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Objectives:  To determine the interaction of  age and habitual sleep duration in predicting cognitive performance in a large sample of  participants aged 15 to 
89 years.
Methods:  This study is a cross-sectional analysis of  performance data gathered between January 2012 and September 2013. First-time players (N = 512 823) 
of  three internet cognitive training games measuring processing speed, working memory, visuospatial memory, and arithmetic participated in the study.
Results:  Performance was based on a measure of  speed and accuracy for each game. The relationship between performance and self-reported habitual sleep 
duration was examined in the sample as a whole and across 10-year age groups starting at age 15 and ending at 75 and older. Performance peaked at 7 h of  
sleep duration for all three games in the sample as a whole, and the decrements in performance for sleep durations greater than 7 h were either comparable or 
greater in the youngest as compared to the oldest age groups.
Conclusions:  These findings challenge the hypothesis that deteriorating cognitive performance with long sleep duration is driven by medical comorbidities as-
sociated with aging. Further, these data are consistent with an optimal dose model of  sleep and suggest that the model for the homeostatic recovery of  cognitive 
function as a function of  sleep duration should incorporate a curvilinear decline with longer duration sleep, indicating that there may be a cost to increased sleep. 
Replication and further research is essential for clarifying the sleep duration–cognition relationship in youth and adults of  all ages.
Keywords:  Sleep duration, cognitive performance, aging, adolescence.

INTRODUCTION
There is a growing interest in the role of sleep and sleep dura-
tion on cognitive functioning across the lifespan. With respect 
to younger age groups, research is motivated by evidence that 
chronic sleep deprivation is pervasive and associated with 
poorer school performance and increased risk-taking behav-
ior.1–3 For example, two systematic reviews of research on 
sleep and functioning in school-aged children and/or adoles-
cents provide convincing evidence that low sleep duration is 
associated with lower school performance and increases in 
risk-taking behavior, such as substance use.1,2 The threshold 
of sleep duration below which less sleep is associated with 
loss of performance has ranged across studies from 6  h,4 to 
approximately 7 h5,6; to as much as 8 h.7 Nonetheless, the sleep 
variables and the duration thresholds that define sleep dura-
tion as “low” vary across studies, making it difficult to com-
pare findings and confidently conclude what sleep durations 
are problematic. In elderly populations, studies with fairly 
large sample sizes also indicate that inadequate or poor quality 
sleep contributes to cognitive dysfunction.8–10 Using validated 
measures of cognitive performance, such as the Delayed Word 
Recall Test (DWRT), digit span tasks, verbal fluency tests, and/
or the Mini-Mental State Examination (MMSE), these studies 
demonstrated that scores were significantly lower in subjects 
reporting sleep durations of 3–4 h as compared to sleep dura-
tions of 7–8 h,8 ≤5 h as compared to 7 h,10 or <6 h as compared 
to 6–9 h.9 Xu and colleagues identified a significant trend in 

the sleep duration–cognitive performance relationship, demon-
strating a dose–response relationship between sleep duration 
and improved performance from 3 to 7 h of sleep duration.8

Although there is sizeable evidence indicating that inade-
quate sleep contributes to cognitive deficits,1–7 less is known 
about the relationship of long sleep duration and cognitive 
performance across the lifespan. A growing body of research 
in older-age subjects indicates that habitual sleep duration in 
excess of 7 to 9 h may be associated with decreased cognitive 
performance.8,9,11–13 In one of the studies described above, Xu 
et al. identified an inverted U-shaped relationship between sleep 
duration and MMSE score which peaked at 7  h.8 While the 
change in score across sleep durations was small (mean MMSE 
exam scores ranged from 26.6 to 27.3 across sleep durations), 
the trend was highly statistically significant and controlled for a 
number of demographic and health factors that are often thought 
to contribute to both sleep duration and cognition. Despite this, 
the association between longer sleep duration and poorer func-
tioning, including cognitive performance, has generally been 
attributed to unmeasured confounding factors such as medical 
comorbidities that independently degrade cognition, rather than 
an indication that excess sleep is independently detrimental to 
cognitive function.9 In contrast to research in older-age subjects, 
research on the topic of sleep duration and cognition in youth 
is focused primarily on the effects of sleep deprivation, and 
has generally concluded that children and adolescents would 
benefit from an increase in habitual sleep duration above 7 h 

