and critically review any information that ad-
vances the science, particularly with respect to differences/simi-
larities between our populations of interest, characterization of
kinetics in children and adolescent populations of interest, and
characterization of kinetic parameters (particularly fast/slow phe-
notypes) in the context of the outcomes of interest.

The series of SRs evaluated four populations: healthy adults,
healthy pregnant women, healthy adolescents (aged 12—19 years),
and healthy children (aged 3—12 years). Only studies in humans
were included (i.e., animal studies were excluded). “Healthy” sub-
jects were defined as individuals who were not specifically
described as having been hospitalized or diagnosed with disease
and/or receiving medical treatment for a disease at the time of the
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Healthy Adults 400
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Healthy Pregnant 300
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— Intake
Health\(/léfilogk)escents 25 (mg/day)
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Healthy Children (3- day
11) _

Outcome

Acute Toxicity

Cardiovascular

Weight of Overall Conclusions
d Calci Evidence (Are Nawrot et al. 2003
Bone and Calcium by values supported?)
Endpoint

Human Behavior

Development and Reproduction

PECO: For [population], is caffeine intake above [dose], compared to intakes [dose] or less, associated with adverse effects on [outcome]?”

Fig. 1. Diagram illustrating the analytical framework of the systematic review based on the populations (P), exposure (E), comparator (C), and outcome (O).

study. As such, studies evaluating a healthy population (which
included athletes, military personnel, and pregnant women, unless
otherwise noted as unhealthy) were included. Studies in which
healthy individuals were included as a control group (or similar) as
part of a study on unhealthy populations (e.g., individuals with
asthma) were included; however, only information from the
healthy individuals was used in the assessment.

For all outcomes except acute, the exposure values in the PECO
were 400 mg/day, 300 mg/day, and 2.5 mg/kg body weight/day for
adults, pregnant women, and adolescents and children, respec-
tively; similarly, comparators were <400 mg/day for adults,
<300 mg/day for pregnant women, and <2.5 mg/kg body weight/
day for adolescents and children. Although Nawrot et al. (2003)
discussed other values in context of each of the outcomes, the
selected values were based on the overall conclusions they pre-
sented. The exposure and comparator dose for lethality (acute
outcome) was 10 g for adults but was undefined for the other
populations based on the lack of a comparator from Nawrot et al.
(2003). Inclusion and exclusion criteria unique to specific out-
comes are documented in the PROSPERO registrations.

2.2. Study screening and selection

To be included in the SR, studies had to provide a quantitative
estimate or measurement of exposure to a caffeine source associ-
ated with an adverse effect. Forms of caffeine included coffee, tea,
chocolate, cola-type beverages, energy drinks, supplements, med-
icines, energy shots, caffeinated chewing gum, caffeinated sport
gel, and caffeinated sport bars. Studies evaluating the effects of
caffeine alone, in one of the aforementioned forms, or in combi-
nation with one or more compounds occurring in the approved
sources at amounts designed to match constituents of valid sources
(e.g., caffeine and green tea extract) were included. Studies that did
not provide a quantitative exposure to an acceptable caffeine
source associated with an adverse effect were excluded (e.g.,
studies that evaluated only decaffeinated coffee/tea and caffeine
placebo exposures, exposures where participants were expecting
caffeine but did not receive the drug, or studies that evaluated
yerba mate, guarana, damiana [caffeine-containing plant], con-
taminants of caffeine, and/or caffeine metabolites, etc.). Studies
that evaluated the effects of caffeine in combination with either
another pharmacologically active compound in over-the-counter
(OTC) pain relievers (e.g., acetaminophen plus caffeine) or with
nicotine, alcohol, or a prescribed drug were excluded.

Studies had to be peer reviewed and available in English for
inclusion. Only studies evaluating exposure and response at the
individual amount were included (e.g., ecological studies were
excluded). Case reports and case series were included only for the

acute outcome and were excluded for the other outcomes. Ratio-
nale for inclusion of case reports and case series in the acute
outcome is based on the unique nature of the outcome (i.e., death,
rare events) (CRD, 2009; Fitzpatrick-Lewis et al., 2009) and the lack
of data from more reliable study types (which would result in an
inability to evaluate an outcome that is important to understanding
the safety of caffeine). Letters to the editor that contained original,
peer-reviewed data were included. Reviews were excluded from
the systematic assessment unless original data, such as meta-
analyses, were reported. Although they are not commonly
included in a SR, relevant meta-analyses were included to inform
the PECO (Eden et al., 2011). Selected reviews were also retained for
context, though a critical appraisal and inclusion of reviews was
beyond the scope of this assessment. Careful consideration was
given to studies evaluating beneficial or therapeutic endpoints
(referred to as benefit studies); those that reported parameters or
effects associated with adverse effects in an outcome of interest
were included, whereas those only reporting on beneficial end-
points were excluded.

The search strategy was developed via an iterative process
involving evaluation, validation, and piloting of a variety of data-
bases with syntax unique to each. The process, as well as the final
strategy, was informed and reviewed by a librarian with expertise
in the conduct of SRs. Three databases were searched: PubMed,
EMBASE, and the Cochrane Database of Systematic Reviews (grey
literature was not included, primarily due to the volume of primary
data available via standard databases). Syntax was developed for
each database; terms related to each outcome, as well as caffeine,
were run in a concatenated fashion (found at: http://www.crd.york.
ac.uk/PROSPEROFILES/26704_STRATEGY_20150829.pdf). ~ Search
restrictions included default functions for language (English) and
data (restricted to publications between January 1, 2001 and June 8,
2015). EMBASE searches were exclusive of MEDLINE and restricted
to selected journals (430 journals were selected based on rele-
vance; expert librarian determined an initial list of journals not
indexed by PubMed, the list of journals was refined by project team
members using keywords associated with SR topics and expert
judgement). The Cochrane library was searched between January
2001 and June 2015 for review articles. All databases were searched
on June 8, 2015; articles published after this date were not
considered in the SR.

Multiple software tools were considered to facilitate the SR;
however, given the complexity and volume of information
reviewed, DistillerSR was selected to facilitate and document
screening, selection, extraction, and evaluation of data. Results of
the search were entered into an EndNote database for identification
and removal of duplicates and were then uploaded into a Distill-
erSR library. Following a series of pilot screening exercises, multiple
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evidence analysts conducted the full screen of titles and abstracts.
In instances where determinations of inclusion/exclusion could not
be made due to limited information in the title/abstract, the result
was included and carried forward for full text review. The screening
process also involved group review of a large number of hits that
were deemed by screeners to be ambiguous. A designation of
“Needs further discussion—Internal” was made on the screening
form for these entries and screeners could optionally provide more
detail on the specific issue in the “Notes” field of the form. These
titles and abstracts were then carefully reviewed and discussed by
two or three other members of the team before assigning inclusion
or exclusion status after consensus. The dynamic screening form
included categorization of study type and outcome, noting that
some studies evaluated multiple outcomes. Following completion
of the screen, each SAB member was provided a tabular summary
to conduct a second set of reviews of the included/excluded results.
Full text articles of all studies identified for potential inclusion
following the screen were obtained. Some articles were not
obtainable with reasonable effort, which involved the following
hierarchy: search of the National Library of Medicine, direct pur-
chase from the publisher/journal (which included inquires to
journals when publications could not be readily identified online),
or request sent to the corresponding author. Evidence analysts
were assigned to specific outcomes for the subsequent step;
extensive piloting exercises were first conducted to refine the in-
dividual study assessment process (including the data extraction
form), as well as to ensure consistency in form responses across
analysts and outcomes. Analysts then reviewed the full text of each
article for the assigned outcome; if the article met the inclusion
criteria, then the information from the study was extracted and the
study was evaluated for quality. Data extraction was facilitated via a
second DistillerSR form that included two sets of information: (1)
basic information as reported by the author (i.e., direct extraction of
information from the text) and (2) customized information (i.e.,
information to inform the PECO questions, dose/exposure calcula-
tions, categorization, or interpretation applied). Basic information
fields included the following: outcome(s) and endpoint(s), objec-
tive, methods, study design categorization, source of caffeine
exposure, exposure metric (measured, self-report), population,
reference/comparison, confounders, results, dose-response evalu-
ation, conclusion, pharmacokinetic information, funding sources,
and COlIs. Customized fields or project-specific fields included the
following: standardization of exposure/dose to SR, selection of
endpoints and exposure/dose for comparisons, and information
related to assessing trends, consistency, and so forth across the
body of evidence. During extraction, the level of adversity of the
endpoints within the study (Guyatt et al., 2011) was also charac-
terized. All data extracted were placed in a freely available Agency
for Healthcare Research and Quality (AHRQ) Systematic Review
Database Repository (SRDR) repository (Acute - https://srdr.ahrq.
gov/projects/1115; Behavioral - https://srdr.ahrq.gov/projects/
1116; Bone and Calcium - https://srdr.ahrg.gov/projects/1062;
Cardiovascular - https://srdr.ahrg.gov/projects/1114; Reproductive
and Developmental - https://srdr.ahrg.gov/projects/1118). It should
be noted that much of the information in the basic information
fields is based on text directly from the authors; given the volume
and scope of the assessment, significant efforts were not devoted to
summarizing such information in the extraction forms. Following
extraction, each SAB member was provided a tabular summary to
conduct a second set of reviews of the extracted information.
Because the SR involves comparison of caffeine exposures in the
literature to values reported by Nawrot et al. (2003), standardiza-
tion of the exposure metric was a critical step in data extraction.
The comparators were in a metric of mass per day (mg/day) or mass
per day based on body weight (mg/kg-day). However, studies in the

literature often reported a variety of metrics (e.g., milligrams of
caffeine, cups of coffee per day, etc.). A decision tree was developed
to specify a consistent process of recording and standardizing the
results as reported by authors to enable comparison to the PECO.
The process for standardizing the exposure metric can be found in
Supplementary File S1. When selecting values for comparison to
Nawrot et al. (2003), all eligible comparisons from a given study
were made (i.e., all relevant populations and subgroups as well as
comparisons for multiple endpoints were selected, if sufficient data
were available). In order to be characterized as an observed effect
(i.e., a lowest observed effect level; non-significant findings were
characterized as no observed effect levels), the finding had to be
statistically significant; in cases where multiple results were pre-
sented, findings from the most sophisticated or refined analysis
performed by the authors were selected. Comparators were char-
acterized by the SR authors as no observed effect levels (NOELs) and
lowest observed effect levels (LOELSs).

