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Abstract

It has been demonstrated that, on their own, both exercise and stimulation from the environ-
ment can improve cognitive function and well-being in older adults. The combined effect of
exercising in the outdoor environment on psychological function is less well studied. The
aim of the current study was to investigate the effect of an outdoor cycling intervention on
cognitive function and mental health and well-being in older adults. A total of 100 older
adults took part in the study (aged 50—-83), 26 of which were non-cycling controls, 36 were
conventional pedal cyclists and 38 were participants using an e-bike (a bike fitted with an
electric motor to provide assistance with pedaling), as part of a larger project (www.
cycleboom.org). Participants took part in the study for an eight-week period, with cycling
participants required to cycle at least three times a week for thirty minutes in duration for
each cycle ride. Cognitive function and well-being were measured before and after the inter-
vention period. For executive function, namely inhibition (the Stroop task) and updating (Let-
ter Updating Task), both cycling groups improved in accuracy after the intervention
compared to non-cycling control participants. E-bike participants also improved in process-
ing speed (reaction times in go trials of the Stop-It task) after the intervention compared to
non-cycling control participants. Finally, e-bike participants improved in their mental health
score after the intervention compared to non-cycling controls as measured by the SF-36.
This suggests that there may be an impact of exercising in the environment on executive
function and mental health. Importantly, we showed a similar (sometimes larger) effect for
the e-bike group compared to the pedal cyclists. This suggests that it is not just the physical
activity component of cycling that is having an influence. Both pedal cycles and e-bikes can
enable increased physical activity and engagement with the outdoor environment with e-
bikes potentially providing greater benefits.
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Introduction

Healthy ageing has been defined as the process of developing and maintaining functional abil-
ity, the ability to perform tasks of daily living, that enables well-being in older age [1]. Success-
tul ageing [2] is the conception that ageing is not necessarily accompanied by decline in
cognitive function and reduction in brain matter. Although a number of these processes show
the greatest rate of decline in late adulthood, they have been demonstrated to be highly mallea-
ble, even in older age [3].

Recent intervention studies have demonstrated that cognitive function and brain integrity
can be maintained, or even improved, through increasing the frequency and duration of mod-
erate to vigorous exercise (e.g., [3, 4, 5]) even over a short period of time (e.g., six weeks in a
younger population; [6]). Exercise can also reduce the occurrence of age-associated neurode-
generative disorders, such as Alzheimer’s disease and vascular dementia [7, 8, 9]. Studies focus-
ing on the effect of exercise in late adulthood have shown improvements in cognitive function.
Colcombe and Kramer (2003) [10] reported that exercise broadly improves cognitive function
in older adults across a number of domains with medium to large effect sizes. These include
executive function (tasks such as coordination, inhibition, planning, and working memory
[11]), controlled abilities (tasks that require controlled, effortful processing which can become
automatic with consistent practice), speed (e.g., simple reaction time or finger tapping) and
spatial functioning (e.g., spatial reasoning), with the strongest effect size observed for executive
function. Executive function-related processes and the brain areas that support them have
been shown to be disproportionately sensitive to ageing [12]. These, however, appear to be the
most amenable to exercise interventions relative to other cognitive functions, particularly aero-
bic exercise [13].

Exercise improving cognitive function is possibly related to increasing cerebral vascular
blood flow [14] enabling increase in volume and cell regeneration in regions of the brain that
are critical for efficient cognitive functioning (e.g., the hippocampus [5, 6]). Thomas and col-
leagues [6] found increases in anterior hippocampal volume in sedentary, young to middle-
aged (average age 34) adults after a 6-week exercise (30 minutes of cycling on an exercise bike,
5 days a week) intervention [6]. Therefore, exercise, specifically aerobic exercise on a bicycle,
may improve cognitive function through vascular brain changes.

In addition to direct effects on cognitive function, exercise can protect cognitive perfor-
mance against the adverse effects of lower well-being [15] as evidence suggests that exercise
increases subjective, or psychological, well-being [16]. It has been found that exercise improves
self-efficacy and well-being improvement overall [8]. Furthermore, significant associations
have been found between self-rated meaningfulness of life and regular and intensive physical
exercise [17]. The large effect of physical activity on view of self and global well-being are
explained by change in self-efficacy and belief in ability to achieve requisite actions in order to
satisfy situational demands. This was found to be the most salient variable affecting well-being
and psychological health. If psychological well-being is increased through exercise it may also
aid cognitive function in older adults as cognition has been shown to be associated with varia-
tion in mean levels of well-being in older adults and lower levels of depression [15].

Cognitive function and well-being have also been shown to increase from simply being out-
side in the environment (e.g., [18, 19]). This could be related to the outdoor environment hav-
ing the potential to promote attention restoration, stress reduction, and the evocation of
positive emotions [18]. Exercising outside in the environment, for example cycling, as opposed
to indoor exercise (e.g. in a gym setting) could, therefore, further augment the already demon-
strated benefits of physical activity for cognitive function and well-being. However, very few
studies have investigated the impact of exercising in the outdoor environment. For those
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studies that have been conducted, it has been found that green exercise can led to a significant
improvement in self-esteem, positive mood and general increase in well-being [18, 19, 20]. In
addition to effects of aerobic exercise on cognitive function, particularly executive function,
outdoor exercise such as cycling, requires navigation in the environment, enabling changes in
brain regions supporting spatial encoding [5, 6, 21].

Given the associations between cognitive function, well-being and exercise in older adults,
the aim of the study reported in this paper was to investigate the effect of cycling outdoors on
cognitive function and mental health and well-being of older adults (over 50 years old). Com-
pared to other studies, which measure effect of indoor exercise (e.g., [3, 5, 6, 13, 14]), we
wanted to investigate cycling as a form of aerobic exercise in its natural environment, i.e. out-
doors. We expected aerobic exercise to be an additional benefit to cognition and well-being on
top of the effect of being outdoors. In particular, we were interested in whether there was a dif-
ference in performance between users of assistive technology in the form of electric bikes (‘e-
bikes’) to cycle outdoors in the environment and regular pedal cycle users, with pedal cycling
requiring more aerobic exertion than e-bikes.

Based on prior work on cognitive benefits of exercise (as reviewed above), we predicted that
in particular executive function (i.e., inhibition, updating, task switching, and working mem-
ory processes) would be improved by increased exercise during the eight-week intervention.
Such an effect would be demonstrated by improved post intervention scores compared to
baseline (pre intervention), with this improvement being greatest in the pedal than e-bike
cyclists (due to the additional physical exertion required) and compared to non-cycling con-
trols. We also expected to find an increase in spatial reasoning tasks, and in positive mood and
well-being after the interventions.

Method
Participants and study design

In this study we recruited non-cyclist older adults (over the age of 50) to take part in a cycling
intervention, measuring cognitive performance, mental health and well-being before and after
the intervention. This study was part of a wider ‘cycleBOOM’ project (www.cycleboom.org)
that aimed to develop a better understanding of how the design of the built environment and
technology shaped engagement with, and experience of, cycling as people get older, and how
this affected their independent mobility, health and well-being. Older adults were asked to
cycle for an eight-week period. This intervention length has been successful in improving cog-
nitive and brain function in prior work (e.g., [6, 10]).