Statement of Significance
While most studies are consistent in finding that short sleep durations are problematic, little research has focused on the effects of long sleep durations. The 
assumptions that long sleep durations are better for functioning and that associations detected between longer sleep durations and poor functioning found in 
some studies must be attributable to medical or other unmeasured confounders, are reflected in current recommendations regarding sleep duration. Recent 
clinical guidelines recommend that healthy adults obtain at least 7 hours of habitual sleep and that 9 or more hours may be appropriate in young adults. The 
current study focused on sleep duration and cognitive performance in a large internet-based sample of cognitive-training-game players aged 15–89. This study 
found a reliable peak in performance at 7 hours’ sleep duration in all 3 games examined in all but the oldest age categories, with deteriorations in performance 
beyond the peak equal or more steap in the youngest as compared to older age groups. These findings run counter to existing assumptions, especially with 
respect to younger individuals. Further research is necessary to further understand how sleep duration affects cognitive functioning across the lifespan.
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for optimal functioning.3 The potential consequences of excess 
sleep have not been explored. Based on existing epidemiologi-
cal research and a small body of experimental research on indi-
viduals aged 18–60 years, the most recent clinical guidelines 
recommend that healthy adults obtain at least 7 or more h of 
habitual sleep and that 9 or more h may be appropriate in young 
adults.14 It is generally recommended that adolescents sleep 8 h 
at the very least.3

To better understand the interaction of age and habitual sleep 
duration on predicting cognitive functioning, we analyzed data 
from three large samples of Lumosity brain game users on 
tasks of working memory, short-term visuospatial memory, and 
arithmetic, respectively. Although we expected age and educa-
tion to be the strongest predictors of performance, as has been 
widely demonstrated in the literature,15–18 we hypothesized that 
(1) short sleep duration would be associated with worse task 
performance (in all age groups); (2) peak performance would 
occur at longer habitual sleep duration in younger subjects as 
compared to older subjects; and (3) performance would degrade 
more rapidly with sleep durations beyond the peak in older as 
compared to younger participants.

METHODS
We used data collected by the Lumosity brain game database 
between January 2012 and September 2013 for three games, 
Speed Match, Memory Matrix, and Raindrops, focused on work-
ing memory/processing speed, short-term visuospatial memory, 
and basic arithmetic, respectively. Lumosity is an online brain 
training program that consists of tasks invoking processing speed, 
memory, problem solving and other cognitive skills. First-time 
use of the platform does not require payment, but repeated use for 
the purposes of training requires a paid registration. Additional 
details on the Lumosity platform and tasks have been published 
elsewhere.19 Data were included for all players greater than or 
equal to 15 years of age at the time of play. All data were derived 
from a player’s first use of the game so as to eliminate practice 
effects. Only data for participants whose preferred language 
was English, and who used keyboards for desktops or laptops 
(as opposed to tablets, smartphones, and touchscreens), were 
included. Data for participants with scores of zero were excluded. 
Zero scores are clear outliers on each of the tasks and are likely to 
result from participants beginning a game but not responding to 
the questions. These excluded responses constituted 0.10% of the 
data for Speed Match, 0.01% for Memory Matrix, and 2.27% for 
Raindrops. After removing zero scores, we computed the standard 
deviation of the scores for each game (after log transformation to 
normalize the distributions) and further removed scores that were 
above or below 4 SD from the mean. These exceptionally long or 
short play durations are likely to result from participants starting 
a game but not actively playing. This resulted in an additional 
1541 participants being dropped from Raindrops (0.66% of the 
sample) and 124 participants dropped from Speed Match (0.02% 
of sample). Play duration was not available for Memory Matrix. 
The total number of players in the analysis sample was 512 823. 
Of these, 42.6% completed all three games, 44.5% completed 
two games, and 12.8% completed only one game.

To maximize the sample size for each game, data for each 
game were analyzed separately. Sample size for each game 

are as follows: Speed Match: N  =  499 273; Memory Matrix: 
N = 447 665; and Raindrops: N = 231 658.

Measures

Demographic Information
At time of registration on the Lumosity website, users entered 
basic demographic information, including date of birth, gender, 
and educational attainment. Age at time of each game play is 
calculated by the Lumosity software.

Sleep Duration
Information about habitual sleep duration was obtained at registra-
tion. Participants answered the question “How much sleep do you 
typically get each night?” by selecting a sleep duration in “number 
of hours” ranging from “less than 4 h,” then increasing integrally 
from 4 to 10 h, and ending with “more than 10 h” as the final option.

