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Abstract
Rationale There is a growing concern over excessive caffeine use and development of caffeine use disorder in children.
Objectives This study aimed to identify the association between caffeine intake and cognitive functioning in children.
Methods This study included 11,718 youths aged 9–10 years with cognitive and caffeine intake information that were extracted
from the Adolescent Brain Cognitive Development (ABCD) study. The ABCD study is a longitudinal cohort study started in
2017 that aims to understand the relationships between substance use and neurocognition in youths living in the USA. Cognitive
measures were obtained through the 7 core cognitive instruments from the NIH toolbox (vocabulary comprehension, reading
decoding, inhibitory control, working memory, cognitive flexibility, processing speed, and episodic memory). Associations
between caffeine intake and the seven cognitive functions were examined using multiple regression models.
Results Our study revealed that caffeine intake negatively correlated with all the seven cognitive measures. After adjustment for
age, gender, sleep, and socioeconomic status (SES), caffeine intake was still found to be negatively associated with most of the
cognitive functions, such as vocabulary comprehension, working memory, cognitive flexibility, processing speed, and episodic
memory, except reading decoding, and inhibitory control.
Conclusions As beverages with caffeine are consumed frequently, controlling their intake may reduce a risk for nonoptimal
cognitive development in children.
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Introduction

Caffeine is one of major components in the most commonly
consumed beverages, such as tea, energy drinks, and soda, in
the world (Higdon and Frei 2006). Globally, a large number of
children consume caffeine on a day-to-day basis with a daily
consumption level of 37.3 mg/day (U.S), 26.7 mg/day
(Canada), 20 mg/day (New Zealand), 19.2 mg/day
(Australia), and 23.25 mg/day (Branum et al. 2014). Soda is
the primary source (38%) of caffeine for children (aged 2–

13 years) (Verster and Koenig 2018). Although according to
some health regulatory bodies, such as Health Canada, the
consumption of caffeine by adults less than 400 mg daily does
not present any health risks and may provide certain benefits
such as improved concentration, alertness, or even athletic
performance, higher doses may instead result in adverse im-
pacts on the consumer’s mood, sleep, physical, and cognitive
performances (McLellan et al. 2016). This is particularly
concerning in children as they may be more vulnerable to
any adverse effects of caffeine that might exist (Higdon and
Frei 2006). There is a growing concern over excessive caf-
feine use and development of caffeine use disorder in children
(Cotter et al. 2013; Budney and Emond 2014). But it is little
known about influences of caffeine on child cognitive
development.

There is a general agreement in the scientific community
regarding specific acute effects of caffeine on cognitive func-
tion, such as improved alertness, reaction time, and vigilance.
However, inconsistencies are still present among studies re-
garding the effects on higher cognitive functions, such as
working memory, long-term memory, executive functions,
and other higher-order cognitive functions (McLellan et al.
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2016). Even though studies have been conducted in this area,
targets were mostly adults or the elderly instead of younger
populations (Temple 2009). In cases where research was con-
ducted on younger populations, they were usually animal
studies or those with a small sample size (O’Neill et al.
2016; Atik et al. 2017).

Caffeine (1,3,7-trimethylxanthine) is structurally similar to
one neurotransmitter, adenosine, that regulates neurotransmitter
release by interfering with calcium ions and serves to inhibit or
reduce neuronal activity (Ribeiro and Sebastio 2010). Once
ingested and absorbed into the bloodstream from the gastroin-
testinal tract, caffeine blocks adenosine receptors in the brain
and acts as antagonists to adenosine. Neural firing then be-
comes less inhibited, causing physiological effects such as in-
creased heart rate, blood pressure, and vasodilation.
Additionally, it may also trigger specific effects on cognitive
functions such as alertness, memory, attention, and learning
(Smit and Rogers 2000). These effects peak around 30–
60 min after ingestion when caffeine concentration in plasma
reaches maximum (Lorist and Snel 2008). Eventually, caffeine
gets eliminated from the body systemwith a half-life of approx-
imately 5–7 h depending on individual (Tarrus et al. 1987).