2.3. Individual study assessment

Following data extraction, individual studies were assessed for
risk of bias (internal validity) using the OHAT (2015b) Risk of Bias
Rating Tool for Human and Animal Studies. The body of evidence was
evaluated and integrated using the OHAT (2015a) Handbook for
Conducting a Literature-Based Health Assessment Using OHAT
Approach for Systematic Review an Evidence Integration. For ease of
readership, the risk of bias evaluation is referred to as study quality,
though it was recognized that in doing so, we are referring to in-
ternal validity. For graphical purposes, meta-analyses were
assigned to the highest-quality end of the Risk of Bias spectrum.
Two refinements to the evaluation of RoB was implemented post
protocol registration. Question 11, “Other,” was included and
modified to further addressed confidence in exposure character-
ization. While Question 8 addressed confidence from the
perspective of the type of exposure data (e.g., dietary survey),
Question 11 was included to address the purity of caffeine. Re-
sponses were as follows: +2 pure caffeine w/ purification; +1 pure
caffeine w/o purity; —1 mixture with estimate of caffeine used in
analysis; —2 all other. For selected endpoints in reproduction and
development (fetal growth, spontaneous abortion, recurrent
miscarriage, stillbirth, and preterm birth and small for gestational
age), RoB Question 4 (Did the study design or analysis account for
important confounding and modifying variables) was refined to
place emphasis on the pregnancy signal as a confounder (see the
reproductive and development section and the discussion section
for biological significance and rationale for placing emphasis on
this variable). Because of the known complexities and lack of val-
idity in approaches to evaluate the pregnancy signal (Brent et al.,
2011; Lawson et al.,, 2004; Peck et al.,, 2010; Stein and Susser,
1991), many studies were assigned a probably high risk of bias
based primarily on the methods used to evaluate the pregnancy
signal. If authors did not attempt to evaluate the pregnancy signal,
the study was scored as high risk of bias for this element (Q4).

Following extraction of the data, it was determined that guid-
ance beyond that provided by OHAT (2015a) or Money et al. (2013)
for evaluating individual studies, as well as integrating the body of
evidence, were required. Thus, we integrated aspects of the
commonly applied GRADE (Grades of Recommendation, Assess-
ment, Development and Evaluation) process presented by Guyatt
et al. (2011). GRADE is a well-established process supported by
the IOM framework. Specifically, GRADE was used to categorize the
level of importance in decision making, which, in context of this
review was regarded as the level of adverseness (Guyatt et al.,
2011). To do so, endpoints were categorized as (1) physiological
or clinical and (2) high/medium/low with respect to the importance
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of the effect in decision making. These categorizations were used to
weight endpoints when developing outcome conclusions. As part
of the weight of evidence (described below), analysts applied
expert judgement in considering how physiological endpoints were
related to clinical outcomes (e.g., known predictors, etc.), as well as
how considerations were made regarding the event(s) relative to
the progression of the outcome. Several tools were used to facilitate
and support the evaluation, including generation of evidence tables
(See Section 2.2 for AHRQ links to individual outcomes), risk of bias
heat maps, summary plots of selected NOEL/LOEL data from indi-
vidual studies, and a tabular summary of the confidence in the
evidence for each outcome and endpoint.

2.4. Body of evidence assessment

Consistent with the framework established by the IOM (Eden
et al.,, 2011), the body of evidence was synthesized qualitatively
for each outcome using methods recommended within the IOM
standards for SR, complemented by those offered by OHAT (2015a)
given the specific application to toxicological assessments. In
evaluating and conducting a qualitative synthesis the body of evi-
dence for each outcome, findings were summarized relative to the
Nawrot et al. (2003) comparators of 400 mg/day for adults (10 g for
lethality), 300 mg/day for pregnant women, and 2.5 mg/kg/day for
children and adolescents. Data are 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. Also consistent with the IOM framework (Eden et al.,
2011), confidence in the body of evidence was assessed using the
approach determined a priori. An initial level of confidence was
assigned based primarily on the following key features of the study
design: controlled exposure, exposure prior to outcome, individual
outcome data, and comparison group used (OHAT, 2015a).

Then, using expert judgement, a number of additional factors
were considered for the overall body of evidence, rendering in-
creases or decreases in the confidence. These factors included the
following: overall risk of bias, indirectness, magnitude of effect,
confounding, and overall consistency. With respect to the magni-
tude of effect, considerations were given both to a) when studies
observed an effect below the comparator, and b) the overall weight
of the evidence related to the magnitude, which included both
considerations of lack of effect (e.g., number of studies without
effects, essentially a “0” level of magnitude) as well as magnitude in
studies reporting effects below the comparator (as reported in the
narrative weight of evidence conclusions and summarized in
tabular format). These factors both help characterize the data as
well as provide structure for developing a conclusion based on the
strength and confidence in the underlying body of evidence with
respect to effects relative to the comparator (i.e., effects relative to a
specific intake vs. the potential for effects to occur at any intake).
Consideration of endpoint importance (Guyatt et al., 2011) or level
of adverseness of the endpoints was also important in making
weight of the evidence conclusions, both for the individual out-
comes and the overall assessment. Typically, this discussion was in
the context of classifying endpoints as clinical or physiological, and
for the latter, if sufficient information is known to interpret phys-
iological data relative to clinical outcomes.

With respect to evaluation of dose-response, it was ultimately
determined not to be a good fit for determining confidence in the
body of evidence relative to the research question, and thus was not
included as part of the weight of evidence considerations. Because
the research question involved evaluation of potential effects at or
below a specific intake (the comparator), integration of dose-
response as a parameter that would increase confidence in a
body of evidence would require evaluation, primarily, of dose-

response relationships in studies which both (a) reported effects,
and (b) reported effects at or below the comparator. A number of
factors precluded a comprehensive integration of dose-response
across the body of evidence, including, though not limited to:
many studies did not report effects, many studies that reported
effects below the comparator were single dose studies, studies
which evaluated dose-response did not provide quantitative in-
formation that would aid in interpretation of such relative to the
comparator (i.e, did not provide information as to effects at or
below the comparator). Future evaluations could involve targeted
evaluation of the strength of the bodies of evidence in the context
of dose-response relationships for studies reporting effects below
the comparator.

Similar to the approach and conclusions of Nawrot et al. (2003),
the objective in the weight of evidence assessment was not to find
the most protective or lowest amount associated with an effect per
se, but rather to make a determination based on the body of evi-
dence 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). Weight of the evidence determinations were made by
endpoint and population; specifically, 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) con-
clusions regarding intake), comparator is too high (i.e., evidence
suggests the comparator is too high), or comparator is too low (i.e.,
evidence suggests the comparator could be higher). Using a similar
approach, conclusions were also developed for the outcome, as well
as overall conclusions. When developing outcome conclusions,
clinical endpoints with a high level of adversity were given the
most weight. Conclusions were not developed for endpoints con-
taining fewer than five studies; in these instances, summary
thoughts are provided but data were determined to be insufficient
to determine a conclusion.

3. Results

Following removal of duplicates, 5706 records of human studies
were identified via the multiple databases searched (Fig. 2). Titles
and abstracts were screened for potential inclusion. 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, coexposures, benefit/therapy studies, and
in vitro studies. Following committee reviews, internal quality-
control efforts, and SAB review of title and abstract screening, 740
records were carried forward to full text review. Based on initial
characterizations of the outcome (e.g., cardiovascular, reproduc-
tive), analysts conducted full text reviews in which the first step
was to confirm inclusion/exclusion. The most common reason for
exclusion following full text review was lack of quantitative infor-
mation required to evaluate the data relative to the comparator
(Fig. 1) (e.g., reports of positive or negative associations, but lack of
a specific exposure associated with such). Following full text re-
view, a total of 426 studies were included in this SR; a small portion
of these studies evaluated multiple outcomes (e.g., cardiovascular
and behavior, or reproductive toxicity and PK) and were thus
assessed in all appropriate evaluations. Often, a number of end-
points were reported within each study (e.g., heart rate and blood
pressure in a cardiovascular study). The number of endpoints
ranged from one to six per study and averaged two endpoints per
study.

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 a source of caffeine, whereas the
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Fig. 2. Summary of literature search and screening process to identify relevant peer-
reviewed publications for five primary outcomes (acute, bone and calcium, repro-
ductive, cardiovascular, and behavior) and one contextual outcome
(pharmacokinetics).

other studies evaluated caffeine from energy drinks, chocolate,
medicine, and other sources. In 77% of the studies, the exposure
(dose) 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; see Supplementary File
S1). In ~5% of the studies, multiple metrics were reported—that is,
authors reported findings based on both caffeine content/amount
as well as source amount (e.g., cups of coffee). In these cases, the
caffeine-based data were utilized in this SR. As such, the amount of
caffeine was estimated by applying standardized caffeine values by
source in <20% of the studies. Exposure was measured in 63% of the
studies and was self-reported in 38%.

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 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%).

