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1  | INTRODUC TION

1.1 | The relationship between sleep and caffeine

Insufficient sleep duration has become a growing health problem. 
According to the Centers for Disease Control and Prevention, 
more than one-third of American adults do not get enough sleep 
on a regular basis (Liu et al., 2014). Research has shown that there 
is an inverse relationship between caffeine consumption and sleep 
duration (e.g., Bonnar & Gradisar, 2015; Hicks, Hicks, Reyes, & 

Cheers, 1983; Hollingworth, 1912; etc.). Caffeine is also believed 
to prolong sleep latency, reduce sleep efficiency and worsen per-
ceived sleep quality (Clark & Landolt, 2017), whereas caffeine ab-
stinence has been demonstrated to be effective in improving sleep 
quality (Sin, Ho, & Chung, 2009). The caffeine and sleep relation-
ship also has biologic bases in the brain. It is widely accepted that 
adenosine receptor agonists promote sleep and caffeine antago-
nizes adenosine receptors, thereby inhibiting adenosine's sleep-
inducing effects (Clark & Landolt, 2017; Nehlig, Daval, & Debry, 
1992). Thus, sleep hygiene advice on insomnia often suggests 
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Abstract
The effect of caffeine on sleep has been well documented. However, most studies 
examined this relationship in laboratories or used a cross-sectional design analysing 
between-person differences. This study investigated the within-person relationship 
between caffeine intake and sleep duration at home. In a national database, 377 
participants (aged 35–85 years) completed a 7-day diary study. Sleep duration was 
measured by Actigraphy and caffeine intake was self-reported in sleep logs. Three 
analytic strategies were used. The average sleep duration and the average caffeine 
intake were not significantly correlated. Multilevel regressions using daytime caf-
feine intake to predict night-time sleep, and using night-time sleep to predict next 
day caffeine intake, also did not detect any significant effect. Then dynamical sys-
tems analysis was performed, where the daily change rate and change tendency of 
caffeine and sleep were estimated, and the relationship among these momentums 
was examined. Results revealed a significant effect of sleep duration on the change 
tendency of caffeine use: a shorter sleep duration predicted a stronger tendency to 
consume caffeine, and this phenomenon was only found in middle-aged adults (aged 
35–55 years) not in older adults (aged 55+). This study did not detect any effect of 
daily caffeine intake on sleep duration, implying that habitual use of caffeine in real 
life may not coincide with laboratory findings, and that using caffeine to compensate 
for sleep loss is the habit of middle-aged adults, not the elderly. The advantage of 
using a dynamic approach to analyse interrelated processes with uncertain time lags 
is also highlighted.
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abstinence from caffeine in efforts to improve sleep (Stepanski & 
Wyatt, 2003).

Although the relationship between caffeine and sleep has 
been intensively examined, a closer look at the literature indicated 
that most studies focused on the effect of caffeine on sleep (e.g., 
Kerpershoek, Antypa, & Van den Berg, 2018; Sanchez-Ortuno et al., 
2005; Watson, Coates, Kohler, & Banks, 2016), not the inverse. 
Given the correlational nature of these studies, they actually can-
not examine the direction of the relationship. On the other hand, 
experimental laboratory studies (e.g., Drake, Roehrs, Shambroom, 
& Roth, 2013; Hindmarch et al., 2000; Lloret-Linares et al., 2012; 
Shilo et al., 2002) are able to examine the causal effect of caffeine 
on sleep by recording participants' sleep after administering certain 
amounts of caffeine, yet this effect may not be reflected in real life. 
People may not directly go to sleep after taking caffeine, and daily 
caffeine intake is often in the morning to prepare for the workday 
ahead (Lieberman, Agarwal, & Fulgoni, 2019). This pattern is es-
pecially prevalent in adults, whereas in adolescents (13–17  years) 
caffeine consumption is more evenly distributed throughout the 
day (Martyn, Lau, Richardson, & Roberts, 2018). It is questionable 
whether caffeine taken in the morning still has an effect in the eve-
ning (Youngberg, Karpov, Begley, Pollock, & Buysse, 2011). As men-
tioned earlier, adenosine increases the desire to sleep, and caffeine 
inactivates adenosine receptors. But about 5 to 7 hr after oral ad-
ministration, our body will remove 50% of the caffeine concentra-
tion (Newton et al., 1981; Seng et al., 2009). Although the half-life 
of caffeine varies greatly from person to person (Seng et al., 2009), 
its effect usually does not last all day. Conversely, caffeine is often 
used to counteract sleepiness generated by sleep deprivation, jet lag 
and shift work (Carrier et al., 2009). Because a high proportion of 
the population uses caffeine to cope with evening work and jet lag, 
especially middle-aged adults (Centofanti et al., 2018), it is highly 
possible that the caffeine‒sleep relationship may be bidirectional. 
Perhaps high daily intakes of caffeine impair sleep, and less sleep 
leads to more caffeine use to compensate for sleep loss or delayed 
sleep onset.