Chronic arousal caused by alterations in adenosine signal-
ing from habitual and excessive caffeine consumption has
shown to affect not only sleep duration and quality but also
neuronal plasticity and brain developmental processes, such
as synaptic pruning andmyelination (Olini et al. 2013). This is
an important concern during the phase of childhood as sleep
plays a crucial role in their brain development (Aepli et al.
2015). Moreover, during this phase of growth, the brain is
plastic with considerable changes in neuronal circuitry and
very prone to environmental influences. Hence, we hypothe-
size that caffeine intake may result in unexpected effects on
cognitive functioning in children. In this study, we took an
advantage on the public available data from the ongoing
Adolescent Brain Cognitive Development (ABCD) study.
We aimed to primarily investigate the relationship between
caffeine intake (not psychoactive substances) and cognitive
function in children aged 9–10 years. Our findings provide
several future avenues for developing new intervention ap-
proaches of cognitive improvement.

Methods

Participants

We used data from the ongoing Adolescent Brain Cognitive
Development (ABCD) study (data release 2.0; https://
abcdstudy.org/). Youths (n = 11,875) aged 9–10 years consisting
of a similar proportion of males and females living in the USA
were recruited (Volkow et al. 2018). The sample selection
criteria were targeted to reflect the sociodemographic proportion

of the US population as described in the ABCD study design
(Garavan et al. 2018). All participants were administered assess-
ments to obtain data on the respective youth’s brainmorphology,
cognitive function, substance use, demographics, and environ-
ment (Barch et al. 2018). All parents provided written informed
consent, and all children provided assent to a research protocol
approved by the institutional review board at each data collection
site (https://abcdstudy.org/study-sites/).

Of the 11,875 participants, 6 did not report caffeine intake
information, 144 did not complete any task of the cognitive
battery (i.e., NIH Toolbox), and 7 did not have both of these
two data. Therefore, our study included 11,718 children who
reported the caffeine intake information and underwent the
cognitive battery (Lisdahl et al. 2018; Luciana et al. 2018).

Caffeine intake

The ABCD Substance Use module was administered to the
youth by a trainer using an iPad. Youth reported caffeine use
via modified Supplemental Beverage Questions, which were
widely used and have been validated in terms of high correlation
with caffeine concentration biomarkers in urine (Fred
Hutchinson Cancer Research Center 2004; Schliep et al. 2013;
Vanderlee et al. 2018). Total 5 types of caffeinated drinks, such
as coffee, espresso, tea, soda, and energy drinks, were included.
The typical serving size of each type of drinks was defined as
follows: 1 cup (8 oz) for coffee, 1 shot for espresso, 1 cup (8 oz)
for tea, 1 can (12 oz) for soda, and 1 cup (2 oz. for the drink 5-h
energy; 8 oz. for other energy drinks such as Red Bull) for
energy drinks. Each type was asked in the same fashion de-
scribed below. For example, “typically, how many drinks of
the following beverages did you have per week in the past
6 months? coffee (instant, brewed), with caffeine, including fla-
vored types.”According to the youth’s response, the interviewer
determined how many typical cups of caffeine drinks per week
in the past 6 months. If the youth drinks less than weekly, then
the drink amount was coded as the fraction representing weekly
use. For example, if someone had 1 cup of coffee per month, it
would be 1/4 = 0.25 cup per week because there are 4 weeks in
1 month. Estimated caffeine content for each type of drink was
obtained by averaging the caffeine content of all items under
each beverage category in the database according to D.C
Mitchell et al. (Mitchell et al. 2014). Similar to the study on
caffeine use in soldiers by McLellan et al., caffeine intake per
week was calculated by multiplying the number of cups of each
type of drink reported with their estimated caffeine content
(McLellan et al. 2018). Caffeine intake per week was then con-
verted to caffeine intake per day (mg/day).