Speed Match
Speed Match is a simple test of working memory and processing 
speed and is a version of the 1-back test. Players are shown a variety 
of colored shapes in sequence and are required to indicate, using 
a keyboard stroke, whether each presented shape is the same as or 
different from the previously presented shape. Users are instructed 
to respond to as many trials as they can within the task’s duration, 
which is 45 s. n-Back tasks, among which the 1-back is the sim-
plest, are used widely in clinical and research settings as a measure 
of working memory.20–23 Neuroimaging studies provide evidence 
for a consistent pattern of activation of frontal and parietal cortical 
regions by various versions of the n-back tasks,22 providing support 
that the 1-back task can effectively measure simple working mem-
ory despite slight variations in task stimuli and duration.

Memory Matrix
Memory Matrix is a measure of visuospatial working mem-
ory in which participants are briefly presented with a pattern 
of squares on a grid, which they must reproduce on an empty 
grid using keyboard strokes. Participants complete 12 grids, or 
trials, with the complexity increasing with each successful trial 
or decreasing with each failed trial according to a predefined 
algorithm. There is no time limit for completion of the task. 
This computer-based test is based on a validated measure of 
visual memory, the Visual Patterns Test (VPT) used in research 
and clinical settings.24,25 While the Lumosity version of the task 
is not the same as the official VPT, the task is designed accord-
ing to rules that are considered important for visual working 
memory assessments, such as the use of patterns that cannot 
easily be coded verbally.25 Researchers studying visual working 
memory have frequently modified matrix-based visual working 
memory tasks based on specific study aims and study popu-
lations.24,26 They have the common feature of addressing the 
important question regarding how much can be remembered 
and are generally designed to be reliable and easy to use.24

Raindrops
Raindrops is a measure of calculations, in which participants 
are presented with a series of raindrops containing simple 
arithmetic problems at the top of their screen. Participants 
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must enter numerical solutions using the keypad before each 
of the raindrops reaches the bottom of the screen. The concen-
tration of raindrops on the screen and the complexity of the 
problems increase gradually over time (and therefore as a con-
sequence of successful problem solving) according to a prede-
fined algorithm, such that players must complete harder and 
harder problems at an increasingly fast pace to prevent game 
termination. The game ends once three raindrops have hit the 
ground. Raindrops is similar to other tasks used in neuroscience 
research on arithmetic.27,28 While it is not a formally validated 
measure of cognitive function, its straightforward design lends 
it face validity as a measure of speeded, simple mathematical 
problem solving.

Statistical Analysis
The game score for each task was used as a measure of per-
formance. The Lumosity scoring algorithm awards increasing 
numbers of points for each correct response as performance 
level increases, as a means to enhance motivation. Consequently, 
the score distributions are approximately exponential, with 
extreme right-skew. In order to normalize the distributions and 
to linearize the scoring scales, all performance score data were 
natural-log transformed prior to analysis. Samples were cate-
gorized into 10-year age groups with 15- to 24-year olds at one 
extreme and >75-year olds at the other extreme to examine the 
relationship of performance to sleep duration across age cat-
egories. Analyses of performance by habitual sleep duration 
across age groups controlled for gender and education level. 
Because higher education contributed to performance, and 
because education is naturally confounded with age in a sample 
that includes young people who haven’t completed their educa-
tion, we used the following method to adjust the log scores for 
education in each game: We noted that education levels were 
stable in age groups above 35, so we constructed regression 
models to predict performance scores from education level in 
the 35 and older participants only. We then used the regression 
coefficients to adjust log scores for education level for partici-
pants in all age groups. Thus scores for each participant in each 
age group, including the youngest group, were adjusted for esti-
mated effects of education level derived from age groups above 
35, in which age and education were not confounded.

We also noted a confound between age and gender, with 
women tending to be older (median age 34.1, interquartile 
range [IQR] 22.1–50.5) than men (median age 28.2, IQR 
20.9–44.2). We therefore further adjusted the scores for gen-
der by constructing regression models to predict education-ad-
justed scores from gender, age group, and gender by age group 
interactions, to allow for varying gender differences across age 
groups. We used the gender and gender by age group interaction 
parameters to adjust scores for gender within each age group. 
Education- and gender-adjusted log scores were then used for 
all subsequent analyses.

RESULTS
The demographic and sleep duration characteristics of the sam-
ple of participants playing at least one game are presented in 
Table 1. The sample was predominantly female (64%), and the 
mean age of the participant population was 35.8 (16.3) years. 