Portable devices such as actigraphs (Marino et al., 2013) allow re-
searchers to monitor participants' sleep in their home environment. 
Actigraphs have been widely used in sleep studies. For example, 
in a study by Hindmarch et al. (2000), 30 healthy volunteers (aged 
19–36 years) received equal-volume drinks equivalent to either one 
or two cups of tea, coffee or water. Results indicated that increased 
levels of caffeine resulted in shorter sleep times as measured by ac-
tigraphs. Another study (Nova, Hernandez, Ptolemy, & Zeitzer, 2012) 
found that estimations of integrated salivary caffeine concentration 
during sleep were correlated with wake after sleep onset (WASO), 
which was also measured by actigraphs. We can use actigraphs to 
continuously measure participants non-invasively in their natural en-
vironment, and the obtained intensive longitudinal data can help us 
examine the bidirectional relationship between sleep and caffeine. 
By tracking the same participant for several days, researchers can 
observe habitual sleep and caffeine intake simultaneously, analyse 
their dynamic relationship within a person to control for individual 

differences, and therefore overcome the limitations of non-experi-
mental designs.

1.2 | The role of age

Age is a known factor affecting sleep, caffeine intake and the rela-
tionship between the two. Research argues that as age increases, 
sleep quality worsens over time (Mander, Winer, & Walker, 2017). 
Caffeine intake increases with age and appears to be most preva-
lent in adults aged 50–64  years (Frary, Johnson, & Wang, 2005; 
Mitchell, Knight, Hockenberry, Teplansky, & Hartman, 2014). Clark 
and Landolt (2017) found that the sleep of older adults may be 
more sensitive to caffeine compared to younger adults. Carrier et al. 
(2009) found that middle-aged subjects are particularly vulnerable 
to the circadian waking signal under the influence of caffeine; they 
showed greater decrements of sleep duration and sleep efficiency 
than young subjects. However, no study has compared the middle-
age group with the elderly, and the impact of sleep on caffeine use 
has not yet been examined in different age groups.

1.3 | Research questions and hypotheses

The effect of caffeine on sleep is well documented and has biological 
bases. However, mixed findings also exist. If we look closely at the 
literature, we can see that the laboratory studies that gave partici-
pants caffeine and then measured sleep often found a significant as-
sociation between the two, whereas for surveys on habitual caffeine 
intake and sleep, there are many non-significant findings and meth-
odological concerns (Chaudhary, Grandner, Jackson, & Chakravorty, 
2016; James & Keane, 2007; Mniszek, 1988). For the inconsistency 
between findings from laboratories and surveys, it is possible that 
laboratory studies that instructed participants to take caffeine be-
fore bed may lack external validity, because in real life caffeine is 
often ingested in the morning and its effect may not last until bed-
time. It is also possible that survey studies using a cross-sectional 
design have little control over individual differences and may also 
suffer from retrospective bias; therefore, the real effect may be 
masked by individual differences or measurement errors. Daily diary 
design helps overcome the limitations of both laboratory studies and 
cross-sectional surveys. This design allows researchers to observe 
participants on-site in their natural environment for a longer period 
of time, is able to capture and analyse within-person variations to 
fully control individual differences, and thus has the potential to es-
tablish Granger causality.

This study aimed to re-examine the relationship between ha-
bitual caffeine consumption and sleep duration using a daily diary 
design. Particularly, we examined the direction of the relation-
ship and the role of age. Multiple statistical strategies were per-
formed on the repeated daily measures, including the traditional 
static approaches and the cutting-edge dynamic approaches. By 
doing so, we wish to replicate findings in past cross-sectional 
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studies, as well as initiatively examine the within-person relation-
ship between caffeine and sleep, and identify the direction of the 
relationship. The statistical strategies will be elaborated in the 
Methods section.