In the subsequent sections, the findings for each outcome are
reported. Each section is structured similarly to provide: (1) an
overview of the literature identified for the outcome relative to the
PECO, (2) narrative reviews of the data by endpoint, and (3) a
qualitative body of evidence assessment for the outcome. The
narrative discussions are intended to be succinct summaries,
consistent with that provided by Nawrot et al. (2003), character-
izing the findings as reported in the literature. In-depth critical
assessment of individual studies was beyond the scope of this SR

(rather findings reported by authors were relied upon); however,
each study was evaluated for internal validity. Results of the risk of
bias assessment are provided as figures in each section; color
coding was utilized to represent the overall area of the spectrum for
the study, with dark green representing an overall lower risk of bias
(and thus higher quality) and dark red representing an overall
higher risk of bias (and thus lower quality). The internal validity
(i.e., study quality) is also considered in the accompanying plots of
all of the data by endpoint; the size of the symbol represents where
the study falls on the risk of bias spectrum (with larger symbols
indicating a lower risk of bias, and so on). These plots are meant to
provide a visual display of selected data obtained from the litera-
ture that could be compared to Nawrot et al. (2003); specifically,
these plots include selected effect levels (i.e., LOELs), or no effect
levels (i.e., NOELs), from each study. For succinctness, only one ef-
fect level (the LOEL or NOEL) was reported for each endpoint (i.e.,
all exposure levels not reported in plots); as such, the data shown in
the plots are conservative, as higher doses not associated with ef-
fects are not shown. Full sets of results are provided via AHRQ (See
Section 2.2 for AHRQ links to individual outcomes) and were
considered by evidence analysts in making weight of the evidence
conclusions. In some cases, levels were reported as a range (e.g.,
effects observed or not observed in a given quartile of exposure; the
range of the quartile would be depicted in the plot rather than an
upper or lower end/midpoint, etc.). The majority of the information
collected in this SR is displayed in the plots; exceptions include
studies reporting on unique endpoints that were not reasonably
grouped with others, and, for brevity, cardiovascular endpoints
associated with lower importance and/or unknown clinical rele-
vance (as defined by the subject matter expert, ].G.). All data
extracted and evaluated, however, are publicly available via the
AHRQ repository.

Using a weight of evidence approach similar to that of Nawrot
et al. (2003), confidence in the body of evidence was determined
(Table 1) and conclusions were drawn for each of the endpoints,
outcomes, and populations under investigation when sufficient
data were available (Table 2). As noted in the methods (Section 2),
the objective in the weight of evidence assessment was not to find
the most protective or lowest level associated with an effect per se,
but rather to make a determination based on the body of evidence
as a whole, which included considerations for positive and negative
findings, quality of data, level of adversity, consistency, and
magnitude of effect relative to conclusions regarding caffeine safety
as determined by Health Canada. Weight of the evidence de-
terminations were made by endpoint and population; specifically,
conclusions were developed by categorizing evidence relative to
the comparator (an intake value not associated with adverse ef-
fects) as follows: comparator is acceptable (i.e., evidence supports
the Nawrot et al. (2003) conclusions regarding intake), comparator
is too high (i.e., evidences suggests potential for effects below the
comparator), or comparator is too low (i.e., evidences suggests a
lack of effects above the comparator).

3.1. Bone and calcium

Of the full text papers we reviewed (Fig. 2), 14 studies were
included and 26 were excluded. With respect to the PECO, all of the
included studies involved adult populations (women and men;
often elderly adult populations), although one study also evaluated
adolescents. Many of the observational studies were conducted in
participants from large cohorts, including, for example, the Nurses'
Health Study (Fung et al., 2014). Exposures were typically charac-
terized using self-reported methods (e.g., food frequency ques-
tionnaires) and were based on consumption of coffee, soda, tea, and
chocolate. Approximately half of the studies evaluated the amount
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Table 1

Summary of confidence in the body of evidence used to develop conclusions by endpoint and outcome. Initial confidence ratings based on study type and study features (OHAT, 2015a,b). Considerations for risk of bias,
indirectness, magnitude, dose response, confounding, and consistency (IOM, 2011) relative to evaluation of the PECO (effects relative to specific intakes [the comparators] rather than if a potential relationship existed or not) were
used to up- or down-grade (as indicated by the arrows) the level of confidence in the body of evidence supporting the conclusion.

Endpoint No. of Initial Final Confidence Rating
i fi
Studies Coga:iisgce Risk of Bias Indirectness Large Magnitude Residual Confounding Consistency

Definitely Probably Probably Definitely  Overall
Low (++) Low (+) High(-—) High(-)

Factor description Based on study  Domain-based evaluation of risk of bias per Was there Was the study Strength of effect ~ Were plausible Were findings consistent in ~ What is the overall rating
type and study  the OHAT RoB tool (OHAT, 2015a,b) an overall designed to  (when effect confounders that would demonstrating effects or lack when factors that increase or
features (OHAT, low risk of evaluate the observed below the change the observed of effects at or below the decrease confidence were
2015a,b) bias? PECO? comparator) effect accounted for? comparator? considered?

Bone and 14 Moderate Moderate

calcium
Risk of fracture 6 Moderate — 3 3 — — L/- 1 /- /- Moderate
and fall
Bone mineral 7 Moderate - 6 1 - /- ! - - L— Moderate to low
density and
osteoporosis
Cardiovascular Moderate to high
Adults
Mortality 13 Moderate 2 11 - - /- 1 — 1 /- Moderate
Morbidity 18 Moderate — 14 — — 1/- 1 — 1 1 Moderate
Blood 115 Moderate to high 53 59 3 — /- 1 L/- 1 — Moderate
pressure
Heart rate 53 Moderate to high 28 23 2 - /- 1 -
Cholesterol 24 Moderate to high 3 20 1 — /- 1/- ! — 1 Moderate to high
Heart rate 13 Moderate to high 7 6 — — /- 1 — - /- Moderate to high
variability
Adolescents and children
Blood 10 Moderate to high 5 3 2 — 1/- 1 1 - 1 High
pressure
Heart rate 6 High 5 3 - - 1 1 - - 1/- High
Behavior Moderate to high
Adults
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Anger/ 12 High 3 9 — — — 1 l — 1 High
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Sleep, 21 High 5 16 — — 1 T — — 1 High
subjective
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objective
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Up arrows indicate an increase in confidence; down arrows indicate a decrease in confidence; and dashes indicate no change. NE, not evaluated.

of caffeine in these substances as part of the analysis, and the other
half did not (thus, the amount of caffeine was calculated by the SR
authors per the methods in Section 2). Most of the studies were
observational (including cohort and cross-sectional study types),
although experimental studies (randomized controlled trials
[RCTs]) were also included. Common variables accounted for in
such analyses included age, weight, body mass index (BMI), calcium
intake, other nutrient intake, alcohol consumption, smoking habits,
and physical activity level. With respect to the comparator of
<400 mg/day from Nawrot et al. (2003) (which is equivalent to 4.2
eight-ounce cups of coffee based on our standardization assump-
tions), the majority of the data points were below this level (Fig. 3).
Further, most data points were associated with evaluations that
used categorical exposure groupings (e.g., <1 cup/day, 1-3 cups/
day, and >3 cups/day). 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
consumption of coffee or other substances (e.g., as cups/day) as a
determinant in a regression model.

Similar to findings reported by Nawrot et al. (2003), endpoints
characterizing the bone and calcium outcome included metabolic
impacts on calcium homeostasis (n = 2), bone mineral density
(BMD) and osteoporosis (n = 9), and risk of fracture (n = 6). Effects
of caffeine on bone are most often associated with increased uri-
nary calcium excretion. However, urinary calcium excretion is
affected by calcium intake, so calcium intake needs to be consid-
ered in the analysis. Altered calcium balance through perturbing
calcium excretion can influence bone mass. The majority of the
studies reviewed evaluated associations between caffeine con-
sumption and BMD or bone mineral content (BMC); in some
studies, these data were also used to characterize osteopenia and
osteoporosis. Results varied by bone site.

3.1.1. Evaluation of individual studies by endpoint
3.1.1.1. Risk of fracture and fall. With respect to fracture and fall,
most studies reported a lack of effects, both above and below the
comparator of 400 mg/day (Fig. 3) (Albrand et al., 2003; Fung et al.,
2014; Hallstrom et al., 2013; Jha et al.,, 2010; Lee et al.,, 2014).
Hallstrom et al. (2013) reported that consumption of >560 mg
caffeine (>8 cups) was not associated with a higher rate of any
fracture or of hip fracture in a comprehensive evaluation of long-
term coffee consumption in relation to fracture risk and BMD in
women. In a recent SR and meta-analysis for coffee consumption
and risk of fractures (Lee et al., 2014), an insignificant relative risk
(RR) for coffee consumption and risk of fracture (RR, 1.03; 95%
confidence interval [CI], 0.91-1.16; I,, 61.4%; P = 0.001) was re-
ported for all studies combined. Results of subgroup analyses
indicated contrasting findings by sex; men consuming 760 mg/day
had a 24% lower risk of fractures, whereas women consuming
190 mg/day had a 2% higher risk (1.02; 95% CI, 1.01—1.04) of frac-
tures, relative to those who did not drink coffee. Estimates
increased based on increased consumption; 8 cups of coffee per day
was reported to be associated with a 54% higher risk of fractures
(RR, 1.54; 95% CI,1.19—1.99). This study did not evaluate interactions
between caffeine/coffee consumption and calcium intake.
Hallstrom et al. (2006) also reported effects below the comparator.
The authors reported that a daily intake of >330 mg caffeine may
be associated with a modestly increased risk of osteoporotic frac-
tures (RR, 1.20; CI, 1.07—1.35), especially in women with a low
intake of calcium; when stratified by calcium intake, the increased
risk was only significant when calcium intake was low (<700 mg/
day). No trend in increased risk was observed with higher caffeine
intake in participants with high calcium intake.

The majority, although not all, of the data on risk of fracture or
fall demonstrate a lack of effects of caffeine consumption at levels
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both above (up to 760 mg/day) and below 400 mg/day. Evidence of
effects below 400 mg/day was of low magnitude (RR, <1.20) and
was confounded by calcium intake; the potential interaction of
calcium intake was not accounted for in the study reporting the
lowest effect level (Lee et al., 2014), and the other study (Hallstrom
etal., 2006) reporting an effect level below the comparator found in
stratified analyses that increased risk was only observed under
conditions of low calcium intake. Confidence in these data is
moderate (OHAT, 2015a) (Fig. 4; Table 1); findings were generally
consistent, and most, although not all, studies controlled for cal-
cium intake. As such, the evidence in this SR supports that an intake
of 400 mg caffeine/day in healthy adult populations, particularly
those with adequate calcium intake, is not associated with signifi-
cant concern regarding the risk of fracture and fall.