Because of the small size of the sample of participants between 
the ages of 85 and 89, these participants were combined with 
the 75- to 84-year age category for purposes of data analysis. 
Table 1 provides a profile of subsample size and sleep charac-
teristics for the gender, age, and education level categories. The 
youngest age group comprised the largest age category, con-
taining 35.8% of the sample and the oldest age group contained 
only 1% of sample, but nonetheless represents over 5000 par-
ticipants. There was a broad range of education categories, with 
the median education being some college. The “other” educa-
tion category represented only 4% of the sample and although 
little information is known about this sample’s educational 
attainment, the assumption that it represents individuals with 
less than a high school education is consistent with this group’s 
relatively low age- and gender-adjusted performance as com-
pared to other groups. Age, gender, and education were very 
similarly distributed in the three games, with gender and educa-
tion categories equal across games to the nearest 1 percentage 
point and mean age equal within 0.3 years.

The mean subjective habitual sleep duration approximated 
7 h of sleep for all demographic categories, with 15- to 24-year 
olds reporting a mean of 7.2 h and middle-aged individuals in 

Table 1—Demographic and Sleep Characteristics of  the Sample of  
Subjects With Scores on at Least One Game.

n/% N = 512 823 Self-reported sleep 
duration M (SD)

Gender

  Male 186 577 (36.4) 6.9 (1.4)

  Female 326 245 (63.6) 6.9 (1.4)

Age (years)

  15–24 183 664 (35.8) 7.2 (1.5)

  25–34 100 988 (19.7) 6.9 (1.4)

  35–44 71 830 (14.0) 6.7 (1.4)

  45–54 75 819 (14.8) 6.7 (1.3)

  55–64 54 136 (10.6) 6.8 (1.3)

  65–74 21 263 (4.2) 6.9 (1.3)

  75–89 5123 (1.0) 7.0 (1.3)

Education level

  Other 20 374 (4.0) 7.0 (1.6)

  Some HS 35 272 (6.9) 6.9 (1.6)

  HS diploma 106 430 (20.8) 7.0 (1.5)

  Some college 125 865 (24.5) 6.8 (1.5)

  Associate degree 33 118 (6.5) 6.8 (1.4)

  Bachelor’s degree 101 804 (19.9) 6.9 (1.3)

  Master’s degree 46 721 (9.1) 7.0 (1.2)

  PhD/Professional 43 239 (8.4) 7.0 (1.3)

Due to the large sample size, all pairwise comparisons of  mean sleep 
duration for gender, age, and education level are statistically significant, 
even when effect sizes are negligible.
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the 35- to 44-year and 45- to 54-year categories demonstrating 
the shortest sleep duration (Table  1). A  more detailed break-
down of the sample by age and sleep duration is provided in 
Supplementary Table 1.

For the group as a whole, peak performance occurred at 7 h of 
sleep in all games, and the difference in performance at 7-h sleep 
duration was statistically significantly higher than performance at 
both 6-h and 8-h sleep duration. When the sample was broken 
down by 10-year age category, a similar pattern in the relationship 

between performance and sleep duration was found. Figure 1A–C 
depicts the relationship between task performance and sleep dura-
tion for all three brain games for all age categories. In addition to 
a predictable age-related decline in cognitive performance, these 
graphs reveal a consistent inverted u-shaped curve for the rela-
tionship between performance and sleep duration in younger and 
middle-aged age groups in all three games. Furthermore, peak 
performance occurred reliably at 7-h self-reported habitual sleep 
time for all three games for all age groups in which this inverted 
u-shaped relationship was present. This curve appears to flatten 
out in older age groups, such that the peak at 7 h is less discernible 
in 65- to 74-year olds and absent in 75- to 89-year olds.