We tested the following two hypotheses regarding the direction 
of the relationship, each of which expects a static result and a dy-
namic result. H1: Caffeine intake influences sleep duration. Under 
this hypothesis, we predict that (a) today's caffeine intake is nega-
tively related to tonight's sleep duration, and (b) a high level and/or 
an increasing rate of caffeine intake would drive people to decrease 
sleep duration in the future. H2: Sleep duration influences caffeine 
intake. Under this hypothesis, we predict that (a) tonight's sleep du-
ration is negatively related to tomorrow's caffeine intake, and (b) a 
short and/or a decreasing rate of sleep duration would drive one to 
increase caffeine use in the future.

We also examined the role of age and tested four age-re-
lated hypotheses. According to the literature, we expected that 
(H3) as age increases, the average sleep duration decreases; and 
(H4) caffeine consumption should peak at the end of middle age, 
so we predicted that caffeine intake first increases with age and 
then decreases. For the relationship between caffeine and sleep, 
past research suggested that the negative impact of caffeine on 
sleep increases with age. However, this conclusion was based on 
the comparison between adults and adolescents; it is not clear 
whether this phenomenon can still be observed from early adult-
hood to later. This study compared the middle-aged adults with 
older adults, and we expected that (H5) sleep is more sensitive to 
caffeine among the elderly than the middle-aged. In the literature, 
little is known about whether the effects of sleep on caffeine con-
sumption vary with age. Given that most older adults have retired, 
they may not need to stay alert for work, and we predicted that 
(H6) they are less likely to use caffeine to counteract sleep loss 
than middle-aged adults.

2  | METHODS

2.1 | Participants

The data used in the current study come from a large national da-
tabase, the MIDUS Biomarker project (Ryff, Seeman, & Weinstein, 
2013). Three different sites were used to collect these data, including 
the University of California at Los Angeles, University of Washington 
(UW) and Georgetown University. The whole dataset includes 1,255 
participants. All data used in this study were collected at the sec-
ond site, UW, because only the UW site collected the diary data. In 
total, 377 participants completed diary data during a 7-day period; 
332 among them were coffee drinkers and were used in this analysis. 
Of the 332 participants, 138 were male and 194 were female. The 
average age was 56.78 years, with a standard deviation of 11.19, and 
ranged from 35 to 85. According to the average age, the whole sample 
was divided into two age groups: middle-aged adults (35–55 years, 
n = 163) and older adults (>55 years, n = 169).

Participants were assessed/asked questions on their sleep 
quality, medical history and medications. According to the 
Pittsburgh Sleep Quality Index (PSQI; Buysse, Reynolds, Monk, 
Berman, & Kupfer, 1989), 167 participants were good sleepers 
(PSQI global score  ≤  5), 136 participants were poor sleepers 
(PSQI global score > 5) and 29 participants had missing values. 
There was no difference between the two age groups in their 
sleep quality, Mmiddle  =  6.42 (standard deviation [SD]  =  3.78), 
Mold = 5.68 (SD = 3.11), t (301) = 1.867, p > .05. The medical his-
tory question asked about 23 symptoms, including heart disease, 
high blood pressure, cancer, diabetes, alcoholism, depression, 
etc. A total of 156 participants reported no symptoms, 96 par-
ticipants reported one diagnosed symptom and 80 participants 
reported more than one diagnosed symptom. The number of 
symptoms per capita did not differ between the two age groups, 
Mmiddle = 0.93 (SD = 1.28), Mold = 0.91 (SD = 1.06), t (330) = 0.165, 
p > .05. For the medicine data, 101 participants reported no use 
of medicine (72 in the middle-aged group and 29 in the elderly 
group) and 231 participants used at least one medicine. Because 
this study focused on sleep, we examined the diagnosis code 
for medicine and found that nine participants used prescription 
medicines and seven participants used over-the-counter medi-
cations for sleep/sleep aid. Among them, four participants used 
sleep/sleep aid medicines during the 7  days of diary study, so 
they were excluded from the data analysis. Given that a large 
number of participants were classified as poor sleepers or diag-
nosed with certain symptoms, we did not exclude participants 
based on their sleep quality or medical history, but controlled 
these conditions in the data analysis. The final sample for data 
analysis consisted of 328 participants (161 middle-aged and 167 
elderly).