Cognition

This study selected 7 cognitive instruments from the NIH
toolbox (http://www.nihtoolbox.org). According to the
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structure of this toolbox, we obtained two domains of
cognitive functions (Akshoomoff et al. 2014), crystallized
and fluid cognitive domains. Crystallized cognitive battery
includes picture vocabulary (vocabulary comprehension) and
oral reading recognition tasks (reading decoding). Fluid cog-
nitive battery includes flanker (inhibitory control), dimension-
al change card sort (cognitive flexibility), list sorting working
memory (working memory), picture sequence memory (epi-
sodic memory), and pattern comparison processing speed
tasks (processing speed) (Luciana et al. 2018). These mea-
sures were selected as they were proven to be psychometrical-
ly sound and provided reliable evaluations of cognitive func-
tioning for the current age group of interest (Luciana et al.
2018). The scoring method for the NIH toolbox cognitive
instruments can be found in the overview of the NIH cognition
battery and NIH Scoring and Interpretation guide (Weintraub
et al. 2013; Luciana et al. 2018).

On the day of cognitive assessment, the Participant Last
Use Survey (PLUS) was administered to children to report
whether they had taken any caffeine within the last 24 h. We
used this measure to examine chronic effects of caffeine on
cognition.

Socioeconomic status and sleep

SES factors, such as income, education, parental care, and
presence of a sufficiently cognitive stimulating environment,
were previously studied and suggested to exert influences on
cognitive abilities, such as executive function, working mem-
ory, and language (Noble et al. 2015; Farah 2017). A com-
posite SES score was generated by dividing the sum of scores
of selected ordinal variables from the maximum possible
score. Family income, parental education, family environ-
ment, neighborhood safety, and parental behavior were cho-
sen to be included in the composite SES score based on sug-
gestions from previous studies (Christensen et al. 2014).

The Sleep Disturbance Scale for Children (SDSC) was
used to measure children’s sleep function. The SDSC is a
26-item Likert-type rating scale administrated to a parent
(Bruni et al. 1996). A higher score reflects a greater degree
of disturbed sleep. In this study, SES and sleep were used as
confounding variables in statistical analysis described below.

Statistical analysis

Several potential confounders, such as age, gender, sleep,
and SES, were included in statistical analysis as they were
not only found to be correlated with caffeine intake and
cognitive abilities in our study but also identified as covar-
iates in previous association studies related to the effects of
caffeine use on cognition (Skinner et al. 2000; Kyle et al.
2010; Lo et al. 2016).

Spearman’s rank-order correlations were used to assess
relationships between caffeine, cognition, and potential con-
founding variables (de Winter et al. 2016). Multiple linear
regression models were also used to examine the association
of caffeine intake with each cognitive function after control-
ling of potential confounders, such as age, gender, sleep, and
SES. Before entering into multiple linear regression, all vari-
ables were first normalized through a rank-based inverse
Gaussian transformation to avoid potential influences of out-
lier values and improve the robustness of our findings (Miller
et al. 2016). Moreover, we computed the variance inflation
factor (VIF) of all confounding variables. The VIF varied
from 1.01 to 1.06, suggesting no collinearity problem among
the confounding variables (Belsley et al. 1980). All data anal-
ysis was conducted using MATLAB (Statistics and Machine
Learning Toolbox, Release 2017b). Two-tailed tests with a
significance level of p < 0.05 were set for this study.

Results

Demographics

This study included 11,718 participants (age: 9.9 ± 0.6 years),
consisting of 52.1% male and 47.9% females (Table 1).

Table 1 Demographic characteristics (n = 11,718)

Variable Mean (Rijlaarsdam et al.)

Age 9.9 (0.6)

Sleep 36.5 (8.2)

Variable Participants no. (%)*

Gender

Male 6104 (52.1)

Female 5611 (47.9)

Race/ethnicity

White 6104 (52.1)

Black 1743 (14.8)

Hispanic 2377 (20.3)

Asian 252 (2.2)

Others 1227 (10.5)

Annual family income

< $50,000 3166 (27.0)

$50,000–$199,999 6317 (53.9)

> $200,000 1232 (10.5)

Parent’s highest educational level

Never completed high school 581 (5.0)

High school graduate or GED 1112 (9.5)

Some college or Bachelor’s degree 6021 (51.4)

Master’s degree or above 3991 (34.1)

*Due to missing values, the sum of percentages may not equal to 100%
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Table 1 lists the demographic information of the study sample.
The parental highest level of education and annual income
were reported during the interview. About 51.4% of children
had at least one parent who graduated from college or univer-
sity and 34.1% had at least one parent who completed a
Master’s degree or above. Additionally, 53.9% of the partici-
pated families received an annual household income of
$50,000–$200,000. The range of sleep disturbance scores
was 26–126 (mean ± SD = 36.5 ± 8.2; median = 34, IQR = 9).