We tested a total of 100 older adults (this was based on a medium effect size, as reported in
the studies included in Colcombe and Kramer’s, 2003, meta-analysis [10], for mixed ANOVA
with interactions: effect size = .04 power = .80, alpha = .05, minimum total sample size = 111),
26 of which were non-cycling controls, 36 were pedal cyclists and 38 were e-bike participants
(see Table 1 for demographic information for the three groups). We recruited older adults
(over the age of 50) who reported that they had either done no cycling in the past five years, or
that their cycling had seriously diminished over that period. Participants first undertook a
cycle training assessment/skills development program with an accredited trainer. The timing
between the training and the baseline assessment was typically a week and in no case no longer
than a month before the trial started. The non-cycling controls were included to measure prac-
tice effects, and to assess whether the intervention effect was greater than this, and did not
undertake the cycle training. Participants were pseudo-randomly assigned to one of three
groups: pedal cycling, e-bike or non-cycling control groups. Priority was given to filling the
cycling spots then controls were recruited to match sample characteristics (age and sex; see
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Table 1. Demographic information (mean age, gender, mean years in education [YiE], mean pre-intervention
mini-mental state examination [MMSE] score, mean pre-intervention physical activity scale for the elderly
[PASE]) for the non-cycling controls, pedal cyclists and e-bike cyclists.

Group Age (SD, range) Gender
Non-cycling Controls 66.04 (8.84, 50-82) 19 Females
Pedal Cyclists 63.03 (7.47, 50-83) 20 Females
E-bike Cyclists 61.90 (7.00, 50-82) 20 Females

Note: The three groups did not differ in age or gender composition, F (2, 97) = 2.31, p = .105; F (2,97) = 1.89,p =
.156, respectively.

https://doi.org/10.1371/journal.pone.0211779.t001

demographic information in Table 1) as well as trial season. The control group were recruited
after the experimental groups had started to be run so that we could match age and gender in
the control group with those participants in the experimental groups. The control group were
aware that they would not be cycling during the trial and those in the experimental group were
all re-engaging with cycling. Cycling was completed in the Reading and Oxford areas.
Informed written consent was obtained from all subjects in accordance with the Declaration of
Helsinki and ethical approval was obtained from the University of Reading’s Research Ethics
Committee (Registration No: 14/31) and the research complied with the ethical requirements
of Oxford Brookes University (Registration No: 140813).

Prior to commencing the trail participants completed a battery of cognitive tasks and well-
being questionnaires (see descriptions below) as well as providing demographic information
including their age, gender, and how many years they had spent in education. Demographic
information was obtained prior to the trial starting and the experimenter was unblinded to
group allocation. The cognitive testing battery employed included tasks assessing executive
function, spatial reasoning and memory. The instructions for the tasks were standardised, read
from a script and presented on the screen for the participant to also read for all the computer-
ised tasks. The pedal and e-bike cyclists were asked to cycle at least three times a week for thirty
minutes in duration for each cycle ride for an eight-week period. Pedal cyclists could either
use their own cycle for the trial or they were loaned one by the study. All e-bike participants
were provided with the same Raleigh (Motus) e-bike to complete the trial. E-bike participants
cycled in the outdoor environment like their pedal cycling counterparts but had electrical
assistance from a motor on the pedal bike (a choice of five settings; "off, ’eco’, *tour’, ’sport,
’turbo’, each increasing the amount of electrical assistance the participant gained from the
motor on the e-bike). All participants were asked to maintain their normal level of physical
activity during this period and control participants were asked not to participate in any out-
door or indoor cycling activity. All participants completed daily diaries during the intervention
documenting the type and duration of exercise they conducted. All participants came back to
complete the cognitive tests and well-being questionnaires again after they completed the
intervention, eight weeks later. The assessment was done no sooner than one week before the
start of the trial and no longer than one week after the end of the trial. An online exit survey
(via google docs) containing 12 questions about their cycling behavior since completing the
trial was also conducted several months after their trial had finished, gauging the extent to
which participants were still engaged in cycling. This survey was completed by 73 participants.

Cognitive and well-being battery

The following tests were administered before and after the eight-week period. These tasks were
presented in a counterbalanced order across participants.
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Executive function tasks

Verbal fluency. This task measures executive function, specifically updating [22]. The ver-
bal fluency task was split into two parts, the letter verbal fluency (where participants are
required to say as many words beginning with the letter ‘F’ in one minute) and the category
verbal fluency (where participants are required to say as many different animals in one min-
ute). Responses were recorded and written down by the experimenter. The score reflects the
number of words that the participant stated within the allocated time.

Plus-minus task. This measures task switching [23]. The plus-minus task is a pen-and-
paper task. Participants had to add three to a series of numbers (30 numbers on each page) on
the first page, subtract three from each number on the second page and then alternate between
adding three and subtracting three on the last page. Time taken to complete each section and
accuracy was recorded for this. The interference from completing the switching task was calcu-
lated by deducting the average of the first two sections.

Letter updating task. This task measures working memory and updating [23, 24]. The
participant was required to remember a sequence of letters. Letters were presented serially on
the screen for 2000 ms with a 150 ms blank screen in between letter presentation. The
sequence ranged from four to nine letters in length. The participant was required, for each let-
ter that appeared on the screen, to state the previous two letters (that are no longer present on
the screen) and the one that was currently on the screen in the order that they appeared. When
the sequence was complete, the participant heard a beep and had to repeat, again, the last three
letters they saw. The participant had two practice trials before the experimental trials com-
menced. The total score correct was the number of trials the participant got the last three let-
ters correct of the twelve trials presented.

Stroop task. This task measures inhibition [23, 25]. Words are presented on the screen
one at a time. The words are colour words ‘green’, ‘blue’, ‘red’, ‘yellow’ that are printed in these
different coloured inks. The participant is required to press a key with the colour indicated on
for the ink colour, inhibiting the written word presented. Each word was displayed for 1300
ms with a 350 ms blank screen in between word presentation. There were 36 practice trials (22
congruent trials {written word and ink colour the same}, 14 incongruent trials {written word
and ink colour different}) and 72 experimental trials (36 congruent, 36 incongruent). The
interference from reporting the ink colour and not the written word was calculated by sub-
tracting the average incongruent accuracy from that of the congruent trials.

Stop-it task. This task measures inhibition and was designed by Verbruggen, Logan, and
Stevens (2008) [26]. It is a version of a stop signal task. A square or a circle is displayed on the
screen for 1250 ms. Participants were instructed to respond as quickly as possible to the iden-
tity of the stimulus (1.6 cm X 1.6 cm) by pressing the \ (square) or / (circle) keys, which
depicted that object on them as a memory aid. On 25% of trials (stop trials), participants heard
a tone through the speaker of the laptop that indicated that they should withhold their
response on that trial. The tone was initially presented 250 ms after the visual stimulus
appeared, and was adjusted using a tracking procedure by which the latency increased by 50
ms following a successfully withheld response, and decreased by 50 ms following a failure to
withhold a response. Participants completed 600 trials in total (75% go). The primary measures
are Stop-Signal Reaction Time (SSRT) and go RT.

Eriksen flanker task. This task measures inhibition and is an arrow version of the original
Eriksen flanker task [27]. During this task participants are presented with a series of five
arrows presented in a row on the screen at the same time, each pointing left or right. A set of
five arrows was displayed for a duration ranging between 1100 and 1500 ms with no blank
screen in between sets of arrows. A central fixation cross was displayed for 2000 ms before the
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first set of arrows appeared. Participants had to respond as quickly as possible the direction of
the middle arrow (right or left, using corresponding arrows on the keyboard), ignoring the
external arrows. There were 100 trials in total, with no practice session. On 50 trials, all the
arrows pointed in the same direction as the middle arrow (congruent trials). On 50 of trials,
the external arrows pointed in a different direction to the middle arrow (incongruent). The
interference from reporting the direction of the middle arrow and not the external arrows was
calculated by subtracting the average incongruent accuracy from that of the congruent trials.