2.2 | Measures

2.2.1 | Sleep duration

The sleep duration was calculated as the duration between the 
time participants fell asleep and the time they woke up. In this 
study, only night-time sleep was accounted for in sleep duration; 
day time naps were not counted. Sleep duration was measured 
by Actigraphy and daily sleep diary for seven consecutive days. 
Actigraphy is a non-invasive method of monitoring rest/activ-
ity cycles, and it can be used to roughly estimate sleep duration, 
sleep latency, wakening during sleep and some other sleep pa-
rameters. In this study, participants wore an actigraph device, 
Actiwatch®-64, on their non-dominant wrist to actively measure 
sleep. Participants also self-reported bedtime and wake-up time 
in the daily sleep diary. They were asked “What time did you go 
to bed and begin trying to sleep?” and “What time did you wake 
up for the day and not return to sleep?” upon awakening. Their 
answers were used to help define the rest intervals in the actigra-
phy data. Incomplete/inconsistent data between device and diary 
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were reviewed, adjusted or deleted. Only complete and clean data 
were used in the data analysis.

2.2.2 | Caffeine intake

Caffeine use was measured daily by asking participants how many 
caffeinated drinks they had on that day. One cup of coffee or 
tea (8-ounce) or one can of fizzy drink (12-ounce) counts as one 
drink. One drink contains about 60–140 mg caffeine, depending 
on the type of drinks. In this study, because there were no data 
on the type of caffeinated drinks, we used the number of cups to 
represent the amount of caffeine consumed per day. Although 
the caffeine intake data were self-reported, there is research 
suggesting that the caffeine questionnaire was able to accurately 
predict salivary concentrations of caffeine (Nova et al., 2012). 
Among the 377 participants who completed the daily diary study, 
45 participants reported no use of caffeine drinks at all, so they 
were removed from the data analysis. Among the 332 caffeine 
users, 13 participants consistently reported the same number of 
drinks across the 7 days, and 319 participants showed variations 
across days.

2.3 | Data analysis strategies

There are several approaches to analyse longitudinal data. One 
strategy is to simply aggregate data within person, and then exam-
ine the correlation between the aggregated variables. This method 
is straightforward, but completely ignores intra-individual variations 
that are more meaningful for establishing causal relationships and 
providing intervention advices.

Multilevel modelling and growth curve modelling are also com-
monly used methods for longitudinal data analysis. The growth 
curve method is suitable for modelling development and sub-
stantive change over time. However, daily regulatory behaviours, 
such as sleep or caffeine consumption, often do not include such 
long-term growth. In comparison, multilevel models (also known 
as hierarchical linear models and mixed-effect models) focusing on 
controlling the shared residual in the same person are suitable for 
short-term fluctuations. In such a model, daily observations (Level 
1) are nested in person (Level 2), and the association between the 
daily measures can be tested. The model used in this study is spec-
ified as Equation 1. To examine the role of age, Equation 1 was also 
tested within the middle-aged group and within the older group.

Dynamical systems analysis is also suitable for daily observed 
data. In this approach, not only is the current level of each variable 
considered, but also their change rate and acceleration. The phys-
ical concept acceleration can be understood here as an intrinsic 
force that drives people to move in a certain direction in the future; 
therefore it can represent a future state. We can estimate these 
momentums (level, change rate, acceleration) based on the obser-
vations of a few adjacent days, examine the association between 
them in order to relate current state to future state, and therefore 
shed light on the causal relationship between processes. In this 
study, we used the dynamical model coupled to differential equa-
tions (Hu, Boker, Neale, & Klump, 2014) to model the relationship 
between sleep duration and caffeine intake as shown in Equation 
2. Variables with no dot indicate the current level, with one dot 
indicating the change rate and two dots indicating the acceleration. 
A significant β1 and β2 indicates a self-regulating effect, and a sig-
nificant β3 and β4 indicates a coupling effect. Equation 2 was also 
tested within the middle-aged group and within the elderly group.