Given the consistency of the peak in performance at 7-h sleep 
duration in most age groups and the flattening of the curves in 
older age groups on visual inspection, we estimated linear slopes 
for change in performance for each hour change in sleep duration 
for both sides of the curve (i.e., between <4 and 7 h and between 
7 h and >10 h), in order to determine whether rates of change in 
performance to and beyond the peak of 7-h sleep duration varied 
with age category in a statistically significant manner. Although 
performance in each age group is not perfectly linear with sleep 
duration on either side of the curve, the linear slope provides 
an approximate measure of steepness of the sleep–performance 
relationship that is more easily interpretable than a more com-
plex nonlinear characterization. We modeled the flattening of the 
curves in terms of the sleep duration by age interaction in linear 
mixed models. Although results were subtle, we found evidence 
supporting a flattening of the slope with age on the left side of the 
curve (<4–7 h) as well as on the right side of the curve (7–10+ 
h). On the lower end of sleep durations (<4–7  h), analysis of 
linear trend for change in slope indicated less improvement in 
performance for each hour increase in habitual sleep duration 
up to 7 h in older age groups as compared to younger groups, 
for two of the three cognitive tasks. The flattening, with age, of 
the lower half of the curve observed in Figure 1 was statistically 
significant for Speed Match and Memory Matrix (p < .01) but 
not for Raindrops (p = .16). For sleep durations beyond 7 h, the 
flattening of the slope was significant only for Speed Match (p < 
.001). This indicates that there is a greater degradation in perfor-
mance for each additional hour of sleep in younger people than 
in the oldest age groups for Speed Match, but not significantly 
in the other two tasks (p > .50). Figure 2A depicts the effect of 
each additional hour of sleep from <4 up to 7 h on performance 
in the Speed Match task. Figure 2B depicts the effect of each 
additional hour of sleep longer than 7 h. The slope coefficient in 
the oldest age group in Figure 2B appears positive, but the wide 
confidence interval overlaps with zero.

Given the unexpected finding that performance peaked at 7-h 
sleep duration, even in the youngest age group which was expected 
to require more sleep, we performed a post-hoc analysis to exam-
ine these relationships more closely in adolescents as compared to 
young adults, with the expectation that peak performance would be 
associated with a longer sleep duration at least in the adolescent age 
category. Figure 3 demonstrates that the difference in performance 
between 15- to 19-year olds and 20- to 24-year olds was compara-
ble in magnitude to that found between 10-year age groups across 
the sample. With respect to the relationship with sleep, and con-
trary to expectations, 15- to 19-year olds also demonstrated peak 
performance at 7-h sleep duration, with a decline in performance 

Figure 1—The three panels depict the relationship of  mean-ad-
justed log score and self-reported habitual sleep duration by 
10-year age category for working memory/processing speed 
(Speed Match; N = 499 273), visuospatial working memory (Mem-
ory Matrix; N = 447 665), and speeded arithmetic (Raindrops; N 
=231 658). Due to small sample size in the 85- to 89-year-old cate-
gory, this group was combined with the 75- to 84-year-old category. 
Error bars represent 95% confidence intervals.
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beyond that peak comparable (Speed Match (p = .175)) or greater 
(Memory Matrix (p = .002) and Raindrops (p = .009)) than that 
seen in 20- to 24-year olds. For sleep durations between <4 and 7 h 
of sleep, the benefits of increasing number of hours of sleep were 
numerically, but not statistically, greater in the 15- to 19-year olds 
as compared to the 20- to 24-year olds (Speed Match (p = .866), 
Memory Matrix (p = .065), and Raindrops (p = .482)).

Analysis of gender-specific effects indicated a main effect for 
gender on game performance, with males performing modestly 
better than women on all three tasks, but no consistent age by 
gender by sleep interaction effects.

DISCUSSION
These present findings demonstrate a reliable peak in cogni-
tive performance at 7 h of self-reported habitual sleep duration 
in the group as a whole and, when the sample is broken into 
age categories, in all except the oldest two age categories in all 
three cognitive tasks. While this effect is small, it is remarkably 
consistent across younger and middle-aged age groups and is 
reliably reproduced in different tasks.

For the group as a whole, these data support existing evidence 
that short sleep durations (most commonly defined in the liter-
ature as sleep durations falling below the 6- to 9-h range) are 
detrimental to cognitive functioning.8,9,29 While the detrimen-
tal effect of short sleep durations was not evident in the two 
oldest age groups, the smaller number of these older individ-
uals at each sleep duration may mask any potential effects of 
sleep duration. Although various studies of sleep and cognitive 
functioning in older individuals do indicate worse performance 
at shorter habitual sleep duration,8,9 it is important to note that 
some studies did not find this effect, even when multiple poten-
tial confounding factors were taken into account.11–13 It is also 
important to note that most of the large-scale studies of sleep 
and performance on cognitive tasks have been conducted in mid-
dle-age and elderly subjects.30,31 Studies in youth tend to focus 
on the relationship of sleep duration and school performance, 

or other behaviors that may be indirect evidence of suboptimal 
cognitive functioning, such as risk-taking behaviors. Further 
research is therefore crucial for better understanding the effects 
of short sleep duration on various aspects of cognitive perfor-
mance in all age groups.

