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Figure 3: Delayed memory tests. a. Free recall. These panels are in the same format as Figure 2a,
but they reflect performance on the delayed free recall task. For additional details see Figure S2. b.
Naturalistic recall. These panels are in the same format as Figure 2b, but the right panel reflects
performance on the delayed naturalistic recall task. For additional details see Figure S3. c. Foreign
language flashcards. This panel is in the same format as Figure 2c, but it reflects performance on
the delayed flashcards test. For additional details see Figure S4.
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Figure 4: Fitness measures. a. Recent measures. Resting heart rate (HR) and daily step counts,
averaged over the week prior to testing. Baseline-normalized measures. Resting heart rate and
daily step counts averaged over the week prior to testing, divided by the average resting heart rate
and step counts averaged over the preceding month. Static measures. Body mass index (BMI),
body fat percentage, and weight (in kg). For more information see Figures 56, S7, S8, S9, and 510.
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w3 (see Exploratory correlation analyses). When all 10,000 randomly chosen subsets of participants ex-
w4 hibited correlations in the same direction (i.e., all positive correlations or all negative correlations),
s we report the p-value as p < 0.0001.

a6 Several patterns emerged from these analyses. First, we found that participants’ performance
7 on the (within-task) immediate versus delayed memory tests from the free recall, naturalistic
ss  recall, and foreign language flashcards tasks were positively correlated (rs > 0.25, ps < 0.003).
so  This suggests that, within each of these tasks, similar processes or constraints may influence both
w0 short term and long term information retrieval. We also found reliable across-task correlations
s between participants’ (immediate and delayed) performance on the free recall and foreign language
sz flashcards tasks (rs > 0.3, ps < 0.03).

363 A large number of fitness-related measures displayed reliable correlations (for a complete re-
sea port, see Fig. 512). For example, body mass index (BMI) and weight were correlated (r = 0.91,p <
ss  0.0001). Resting heart rate over the prior week was negatively correlated with recent low-to-
s moderate-intensity (“fat burn”) cardiovascular activity levels (r = 0.70,p = 0.0004). Participants’
w7 peak heart rates (averaged over the prior week) were also negatively correlated with recent in-
s creases in step counts and daily elevation gains (rs < —0.26,ps < 0.03), where recent changes
ws  were defined as the average values over the seven days leading up to the test day divided by
s the average values over the preceding 30 days. Several demographic attributes (Fig. S13) dis-
s played trivial correlations (e.g., participants identifying as male never reported identifying as
sz female, and so on). We also observed a negative correlation between reported stress and alertness
as (r = —0.44,p < 0.0001), and positive correlations between the reported clarity of the instructions
aa for all tasks (rs > 0.26, ps < 0.02).

a7s We also found reliable correlations between participants’ fitness and demographic measures
s and their behaviors in different tasks (Fig. [5f for a complete report, see Fig. S14). For example,
a7 recent low-to-moderate-intensity (“fat burn”) cardiovascular activity was positively correlated
w7s  with immediate (r = 0.44,p = 0.001) and delayed (r = 0.38,p = 0.031) recall performance on the
s naturalisticmemory task. Recent sedentary (“out-of-range”) cardiovascular activity was negatively