400 mg/day
acceptable for
adults
300 mg/day
acceptable for
pregnant women
Lethality: 10g for
adults and
adolescents
Nonlethality: 400
mg/day for adutls
and 2.5 mg/kg-
day for
adolescents
No conclusion for
pregnant women
or children

'day in pregnant women, or 400 mg/day in healthy
to control for such. There is a moderate level of

3.1.1.2. Bone mineral density and osteoporosis. Of the seven studies
that evaluated BMD, only one reported on levels of caffeine intake
above the comparator. Barbour et al. (2010) reported that higher
caffeine intake of 520.7 mg/day was associated with lower cortical
and trabecular volumetric BMD in men aged >69 years. The
remaining studies evaluated consumption levels lower than the
comparator, the majority of which found a lack of effects at expo-
sures ranging from 108 to 300 mg/day (El Maghraoui et al., 2010;
Hallstrom et al., 2010, 2013; Harter et al., 2013; Rapuri et al,,
2001; Wetmore et al., 2008) (Fig. 3).

Four of these studies, however, also reported effects below the
comparator (El Maghraoui et al., 2010; Hallstrom et al., 2010; 2013;
Rapuri et al., 2001) for some of the endpoints evaluated. Among
Moroccan men who consumed >285 mg caffeine/day, El Maghraoui
et al. (2010) reported a decreased association of high coffee con-
sumption with osteoporosis at any site (0.82; CI, 0.74—0.91,
P < 0.05), although there was an increased association with the
lumbar spine (1.76; CI, 1.08—2.85; P < 0.05) and no association with
total hip, the most important site. Study subjects with osteopenia
and osteoporosis also reported low calcium intake (62% and 75%,
respectively). Rapuri et al. (2001) reported that the rate of bone loss
at the spine was higher in a group of high-caffeine consumers
compared with low-caffeine consumers (>300 mg caffeine/day
versus <300 mg caffeine/day, respectively, with percent change in
BMD of —1.90 + 0.97 versus 1.19 + 1.08, respectively, at baseline).
However, the rate of bone loss at other sites (femoral neck,
trochanter, total body, and total femur) was not significantly altered
in a longitudinal assessment of data collected from elderly women
aged 66—77 years over a 3-year period (Rapuri et al., 2001). These
authors also conducted a cross-sectional assessment of data,
reporting no significant differences in BMD, no changes in a num-
ber of calciotropic hormones, and changes in bone markers in
women who consumed >300 mg caffeine/day relative to those who
consumed <300 mg/day. Similarly, Hallstrom et al. (2010) reported
that consumption of >237.5 mg/day was associated with a 4% lower
BMD of the proximal femur compared to low or nonconsumers of
coffee in a large population of Swedish men aged 72 years. This
finding, however, was not observed in women, nor was it modified
by calcium intake. Finally, Hallstrom et al. (2013) reported that
coffee intake of >280 mg was associated with a 2%—4% lower bone
density, which did not translate into an increased risk of fracture
(discussed below). These authors also reported a lack of association
between consumption of >280 mg caffeine with an increased
incidence of osteoporosis or an incidence of one or two falls in the
previous year.

Collectively, the majority of studies reviewed support that the
comparator of 400 mg/day in healthy adults is not harmful with
respect to BMD and osteoporosis, although more evidence is
needed for effects of caffeine intake between 200 and 400 mg/day
given the number of studies that reported effects associated with

effects versus no effects).

of 300 mg caffei

, respectively. There is very low to low confidence in this evidence base, due primarily to

behavior. For some endpoints, including fetal growth, childhood cancers, isolated congenital
Very low to low | uncertainty in the estimates of exposure and to the high risk of bias. A higher level of confidence is also

the weight of evidence was considered (See Section 3.4.2), an intake of 300 mg caffeine/day in
malformations, evidence indicated that intake at the level of the comparator was too liberal; however,
(referring primarily to fetal growth changes; the biological significance of such an effect is more
robustly evaluated in studies evaluating SGA or IUGR, which, as a whole, did not show effects below the
The SR of 26 studies provided evidence to evaluate potential acute toxicity. Following a weight of
evidence review (see Section 3.5.2), the comparators of 10 g for lethality and 400 mg/day or 2.5
mg/kg/day for other acute effects, were determined to be acceptable for healthy adults and
precluded by the inherent bias introduced by utilizing case reports (i.e., limitations to reporting of

pregnant women and 400 mg/day in healthy adults are generally without significant concern regarding
recurrent miscarriage, stillbirth, preterm birth and gestational age, birth defects, and childhood

and, in most studies, the ir
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fertility, male reproductive endpoints, spontaneous abortion, recurrent miscarriage, stillbirth, preterm

birth and gestational age, fetal growth, birth defects, childhood cancers, and childhood behavior. When
overt adverse effects on fecundability, fertility, male reproductive endpoints, spontaneous abortion,
refined conclusions were difficult to determine given uncertainties in the evidence base, including low
attrition rates, lack of ability to account for recall bias particularly for childhood cancers, lack of ability
to fully accommodate the impact of the pregnancy signal, and lack of biological relevance of findings
comparator). The relevance of smoking to the analyses in this data set was generally well recognized

Moderate to
Moderate
Moderate to
High
Moderate
Moderate to
High
Moderate to
High
Moderate
N/A
N/A
Very low to low
N/A
Very low to low
N/A
N/A
Very low to low
N/A

Medium/High
High
High
High

Medium/High

Medium/High
High
High
High
High
High

Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical

Insufficent data to develop conclusion
Insufficent data to develop conclusion
X
No data
X
No data
X
Insufficient data
X
No data

240- 2800
(2308)
200- 2500
(100-500)
100-300
(151-301)
2380
(300-700)
300-540
(None)
300- 2500
(25-775)
190- 2500
(10-405)
2285
(95-2332)
300- 21000
(None)
0.56-50 g
(0.24-20 g)
N/A
10-12¢g
(51.69)
N/A
None
(0.167-50 g)
None
(0.288-0.9 g)
None
(0.48-12 g)
N/A

17
22
4
3
11
0
3
0
11
2
5
0

Adults
Pregnant
Women
Pregnant
Women
Pregnant
Women
Pregnant
Women
Pregnant
Women
Pregnant
Women
Pregnant
Women
Pregnant
Women
Adults
Pregnant
Women
Adolescents
Children
Adults
Pregnant
Women
Adolescents
Children

400 mg/day
300 mg/day
300 mg/day
300 mg/day
300 mg/day
300 mg/day
300 mg/day
300 mg/day
300 mg/day
Undefined
Undefined
Undefined
400 mg/day
Undefined
Undefined
Undefined

10g

1s abortion

*Values based on that reported by individual study authors; in many cases, data are based on categorical classifications which represent ranges (e.g., less than two cups of coffee would be represented by 0 to 190 mg caffeine).

Reproductive and Developmental

Fecundibility, Fertility and

Male Reproductive
Other acute events (non-

Recurrent miscarriage
Preterm birth and
gestational age

Fetal growth

Birth defects
Childhood cancers
Childhood behavior
Acute Toxicity

fatal)

Stillbirth
Lethality
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Risk of Fracture and Fall
Albrand et al. 2003 - fracture | @

Albrand et al. 2003 - fracture | @
Fung et al. 2014 - increased risk of hip fracture
Hallstrom et al. 2006 - risk of osteoporotic fracture
Hallstrom et al. 2013 - fall
Hallstrom et al. 2013 - rate of fracture
Jha et al. 2010 - hip fracture [ ]
Lee et al. 2014 - risk of fracture (women)
Lee etal. 2014 - risk of fracture (men)
Bone Mineral Density and Osteoporosis
Barbour et al. 2010 - lower BMD
El Maghraoui et al. 2010 - increased osteoporosis, hip and other sites
El Maghraoui et al. 2010 - increased osteoporosis, lumbar spine
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Fig. 3. Summary diagram of exposure-response data relative to the comparator for the bone and calcium outcome (all endpoints). Symbols represent caffeine intake (mg/day) as
reported by original study authors. The color of the symbol indicates the type of effect; no effect (NOEL; blue symbols) or the lowest effect level (LOEL; orange symbols). The shape
of the symbol represents the type of metric (circles represent a discrete value, arrowheads represent greater than or equal to a value, and a horizontal line represents a range of
values; metrics are based on that reported by the original study authors). The size of the symbol indicates the overall risk of bias (larger symbols indicate a lower risk of bias, or
higher methodological quality). The dashed vertical line marks the comparator value. Italicized study names indicate a meta-analysis. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

consumption in this range. In the studies reporting effects (both
below and above the comparator), such effects were typically
associated with subgroup analyses (e.g., limited to females), were
associated with single sites (i.e., impacts not observed at all sites
evaluated), or were not associated with downstream events (i.e.,
risk of fracture). In addition, although calcium consumption was
integrated into most of the analyses, the method for doing so var-
ied, which thus contributed to uncertainty in findings because
some of the studies involved participants with low calcium intake.
These factors, along with the use of different consumption group-
ings 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) make it difficult to further refine the conclusion for
BMD and osteoporosis. The underlying evidence base is associated
with a moderate to low level of confidence (Fig. 4; Table 1).

3.1.1.3. Calcium homeostasis. Two RCTs were reviewed. Heaney and
Rafferty (2001) reported that consumption of caffeinated beverages
(60 or 92 mg caffeine) produced small increases in calcium excre-
tion, which can be offset by small increases in calcium intake
(15—30 mL [1-2 tablespoons] milk; Rafferty and Heaney, 2008).
The authors reported that the overall magnitude was sufficiently
small such that the observed changes were not meaningful to the
calcium economy (Heaney and Rafferty, 2001). Ribeiro-Alves et al.
(2003) reported that exposure to 285 mg caffeine resulted in
increased excretion of calcium in women (described as >1-fold;
0.5 + 0.5 mmol calcium/mmol creatinine following caffeine expo-
sure, and 0.2 + 0.1 mmol calcium/mmol creatinine without
caffeine); this finding was based on a study population of women
who habitually consume a low-calcium diet.