3  | RESULTS

3.1 | The average level of caffeine intake and sleep 
duration

3.1.1 | Aggregation across people

The average sleep duration and caffeine intake were calculated 
for each day of the week across people. As shown in Table 1 and 
Figure 1, the highest sleep duration happened on Friday night, 
with an average 6.370  hr, and the lowest on Wednesday night, 
with an average 6.145 hr. The highest caffeine intake happened on 
Friday, with an average of 2.418 cups per day per capita, and low-
est on Saturday, with an average of 2.368 cups per day per capita. 
But please note that when individual differences are averaged out, 

(1)

To test H1:Level1: Sleep=�0+�1Caffeine+�

Level2: �0= �00+v0

�1= �10+v1

To test H2:Level1:Caffeine=�0+�1Sleep+�

Level2: �0= �00+v0

�1= �10+v1

(2)
H1: Slëep=𝛽0+𝛽1Sleep+𝛽2Slėep+𝛽3Caffeine+𝛽4Cafḟeine

H2:Caff̈eine=𝛽0+𝛽1Caffeine+𝛽2Cafḟeine+𝛽3Sleep+𝛽4Slėep

TA B L E  1   Mean (M) and standard deviation [SD] of sleep duration and caffeine intake across 7 days (n = 328)

    Tue Wed Thu Fri Sat Sun Mon Average

Sleep M 6.222 6.145 6.170 6.370 6.291 6.193 6.163 6.222

duration SD 1.382 1.425 1.487 1.524 1.597 1.481 1.406 1.472

Caffeine M 2.407 2.394 2.393 2.418 2.368 2.398 2.372 2.393

intake SD 2.113 1.948 1.953 2.002 1.976 2.208 2.122 2.045
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the differences between days are quite small, which is to be ex-
pected, and there is no overall trend showing differences between 
weekdays and weekends, nor sign of association between the two 
processes in Figure 1.

3.1.2 | Aggregation across days

The average sleep duration and average caffeine intake were cal-
culated for each participant. Correlation analysis indicated that 
the average sleep duration and the average caffeine intake were 
not significantly correlated, r = −.067, p > .05, which provided no 
support for H1 and H2. The two age groups did not differ signifi-
cantly in their average sleep duration (Mold = 6.25 hr, SDold = 1.06; 
Mmiddle = 6.19 hr, SDmiddle = 1.07), t(326) = −0.484, p > .05, which did 
not support H3. They also did not differ significantly in their aver-
age caffeine intake (Mold = 2.35 cups, SDold = 1.67; Mmiddle = 2.44 
cups, SDmiddle  =  1.97), t(326)  =  0.465, p  >  .05. However, within 
the middle-aged group, caffeine intakes significantly increased 
with age, b  =  0.058, SE  =  0.029, p  =  .048, whereas within the 
older group, caffeine intakes significantly decreased with age, 
b = −0.037, SE = 0.016, p = .021. These results supported H4 and 

suggested that the average caffeine intakes first increased and 
then decreased with age.

3.2 | The static association between caffeine 
intake and sleep duration

Multilevel regression was used to analyse the effect of today's caf-
feine intake on tonight's sleep (H1a) and the effect of tonight's sleep 
on next day's caffeine intake (H2a). We used the lmer function of the 
lme4 packages (Bates, Maechler, Bolker, & Walker, 2015) in R. lmer 
allows controlling for the variance associated with random factors 
without data aggregation. Participants were specified as a random 
factor to control for their associated intra-class correlation. In this 
study, we compared three models: Model 1 allowed random inter-
cept and random slope; Model 2 allowed random intercept only; and 
Model 3 was a regular linear regression where all participants had 
the same intercept and slope.

Regression coefficients are shown in Table 2. In the caffeine 
predicting sleep model, the variance of intercept across people 
was estimated as 1.033, the variance of the slope was estimated 
as 0.0002, and the variance of residuals was estimated as 1.213, 

F I G U R E  1   The aggregated sleep 
duration and caffeine intake across 1 
week. SD, standard deviation

Tue Wed Thu Fri Sat Sun Mon

4
5

6
7

8

Mean sleep duration (hr)
+1 SD

–1 SD

0
1

2
3

4
5

Mean caffeine consumption (drinks)

+1 SD

–1 SD

TA B L E  2   The static multilevel regression coefficients (n = 328)