Memory tasks

Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) immediate and
delayed recall. The CERAD [28] task measures immediate and delayed memory recall. The
immediate task required the participant to recall as many of the ten words they have just
heard. There are three trials of the same words in different orders. The delayed test was com-
pleted after the plus-minus task, where participants had free-recall and a recognition test (10
of 20 words presented were in the original list). The immediate recall was scored out of 30 (3
lists of 10 words), as was the delayed recall (10 for free recall and 20 for the recognition test).

MMSE. The MMSE [29] measures memory and orientation, with questions such as "what
is today’s date?" and was scored out of 30.

Spatial function tasks

Mazes and mental rotation task. These tasks were designed in house by the authors and
the mental rotation tasks were similar to stimuli employed to assess this ability in other studies
[30,31,32]. These stimuli are included in S1 Fig. Five mazes were completed, varying in diffi-
culty. The participant had to find the route from the ’start’ indicated on the maze to the ’end’
as quickly as possible. They were timed during completion and number of errors (deviation
from the correct route) were scored. The mental rotation task contained five 3-D mental rota-
tion trials, whereby the participant had to match the shape from three options (two incorrect),
which only differed in orientation, to the original. There were also five 2-D trials.

Well-being, physical activity and health questionnaires

Psychological Well-Being (PWB) questionnaire. Developed by Ryff (1995) [33] this
questionnaire measured 6 dimensions of well-being: autonomy, environmental mastery, per-
sonal growth, positive relations with others, purpose in life, and self-acceptance. The 84-items
are presented on a 6-point Likert scale (1 = strongly disagree, 6 = strongly agree), with reverse
coding on some items and a high score reflecting higher well-being (Cronbach’s o pre/
post = 0.95/0.95).

Satisfaction in Life (SL). Measuring life satisfaction, participants stated how much they
agreed with five statements on beliefs of the conditions of their life [34]. A 7-point Likert scale,
with 1 = strongly disagree and 7 = strongly agree (Cronbach’s o pre/post = 0.90/0.86).

Positive and Negative Affect Scale (PANAS)—general. This measure, developed by
Watson, Clark and Tellegen (1988) [35], included 20 adjectives which participants had to rate
on the extent they felt these adjectives generally (e.g., over the last week) on a five-point Likert
scale (1 = very slightly or not at all, 5 = extremely). There are 10 positive adjectives (e.g., proud,
interested, excited) and 10 negative adjectives (e.g., distressed, upset, guilty). The positive and
negative scores are summed separately (Cronbach’s o positive PANAS pre/post = 0.85/0.81,
negative PANAS pre/post = 0.89/0.88).

Health survey short form (SF-36). This is a short questionnaire designed to measure
physical and mental health [36]. A high score reflects greater health and there are mental and
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physical health sub-scales (Cronbach’s oo mental health pre/post = 0.90/0.86, physical health
pre/post = 0.92/0.92).

Physical Activity Scale for the Elderly (PASE). This is a brief survey designed specifically
to assess physical activity in epidemiological studies of older adults [37]. The PASE score com-
bined information on leisure, household and occupational activity.

Daily diary

The daily diary was designed by the team to capture information about the participants’ cycle
rides they completed and any other physical activity they took part in during the eight-week
intervention (e.g., walking, sports, other physical activities). Each day, participants were asked
to fill in what time they started and completed any physical activity, the purpose of the activity
(if cycling or walking somewhere) and where they went from and to. For a measure of cycling
time to be calculated, participants recorded the start and end time of each cycle and this time
spent cycling was summed across the week and then averaged over the eight-week period to
provide an average weekly cycling duration.

Data analysis

IBM SPSS Statistics 25 package was used to analyse the data. Any missing data and outliers
(1.5*IQR for that group) for each task were removed and replaced with the mean of the group.
Missing data points and outliers were minimal within the dataset, which were subsequently
imputed with the means of the group, namely < .007% of the total number of observations that
were missing and < .01% of the total number of observations that were outliers. The number of
outliers, ¥ (2) = 3.00, p = .223, and missing data frequencies, ¥° (2) = 6.00, p = .199, did not differ
between the three participant groups. A composite score for executive function was intended to
be used in the analyses. However, the relevant measures at baseline did not significantly correlate
(see S1 Table) and thus it would be meaningless to calculate composite scores. The mental rota-
tion time and average time taken to complete the mazes significantly correlated and so were also
combined to form a single Spatial Function Time composite score (see S2 Table). As mental rota-
tion accuracy and average maze errors did not significantly correlate, separate analyses were con-
ducted on these measures, Bonferroni corrected (alpha level, p < .017). For the memory tasks, the
CERAD immediate and delayed recall significantly correlated (see S3 Table) and so were com-
bined to form a composite CERAD score which was used in subsequent analyses.

For all measures (executive function, memory, spatial function, questionnaires), 2 (session;
before intervention, after intervention) x 3 (group; non-cycling controls, e-bike cyclists, pedal
cyclists) mixed method Analysis of Variance (ANOV As) were conducted to investigate the
impact of cycling on cognitive function.

Results and discussion
Group composition

The three groups did not differ in years in education, MMSE or pre-intervention physical
activity level, F (2, 97) = .77, p = 466, F (2,97) = 1.93, p = .151, F (2, 97) = .98, p = .378, respec-
tively (see Table 2). PASE did not differ significantly between groups after the intervention
either, #(98) = 1.547, p = .125 (control M = 35.62, SD = 21.93, cyclist M = 44.47, SD = 26.09).
72% of participants completed the trial during the warmer months to maximise adherence to
the trial. Furthermore, E-bike cyclists (M = 1.86, SD = 1.76), pedal cyclists (M = 2.22,

SD = 1.76) and non-cycling control participants (M = 1.92, SD = 1.65) did not differ in the fre-
quency of doing these other activities, H (2, 97) = 1.08, p = .582, as reported in the PASE. E-
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Table 2. Years in education (YiE), mini-mental state examination (MMSE) and physical activity for the elderly
results for the non-cycling controls, pedal cyclists and e-bike cyclists before the trial commenced.

Group YiE (SD) MMSE PASE (SD)
Non-cycling Controls 15.94 (1.97) 27.58 (1.21) 35.23 (17.25)
Pedal Cyclists 16.83 (3.89) 26.86 (1.90) 40.86 (24.84)
E-bike Cyclists 15.98 (3.57) 26.97 (1.20) 43.72 (21.87)

https://doi.org/10.1371/journal.pone.0211779.t1002

bike cyclists (M = 1.53, SD = 1.41), pedal cyclists (M = 1.58, SD = 1.25) and non-cycling control
participants (M = 1.62, SD = 1.65) also did not differ in the number of other activities they par-
ticipated in, F (2, 97) = .033, p = .968. Finally, E-bike cyclists (M = 2.50, SD = 2.47), pedal
cyclists (M = 2.58, SD = 2.39) and control participants (M = 2.46, SD = 2.32) did not differ in
the time spent completing these activities, H (2, 97) = .049, p = .976, as reported in the PASE.
Participants continued to report their other physical activities (additional to cycling) that they
conducted throughout the cycling trial (complete diaries received, N = 81). Again, the average
time spent completing other activities did not differ (E-bike [M = 1.21, SD = .54], pedal

[M =1.21, SD = .38] and control participants [M = 1.27, SD = .30]) across the participant
groups, F (2,78) = .141, p = .869).