As only two studies were available, a conclusion was not
developed; however, data from these two studies suggests that the
comparator of 400 mg/day may be too high for physiological

impacts on calcium homeostasis; however, when calcium intake is
considered in concert and, in particular, the observation that the
physiological changes in homeostasis can be offset by small
amounts of calcium, the evidence is more supportive that the
comparator is acceptable. Furthermore, the amount of change
observed was well within typical amounts of calcium excreted,
including in those consuming low-calcium diets (Wu, 2006), which
thus supports an unlikely impact on calcium economy at the
exposure levels evaluated.

3.1.2. Body of evidence assessment

The individual studies were generally associated with low risk of
bias ratings, with only three studies at the lower end of the spec-
trum toward high risk of bias (Figs. 3 and 4; Table 1). The study
ratings were most impacted by the confidence in exposure
assessment. Few studies involved direct evaluation of caffeine;
rather, studies relied on self-reported estimates of consumption of
caffeine-containing beverages. The range in the level of indirect-
ness of caffeine intake spans from a low level of indirectness (i.e.,
direct evaluation of PECO) to a very serious level of indirectness.
Thus, studies that directly exposed subjects to a known amount of
caffeine or assessed caffeine using validated measures were given
more weight when considering the body of evidence for this
outcome (Fig. 4); endpoints with higher levels of adversity were
also given more weight (Table 2).

The Nawrot et al. (2003) conclusion for the bone and calcium
endpoint included both reference to an intake of caffeine
(<400 mg/day) as well as calcium intake (800 mg/day). Because of
the lack of consistent reporting of calcium intake (i.e., lack of
author-reported data or conclusions that directly linked levels of
caffeine and levels of calcium), this SR could not make a conclusion
about the effect of calcium intake on the relation between caffeine
intake and calcium balance or bone outcomes. For example,
Hallstrom et al. (2006) reported that an increased risk of fracture
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Fig. 4. Risk of bias (RoB) heat map for studies included in the bone and calcium outcome. The domain-based validity was evaluated based on study type per the OHAT (2015b) RoB
tool. RoB for each domain is indicated by color: “definitely low risk of bias” (dark green, +2), “probably low risk of bias” (light green, +1), “probably high risk of bias” (light red, —1),
and “definitely high risk of bias” (dark red, +2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

was observed when calcium intake was low (<700 mg/day), but
most studies did not do similar stratified analyses.

In studies showing potentially adverse effects of caffeine intake
at <400 mg/day, the effect size was generally of low magnitude,
effects were only observed in some bone sites, or effects were
observed in subsets of the population, such as women who habit-
ually consume a low-calcium diet (EI Maghraoui et al., 2010;
Hallstrom et al., 2006, 2010; Lee et al., 2014; Rapuri et al., 2001;
Ribeiro-Alves et al., 2003). Two controlled trials reported that sin-
gle exposures of caffeine impacted subsequent measures on urinary
calcium excretion (Hallstrom et al.,, 2013; Heaney and Rafferty,
2001); these changes were not considered to meaningfully
impact the calcium economy. It is also notable that when the pro-
gression of effects was considered, in some cases, authors indicated
that early events were not linked to more critical effects. For
example, Heaney and Rafferty (2001) indicated that the portion of
the observed excess calciuria that may be due to caffeine can
probably be dismissed as being of no consequence to calcium
economy, or the 2%—4% lower bone density observed by Hallstrom
et al. (2013) following consumption of >280 mg caffeine did not
translate into an increased risk of fracture.

In summary, the SR of 14 studies provided evidence to evaluate
potential impacts of the consumption of 400 mg caffeine/day on the
bone and calcium outcome in healthy adults; these studies
included assessment of the risk of fracture and fall, BMD and
osteoporosis, and altered calcium homeostasis. When the weight of

evidence was considered, the comparator, 400 mg/day, was found
to be an acceptable intake that is not associated with significant
concern regarding overt, adverse effects on bone or calcium end-
points, particularly under conditions of adequate calcium intake.
Although effects were observed at exposures below the comparator
they were often limited to physiological effects following acute
exposure (altered calcium homeostasis), and subgroups in analyses
of clinical endpoints, including those with low calcium intake. Such
effects were generally of low magnitude, and/or were of overall
low/negligible consequence to downstream events. Several studies
also reported on a lack of effect on the clinical endpoints following
chronic consumption below the comparator, as well as above the
comparator. Based on the underlying study type (11 observational,
2 RCTs, 1 meta-analysis) that constitute this evidence base, there is
a moderate level of confidence in the research, which supports this
conclusion. Key limitations that precluded a higher level of confi-
dence were the inability to fully accommodate for calcium intake,
the high level of indirectness, as well as an uncertainty in exposure
estimates.

3.2. Cardiovascular

We reviewed 276 full text papers evaluating potential cardio-
vascular effects of caffeine. A total of 203 of these studies were
considered to meet the criteria for inclusion in the SR because they
permitted comparison to the Nawrot et al. (2003) conclusions
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(Fig. 2). With respect to the PECO, nearly all of the included studies
involved adult populations, for which the Nawrot et al. (2003)
comparator of <400 mg/day was applied. For the 11 studies
involving children (aged 3—12 years), adolescents (aged 12—19
years), or both, the Nawrot et al. (2003) comparator of <2.5 mg/kg
body weight was applied. In several studies, “adults” included in-
dividuals who were aged 18 or 19 years (although results could not
be separated as such). Although this is in the upper range for ad-
olescents, these populations were treated as adults for purposes of
this evaluation.

The majority of the included studies (172 of 203) were
controlled trials, most of which were a randomized, double-
blinded, crossover design. Of the remaining 31 studies, 26 were
observational studies (cohort, case-control, case-crossover, cross-
sectional), 4 were meta-analyses of such studies, and 1 was a
meta-analysis of RCTs. In all of the controlled trials but one
(Christensen et al., 2001), exposures were characterized based on
measured values. The reverse was the case for the observational
studies and meta-analyses—that is, all but the meta-analysis of
controlled trials were based on self-reported exposures (food fre-
quency questionnaires). The majority of the controlled trials were
of essentially pure caffeine administered as a pill/capsule or dis-
solved in a liquid; however, studies involving exposure to caffeine-
containing foods or beverages such as chocolate, coffee, tea, soda, or
energy drinks or a medical/dietary supplement were also included.
For the latter studies, the study authors typically reported the
amount of caffeine in the food/beverage/supplement utilized in
the evaluation; for studies in which the author did not, the amount
of caffeine was calculated by the SR authors per the methods
(Supplemental File S1). Exposure in observational studies was
based on estimates of total caffeine or consumption of one or more
caffeinated foods or beverages; for the latter, caffeine exposure was
calculated by the SR authors.

For most of the controlled trials, participants fasted or abstained
from caffeine consumption for some number of hours, generally
overnight, prior to caffeine exposure; however, in some studies,
participants were asked to abstain from caffeine for >1 day or not at
all (i.e., a satiated state). Most controlled trials were also of a single
“acute” exposure, whereas a few evaluated “chronic” exposures
over a few days or weeks. In either case, participants may have been
caffeine naive or they may be nonhabitual caffeine or caffeine-
containing beverage consumers, whereas other participants (in
the same or a different study) were classified by amount of regular
caffeine consumption (e.g., light, moderate, or heavy consumers).
Another variation in exposure characterization was studies in
which participants were “pretreated” for a certain number of days,
followed by administration of a “challenge” in which the pre-
treatment or challenge may have been caffeine and/or a caffeine
beverage versus some type of placebo. Measurements from the
controlled trials were most commonly collected 30—60 min
following exposure (with some studies also collecting measure-
ments before and after this time interval) to capture effects at ex-
pected peak plasma concentrations. Finally, most of the controlled
trials evaluated few, if any, potential confounders, whereas the
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).

With respect to the comparator of <400 mg/day from Nawrot
et al. (2003), the majority of the data points for adults, regardless
of the direction of findings, are below the comparator intake. For
studies of children and/or adolescents, about one-half of the data
points are below the comparator of <2.5 mg/kg body weight, again
regardless of findings. Most studies were designed specifically to
evaluate caffeine (typically via direct exposure to caffeine in
controlled trials or conversion of self-reported consumption of cups

of caffeine-containing beverages per day) and thus were consid-
ered to have a low level of indirectness.

The majority of the 172 controlled trials evaluated blood pres-
sure (primarily peripheral systolic and diastolic; Table 1) and heart
rate and, in the latter case, often during or after exercise. For the 26
observational studies, most evaluated cardiovascular morbidity
(e.g., acute myocardial infarctions, atrial fibrillation) and/or mor-
tality (e.g., coronary heart disease, stroke). Nawrot et al. (2003) also
evaluated blood pressure, heart rate, and CVD, as well as
arrhythmia and cholesterol. However, in this SR, many additional
cardiovascular parameters characterizing this outcome were eval-
uated, including aortic stiffness/wave reflection, cerebral blood
flow, plasma or urinary constituents (e.g., catecholamines, homo-
cysteine), endothelial function, heart rate variability, heart rhythm,
hemodynamic measurements other than blood pressure and heart
rate (e.g., cardiac output, stroke volume), and ventricular function
(to note, some studies addressed additional, unique endpoints).
Each of these is discussed in more detail below, and in doing so,
considerations for the relative importance of the endpoints, or level
of adversity, to the outcome are considered (Guyatt et al., 2011)
(Table 2). Specifically, the hierarchy considered for cardiovascular
endpoints involved clinical effects (e.g., morbidity and
mortality) > important physiological endpoints (e.g., heart rate,
blood pressure) > other physiological endpoints (e.g., aortic stiff-
ness and hemodynamic measurements other than blood pressure
and heart rate). The data for the other physiological endpoints are
discussed in Supplementary File S2.