IV → DV Model

Fixed effect Random effect

Residualb SE p Intercept Slope

Caffeine → Sleep M1 −0.004 0.019 .848 1.033 0.0002 1.213

M2 0.001 0.020 .961 0.961 — 1.214

M3 −0.026 0.015 .082 — — 2.167

Sleep → Caffeine' M1 0.007 0.032 .820 9.843 0.157 0.798

M2 −0.014 0.022 .507 3.128 — 1.017

M3 −0.076 0.031 .014 — — 4.129

Note: Caffeine' stands for the caffeine intake on the next day. M1 indicates a random intercept and random slope model, M2 indicates a random 
intercept model, and M3 indicates a regular linear regression model with no random effect. The final models are highlighted in grey. DV, dependent 
variable; IV, independent variable; SE, standard error.
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suggesting that there is no need to allow random slope. In the ran-
dom intercept only model (M2), the effect of caffeine on sleep was 
not significant, b = 0.001, SE = 0.020, p > .05. Therefore, H1a was 
not supported. In the sleep predicting caffeine model, the variance 
of intercept across subjects was estimated as 9.843, the variance 
of the slope was estimated as 0.157, and the variance of residu-
als was estimated as 0.798. These results suggested the inclusion 
of a random intercept but not random slope. In the random in-
tercept only model (M2), the effect of sleep on caffeine was not 
significant, b  = −0.014, SE  =  0.022, p  >  .05. Therefore, H2a was 
not supported. The multilevel regression analysis within each age 
group also did not reveal any significant effect, p >  .05. We also 
controlled medical diseases (the number of symptoms from medi-
cal history) and sleep problems (PSQI global score) in the random 
intercept models; neither the predictors nor the covariates had 
any significant effect, p > .05.

3.3 | The dynamic association between caffeine 
intake and sleep duration

The first derivatives (change rates) and the second derivatives (ac-
celerations) of the two processes on each day were calculated using 
generalized local linear approximation (GLLA, Boker, Deboeck, Edler, 
& Keel, 2010). To test H1b, the acceleration of sleep duration was 
predicted by the current sleep level, sleep change rate, current caf-
feine level and caffeine change rate (Equation 2, first line). Similarly, 
to test H2b, the acceleration of caffeine intake was predicted by the 
current caffeine intake, caffeine change rate, current sleep duration 
and current sleep change rate (Equation 2, second line).

Table 3 shows the regression coefficients in the multilevel regres-
sions on the above-described momentums with random intercept. 
There were significant self-regulating effects on sleep duration and 
caffeine intake. For example, the current level (b = −0.659, SE = 0.015, 
p < .001) and change rate (b = −1.073, SE = 0.005, p < .001) of sleep 
significantly predicted the future state of sleep. This self-regulating 
effect suggests that when people are away from their normal sleep 

time, there will be a strong force driving them back. For the coupling 
effect between caffeine and sleep, according to the results using the 
overall sample, caffeine level and change rate did not significantly pre-
dict the change tendency of sleep; therefore H1b was not supported. 
However, the current sleep level significantly predicted the change 
tendency of caffeine intake, b = −0.026, SE = 0.012, p < .05. A shorter 
sleep duration predicted a stronger tendency to increase caffeine 
consumption. H2b was supported. Then the same dynamic model was 
run within each age group, and we found that a short and/or reduced 
sleep duration significantly predicted more future caffeine use in the 
middle-aged group (b = −0.040, SE = 0.018, p < .05, and b = −0.026, 
SE = 0.009, p < .01) but not in the senior group (b = −0.005, SE = 0.016, 
p > .05, and b = 0.014, SE = 0.009, p > .05). For the middle-aged group, 
when the sleep duration was short, or shorter than before, people 
tended to increase caffeine consumption, and these effects remained 
or became even larger after controlling disease and sleep problems, 
b = −0.046, SE = 0.019, p < .05, and b = −0.027, SE = 0.009, p < .01.