Cycling statistics during the trial

Participants kept a diary of their cycling activity during the trial and recorded the duration of
each journey. We found e-bike cyclists spent marginally more time cycling on average each
week than pedal cyclists, #(72) = 1.80, p = .076 (see Table 3 for Means and SDs). This is likely
due to the ease associated with cycling with a motor, enabling the e-bike participants to cycle
for longer periods of time. This indicates that e-bikes, due to supporting the cycling, may
enable increased activity and durations of cycle rides. Many of the participants commented
that they felt they could go further on the e-bike as they could rely on it to get home if they
could not manage it by themselves (see [38] for a qualitative account of factors affecting cycling
behavior in ‘Older people’s microadventures outdoors on (e-) bikes’).

Additionally, e-bikers spent on average 26% of the time in the highest motor setting (turbo;
SD = 34), 7% in the next highest setting (sport, SD = 11), 24% in tour (SD = 22), 28% in eco
(SD = 26), and 15% (SD = 26) with the motor off. This means that on average for only 15% of
their cycling time, e-bike participants were not using the motor to aid their cycling, thus being
comparable to pedal cyclists.

Participants (pseudonym) often included comments in their daily diary of cycling experi-
ence summing up their belief of the contribution to psychological well-being, for example:

"On Sunday I took the (E-)bike out for the afternoon to cheer myself up. Gloomy day but the
countryside around is lovely so felt better when I came back!” (Alysia)

“After a stressful morning I had time to unwind on the (E-)bike.” (Christopher)

Table 3. Average weekly (standard deviation) cycling durations for the pedal and e-bike cyclists.

Group Average Hours spent Cycling Each Week (SD) Average Number of Weeks Cycled for
Pedal Cyclists 2.07 (0.59) 8.34 (0.71)
E-bike Cyclists 2.39 (0.90) 7.93 (1.36)

Note: Whilst some cyclists extended their cycling into the 9th week just prior testing, average number of weeks the
participant groups cycled for during the intervention did not significantly differ, #(72) = -1.59, p = .117.

https://doi.org/10.1371/journal.pone.0211779.t003
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Executive function measures

Large effect sizes for improvement in executive function after exercise have been demonstrated
[10] and we predicted an increase in executive function in the cycling groups, thus would
expect significant interactions between group and session, with the control group not improv-
ing after the intervention. The ANOVA demonstrated that there was no interaction for verbal
fluency (F(2, 97) = .739, p = .480), plus-minus task (F(2, 97) = 4.07, p = .667), letter updating
(F(2,97) = 1.92, p = .152), Eriksen interference score (F(2, 97) = .623, p = .538), all measuring
executive function.

There was, however, a significant Group x Session interaction for the Stroop Interference
score, a measure of inhibition, F(2, 97) = 3.77, p = .026, 1> = .072. The smaller the score, the
less interference that the participant experienced from the written word being incongruent
with the ink colour that they were reporting. This measure demonstrated improvement in
both the cycling groups after the intervention, for e-bike cyclists, #(37) = 2.75, p = .009 , and for
pedal cyclists, t(35) = 5.30, p = .000, with less interference after the intervention (see Fig 1),
which was not the case for non-cycling control participants, #(25) = .03, p = .974.

There was also a significant interaction between session and group for Go RTs in the Stop-
It task, a measure of processing speed, F(2, 97) = 3.78, p = .026, > = .072 (see Fig 2). E-bike
cyclists had marginally faster RT's after the intervention compared to baseline, #(37) = 1.97, p =
.056, whereas pedal cyclists did not, #(35) = .87, p = .391, and the non-cycling controls had a
trend towards slower RTs, #(25) = -1.75, p = .092.

There was no overall difference between the groups for verbal fluency scores (F(2, 97) =
2.18, p =.119), the plus-minus task (F(2, 97) = .368, p = .693), Stroop interference scores (F(2,
97) = 1.00, p = .905), the Eriksen flanker task (F(2, 97) = 2.28, p = .107) or Stop-IT go-RTs,
measuring processing speed (F(2, 97) = .930, p = .398). There was a main effect of group for
the letter updating task, F(2, 97) = 4.20, p = .018, with both cycling groups being higher overall
in accuracy than the non-cycling control group, #(62) = 2.44, p = .017 (e-bike cyclists compared
to non-cycling controls), £(60) = 2.54, p = .014 (pedal cyclists compared to non-cycling con-
trols). As there were no significant differences in baseline performance across groups (see S1
File), this main effect is mainly driven by the after intervention accuracy being higher for the
cycling groups, t(98) = 3.72, p = .001 (see Fig 3) as demonstrated by the interaction.
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Fig 1. Stroop interference score for the non-cycling controls, E-bike cyclists and pedal cyclists before and after the
intervention. Error bars are +/- 2 SEs.

https://doi.org/10.1371/journal.pone.0211779.9001
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Fig 2. Stop-It task RTs (ms) for go trials for the non-cycling controls, E-bike cyclists and pedal cyclists before and
after the intervention. Error bars are +/- 2 SEs.

https://doi.org/10.1371/journal.pone.0211779.9002

There was no session effect for the plus-minus task (F(2, 97) = 2.81, p = .097) or for the go
RTs in the Stop-IT task, F(2, 97) = .193, p = .662. There was a session effect for the groups over-
all, with improvement after the 8-week period for verbal fluency (F(2, 97) = 8.50, p = .004, I]z =
.081), letter updating, F(2, 97) = 27.41, p = .000, n* = .221 (see Table 4 for all Means and SDs
for the executive function measures), the Stroop interference score (mainly driven by the
improvement in the cycling groups after the intervention, as well as practice effects improving
performance after the intervention), F(2, 97) = 15.96, p = .000, > = .141, and a marginal ses-
sion effect of the reduction of interference in the Eriksen flanker task, F(2, 97) = 3.73, p = .056,
1> = .037. These session effects alone are likely due to performance improving overall after the
intervention as a result of practice.
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Fig 3. Letter updating score for non-cycling controls, pedal cyclists and E-bike cyclists before and after the
intervention. Error bars are +/- 2 SEs.

https://doi.org/10.1371/journal.pone.0211779.9003
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Table 4. Group (non-cycling controls, e-bike cyclists, pedal cyclists) means (SDs) for verbal fluency, plus-minus interference score (IS), letter updating, stroop IS,
eriksen IS, stop-it, CERAD, mental rotation, maze completion before and after the intervention.

Measure

Verbal Fluency
Plus Minus IS
Letter Updating

Stroop IS

Eriksen IS
Stop-IT Go RT's

CERAD composite
Mental Rotation Accuracy

Mental Rotation Time
(seconds)

Average Maze Errors

Maze Time (seconds)

IS = Interference Score

Non-Cycling Controls

Before

33.69 (5.64)
-1.46 (2.30)
9.04 (2.18)

.05 (.07)

.08 (.04)

603.40
(162.32)

47.35 (4.41)
8.35 (1.09)
185.34 (72.27)

1.95 (.96)
118.55 (40.80)

E-bike Cyclists Pedal Cyclists Effects
After Before After Before After
36.50 (7.81) 36.63 (8.32) 39.21 (9.21) 38.41(9.27) 39.31 (6.27) | Significant Session effect!
-0.90 (1.44) -1.24 (1.62) -.66 (1.23) -1.18 (2.03) -1.07 (1.48) | No significant effect
9.54 (1.63) 9.58 (1.94) 10.68 (.93) 9.47 (1.87) 10.94 (1.17) | Significant Session effect’
Significant Group effect>
.05 (.07) .07 (.08) .04 (.06) .08 (.07) .02 (.04) Significant Session effect!
Significant Group by Session
interaction
.06 (.05) .07 (.06) .07 (.05) .06 (.04) .05 (.04) No significant effect
657.87 670.50 615.03 688.84 668.77 Significant Group by Session
(166.25) (180.73) (159.69) (163.88) (172.24) | interaction*
50.35 (4.88) | 46.37(5.07) | 48.74(5.52) | 47.58 (4.46) | 49.28(3.63) | Significant Session effect!
8.19 (1.53) 7.37 (1.85) 7.74 (1.70) 7.39 (2.10) 7.42(1.75) | No significant effect
160.64 (67.23) | 191.09 (91.39) | 154.95 (51.62) | 183.94 (78.08) | 181.36 (73.31) | Significant Session effect!
222 (1.24) 1.72 (1.05) 1.64 (1.08) 1.96 (.88) 1.71 (1.11) | No significant effect
99.94 (16.65) | 122.95 (50.03) | 100.89 (38.39) | 123.13 (38.19) | 116.44 (44.89) | Significant Session effect!