Contrary to our hypothesis that peak performance would 
occur at higher sleep durations in younger as compared to 
older participants, these data clearly indicate that performance 
peaks at 7-h sleep duration for all age groups between 15 and 
65 years. A peak is less discernible in the 65- to 75-year olds, 
and not at all evident in the 75- to 89-year olds. Several studies 
provide evidence that middle-aged and older individuals tend to 
over-report sleep duration as compared to objective measures of 
sleep,32–34 although factors that contribute to (e.g., age, gender, 
and cognitive status) or moderate such overestimations (e.g., 
objective sleep duration) differ across studies. Nonetheless, 
an overestimation would be consistent with evidence that total 
sleep time (measured objectively) decreases with age decreases 
with age35, and to a greater degree than we observed in our 
study. Given this possibility, it is plausible that the peaks of the 
sleep duration–performance curves (Figure  1) are artificially 
shifted to the right as individuals become older and that true 
peak performance occurs more solidly to the left of 7-h sleep 
duration. Such a shift would not, however, have a self-evident 
impact on the slope of the curve we saw, nor would it alter the 
unexpected shape of the sleep duration–performance curves in 
younger participants. There is limited research comparing sub-
jective and objective sleep measures in adolescents,36,37 but we 
are not aware of literature suggesting that adolescents under-
estimate sleep time and that average sleep times and/or sleep 
times associated with peak performance are therefore biased 
toward being too low in our sample.

There is no research of which we are aware that indicates that 
teens or young adults might experience decrements in cogni-
tive performance as a result of excess habitual sleep duration. 
The majority of previous research in youth has been focused 
on the detrimental consequences of sleep loss.1–3,30 In contrast, 

Figure 2—Performance change per hour of  increased sleep duration from <4 to 7 h (A) and for 7 h to 10+ h (B) for the working memory/pro-
cessing speed task (Speed Match; N = 499 273). In Panel A, more positive values indicate a greater gain in performance for each additional 
hour of  sleep in the <4 to 7 h range. In Panel B, more negative values indicate a greater loss in performance for each additional hour of  sleep 
in the 7–10+ h range. All age groups except the oldest demonstrated a statistically significant negative change in performance, while the oldest 
age group had a broad confidence interval that overlapped with a zero slope. Error bars represent 95% confidence intervals.
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our findings are more consistent with an “optimal dose model” 
of sleep, as described by Marshall and colleagues, which pro-
poses that a specified amount of sleep is required for optimal 
health and functioning and that more or less of it is detrimen-
tal.38 As was recently explained by a consensus panel of experts 
in sleep research and clinical sleep medicine, while a biological 

mechanism by which “excess” sleep could be detrimental has 
not been uncovered, this relationship would be consistent with 
many biological systems.14

The association we saw between long sleep durations and 
cognitive performance decline in young participants raises 
questions about the argument that the decline in performance 
associated with increasing habitual sleep duration is attribut-
able to the confounding factors of increased age-related med-
ical comorbidities. While several recent research studies of 
older adult samples have demonstrated associations between 
worsening cognitive performance and increasing sleep,8,9,11–13 
the traditional argument has been that age-related medical 
comorbidities lead to both increased sleep need and worsen-
ing cognitive performance.9 If this were the case, one would 
expect the slope of the decline from peak performance at 7 h to 
longer sleep durations to be flatter in the younger age groups, in 
which medical comorbidities are presumably low, or at the very 
least lower than they are in the older age groups in our sample. 
Analyses of the linear slopes in the present dataset indicate the 
opposite; younger participants demonstrated a steeper decline 
in one task and indistinguishable decline in performance in the 
other tasks for each additional hour of sleep beyond 7 h.

Could there be other, unmeasured confounding factors that 
could affect our most surprising findings, which were that per-
formance peaked at a mere 7-h sleep duration in the youngest 
groups and that performance declined reliably at longer sleep 
durations? It may be worth considering the possibility that 
intrinsic features of the cognitive task, such as emotional con-
tent, might moderate some of the relationships that we found. 
This would be different from subject-related features such as 
the age-related medical comorbidities that we have discussed 
previously. Adolescents are undergoing a period of profound 
social-emotional development, and more sleep may be required 
for emotional homeostasis during these years. Ample research 
has demonstrated that sleep is important for emotional process-
ing and recalibration.39 School-related cognitive performance, 
and solid judgment in the context of teen driving and substance 
use, for example, which are the types of cognitive performance 
outcomes most often examined in large-scale research on sleep 
in youth, may be inextricably influenced by social-emotional 
pressures generated by peers, parents, and society. These may 
create moderating variables in the sleep–cognition relation-
ship that may be absent in the context of internet-based activ-
ities (potentially devoid of such emotional loads). While this 
proposal is speculative, and while such a possibility does not 
undermine the findings described here with respect to emotion-
ally neutral tasks, future research is essential to further under-
stand this and other potential influences on the sleep duration 
and cognitive performance relationship in youth, and across the 
lifespan.