4  | DISCUSSION

4.1 | Main findings

This study examined the dynamic relationship between daily caffeine 
intake and sleep duration in middle-aged and older adults. Although 
caffeine is often considered as an obstructive factor for good sleep 
(Clark & Landolt, 2017), we did not find this association in this national 
dataset. There may be two possible reasons for this result. First, peo-
ple may have become used to the amount of caffeine they regularly 
take and this habitual caffeine use does not affect their sleep dura-
tion (Dager et al., 1999; Hindmarch et al., 2000; Lovallo et al., 2005). 
Another possible explanation is that the timing of caffeine use may 
also influence its effect on sleep (Bonnet & Arand, 1992; Lieberman 
et al., 2019). As mentioned before, adults tend to drink coffee in the 
morning and youths tend to drink throughout the day (Martyn et al., 
2018). The participants in this study were all adults, and if most of 
them ingest caffeine in the morning, its effect on night sleep would 

DV IV

Overall sample Middle-aged Older adults

b SE b SE b SE

Slëep Sleep −0.659*** 0.015 −0.667*** 0.020 −0.657*** 0.021

Slėep −1.073*** 0.005 −1.077*** 0.008 −1.070*** 0.008

Caffeine 0.005 0.014 0.011 0.019 −0.004 0.020

Cafḟeine 0.002 0.007 −0.006 0.009 0.013 0.010

Caff̈eine Caffeine −0.096*** 0.008 −0.073*** 0.012 −0.121*** 0.011

Cafḟeine −0.914*** 0.008 −0.885*** 0.011 −0.949*** 0.011

Sleep −0.026* 0.012 −0.040* 0.018 −0.005 0.016

Slėep −0.008 0.006 −0.026** 0.009 0.014 0.009

*p < .05, 
**p < .01, 
***p < .001. 

TA B L E  3   The dynamic multilevel 
regression coefficients (n = 328)
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be trivial. This study also tested the other direction of the relation-
ship. In comparison with the abundant literature on the effect of caf-
feine on sleep, there is less research on the effect of sleep on caffeine 
intake. We found that lack of sleep was associated with more caffeine 
consumption in the future, which is consistent with past literature 
(Carrier et al., 2009; Roehrs & Roth, 2008; Watson et al., 2016), and 
added to the literature by finding that this phenomenon was only true 
among middle-aged people, not the elderly.

4.2 | Method comparison

This study used three methods to analyse the repeated measures: 
data aggregation, multilevel linear regression and dynamical system 
analysis. Data aggregation can investigate individual differences on 
average scores, but the within-person variation is completely ignored. 
Multilevel linear regression, a common practice in longitudinal data 
analysis, helps determine the within-person synchronous correlation 
between two processes and allows personalized correlation/regres-
sion coefficients, yet it is still a static method. A known problem of 
static methods is a phase problem. There is often a time lag between 
the cause and the consequences, and the interval time is often un-
certain and varies from person to person, so even if there is a causal 
effect, it cannot be detected in a static model with a zero or fixed time 
lag. In comparison, if we can estimate the tendency of the behaviour, 
even if the effect may not show up immediately, we should still be 
able to observe a change in acceleration. So, including momentums in 
the model may help solve the phase problem and detect associations 
that do not immediately happen after the leading process.

4.3 | Limitations and future directions

Several limitations of this study should be addressed. In the data 
we used, the timing of caffeine consumption was not measured. 
Ludden and Wolfson (2010) investigated adolescents' caffeine use 
and found that in their high-school student sample, 95% of partici-
pants reported recent caffeine use, and the typical time of use was 
in the evening. Our sample included middle-aged and senior peo-
ple and they may consume caffeine at different times of the day. 
In the future, researchers can ask participants when they consume 
caffeinated products to clarify whether timing is the reason for the 
non-significant effect of caffeine intake on sleep. Second, individual 
traits were not included in this study. Previous research found that 
estimations of integrated salivary caffeine concentration during sleep 
were correlated with wake after sleep onset (WASO) most strongly in 
morning-type individuals (Nova et al., 2012). Further research can ask 
whether participants are morning-type people or night-type people 
or mixed. Moreover, this study did not investigate different types of 
caffeine drinks. Cluster analysis on adolescents (Ludden & Wolfson, 
2010) found three groups of caffeine users: “low caffeine use”, “high 
soda use” and “mixed use”. Compared to the high-soda-use group, 
the mixed-use group reported more reasons for caffeine use, related 

to recovering from daytime sleepiness, getting energy and drinking 
more coffee. Future studies can ask participants what they drink and 
why they drink it. Considering caffeinated beverages have become 
popular in youth culture (e.g., energy drinks, coffee), gaining more in-
sight into the differences in motives for caffeine use across the lifes-
pan would help researchers understand why people in different age 
groups consume a certain type of caffeine and how that type of caf-
feinated drink influences sleep. In sum, more details on caffeine use 
may help us understand the coupled dynamics better.
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