'Scores after the intervention indicated better performance

*Both cycling groups having better performance overall.

*Both cycling groups had better performance than the controls after the intervention

*Only the e-bike participants had better performance after the intervention compared to controls.

NB. The non-cycling control group, e-bike and pedal cyclists did not significantly differ on any of the test measures at baseline (see S1 File).

https://doi.org/10.1371/journal.pone.0211779.t1004

Memory measures

There was no group, session or interaction effect on the MMSE scores, group effect F(2, 97) =
1.35, p = .264, session effect F(2, 97) = .328, p = .568, interaction F(2, 97) = .616, p = .542. The
CERAD composite did not show an effect of cycling on recall either, group effect F(2, 97) =
.874, p = 420, interaction F(2, 97) = .495, p = .611, which is not surprising given the lower
effect sizes reported for exercise interventions on memory. There was a session effect for the
CERAD composite score, F(2, 97) = 30.84, p = .000, reflecting better performance after the
intervention, £(99) = -5.54, p = .000, 7> = .241, likely due to practice effects.

Spatial function measures

Despite evidence to suggest there are medium effect sizes for spatial function improvement
after exercise [12] and we predicted an increase in this ability in the cycling groups, the
ANOVA demonstrated that there was no interaction or group effect for the Mental Rotation
Task Accuracy, group effect F(2, 97) = .874, p = .420, interaction F(2, 97) = .874, p = .420,
Maze Errors, group effect F(2, 97) = .874, p = .420, interaction F(2, 97) = .874, p = .420, and
Spatial Function Time (Composite of the completion times for the mazes and mental rotation
task), group effect F(2, 97) = .874, p = 420, interaction F(2, 97) = .874, p = .420. Again, there
was a significant session effect in the Spatial Function Time composite indicating the influence
of practice on increased speed from completing the tests again after the intervention, F(2, 97)
=10.62, p =.002, * = .099.
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Table 5. Group (non-cycling controls, e-bike cyclists, pedal cyclists) means (SDs) for psychological wellbeing (PWB), positive and negative affect scale positive
score (PANAS-P) and negative score (PANAS-N), SF-36 mental (SF-36 mental) and physical health (SF-36 physical) and life satisfaction (SL).

Measure Non-Cycling Controls E-bike Cyclists Pedal Cyclists Effects
Before After Before After Before After

PWB 4.83(.56) 4.79(.57) 4.72(.51) 4.81 (.50) 4.81 (.46) 4.92 (.45) | No significant effects

PANAS-P 33.80 (5.94) | 35.12(4.53) | 33.97 (4.94) | 35.90 (4.40) | 36.19 (4.61) | 36.75 (4.25) | Significant Session effect’

PANAS-N 14.35 (4.80) | 14.35 (4.75) | 14.92 (5.94) | 13.91 (4.18) | 12.69 (2.39) | 13.26 (4.01) | Significant Session effect"

SF-36 Mental 79.34 77.91 76.90 81.81 (8.20) 80.61 83.01 Significant Session effect' Marginal Group by Session
(13.45) (11.63) (13.94) (11.89) (10.19) | interaction’

SF-36 73.02 74.70 77.51 81.49 80.49 81.94 Significant Session effect

Physical (17.17) (11.63) (14.52) (13.93) (12.16) (11.24)

SL 25.39 (6.17) | 26.00 (5.63) | 26.50 (4.78) | 27.76 (3.39) | 26.81 (4.73) | 27.69 (4.74) | Significant Session effect!

! Better performance after the intervention for all groups

% E-bike participants had better performance after the intervention compared to controls.

https://doi.org/10.1371/journal.pone.0211779.t005

Well-being and mental health questionnaires

As with spatial function and some of the executive function measures, we predicted to see an
increase in well-being in the cycling groups compared to controls. The ANOVA demonstrated
that there was no interaction, or group effect for the PWB, group effect F(2, 97) = 441, p =
.644, interaction F(2, 97) = 1.48, p = .232, session effect, F(2, 97) = 1.95, p = .166, the SL, group
effect F(2, 97) = 1.03, p = .363, interaction F(2, 97) = .340, p = .713, PANAS positive, group
effect F(2, 97) = 1.95, p = .148, interaction F(2, 97) = 1.01, p = .370 or PANAS negative, group
effect F(2, 97) = 1.52, p = .223, interaction F(2, 97) = 1.22, p =300, and session F(2, 97) = 1.09,
p =.742, (see Table 5 for Ms and SD:s for all well-being measures). There was a session effect
for Positive PANAS items, demonstrating an increase in the positive score in all groups after
the intervention period, F (2, 97) = 8.92, p = .004, 1> = .072. This was also the case for the SL, F
(2,97) = 8.32, p = .005, > = .079.

There was also a marginal interaction between session and group for the mental health
component of the SF-36, F(2,97) = 4.25, p = .017, 112 =.081, with the e-bike cyclists increasing
in this score, #(37) = -3.45, p = .001, but pedal cyclists and non-cycling controls not, #(35) =
1.56, p = .128, t (25) = 1.03, p = .311 (see Fig 4). There was also a significant session effect (with
an increase in their mental health score after the intervention period), F(2, 97) = 5.13, p = .026,
n” = .050, but no group effect, p > .05, F = .78. This interaction was not the case for the physical
health component of this measure but there was a session effect, F(2, 97) = 7.74, p = .007, > =
.072.

We checked the extent to which more time spent cycling was associated with stronger
improvement in cognitive performance. There was no cycling dose effect on any of the mea-
sures that showed improvement from cycling, so more cycling overall did not relate to greater
improvement in cognitive function or well-being (see S3 File).

Discussion

The aim of this study was to investigate the effect of cycling in the outdoor environment on
cognitive function, specifically executive function, and well-being in older adults. Participants
were asked to cycle for at least an hour and a half each week for an eight-week period, either
on a conventional pedal bike or an electrically assisted e-bike. We expected to find increased
accuracy in a number of different executive function tasks and well-being in the cycling groups
after the intervention compared to baseline and the non-cycling control group.
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Fig 4. SF-36 mental health component for the non-cycling controls, e-bike cyclists and pedal cyclists before and
after the intervention. Error bars are +/- 2 SEs.

https://doi.org/10.1371/journal.pone.0211779.9004

In line with our predictions, we found trends for improvement in executive function in the
Stroop task and letter updating task in both cycling groups compared to baseline and the non-
cycling controls. We also found improvement in speed of processing for go trials in the Stop-It
signal task only for e-bike participants during the intervention. Measures of memory and spa-
tial functioning did not show an effect of cycling. Furthermore, we found increases in self-
reported mental health on the SF-36 health survey for only the e-bike cycling group. Despite
strong evidence from previous studies for an increase in well-being after exercise and the
impacts of the outdoor environment on this aspect of mental health, we did not find increases
on the PWB, SL or PANAS questionnaires.