The current data may support the momentum to refo-
cus research and public health attention to other problematic 
aspects of sleep in adolescents. For example, it may be the 
timing of sleep, which may be misaligned with the delayed 
chronotype that many adolescents temporarily develop, rather 
than the duration of sleep, that needs to be addressed in teens 
and young adults.3,40,41 In post-hoc analyses using a subset of 
scores for which time of game play was available, we found 
significant effects of time of play on performance for Speed 

Figure 3—The three panels depict the relationship of  mean-ad-
justed log score and self-reported habitual sleep duration for 15- to 
19-year olds (blue curve) and 20- to 24-year olds (red curve) for 
working memory/processing speed (Speed Match; N = 179 031, 
including 96 927 15- to 19-year olds and 82 104 20- to 24-year 
olds), visuospatial working memory (Memory Matrix; N = 157 618, 
including 84 598 15- to 19-year olds and 73 020 20- to 24-year 
olds), and speeded arithmetic (Raindrops; N = 82 915, including 
44 092 15- to 19-year olds and 38 823 20- to 24-year olds). Error 
bars represent 95% confidence intervals.
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Match and Raindrops (p values < .0001), but did not find time 
of play by sleep duration by age group effects on performance. 
Chronotype information was not available for this dataset. As 
much as possible, future analyses should take into account the 
timing of sleep, timing of task performance, and chronotype 
when examining sleep duration–cognition relationships.

The great strength of these findings is that they are derived 
from an unparalleled sample size and represent an impressive 
range of ages. This generates the statistical power to exam-
ine the relationship between cognitive performance and small 
changes in habitual sleep duration and identify a small, but pre-
cise, relationship between sleep duration and cognitive perfor-
mance. The finding that peak performance consistently occurs 
at 7 h in all but the oldest two age groups raises intriguing ques-
tions about sleep homeostasis. Is 7 h of habitual sleep duration 
optimal for cognitive recovery and functioning? This peak at 
7  h is consistent with recent studies demonstrating a similar 
curvilinear relationship between sleep duration and cognitive 
performance in older populations,8,19 but the consideration of 
its implications for sleep regulation has been limited by the 
assumption that confounding factors such as medical comor-
bidities must explain the decline in performance with increas-
ing sleep duration. Future research may benefit from examining 
this more closely in young and middle-aged samples.

Because this is a cross-sectional study, a major question that 
this study cannot answer is what the 7-h sleep duration for peak 
performance implies for people at an individual level. Does this 
mean that all individuals would benefit by extending or reduc-
ing, in the case of long sleepers, their sleep duration to 7 h? This 
goes against the evidence that sleep need varies across individ-
uals, and there is no one-size-fits-all for optimal sleep duration. 
On the other hand, it may be worth entertaining the possibility 
that a 7-h sleep need is a correlate, or marker, of optimal sleep 
regulatory health. That is, it is possible that individuals who 
need and achieve 7 h habitual sleep duration have the biological 
substrate to optimize the physiological recovery functions of 
sleep, including those related to cognitive functioning. Recent 
genetics research has identified genes that have independent 
effects on the timing and duration of sleep, but which may have 
coordinated roles with respect to achieving the physiological 
functions of sleep.42,43 There may be a genetic make-up, then, 
that promotes optimal cognitive functioning through independ-
ent and interacting effects on circadian rhythmicity, sleep dura-
tion, and the cognitive recovery functions of sleep and that is 
reflected in a 7-h sleep duration. Some researchers have also 
proposed that efficient sleep may reflect an all-around neural 
efficiency that may be reflected in cognitive performance.44 
Future analyses using repeated measures of sleep and cognitive 
performance, with sophisticated approaches to controlling for 
practice effects, will be crucial in addressing the implications 
of these findings for understanding the relationship of acute and 
chronic sleep duration with cognitive function.