3.2.1. Summary of individual studies by endpoint
3.2.1.1. Cardiovascular mortality. Nine cohort studies were identi-
fied that evaluated the association between consumption of
caffeine from multiple sources or specifically in coffee or tea and
the risk of cardiovascular mortality (or in two cases, combined
mortality and morbidity) (Fig. 5A). Six of these studies found no
association or no increased risk for caffeine intakes ranging from
~95 to 855 mg/day (Bertoia and Triche, 2013; Gardener et al., 2013;
Greenberg et al., 2008; Happonen et al., 2008; Lopez-Garcia et al.,
2008; Paganini-Hill, 2011). Of the remaining three studies, one
reported an increased risk, but only for a specific genotype
(Happonen et al.,, 2006). Happonen et al. (2006) reported an
increased risk in the incidence of “acute coronary events” (defined
by the authors as acute myocardial infarction or coronary death)
following consumption of >320 mg caffeine/day for those with a
low-activity catechol-O-methyl transferase (COMT) genotype (odds
ratio [OR], >3). In an earlier study, Happonen et al. (2004) reported
a j-shaped dose-response curve, with the lowest number of acute
coronary events (as defined above) associated with moderate coffee
drinkers (150—320 mg caffeine/day). The RR was significantly
higher in heavy coffee drinkers (>320 mg caffeine/day) based on 14
years of follow-up (RR, ~1.5), but when limited to 2.5 or 5 years of
follow-up, the RRs were higher in both light coffee drinkers
(0.4—150 mg caffeine/day) and heavy coffee drinkers (RR, ~2).
Finally, Mineharu et al. (2011) reported hazard ratios (HRs) for
stroke and total CVD mortality, but not for coronary heart disease
mortality (differentiated based on International Classification of
Disease [ICD] codes), that were significantly greater than 1 (in the
range of 2 or 3) for women who consumed >459 mg caffeine/day in
coffee as compared to women who consumed <22 mg caffeine/day
in coffee. The HRs for men were not significantly greater than 1.
Mineharu et al. (2011) also reported that green tea consumption up
to >180 mg caffeine/day was associated with a decreased risk of
total CVD, coronary heart disease, or stroke mortality as compared
to those who consumed <4.3 mg caffeine/day in green tea.
Collectively, the majority of evidence support that 400 mg
caffeine/day in healthy adult populations is an acceptable intake
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which is not associated with significant concern for cardiovascular
mortality. Even at higher intakes up to ~855 mg/day, there are no
consistently reported effects on mortality; further, several studies,
reported findings that are suggestive of protective effects. The
studies reporting effects, both above and below the comparator,
were conditional (e.g., observed in subset of data evaluated). There
is a moderate level of confidence in the body of evidence (Fig. 6;
Table 1) supporting these conclusions.

3.2.1.2. Cardiovascular disease morbidity. Four meta-analyses and
11 cohort, case-control, or case-crossover studies were identified
that evaluated the association between consumption of caffeine
from multiple sources or specifically in coffee and the risk of car-
diovascular morbidity (or as noted above, two studies combined
mortality and morbidity), primarily acute or non-fatal myocardial
infarction, atrial fibrillation, or stroke (Figs. 5 and 6). Premature
ventricular complexes (PVCs) were not evaluated in any of the
studies in the time frame of this SR, but previous data have been
summarized (Pelchovitz and Goldberger, 2011). The strongest data
come from four meta-analyses identified (Caldeira et al., 2013;
Cheng et al., 2014; Mostofsky et al., 2012; Sofi et al., 2007), which
included cohort and/or case-control studies. The three smallest
assessments (five or six studies each) reported no increased risk in
heart failure events or atrial fibrillation at >500, >700, or
>1050 mg caffeine/day (the latter being in coffee) (Caldeira et al.,
2013; Cheng et al., 2014; Mostofsky et al., 2012). Sofi et al. (2007)
also reported no increased risk coronary heart disease (primarily
acute myocardial infarction) at >360 mg caffeine/day in coffee
based on their analysis of 10 cohort studies; however, for the 13
case-control studies evaluated, there was an increased risk of cor-
onary heart disease at 275—360 or >360 mg caffeine/day in coffee
(ORs, <2).

Mortality

Bertoia et al. 2013 - SCD (tea) >
Bertoia et al. 2013 - SCD (coffee),
Gardener et al. 2013 - CVD mortality|
Greenberg et al. 2008 - CBD, CHD, and CVD mortality [ )
Happonen et al. 2004 - acute MI or CHD mortality
Happonen et al. 2006 - CHD mortality (COMT LH or HH genotypes)
Happonen et al. 2006 - CHD mortality (COMT LL genotype)
Happonen et al. 2008 - CVD mortality|
Lopez-Garcia et al. 2008 - CVD mortality]

Mineharu et al. 2011 - CHD, CVD, stroke mortality (tea) >

Mineharu et al. 2011 - CVD stroke mortality (coffee)
Mineharu et al. 2011 - CHD mortality (coffee)
Paganini-Hill et al. 2011 - CVD mortality]|
Morbidity
Baylin et al. 2006 - nonfatal M|
Caldeira et al. 2013 - atrial fibrillation|
Cheng et al. 2014 - atrial fibrillation|
Conen et al. 2010 - atrial fibrillation
Cornelis et al. 2006 - nonfatal Ml (CYP1A1 1A/1A genotype)
Cornelis et al. 2006 - nonfatal Ml (CYP1A1 1A/1F and 1F/1F genotypes)
Floegel et al. 2012 - CVD, MI, and stroke
Frost and Vestergaard 2005 - atrial fibrillation
Greenberg et al. 2008 - CBD, CHD, and CVD events [ ]
Happonen et al. 2004 - acute Ml or CVD mortality;
Happonen et al. 2006 - acute Ml (COMT LH or HH genotypes)
Happonen et al. 2006 - acute MI (COMT LL genotype)
Kabagambe et al. 2007 - nonfatal acute Ml
Larsson et al. 2011 - stroke|
Mostofsky et al. 2010 - acute ischemic stroke|
Mostofsky et al. 2012 - heart failure
Sofi et al. 2007 - CVD (case-control design)
Sofi et al. 2007 - CVD (cohort design)

For the observational studies, five found no association or no
increased risk of myocardial infarction, atrial fibrillation, or stroke
for caffeine intakes ranging from ~95 to ~1000 mg/day (Conen et al.,
2010; Floegel et al., 2012; Frost and Vestergaard, 2005; Greenberg
et al, 2008; Larsson et al., 2011) (Fig. 5). Of the remaining six
studies, two reported an increased risk, but only for a specific ge-
notype. Cornelis et al. (2006) reported an increased risk of nonfatal
acute myocardial infarction following consumption of >400 mg
caffeine/day in coffee, but only for slow metabolizers of caffeine.
Similarly, Happonen et al. (2006) reported an increased risk in the
incidence of acute myocardial infarction or CVD mortality (referred
to collectively as acute coronary events) following consumption of
>320 mg caffeine/day for those with a low-activity COMT genotype.
Two other studies reported a significantly increased risk of a
nonfatal acute myocardial infarction or ischemic stroke within 1 h
of consuming coffee (Baylin et al., 2006; Mostofsky et al., 2010);
however, the RR was highest at the lowest exposure category
evaluated (<95 mg caffeine/day), with a significant negative trend
such that the RR was lowest at the highest exposure category
evaluated (>360 mg/day and ~>285 mg caffeine/day, respectively).
In general, ORs or RRs were ~<2, although they were as high as 3 or
4 in some cases (Baylin et al., 2006; Happonen et al., 2006).

As noted above, Happonen et al. (2004) reported a j-shaped
dose-response curve, with the lowest number of acute coronary
events (as defined above) associated with moderate coffee drinkers
(150—320 mg caffeine/day). The RR was significantly higher in
heavy coffee drinkers (>320 mg caffeine/day) based on 14 years of
follow-up (RR, ~1.5), but the RRs were significantly higher in both
light coffee drinkers (0.4—150 mg caffeine/day) and heavy coffee
drinkers (RR, ~2) when limited to 2.5 or 5 years of follow-up.
Finally, Kabagambe et al. (2007) reported a significant association
between nonfatal myocardial infarction and consumption of
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Fig. 5. (A—G) Summary diagram of exposure-response data relative to the comparator for the cardiovascular outcome: (A) morbidity and mortality, (B) blood pressure (adults), (C)
blood pressure (children and adolescents), (D) heart rate (adults), (E) heart rate (children and adolescents), (F) cholesterol, and (G) heart rate variability. Symbols represent caffeine
intake (mg/day) as reported by original study authors. The color of the symbol indicates the type of effect; no effect (NOEL; blue symbols) or the lowest effect level (LOEL; orange
symbols). The shape of the symbol represents the type of metric (circles represent a discrete value, arrowheads represent greater than or equal to a value, and a horizontal line
represents a range of values; metrics based on that reported by original study authors). The size of the symbol indicates the overall risk of bias (larger symbols indicate a lower risk
of bias, or higher methodological quality). The dashed vertical line marks the comparator value. Italicized study names indicate a meta-analysis. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)
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303—454 or >454 mg caffeine/day (ORs <2); however, this is the
same starting study population as evaluated by Cornelis et al.
(2006), in which the elevated RR was limited to slow caffeine
metabolizers, and the study authors concede that their exclusion
criteria resulted in breakage of the case/control pairs.

When the literature on morbidity are considered collectively,
and considering the greater utility of meta-analyses, evidence
support that 400 mg caffeine/day in healthy adult populations is an
acceptable intake which is not associated with significant concern
regarding cardiovascular morbidity. Several studies, including
findings from two meta-analyses, suggested that the comparator is
too low — that is, several studies reported a lack of effects above
400 mg/day. All comparison points above 400 mg/day were no

effect levels; including no effects associated with intakes as high as
1050 mg/day. Some studies, including two meta-analyses, however,
reported effect levels below the comparator (suggesting the
comparator is too high), adding complexity to the integration of the
data. In several cases, associations were observed only in specific
genotypes, highlighting the potential role of kinetic influence on PD
(discussed elsewhere). There is a moderate level of confidence in
the evidence base. Confidence was increased by the low level of
indirectness, and the low risk of bias in the individual studies
(Table 1).