The increase in inhibition and updating suggests that there may be an impact of exercise on
executive function. These results support the notion that even cognitive processes that show
the greatest rate of decline (e.g., executive function, processing speed) remain malleable [3, 4,
5, 6, 9]. The fact that we found effects in the Stroop but not the Eriksen task suggests that these
tasks are tapping into slightly different processes or have different levels of sensitivity, espe-
cially to individual differences, with the latter being more plausible [39]. Hedge et al. (2017)
[39] found that the reliabilities for the Eriksen flanker task measure ranged from .37 to .74.
Change due to a short exercise intervention was demonstrated in the more sensitive tasks of
executive function as per Hedge et al. (2017) [39], namely the Stroop and Letter Updating task,
in the current study.

Executive function aside, exercise has also been shown to increase psychological well-being
[8] and this has the potential to aid maintenance of cognitive function as low well-being and
depression have been linked to poor cognitive function (e.g., [15, 40]). We found an increase
in the mental health component of the SF-36 for e-bike participants, but not an increase in
well-being on the PWB or SL, or positive affect measured by the PANAS for either cycling
group. This was surprising as cycling participants highlighted an increase in their mood and
satisfaction from cycling regularly during the intervention through their diary entries. It may
be that these measures are not sensitive to change over time since they are designed to capture
trait elements that are unlikely to vary, especially over the short period of the intervention, or
even as a function of the intervention (e.g., [41]). The mental health component of the SF-36
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captures individual’s responses to how much any emotional problems have interfered with
their daily and social activities, rather than their subjective opinion on their psychological
well-being. This survey has demonstrated high sensitivity and convergent validity for mental
health issues [42]. Therefore, the SF-36 may be more proficient at detecting change over, even
short periods of, time [42] compared to those measures that we employed that identify more
stable traits (e.g., PWB).

An online exit survey was also conducted several months after their trial had finished, gaug-
ing the extent to which participants were still engaged in cycling; completed by 73 participants.
As participants did not all complete the trial at the same time, participants completed this exit
interview at different points in relation to trial completion. Over two-thirds thought that their
wellbeing had improved a little or a lot compared to before they took part in the trial and that
they had become more physically active. Also, 58% reported that they had cycled and intended
to increase or maintain their level of cycling, and a further 27% reported that they had stopped
but were actively planning to start cycling again.

Importantly, we showed an equal (if not larger) effect for the e-bike group as well as the
pedal cyclists on measures of executive function and well-being. This suggests that it is not just
the physical activity component of cycling that aids executive function. E-bikes require less
physical exertion than the pedal bikes and often are more rewarding for participants to cycle as
they can travel longer distances without having to worry about not being able to get back,
cover greater distance in less time, enable coping with physical ailments that make ordinary
pedal cycling challenging and encourage more cycling time (as demonstrated by our e-bike
participants on average spending longer cycling each week on average). In addition, the nov-
elty of being provided with an e-bike may have increased any effect on cognitive function and
well-being. Increasing older adults’ independence and mobility, reducing isolation and depres-
sion, is likely to have a positive impact on their mental health and cognitive function [43].

We also note that there are limitations to the current study. Due to its high ecological valid-
ity, participants cycling in the natural environment at their own discretion, some participants
cycled above and beyond that which was required, whereas others just met the required cycling
time each week thus adding variability to the data. The control group also, as mentioned previ-
ously, increased their physical activity somewhat due to this being monitored, which may have
reduced the sensitivity of the effects we found of cycling on cognitive function. Furthermore,
we did not employ a more objective measure of change in fitness, such as oxygen uptake (VO?
max).

In summary, we found that cycling over an eight-week period showed trends for improving
a number of different executive functions, particularly updating and inhibition as well as pro-
cessing speed for e-bike participants. As e-bike participants benefitted as much (if not more)
than pedal cyclists, this suggests that it is not just the physical component of the activity but a
number of different aspects of cycling that can improve cognition and mental health, e.g.,
engagement with the outdoor environment, independence and mobility. We did not find
changes, however, in psychological well-being, which may be due to little change on these
measures over the intervention period but we did see trends in the expected direction, particu-
larly pronounced for the mental health component of the SF-36.

E-bikes certainly have the potential to re-engage older adults with cycling and provide a
great opportunity to increase physical activity and engagement with the outdoor environment.
Cycling in general appears to improve some aspects of cognitive function and mental health,
however, controlled trials with more sensitive executive function and well-being tasks are
required to determine the extent of these effects and to quantify the individual contributions
of each component (e.g., physical activity, outdoor engagement, independence, mobility) to
cognitive and well-being improvements in older adults.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211779  February 20, 2019 14/17


https://doi.org/10.1371/journal.pone.0211779

®PLOS | one

Cycling, cognitive function and well-being in older adults

Supporting information

S1 Table. Executive function correlations. Correlations between the Executive Function
Measures.
(DOCX)

S2 Table. Spatial function correlations. Correlations between the Spatial Function Measures.
(DOCX)

$3 Table. Memory measure correlations. Correlations between the Memory Measures.
(DOCX)

S1 File. Supporting information 1 file. Baseline group differences.
(DOCX)

S2 File. Supporting information. Data File
(XLSX)

S3 File. Supporting information 3 file. Linear regression on the change scores.
(DOCX)

S1 Fig. Supplementary Fig 1. Stimuli used for the Mental Rotation Task and Maze Comple-
tion Task.
(JPG)

Author Contributions
Conceptualization: Tim Jones, Carien M. van Reekum.

Data curation: Louise-Ann Leyland, Ben Spencer, Nick Beale, Tim Jones, Carien M. van
Reekum.

Formal analysis: Louise-Ann Leyland, Carien M. van Reekum.

Funding acquisition: Tim Jones, Carien M. van Reekum.

Investigation: Louise-Ann Leyland, Ben Spencer, Tim Jones, Carien M. van Reekum.
Methodology: Louise-Ann Leyland, Ben Spencer, Tim Jones, Carien M. van Reekum.

Project administration: Louise-Ann Leyland, Ben Spencer, Nick Beale, Tim Jones, Carien M.
van Reekum.

Resources: Nick Beale, Tim Jones, Carien M. van Reekum.
Supervision: Tim Jones, Carien M. van Reekum.
Writing - original draft: Louise-Ann Leyland.

Writing - review & editing: Louise-Ann Leyland, Ben Spencer, Nick Beale, Tim Jones, Carien
M. van Reekum.

References

1. World Health Organisation. World Report on Ageing and Health. 2015 Available from: http://apps.who.
int/iris/bitstream/10665/186463/1/9789240694811_eng.pdf?ua=1

2. Rowe JW, Kahn RL. Human aging: Usual and successful. Science. 1987; 237: 143—-149. https://doi.
org/10.1126/science.3299702 PMID: 3299702

3. Erickson KI, Kramer AF. Aerobic exercise effects on cognitive and neural plasticity in older adults. Br J
Sports Med. 2008; 43: 22—24, https://doi.org/10.1136/bjsm.2008.052498 PMID: 18927158

PLOS ONE | https://doi.org/10.1371/journal.pone.0211779  February 20, 2019 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211779.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211779.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211779.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211779.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211779.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211779.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211779.s007
http://apps.who.int/iris/bitstream/10665/186463/1/9789240694811_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/186463/1/9789240694811_eng.pdf?ua=1
https://doi.org/10.1126/science.3299702
https://doi.org/10.1126/science.3299702
http://www.ncbi.nlm.nih.gov/pubmed/3299702
https://doi.org/10.1136/bjsm.2008.052498
http://www.ncbi.nlm.nih.gov/pubmed/18927158
https://doi.org/10.1371/journal.pone.0211779