Caffeine intake and cognition

The youth substance use interview reported that 66.9% of the
sample consumed at least one type of caffeinated beverages in
the past 6 months. Of all subjects who consumed caffeinated
drinks, soda was the greatest contributor to their total caffeine
intake followed by tea, coffee, espresso, and energy drinks
(Table 2). Average caffeine intake is 13.00 ± 43.73 mg/day
(Table 3), which is equivalent to 1/8 of a can of AMP energy
drink (12 fl oz) or two packages of M & M’s Milk Chocolate
Candies according to USDA National Nutrient Database
(https://www.nal.usda.gov/sites/www.nal.usda.gov/files/
caffeine.pdf). The distribution of caffeine intake amount was
skewed with a range from 0 to 1195 mg/day and median of 1.
76 mg/day.

The descriptive statistics for each administered cognitive
test can be found in Table 3. Figure 1 illustrates the correlation
heat map between caffeine intake and all seven cognitive mea-
sures, suggesting significant negative correlations with all
crystallized cognitive functions (vocabulary comprehension:
ρ = − 0.12, p < 0.01; reading decoding: ρ = − 0.07, p < 0.01)

and all fluid cognitive functions (inhibitory control: ρ = −
0.02, p = 0.02; working memory: ρ = − 0.08, p < 0.01; cogni-
tive flexibility: ρ = − 0.07, p < 0.01; processing speed: ρ = −
0.06, p < 0.01; episodic memory: ρ = − 0.08, p < 0.01). This
indicates that increased caffeine intake was associated with
decreased crystallized and fluid cognitive abilities. All cogni-
tive functions were positively correlated to each other (min
ρ > 0.16, p < 0.01). Lower SES was associated with greater
caffeine intake (ρ = − 0.19, p < 0.01) and worse cognitive per-
formance (min ρ > 0.12, p < 0.01). Older age children con-
sumed more caffeine (ρ = 0.09, p < 0.01) and had better cog-
nitive functions (min ρ > 0.12, p < 0.01) except the episodic
memory (ρ = 0.01, p = 0.12). More sleep disturbances were
associated with greater caffeine intake (ρ = 0.06, p < 0.01)
and worse performance in most of the seven cognitive func-
tions (max ρ < − 0.02, p < 0.01) except the crystallized cogni-
tive functions and inhibitory control. Compared to females,
males had higher caffeine consumption (ρ = − 0.07, p < 0.01),
performed better in vocabulary comprehension, inhibitory
control, and working memory (max ρ < − 0.03, p < 0.01), but
performed worse in the other three fluid cognitive functions
(min ρ > 0.05, p < 0.01). Interestingly, better SES was associ-
ated with fewer sleep disturbances (ρ = − 0.12, p < 0.01), and
males showed more sleep disturbances than females (ρ = −
0.03, p < 0.01).

After controlling for age, gender, sleep, and SES, caffeine
intake was no longer significantly associated with reading
decoding (ß = − 0.02, p = 0.07) and inhibition control (ß = −
0.01, p = 0.80). Increased caffeine intake was significantly
associated with decreased vocabulary comprehension (ß = −
0.07, p < 0.01), suggestingwith every increase of one standard

Table 2 Distribution of
caffeinated drink consumption
and the corresponding
demographics (n = 11,718)

Beverages Participants no. (%) Age
(mean ± SD)

Gender*
(male/female)

Race/ethnicity* (White/Black/
Hispanic/Asian/Others)