s correlated with performance on the spatial learning task (r = —0.31, p = 0.042), whereas recent high
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Figure 5: Summaries of correlations between behavioral, fitness, and mental health measures.
The reported values in the tables reflect correlations between each pair of measures. Only statisti-
cally reliable correlations (p < 0.05, corrected) are displayed. a. Correlations between behavioral
and mental health measures. We adjusted each task’s behavioral measure(s) such that more
positive values reflect better performance on the given task. We used participants’ mean recall
accuracies to characterize performance on the free recall and foreign language flashcards tasks,
and mean precisions to characterize performance on the naturalistic recall tasks. We characterized
performance on the spatial learning task using the (inverted and normalized) intercepts and slopes
of linear regressions on mean estimation errors as a function of the numbers of studied shapes
(also see Figs. S2, 53, 54, and S5). For each mental health measure, more positive values
denote greater severity of the given measure. Typical and current stress levels were measured by
self report. Mental health information was inferred using each participants’ list of self-reported
medications (see Methods). Positive correlations indicate that better performance on a given be-
havioral task is associated with more severe mental health phenotypes. b. Correlations between
fitness and mental health measures. For each fitness measure, more positive values denote higher
observed scores (i.e., higher resting heart rate, more minutes of activity or time spent in each heart
rate zone, or greater heart rate variability). The mental health measures in this panel were treated
as in Panel a. c¢. Correlations between fitness and behavioral measures. Each measure reflected
in this panel was treated as in Panels a and b.
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s intensity (“peak”) activity was positively correlated with performance on the spatial learning
2 task (r = 0.34,p = 0.0002). Mental health indicators, such as self-reported stress levels and
#s  medications were also associated with differences in memory (Figs. Bh, S14). For example, self-
w4 reported stress levels at the time of test were negatively correlated with performance on the delayed
s memory test for the foreign language flashcards task (r = —0.29,p = 0.038), whereas participants
s who were medicated for anxiety and depression tended to perform slightly (but reliably) better
sz on the immediate memory test for the foreign language flashcards task (r = 0.11,p < 0.0001).
s Mental health indicators were also correlated with several fitness measures (Fig. ). For example,
0 participants with higher resting heart rates were less likely to be hypothyroid (r = -0.33,p <
s0  0.0001). Participants who engaged in more low-intensity (“light”) activity tended to be less anxious
s and depressed (r = —0.12,p = 0.03), whereas participants who engaged in more high-intensity
w2 activity tended to report higher levels of current (r = 0.15,p = 0.027) and typical (r = 0.21,p = 0.012)
ass  stress.

304 The above analyses indicate that recent differences in fitness-related activity are associated with
w5 differences in memory performance and mental health measures. Although the analyses treated
xs these measures on average or in aggregate, many of the measures we collected are dynamic. For
s example, the amount or intensity of physical activity people engage in can vary over time, and
xs 5o on. We wondered whether the dynamics of fitness-related measures might relate to memory
x performance and/or mental health measures. To this end, we carried out a series of reverse
a0 correlation analyses (see Reverse correlation analyses) to examine whether participants with different
a1 cognitive or mental health profiles also tended to display differences in fitness-related measures
w2 overtime. Inparticular, we examined fitness data collected from participants’ Fitbit devices over the
«ws year prior to their test day in our study. Several example findings are summarized in Figure[6} We
a4 found that participants who performed well on the immediate and delayed free recall memory tests
s and on the naturalistic recall tests tended to be more active than participants who performed poorly
ws on those tests (Figs. 6, b; S15). Conversely, participants who performed well on the immediate
a7 and delayed foreign language flashcards tasks tended to be less active. These differences were

ws present even a full year before the testing day. We also found substantial variability across people
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Figure 6: Dynamics of physical activity vary with memory performance and mental health mea-
sures. a. Daily step counts. Each timecourse is weighted by either performance on immediate
recall tests (left panel) or on delayed recall tests (right panel). The black (baseline) timecourses
display the (unweighted) average across all participants. b. Daily duration (in minutes) of low-
intensity physical activity. Timecourses are displayed in the same format and color scheme as those
in Panel A. Analogous timecourses for additional fitness-related measures may be found in Fig-
ures S15, 516, and S17. ¢. Timecourses of physical activity, weighted by mental health measures.
The timecourses in each panel display the average daily step counts (top panel) or duration of low-
intensity activity (bottom panel). The colored lines show average activity dynamics weighted by
self-reported stress levels at the start of the experiment (purple) and self-reported “typical” stress
levels (pink). The baseline curves (black) display the average across all participants (re-plotted
in Panel C to illustrate scale differences across panels). Timecourses for additional mental health-
related and fitness-related measures may be found in Figures S18, 519, and S20. Error ribbons in
all panels denote the standard error of the mean. Horizontal lines below each panel’s timecourses
denote intervals over which each weighted measure (color) differs from the unweighted baseline
(via a paired sample two-sided t-test of the weighted mean values for each measure within a 30-day
window around each timepoint; horizontal lines denote p < 0.05, corrected).
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wo  with different (self-reported) mental health profiles (Figs. [, S18). Due to small sample sizes of
a0 individuals exhibiting several mental health dimensions, it is difficult to distinguish generalizable
s trends from individual differences that one or two individuals happened to exhibit. However,
sz several large-sample-size trends emerged. For example, participants who reported higher levels
w3 of stress also tended to be slightly more physically active than participants who reported lower
ss  stresslevels. We found analogous differences in other activity-related measures (Figs. 515 and 518),
a5 cardiovascular measures (Figs. S16 and S519), and sleep-related measures (Figs. 517 and 520). Taken
«e together, the analyses suggest that cognitive and mental health differences are also associated with

«7  differences in the dynamics of physical health measures.