3.2.1.3. Blood pressure. More than 100 controlled trials were
identified that evaluated the effect of <100 to ~1000 mg caffeine/
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day on different aspects of blood pressure in adults (see Fig. 5B).
Hypertension, a chronically elevated blood pressure, is a known
risk factor for CVD (Mozaffarian et al., 2016), whereas intermittent
blood pressure elevations, such as those associated with exercise,
are not. The majority of the caffeine studies evaluated peripheral
systolic and diastolic blood pressure, although some studies eval-
uated (instead of or in addition to) central (aortic) blood pressure,
mean arterial blood pressure, pulse pressure, or pulse pressure
amplification. The results of these studies are mixed, with some
reporting statistically significant, albeit often small, increases in
blood pressure at relatively low caffeine exposures (<100 mg/day),
whereas others reported no effect on blood pressure at much
higher caffeine exposures (>400 mg/day). The magnitude of
change was not always reported or was difficult to discern (re-
ported only in figures). However, as an example, Syce (2015) re-
ported an observed increase of 0.5 mmHg in peripheral systolic
blood pressure following ingestion of ~39 mg caffeine in black tea,
whereas Ajayi and Ukwade (2001) reported observing an increase
of ~3—4 mmHg in peripheral systolic blood pressure following
ingestion of ~40 mg caffeine in instant coffee. Many studies
involved exposures to 100—200 mg caffeine/day to mimic con-
sumption of 1 or 2 cups of coffee, with some studies reporting a
significant increase in blood pressure and others not. One meta-
analysis of 16 randomized control studies of coffee or caffeine re-
ported a significant increase in blood pressure associated with
consumption of >410 mg caffeine/day for at least 7 days as
compared to those who consumed <410 mg/day (Noordzij et al.,
2005). The majority of the authors reporting a significant increase
in blood pressure did not comment on whether the magnitude of
change represented an adverse effect in healthy adults, except
perhaps for individuals who already had elevated blood pressure.
Thus, similar to that reported by Nawrot et al. (2003), the data from
this SR demonstrated that many controlled studies report statisti-
cally significant increases in blood pressure as a result of caffeine
exposures below 400 mg/day, although the magnitude of change is
often small (or even very small; <1 to a few mmHg) and transient in
nature, and many other studies do not report significant changes to
blood pressure at exposures up to or exceeding 400 mg/day.

Two cohort studies were also identified that evaluated the effect
of caffeine or coffee consumption on different aspects of blood
pressure in adults (Del Brutto et al., 2014; Vlachopoulos et al.,
2005). Neither reported an association between increased blood
pressure and consumption of >180 mg caffeine/day in coffee or
>200 mg caffeine/day, respectively. All of the exposure categories
evaluated in these two studies were below the comparator of
<400 mg/day.

Five controlled trials were identified that evaluated the effect of
1-5 mg/kg caffeine on blood pressure in children and/or adoles-
cents (Temple and Ziegler, 2011; Temple et al., 2014; Turley and
Gerst, 2006; Turley et al., 2007, 2008). A statistically significant
increase in blood pressure was observed in all of these studies
except Turley et al. (2007) (on the order of a few mmHg); effects
were observed at doses below 2.5 mg/kg in two of the studies and
above 2.5 mg/kg in two of the studies. No significant effect was
observed in blood pressure following ingestion of 5 mg/kg caffeine
in a study of 7- to 9-year-old boys (Turley et al., 2007), although
blood pressure was consistently higher (~3—4 mmHg) as compared
to controls. In addition, Savoca et al. (2004) observed a significant
increase in blood pressure in African American adolescents who
consumed a controlled diet containing >100 mg caffeine (>1.7 mg/
kg) for 3 days as compared to those who consumed 0—50 mg/day
(0.85 mg/kg) or >50—100 mg/day (>0.85—1.7 mg/kg); however, no
effect was observed in white adolescents at any exposure level.
Finally, one cross-sectional study was also identified, in which
Reddy et al. (2008) found no association between an average

dietary caffeine exposure of ~0.35 mg/kg and blood pressure in
African American girls aged 6—11 years, which is well below the
comparator of <2.5 mg/kg.

Taken together, studies were relatively consistent in demon-
strating that exposures to caffeine, at intakes both below and above
the comparator, have the potential to result in an increase in blood
pressure (often only a few mmHg) in all populations evaluated. The
biological significance of this small magnitude of change is difficult
to interpret relative to the determination of adverse effects,
because such a determination is likely to be conditional. Several
aspects were critical to interpreting the level of adversity. First, the
range of normal blood pressure variation during the day exceeds
the increase that is associated with caffeine (Mancia, 2012). Second,
in some cases, transient increases in blood pressure may not be
harmful; for example, blood pressure is increased during exercise,
which is associated with decreased cardiovascular risk. The blood
pressure increase with exercise is typically substantially greater
than that observed with caffeine (Miyai et al., 2002). Third, a
decrease in heart rate following caffeine consumption is believed to
be in response to an increase in blood pressure; as discussed below,
consistent changes in heart rate were not observed following
caffeine consumption. Similarly, the long-term effects of transient
caffeine-mediated blood pressure increase are unknown relative to
the potential impact on known cardiovascular risk factors, such as
chronic hypertension. Lastly, some data indicate the potential for
unique subgroups of individuals to demonstrate greater blood
pressure sensitivity to caffeine than other subgroups. When the
evidence is considered collectively, findings suggest that the
comparator of 400 mg/day in healthy adults is too high if one is only
considering the potential for caffeine to cause a physiological
change in blood pressure (which may or may not be adverse).
When considering the small magnitude of changes in this physio-
logical 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. There is a moderate
to high level of confidence in the underlying data for this endpoint,
primarily driven by the low risk of bias and use of controlled ex-
posures (RCTs). However, confidence in determining conclusions
relative to the comparator is limited by the inability to ascertain the
conditions and magnitude of change that would be considered
adverse in a clinical or toxicological context (which is beyond the
scope of this assessment).

Similar to the findings in adults, some data suggest that the
comparator of 2.5 mg/kg/day in children is too high if only the
potential for caffeine to cause a physiological change in blood
pressure (which may or may not be adverse) is being considered;
other data suggested that the comparator was too low, as no
changes were observed following ingestion of 5 mg/kg. 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 in-
creases relative to known cardiovascular risk factors, evidence
shifts to support the comparator of 2.5 mg/kg/day. There is a
moderate to high level of confidence in this body of evidence;
confidence is limited by inconsistency of findings. Thus, results
indicate that it would be prudent to evaluate blood pressure in
children and/or adolescents with significant caffeine intake and
consider limiting this for those with significant caffeine-mediated
blood pressure rise.

3.2.14. Heart rate. More than 20 controlled trials were identified
that evaluated the effect of <100 to ~750 mg caffeine/day on heart
rate in adults, often during or after exercise (Fig. 5D). The results of
these studies are mixed, although the majority of studies reported a
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lack of effect. Some studies reported decreases in heart rate at
caffeine exposures of <100 mg/day, whereas many others reported
no change in heart rate at caffeine exposures of >400 mg/day. The
magnitude of change was often not reported or only reported in
figures; however, as an example of a study that addresses such,
Scholey and Kennedy (2004) reported observing a decrease of ~5
bpm following consumption of 75 mg caffeine. Heart rate was
often, but not always, significantly increased during or after exer-
cise at a wide range of caffeine exposures (Fig. 5D), with the re-
ported increase in these studies considered to be a beneficial (i.e.,
performance-enhancing) effect (heart rate increase during exer-
cise is a key mechanism to improve cardiac output).

Two observational studies were also identified that evaluated
the effect of caffeine or coffee consumption on heart rate
(Brathwaite et al., 2011; Vlachopoulos et al., 2005). One study re-
ported no association between heart rate and consumption of
>180 mg caffeine/day in coffee, whereas the other study reported
an increased likelihood of self-reporting an increased heart rate
within 12 h of consuming one caffeine-containing beverage only in
individuals with the COMT Met/Met polymorphism (slower
breakdown of catecholamines) who consume >200 mg caffeine/
day.

One meta-analysis of 16 randomized control studies of coffee or
caffeine reported no effect on heart rate associated with con-
sumption of >410 mg caffeine/day for at least 7 days as compared
to those who consumed <410 mg/day (Noordzij et al., 2005).

Six controlled trials were identified that evaluated the effect of
1—6 mg/kg caffeine on heart rate in children and/or adolescents
(Jordan et al., 2014; Temple et al., 2014; Temple and Ziegler, 2011;
Turley et al., 2007, 2008; Turley and Gerst, 2006) (Fig. 5E). A sig-
nificant decrease in heart rate (~4—6 bpm change) was observed in
all of these studies but one, with two studies testing dose levels
below 2.5 mg/kg and three testing dose levels above 2.5 mg/kg. The
magnitude of change was again difficult to consistently discern
(e.g., information in graphical format); however, one study re-
ported a decrease of ~5 bpm (Turley et al., 2008). The one exception
was a study by Jordan et al. (2014) of elite youth soccer players, in
which no change in heart rate was observed following consump-
tion of 6 mg/kg caffeine after a standard warm-up or subsequent
reactive agility tests.

When the evidence for potential changes to heart rate is
considered collectively, data support that the comparator of
400 mg caffeine/day in healthy adults is acceptable as an intake
which is not associated with meaningful concern regarding adverse
effects on heart rate. There is a moderate to high level of confidence
in this evidence base (Fig. 6; Table 1). Confidence in determining
conclusions relative to the comparator is limited by the inability to
ascertain the conditions and magnitude of change that would be
considered adverse in a clinical or toxicological context (which is
beyond the scope of this assessment). For children and adolescents,
data support a relationship between caffeine exposure and
decreased heart rate; however, further characterization of expo-
sures associated with such were difficult, given that changes were
observed in studies both below and above the Nawrot et al. (2003)
comparator of 2.5 mg/kg— yet no changes were observed in a study
involving exposure to 6 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.