No consumption 3877 (33.1) 9.8 ± 0.6 1867/2008 2180/452/756/108/377

Consume one type

Coffee 178 (1.5) 9.9 ± 0.6 90/88 81/2151/7/18

Espresso 76 (0.7) 10.0 ± 0.7 30/46 34/9/21/5/7

Tea 642 (5.5) 9.9 ± 0.6 283/359 316/117/103/26/79

Soda 3190 (27.2) 9.9 ± 0.6 1823/1367 1822/364/661/51/286

Energy drinks 15 (0.1) 9.9 ± 0.7 10/5 9/1/3/0/2

Consume two types

Coffee and tea 113 (1.0) 9.9 ± 0.6 52/60 53/15/29/5/11

Coffee and soda 532 (4.5) 10.0 ± 0.6 218/253 218/66/187/5/56

Espresso and soda 231 (2.0) 10.0 ± 0.6 100/131 94/18/88 5/25

Tea and soda 1609 (13.7) 9.9 ± 0.6 891/718 715/432/229/22/209

Others 144 (1.2) 20.0 ± 0.6 8163 63/28/24/1/28

Consume three or
more types

1111 (9.5) 20.0 ± 0.6 589/513 519/220/225/17/129

*Due to missing values, the sum of percentages may not equal to 100%
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deviation in caffeine intake, the vocabulary comprehension
score decreases by 0.02 standard deviation. Similarly, in-
creased caffeine intake was also significantly associated with
decreased working memory (ß = − 0.04, p < 0.01), cognitive
flexibility (ß = − 0.04, p < 0.01), processing speed (ß = − 0.05,
p < 0.01), and episodic memory (ß = − 0.04, p < 0.01).
Because the sample was from 21 research sites, our study
further added the site ID as a random effect in statistical anal-
ysis. The abovementioned findings remained the same.

To avoid potential acute effects of caffeine on cognition,
we re-run the analysis and excluded the children who reported

caffeine intake in last 24 h prior to cognitive assessment. This
analysis only included 3798 children among 4518 who report-
ed the PLUS measure and revealed the results similar to those
in Table 4. In details, increased caffeine intake was signifi-
cantly associated with decreased vocabulary comprehension
(ß = − 0.07, p < 0.01), working memory (ß = − 0.04, p = 0.04),
cognitive flexibility (ß = − 0.04, p = 0.03), processing speed
(ß = − 0.06, p < 0.01), and episodic memory (ß = − 0.06,
p < 0.01). No significant findings were found in the associa-
tions of caffeine intake with reading decoding (ß = − 0.01, p =
0.46) and inhibitory control abilities (ß = 0.01, p = 0.65).

Fig. 1 Spearman’s correlation
heat map. Abbreviations: n.s., no
significance; vocabulary,
vocabulary comprehension;
reading, reading decoding;
inhibition, inhibitory control;
W.Memory, working memory;
flexibility, cognitive flexibility;
Proc.Speed, processing speed;
E.Memory, episodic memory

Table 3 Caffeine intake and
cognitive scores derived from the
ABCD youth substance use
interview and the NIH toolbox

Mean (Rijlaarsdam et al.) Median (IQR) Range

Caffeine intake/mg per day 13.00 (43.73) 1.76 (9.49) 0–1195

Crystallized cognitive skills

Vocabulary comprehension 106.79 (16.99) 106.00 (22.00) 0–208

Reading decoding 102.52 (19.12) 100.00 (20.00) 64–206

Fluid cognitive skills

Inhibitory control 95.43 (13.67) 97.00 (22.00) 62–171

Working memory 100.55 (14.78) 103.00 (21.00) 39–194

Cognitive flexibility 96.72 (15.16) 94.00 (17.00) 65–191

Processing speed 93.79 (22.10) 95.00 (26.00) 20–185

Episodic memory 100.96 (16.11) 99.00 (21.00) 64–172

Abbreviations: SD standard deviation, IQR interquartile range
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Discussion

The results obtained from this study indicated that increasing
caffeine intake was associated with lower scores in several
cognitive functions, such as vocabulary comprehension,
working memory, cognitive flexibility, processing speed,
and episodic memory in children.