®PLOS | one

Cycling, cognitive function and well-being in older adults

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Yaffe K, Fiocco AJ, Lindquist K, Vittinghoff E, Simonsick EM, Newman AB, et al. Predictors of maintain-
ing cognitive function in older adults: The health ABC study. Neurology. 2009; 72: 2029-2035. https://
doi.org/10.1212/WNL.0b013e3181a92c36 PMID: 19506226

Erickson Kl, Voss MW, Prakash RS, Basak C, Szabo A, Chaddock L., et al. Exercise training increases
size of hippocampus and improves memory. Proc Natl Acad Sci USA. 2011; 108: 3017-22. https://doi.
org/10.1073/pnas.1015950108 PMID: 21282661

Thomas AG, Dennis A, Rawlings NB, Stagg CJ, Matthews L, Morris M, et al. Multi-modal characteriza-
tion of rapid anterior hippocampal volume increase associated with aerobic exercise. Neurolmage.
2016; 131: 162—170. https://doi.org/10.1016/j.neuroimage.2015.10.090 PMID: 26654786

Karp A, Paillard-Borg S, Wang H-X, Silverstein M, Winblad B, Fratiglioni L. Mental, physical and social
components in leisure activities equally contribute to decrease dementia risk. Dement Geriatr Cogn Dis-
ord. 206; 21: 65-73. https://doi.org/10.1159/000089919 PMID: 16319455

Vaynman S, Gomez-Pinilla F. Revenge of the "sit": How lifestyle impacts neuronal and cognitive health
through molecular systems that interface energy metabolism with neuronal plasticity. J Neurosci Res.
2006; 84:699-715. https://doi.org/10.1002/jnr.20979 PMID: 16862541

Wilson RS, Beckett LA, Barnes LL, Schneider JA, Bach J, Evans DA, et al. Individual differences in
rates of change in cognitive abilities of older persons. Psychol Aging. 2002; 17: 179-193. PMID:
12061405

Colcombe S, Kramer AF. Fitness effects on the cognitive function of older adults: A meta-analytic study.
Psychol Sci. 2003; 14: 125-30. https://doi.org/10.1111/1467-9280.t101-1-01430 PMID: 12661673

Shallice T. Multiple levels of control processes. In: Umilta C, Moscovitch M, editors. Attention and per-
formance XV. Cambridge, MA: MIT Press; 1996. p. 395-420.

West R. An application of prefrontal cortex function theory to cognitive aging. Psychol Bull. 1996; 120:
272-292. https://doi.org/10.1037/0033-2909.120.2.272 PMID: 8831298

Kramer AF, Hahn S, Cohen NJ, Banich MT, McAuley E, Harrison CR, et al. Aging, fitness, and neuro-
cognitive function. Nature. 1999; 400: 418-19. https://doi.org/10.1038/22682 PMID: 10440369

Guiney H, Lucas SJE, Cotter JD, Machado L. Evidence cerebral blood-flow regulation mediates exer-
cise-cognition links in healthy young adults. Neuropsychology. 2015; 29: 1-9. https://doi.org/10.1037/
neu0000124 PMID: 25068671

Allerhand M, Gale CR, Deary IJ. The dynamic relationship between cognitive function and positive well-
being in older people: A prospective study using the English longitudinal study of aging. Psychol Aging.
2014; 29: 306-318. https://doi.org/10.1037/a0036551 PMID: 24955999

Netz Y, Wu MJ, Becker BJ, Tenenbaum G. Physical activity and psychological well-being in advanced
age: A meta-analysis of intervention studies. Psychol Aging. 205; 20: 272—-284. https://doi.org/10.1037/
0882-7974.20.2.272 PMID: 16029091

Ruuskanen JM, Ruoppila I. Physical Activity and Psychological Well-being among People Aged 65 to
84 Years. Age Ageing. 1995; 24: 292—-296, https://doi.org/10.1093/ageing/24.4.292 PMID: 7484485

Abraham A, Sommerhalder K, Abel T. Landscape and well-being: A scoping study on the health-pro-
moting impact of outdoor environments. Int J Public Health. 2010; 55: 59-69. https://doi.org/10.1007/
s00038-009-0069-z PMID: 19768384

Wells NM. At home with nature: Effects of “greenness” on children’s cognitive functioning. Environ
Behav. 2000; 32: 775-795. https://doi.org/10.1177/00139160021972793

Pretty J, Peacock J, Hine R, Sellens M, South N, Griffin M. Green exercise in the UK countryside:
Effects on health and psychological well-being and implications for policy and planning. Journal of Envi-
ronmental Planning and Management. 2007; 50: 211-31

Maguire EA., Gadian DG, Johnsrude IS, Good CD, Ashburner J, Frackowiak RS et al. Navigation-
Related Structural Change in the Hippocampi of Taxi Drivers. Proc Natl Acad Sci USA. 2000; 97:
4398-4083. https://doi.org/10.1073/pnas.070039597 PMID: 10716738

Shao Z, Janse E, Visser K, Meyer AS. What do verbal fluency tasks measure? Predictors of verbal flu-
ency performance in older adults. Front Psychol. 2014; 5: 1-10. https://doi.org/10.3389/fpsyg.2014.
00001

Miyake A, Friedman NP, Emerson MJ, Witzki AH, Howerter A, Wager TD. The unity and diversity of
executive functions and their contributions to complex “frontal lobe” tasks: A latent variable analysis.
Cogn Psychol. 2000; 41: 49—100. https://doi.org/10.1006/cogp.1999.0734 PMID: 10945922

Morris N, Jones DM. Memory updating in working memory: The role of the central executive. Br J Psy-
chol. 1990; 81: 111-121, https://doi.org/10.1111/1.2044-8295.1990.tb02349.x

Stroop JR. Studies of interference in serial verbal reactions. J Exp Psychol. 1935; 18: 643-662. https:/
doi.org/dx.doi.org/10.1037/h0054651

PLOS ONE | https://doi.org/10.1371/journal.pone.0211779  February 20, 2019 16/17


https://doi.org/10.1212/WNL.0b013e3181a92c36
https://doi.org/10.1212/WNL.0b013e3181a92c36
http://www.ncbi.nlm.nih.gov/pubmed/19506226
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.1073/pnas.1015950108
http://www.ncbi.nlm.nih.gov/pubmed/21282661
https://doi.org/10.1016/j.neuroimage.2015.10.090
http://www.ncbi.nlm.nih.gov/pubmed/26654786
https://doi.org/10.1159/000089919
http://www.ncbi.nlm.nih.gov/pubmed/16319455
https://doi.org/10.1002/jnr.20979
http://www.ncbi.nlm.nih.gov/pubmed/16862541
http://www.ncbi.nlm.nih.gov/pubmed/12061405
https://doi.org/10.1111/1467-9280.t01-1-01430
http://www.ncbi.nlm.nih.gov/pubmed/12661673
https://doi.org/10.1037/0033-2909.120.2.272
http://www.ncbi.nlm.nih.gov/pubmed/8831298
https://doi.org/10.1038/22682
http://www.ncbi.nlm.nih.gov/pubmed/10440369
https://doi.org/10.1037/neu0000124
https://doi.org/10.1037/neu0000124
http://www.ncbi.nlm.nih.gov/pubmed/25068671
https://doi.org/10.1037/a0036551
http://www.ncbi.nlm.nih.gov/pubmed/24955999
https://doi.org/10.1037/0882-7974.20.2.272
https://doi.org/10.1037/0882-7974.20.2.272
http://www.ncbi.nlm.nih.gov/pubmed/16029091
https://doi.org/10.1093/ageing/24.4.292
http://www.ncbi.nlm.nih.gov/pubmed/7484485
https://doi.org/10.1007/s00038-009-0069-z
https://doi.org/10.1007/s00038-009-0069-z
http://www.ncbi.nlm.nih.gov/pubmed/19768384
https://doi.org/10.1177/00139160021972793
https://doi.org/10.1073/pnas.070039597
http://www.ncbi.nlm.nih.gov/pubmed/10716738
https://doi.org/10.3389/fpsyg.2014.00001
https://doi.org/10.3389/fpsyg.2014.00001
https://doi.org/10.1006/cogp.1999.0734
http://www.ncbi.nlm.nih.gov/pubmed/10945922
https://doi.org/10.1111/j.2044-8295.1990.tb02349.x
https://doi.org/dx.doi.org/10.1037/h0054651
https://doi.org/dx.doi.org/10.1037/h0054651
https://doi.org/10.1371/journal.pone.0211779