«  Discussion

a9 After collecting a year’s worth of fitness-tracking data from each of 113 participants, we ran each
w20 participant in a battery of memory tasks and had them fill out a series of demographic and mental
21 health-related questions. We found that the associations between fitness-related activities, memory
w22 performance, and mental health are complex. For example, participants who tended to engage in
w23 a particular intensity of physical activity also tended to perform better on some memory tasks but
w24 worse on others. This suggests that engaging in one form or intensity of physical activity will not
w25 necessarily affect all aspects of cognitive or mental health equally (or in the same direction).

426 A number of prior studies have shown that engaging in exercise can improve cognitive and
w2z mental health [2, 3, 4, [6, [10, 11}, (12 [14, 25, (26, 27| 31}, 33, 40]. The majority of these studies ask
ws  participants in an “exercise intervention” condition (where participants engage in a designated
w20 physical activity or training regimen) or a “control” condition (where participants do not engage in
w0 the designated activity or training) to perform cognitive tasks or undergo mental health screening.
s In other words, most primary studies treat “physical activity” as a binary variable that either is
a2 Or is not present for each participant. Most prior studies also track or manipulate exercise over
s relatively short durations (typically on the order of days or weeks). Our current work indicates that

w4 the true relations between physical activity, cognitive performance, and mental health may be non-
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w5 monotonic and heterogeneous across activities, tasks, and mental health measures. These relations
ws can also unfold over much longer timescales than have been previously identified (on the order
« of months; Fig.[6). However, despite the complexities of the structures of these associations, we
ws  also found that they were often remarkably consistent across people. For example, as displayed
s In Figures E] and S14, many of the associations between fitness, behavioral, and mental health
1o measures were consistent across over 97.5% of 10,000 randomly chosen subsets of participants.

a4t One important limitation of our study is that we cannot distinguish correlations between
w2 different measures from potential causal effects. For example, we cannot know (from our study)
w3 whether engaging in particular forms of physical activity causes changes in memory performance
ws  or mental health, or whether (alternatively) people who tend to engage in similar forms of physical
us activity also happen to exhibit similar memory and/or mental health profiles. In other words, an
us  overlapping set of processes or person-specific attributes may lead someone to both form particular
w7 habits around physical activity and display high or low performance on a given memory test. We
ws  do not know whether memory performance or aspects of mental health might be manipulated
we  or influenced by changing the patterns of physical activity someone engages in. For this reason,
ss0 we have been careful to frame our findings as correlations and associations, rather than to imply
s knowledge about causal directions of our findings.

as2 Although the present study cannot reveal causal effects, a large prior literature provides some
w3 insight into potential causal effects by examining the neural and cognitive effects of a variety of
w4 exercise interventions [5] [16] 19] 38) 39, 41}, 42]. A limitation of that prior work is that most of
s these studies examine how relatively short-term changes in physical activity (e.g., on timescales of
w6 hours to days or, rarely, weeks to months) affect a cognitive performance on single task or aspect
ss7 of mental health. The present study examines longer-term physical activity (over a full year), and
s relates long-term physical activity history to performance on a variety of tasks and to a variety of
a0 mental health dimensions.

40 To the extent that physical activity does provide a non-invasive means of manipulating cog-
w1 nitive performance and mental health, our work may have exciting implications for cognitive

sz enhancement. For example, one might imagine building a recommendation system that suggests
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w3 a particular physical activity regimen tailored to improve a specific aspect of an individual’s cog-
a4 nitive performance (e.g., the efficacy of a student’s study session for an upcoming exam) or mental
s health (e.g., reducing symptoms of anxiety before an important meeting). Just as strength training
w5 may be customized to target a specific muscle group, or to improve performance on a specific
w7 physical task, similar principles might also be applied to target specific improvements in cognitive

sws fitness and mental health.
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