Previous literature suggested that caffeine at a certain level
may benefit cognitive function, such as executive function and
processing speed (Heatherley et al. 2006; Hunt et al. 2011;
Soar et al. 2016), which is inconsistent with our findings.
Notably, most of existing studies were based on a randomized
double-blind, placebo-controlled design and found the acute
effect of caffeine on cognition (Castellanos and Rapoport
2002). In contrast, our study was a population-based study.
We revealed adverse influence of caffeine intake on youth’s
cognitive function. When excluding children with caffeine
intake in last 24 h prior to cognitive assessment, we still ob-
served the adverse influence of caffeine intake on cognition.
Even we controlled for psychopathology in our analysis, such
as ADHD that was often observed in children, the negative
association between caffeine intake and cognition remained
the same (see the Supplementary Material). Similar to the
current study, one of recent studies asked adolescents to report
their consumption of caffeine drinks during a week of time
and found the negative correlation between executive func-
tions and caffeine intake (Van Batenburg-Eddes et al. 2014).

Our study focused specifically on children aged 9–10 years,
during which the brain maturation that has a large impact on a
variety of cognitive functions (Casey et al. 2000). Our find-
ings suggest that children who consume more caffeine on a
regular basis perform worse in cognition. Although the effects
of caffeine intake on youth’s brain development have not yet
been examined, caffeine may alter normal brain development
during critical developmental periods. This stems from the
evidence that the animal model of perinatal caffeine exposure
had long-lasting effects on brain function (Temple 2009).
Moreover, the tendency of more caffeine intake in childhood
may increase the risk of habitual and even excessive caffeine

consumption later in life. This could cause chronic arousal and
sleep problems and affect neuronal plasticity and brain devel-
opmental processes, such as synaptic pruning and myelination
(Olini et al. 2013).

Despite some studies reported that of the habitual caffeine
use improves motor speed (Van Boxtel et al. 2003), further
study should be conducted on the effects of caffeine intake on
cognitive processes during tasks that require less motor-
weighted components, particular in children (Nehlig 2010).
Moreover, past studies have never shown any relationship
between caffeine intake and crystallized abilities such as lan-
guage. Thus, more investigation should be carried out to con-
firm our results where oral reading and vocabulary compre-
hension scores decreased significantly with increasing caf-
feine intake, suggesting that improper amount of caffeine in-
take may negatively affect crystallized cognitive functions.

The strengths of this study include the large sample size of
young subjects and administration of reliable cognitive per-
formance measures. However, there are some limitations of
the present analysis that have to be considered. Firstly, most
measures were either self or parent-reported, which may result
in discrepancies for caffeine intake measure. Secondly, the
study would have benefited from the inclusion of more high-
caffeine consumers to generate a more balanced distribution
of caffeine. Last but not least, it has been shown that sugar
consumption during childhood may adversely impact child
cognition (Cohen et al. 2018). Hence, there could be con-
founding effects on cognitive functions due to sugar content
of caffeinated beverages. Unfortunately, the sugar intake was
not a major focus of the ABCD study and hence was not
assessed. Future investigation is needed to parse out which
sugar and caffeine intakes contribute most to cognitive devel-
opment in children.

Although further study is required on the complex pharma-
cologic and neural mechanisms of caffeine intake to under-
stand its effects on each specific cognitive function, the results
from this study suggest a negative impact by caffeine on cog-
nitive development in children. This is especially important
today where a large number of children consume beverages

Table 4 Regression coefficients,
standardized β, and p values
indicate the relationship between
caffeine intake and cognitive
functions after controlling for age,
gender, sleep, and socioeconomic
status

Standardized β value (95% CI) p value df

Crystallized cognitive skills

Vocabulary comprehension − 0.07 (− 0.09, − 0.05) < 0.01 10,587

Reading decoding − 0.02 (− 0.04, 0.01) 0.07 10,576

Fluid cognitive skills

Inhibitory control − 0.01 (− 0.02, 0.02) 0.80 10,582

Working memory − 0.04 (− 0.06, − 0.02) < 0.01 10,548

Cognitive flexibility − 0.04 (− 0.06, − 0.02) < 0.01 10,583

Processing speed − 0.05 (− 0.07, − 0.03) < 0.01 10,567

Episodic memory − 0.04 (− 0.06, − 0.02) < 0.01 10,577

Abbreviations: CI confidence interval, df degrees of freedom
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with caffeine regularly. Thus, from a public health perspec-
tive, we advise parents to control their children’s intake of
beverages with caffeine to reduce the risk of interference with
normal cognitive development.
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