Despite the many strengths of this dataset, it is important 
to acknowledge several limitations. Due to protections to pri-
vacy for participants who engaged in brain games, factors such 
as health status could not be considered in the present analy-
ses. Future research should take advantage of the large-scale 
recruitment potential afforded by the internet and include 
demographic, health, and lifestyle information to maximize the 

ability to control for a range of factors that impact cognitive 
performance. Nonetheless, it is unlikely that the decline in per-
formance with increasing sleep duration is explained by health 
factors alone, as has been suggested, simply because this rela-
tionship is strong, if not stronger, in the younger age groups 
where health problems would be expected to be lower than in 
older age groups. Additionally, other reports that demonstrated 
a similar relationship between increasing sleep duration and 
worsening cognitive performance controlled for some of these 
factors (e.g., depression and Alzheimer’s disease) and still 
found significant results.8,13 It is possible, however, that older 
brain game users may be healthier in many respects than their 
non-internet using counterparts.45

An obvious limitation of the data is that information on habit-
ual sleep duration is based on a one-item self-report measure. 
Although this is not ideal, single-question assessments of sleep 
duration have been used in most epidemiologic studies of sleep 
and health outcomes and more objective measures of sleep are 
prohibitive on a large scale.46–50 All the studies we cite examin-
ing the sleep duration–cognitive task performance relationship 
use single-question measures of sleep duration, although some 
studies explicitly incorporate nap time into the question regard-
ing sleep duration,10,11 while others do not.8,9,12,13 Although 
naptime is a feature that may distinguish sleep patterns in the 
elderly people from that in other age groups, this difference 
does not explain the long sleep duration effects on cognitive 
performance in the above-mentioned studies on elderly partici-
pants. Hopefully, future studies will be able to parse the role of 
naps out further. Additionally, because teens and young adults 
may be particularly prone to social jetlag, which is marked by 
short weekday sleep durations accompanied with longer week-
end “recovery” sleep, it is possible that the young participants’ 
self-reported sleep duration underestimates average sleep dura-
tion. Such an underestimate could artificially shift the curve to 
the left in younger age groups. When possible, future studies 
should consider whether self-reported sleep duration and task 
performance information was obtained on weekdays or week-
ends and/or ensure that estimates include all 7 days of the week.

With respect to the measures of cognitive performance, the 
Lumosity games are based on standardized cognitive tests 
(Speed Match and Memory Matrix) and basic arithmetic 
(Raindrops). They are also designed to be visually appealing 
and engaging to an internet audience. While it would be prefer-
able to use tasks that have been validated against standardized 
measures of processing speed, working memory, visuospatial 
memory, and arithmetic skill, the scientific research demon-
strates that n-back tests and grid-based visuospatial memory 
tasks are frequently modified across studies but that they gen-
erally function consistently in assessing the main domains 
of interest. Furthermore, the game scores vary as would be 
expected as a function of education and age, the largest pre-
dictors of cognitive performance, which increases our confi-
dence in the reliability of our findings. While the scores are 
generated using an algorithm resulting in a nonlinear increase 
in score with higher performance, our findings were consistent 
with findings previously reported for a similar dataset using 
simpler outcomes such as number correct or memory thresh-
olds.19 We chose the overall score as the outcome because of its 
consistency with previously reported findings and because it 
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reflects a more global measure of performance encompassing 
both speed and accuracy of performance. Finally, because per-
formance on all these tasks requires the ability to manipulate 
a computer keyboard, it is important to consider the degree 
to which performance reflects motor speed and coordination, 
all factors which are known to decline with age.51 Regardless, 
the impact of sleep on these functions would also be evi-
dence of sleep’s effect on neural function, albeit of a differ-
ent type. Additionally, it may be important to note that these 
tasks can be considered to be mild (Speed Match and Memory 
Matrix) to moderate (Raindrops) in complexity and that the 
sleep duration–performance relationships may have behaved 
differently with more complex tasks. It will be important for 
future research to determine whether task complexity moder-
ates sleep duration–performance relationships and the impact 
of age on these relationships. Finally, while elderly individu-
als are increasingly savvy with the use of computers and the 
internet, it is possible that decreased skill and experience with 
computers, and computer- and internet-based tasks, resulted 
in an artificial downward shift in cognitive performance with 
increasing age. While very possible, this would not create a 
shift in peak cognitive performance relative to reported sleep 
duration.

In conclusion, our findings indicate a subtle but reliable 
inverted u-shaped relationship between self-reported habitual 
sleep duration and cognitive performance in a large sample of 
internet brain game users. These findings shift the focus of the 
role of sleep duration in predicting performance from older to 
younger age groups. Given the current concerns about sleep 
duration in younger people, further research is crucial to better 
understand sleep timing and duration effects in this age group. 
The internet may be a viable and effective strategy for study-
ing this population. Further research is also crucial to exam-
ine mechanisms whereby increasing sleep may have negative 
effects on outcome.
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