3.2.1.5. Cholesterol. Seven controlled trials were identified that
evaluated the effects of 180—475 mg caffeine/day on serum
cholesterol (Bloomer et al., 2013; Christensen et al., 2001; Davies
et al., 2003; Kempf et al., 2010; Mougios et al., 2003; Namdar
et al.,, 2006; Yukawa et al., 2004). Increased total serum or low-

density lipoprotein (LDL) cholesterol is a well-recognized risk fac-
tor for CVD (Mozaffarian et al., 2016). Three studies were of caffeine,
and the remaining studies were of caffeinated coffee or tea. A sig-
nificant increase in total cholesterol was observed following con-
sumption of >380 mg/day caffeine in filtered coffee for 4—6 weeks
(no effects at 95—285 mg/day) (Christensen et al, 2001). In
contrast, Kempf et al. (2010) reported no significant effects of
consumption of 238 or 475 mg caffeine on total cholesterol or LDL
cholesterol, respectively, and reported significant increases in high-
density lipoprotein (HDL) cholesterol (considered a beneficial ef-
fect) at consumption of 238 mg/day (Kempf et al., 2010). A signif-
icant increase in the HDL/total cholesterol ratio, which is also
considered a beneficial effect, was observed following consumption
of 283 mg or 392 mg caffeine (in females and males, respectively)
(Mougios et al., 2003). The magnitude of observed change in these
studies was on the order of 10—20 mg/dL. No changes or significant
decreases in cholesterol (in the latter case, total or LDL cholesterol)
were observed in the remaining four studies of caffeine, coffee, or
tea associated with lower caffeine intakes of 180—250 mg/day for a
single day or up to 12 weeks.

The results of three cohort studies are inconsistent.
Vlachopoulos et al. (2005) observed a significant increase in total
cholesterol in participants with self-reported consumption of <80,
80—180, and >180 mg caffeine/day in coffee; however, no dose-
response was observed. LDL cholesterol was significantly higher
only in the highest exposure category (>180 mg caffeine/day in
coffee). In contrast, Trovato et al. (2010) did not observe changes in
total, HDL, or LDL cholesterol in participants with self-reported
consumption averaging 95 mg caffeine/day in espresso. Del
Brutto et al. (2014) also did not observe changes in total choles-
terol in participants with self-reported caffeine consumption of up
to >200 mg/day. Thus, for the controlled trials, a significant in-
crease in total cholesterol was observed only in the two studies of
relatively high caffeine consumption (>380—475 mg/day), and one
of the three cohort studies reported a statistically significant in-
crease in total cholesterol following self-reported exposures to <80,
80—180, and >180 mg caffeine.

More than other endpoints evaluated, data are relatively
consistent in showing a lack of effect of caffeine consumption on
cholesterol at intakes below and above the comparator (Fig. 5F),
thus supporting that for cholesterol, 400 mg/kg is an acceptable
comparator in healthy adults (Table 2). There is a moderate to high
level of confidence in the evidence base supporting this conclusion
(Fig. 6; Table 1).

3.2.1.6. Heart rate variability. Twelve controlled trials were identi-
fied that evaluated the effect of ~40—500 mg caffeine/day on heart
rate variability in adults (Bonnet et al., 2005; Gershon et al., 2009;
Karapetian et al., 2012; Nishijima et al., 2002; Ragsdale et al., 2010;
Rauh et al,, 2006; Richardson et al., 2004; Ronen et al., 2014;
Sondermeijer et al., 2002; Syce, 2015; Waring et al., 2003;
Yeragani et al., 2005). Most subjects were habitual consumers of
caffeine or coffee, whereas others were relatively caffeine naive or
not specified. The results from these studies were not consistent
(Fig. 5G). Five studies did not observe an effect on resting heart rate
variability at exposures ranging from ~40 to 300 mg caffeine/day
(Nishijima et al., 2002; Ragsdale et al., 2010; Rauh et al., 2006; Syce,
2015; Waring et al., 2003), although two of these studies (Nishijima
et al.,, 2002; Waring et al., 2003) did report effects during exercise
following exposure to 300 mg caffeine/day (cycling or hand grip
exercises, respectively).

The remaining seven studies all reported significant changes in
one or more measures of heart rate variability, with lower expo-
sures (100—200 mg/day) resulting in significant decreases
(Gershon et al., 2009; Ronen et al., 2014; Sondermeijer et al., 2002)
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and higher exposures (~350—500 mg/day) resulting in significant
increases (Bonnet et al., 2005; Karapetian et al., 2012; Richardson
et al., 2004; Yeragani et al., 2005). Thus, caffeine exposures in the
range of 400 mg/day generally resulted in increases in low (LF) and
high frequency (HF) power, LF/HF ratio, or total power, whereas
lower exposures appear to result in decreases in HF or the standard
deviation of NN intervals (SDNN). The exception was Bonnet et al.
(2005), who observed an increase in LF/HF ratio following con-
sumption of 400 mg/day. The magnitude of observed changes is
also difficult to compare across studies because of the variety of
metrics used to evaluate heart rate variability, and it is difficult to
discern in some cases because the data are only reported in figures.
However, as an example, Sondermeijer et al. (2002) observed an
average decrease in SDNN of approximately 16 or 17 ms (~23—24%)
following consumption of 100 or 200 mg caffeine, respectively.

When the evidence is considered collectively, 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 which is not associated with signif-
icant change in heart rate variability. There is a moderate to high
level of confidence in the data (Fig. 6; Table 1).

3.2.2. Body of evidence assessment

Overall, the initial confidence in the body of evidence is high
(OHAT, 2015a), as studies involved controlled exposures or expo-
sure prior to the outcome, data were reported based on individual
outcomes, and comparison groups were used in the studies eval-
uated. The low risk of bias scores and low level of indirectness in-
crease confidence in the overall body of evidence (see Fig. 6). The
majority of the 203 studies addressing the cardiovascular effects of
caffeine reviewed in this SR were associated with a “definitely low”
or “probably low” risk of bias, with only 5 studies associated with a
“probably high” risk of bias (Fig. 6; Table 1). Similarly, most studies
were associated with a low level of indirectness. This is primarily
due to the fact that most studies were RCTs specifically designed to
assess cardiovascular effects of pure caffeine. All of the observa-
tional studies but one were associated with a “probably low” risk of
bias (rather than “definitely low,” primarily because of uncertainty
in the exposure level), which were all based on self-reported con-
sumption. The magnitude of the effects, when observed at all, was
often small. It is likely that some of the inconsistency observed with
the observational studies was due to classification of exposure
based on self-reported information, although most authors relied
on validated questionnaires and controlled for the most common
confounders (e.g., age, weight, smoking status).

Based on their review of data published prior to this SR, which
focused on five endpoints (blood pressure, heart rate, cholesterol,
arrhythmia (unspecified), and CVD), Nawrot et al. (2003) concluded
“that moderate caffeine intake (<400 mg caffeine day~') does not
adversely affect cardiovascular health. There are insufficient
epidemiological data to draw any conclusions about the risk for
coronary heart disease or mortality associated with consumption of
10 or more cups of coffee per day (>1000 mg caffeine/day).” The
current body of evidence characterizing this outcome, which con-
sisted of 203 studies, demonstrates that caffeine can cause a variety
of physiological effects on the cardiovascular system at consump-
tion levels below 400 mg/day for adults and 2.5 mg/kg for children
and adolescents. However, these effects are often very small
(although statistically significant), are transient in nature, and may
affect only specific subsets of the population (specific genotypes),
and at least some habitual caffeine consumers develop tolerance
over time. For some endpoints, the results were fairly consistent
across studies (e.g., blood pressure, aortic stiffness, cerebral blood
flow), whereas for other endpoints, the results are mixed (e.g., heart
rate, catecholamines). For two endpoints (i.e., endothelial function

and heart rate variability), the results, in some cases, were even
counterintuitive (e.g., changes associated with beneficial effects, or
detrimental effects, are observed at low exposures but not at higher
exposures). For some endpoints (i.e., endothelial function and heart
rate variability), the results, in some cases, suggested that there
might be a more complex relationship between dose and response,
such that directional changes at low exposures differed from those
at higher exposures. Such complexities underscore the limitations
of characterizing potential long-term effects of caffeine exposure
on cardiovascular health based on short-term (often single-
exposure) controlled trials.

The majority of observational studies of clinical endpoints sug-
gest that consumption of caffeine was not associated with an
increased risk of cardiovascular morbidity or mortality. When sta-
tistically significant effects were observed below the comparator,
the magnitude was low (ORs, RRs, or HRs were generally below 2
but ranged as high as 3 or 4 in some studies), and most showed
either a j-fu-shaped or negative dose-response curve.

In summary, the SR of 191 studies evaluated the potential for
caffeine to be associated with adverse cardiovascular effects,
including mortality, morbidity, blood pressure, heart rate, choles-
terol, and heart rate variability (and others; see Supplementary File
S2). When the weight of evidence was considered, with particular
emphasis on level of adversity, 400 mg caffeine/day was found to be
an acceptable intake which is not associated with significant
concern regarding adverse cardiovascular effects in healthy adults.
For clinical endpoints, some findings suggested that the compar-
ator was too low; however, other data, particularly those for
physiological endpoints, reported effects below the comparator. For
such physiological endpoints (e.g., blood pressure), confidence in
determining conclusions relative to the comparator was limited by
the inability to ascertain the conditions and magnitude of change
that would be considered adverse in a clinical or toxicological
context. There is a moderate to high level of confidence (Table 1) in
this evidence base.

Data in children and adolescents were limited to 11 studies that
evaluated physiological endpoints. As such, 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 cardiovascular outcomes in these populations. The
available data for blood pressure and heart rate are inconsistent;
several studies report physiological changes below the comparator,
although some studies reported a lack of effect on these parameters
following consumption of >5 mg/kg/day.

3.3. Behavior

The full text review of the behavior literature began with 204
published studies, of which 80 were ultimately included and 124
were excluded (Fig. 2). Of the excluded papers, 66 did not provide a
quantitative finding that could be used for comparison. Of the
remaining studies, 58 met some other exclusion criteria (e.g., un-
healthy study population, no data on adverse effects, etc.) or could
not be retrieved (n = 3 papers). The majority (approximately 77%)
of the included papers were controlled trials using healthy adult
populations and only five of the included studies specifically
investigated the adverse effects of caffeine in child or adolescent
populations (although >40 studies were identified, but not
included, as having qualitative information). Effects in the younger
populations will be discussed separately from the effects in adults.
Of the controlled studies, 51 administered some form of pure
caffeine, whereas the rest provided caffeine in the form of coffee,
energy drinks, or some other source. The remainder of the included
studies were cross-sectional (n = 12) and cohort (n = 6) studies in
addition to a single case-control study, and caffeine exposure was
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