®PLOS | one

Cycling, cognitive function and well-being in older adults

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Verbruggen F, Logan GD, Stevens MA. STOP-IT: Windows executable software for the stop-signal par-
adigm. Behav Res Methods. 2008; 40: 479-483. https://doi.org/10.3758/brm.40.2.479 PMID:
18522058

Eriksen BA, Eriksen CW. Effects of noise letters upon identification of a target letter in a non- search
task. Percept Psychophys. 1974; 16: 143—149. https://doi.org/10.3758/bf03203267

Morris JC, Heyman A, Mohs RC, Hughes JP, van Belle G, Fillenbaum G, et al. The Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD). Part |. Clinical and neuropsychological assess-
ment of Alzheimer’s disease. Neurology. 1989; 39: 1159-65. https://doi.org/10.1212/WNL.39.9.1159
PMID: 2771064

Folstein MF, Folstein SE, McHugh PR. Mini-mental state. A practical method for grading the cognitive
state of patients for the clinician. J Psychiatr Res. 1975; 12: 189-198. https://doi.org/10.1016/0022-
3956(75)90026-6 PMID: 1202204

Hertzog C, Vernon MC, Rypma B. Age differences in mental rotation task performance: The influence
of speed/accuracy tradeoffs. J Gerontol. 1993; 3: 150-156.

Heil M, RoEsler F, Link M, Bajric J. What is improved if a mental rotation task is repeated—the efficiency
of memory access, or the speed of a transformation routine? Psychol Res. 1998; 61: 99-106. PMID:
9689906

Kosslyn SM, Digirolamo GJ, Thompson WL, Alpert NM. Mental rotation of objects versus hands: Neural
mechanisms revealed by positron emission tomography. Psychophysiology. 1998; 35: 151-161.
https://doi.org/10.1111/1469-8986.3520151 PMID: 9529941

Ryff CD. Psychological well-being in adult life. Curr Dir Psychol Sci. 1995; 4: 99-10. https://doi.org/10.
1111/1467-8721.ep10772395

Diener E, Emmons RA, Larsen RJ, Griffin S. The satisfaction with life scale. J Pers Assess. 1985; 49:
71-75. https://doi.org/10.1207/s15327752jpa4901_13 PMID: 16367493

Watson D, Clark LA, Tellegen A. Development and validation of brief measures of positive and negative
affect: The PANAS scales. J Pers Soc Psychol. 1988; 54: 1063—1070. https://doi.org/10.1037/0022-
3514.54.6.1063 PMID: 3397865

Ware JE, Sherbourne CD. The MOS 36-Item Short-Form Health Survey (SF-36): I. Conceptual Frame-
work and Item Selection. Med Care. 1992; 30: 473-483. https://doi.org/10.1007/BF03260127 PMID:
1593914

Washburn RA, Smith KW, Jette AM, Janney CA. The physical activity scale for the elderly (PASE):
Development and evaluation. J Clin Epidemiol. 1993; 46: 153—-62. https://doi.org/10.1016/0895-4356
(93)90053-4 PMID: 8437031

Spencer B, Jones T. Leyland L-A, van Reekum C, Beale N. ‘Instead of “closing down” at our ages. ...
we're thinking of exciting and challenging things to do’: Older people’s microadventures outdoors on (e-)
bikes. Journal of Adventure Education & Outdoor Learning. Forthcoming 2018.

Hedge C, Powell G, Sumner P. The reliability paradox: Why robust cognitive tasks do not produce reli-
able individual differences. Behav Res Methods. 2017; 1-21. https://doi.org/10.3758/s13428-015-
0685-x

McDermott LM, Ebmeier KP. A meta-analysis of depression severity and cognitive function. J Affect
Disord. 2009; 119: 1-8. https://doi.org/10.1016/j.jad.2009.04.022 PMID: 19428120

Chamberlain K, Zika S. Stability and change in subjective well-being over short time periods. Soc Indic
Res. 1992; 26: 101-117. https://doi.org/dx.doi.org/10.1007/BF00304394

McHorney CA, Ware JE, Raczek AE. The MOS 36-item Short-Form health survey (SF-36): II. Psycho-
metric and clinical tests of validity in measuring physical and mental health constructs. Med Care. 1993;
31: 247-263. https://doi.org/10.1097/00005650-199303000-00006 PMID: 8450681

Spinney JEL, Scott DM, Newbold KB. Transport mobility benefits and quality of life: A time-use perspec-
tive of elderly Canadians. Transp Policy (Oxf). 2009; 16: 1—11. https://doi.org/10.1016/j.tranpol.2009.
01.002

PLOS ONE | https://doi.org/10.1371/journal.pone.0211779  February 20, 2019 17/17


https://doi.org/10.3758/brm.40.2.479
http://www.ncbi.nlm.nih.gov/pubmed/18522058
https://doi.org/10.3758/bf03203267
https://doi.org/10.1212/WNL.39.9.1159
http://www.ncbi.nlm.nih.gov/pubmed/2771064
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1016/0022-3956(75)90026-6
http://www.ncbi.nlm.nih.gov/pubmed/1202204
http://www.ncbi.nlm.nih.gov/pubmed/9689906
https://doi.org/10.1111/1469-8986.3520151
http://www.ncbi.nlm.nih.gov/pubmed/9529941
https://doi.org/10.1111/1467-8721.ep10772395
https://doi.org/10.1111/1467-8721.ep10772395
https://doi.org/10.1207/s15327752jpa4901_13
http://www.ncbi.nlm.nih.gov/pubmed/16367493
https://doi.org/10.1037/0022-3514.54.6.1063
https://doi.org/10.1037/0022-3514.54.6.1063
http://www.ncbi.nlm.nih.gov/pubmed/3397865
https://doi.org/10.1007/BF03260127
http://www.ncbi.nlm.nih.gov/pubmed/1593914
https://doi.org/10.1016/0895-4356(93)90053-4
https://doi.org/10.1016/0895-4356(93)90053-4
http://www.ncbi.nlm.nih.gov/pubmed/8437031
https://doi.org/10.3758/s13428-015-0685-x
https://doi.org/10.3758/s13428-015-0685-x
https://doi.org/10.1016/j.jad.2009.04.022
http://www.ncbi.nlm.nih.gov/pubmed/19428120
https://doi.org/dx.doi.org/10.1007/BF00304394
https://doi.org/10.1097/00005650-199303000-00006
http://www.ncbi.nlm.nih.gov/pubmed/8450681
https://doi.org/10.1016/j.tranpol.2009.01.002
https://doi.org/10.1016/j.tranpol.2009.01.002
https://doi.org/10.1371/journal.pone.0211779

