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ABSTRACT

Background
Sedentary behaviour has been associated with impaired cognition, whereas exercise can

acutely improve cognition.

Objectives
We compared the effects of a morning bout of moderate-intensity exercise, with and without

subsequent light-intensity walking breaks from sitting, on cognition in older adults.

Methods

Sedentary overweight/obese older adults with normal cognitive function (n=67; 67+7 years;
31.2+4.1 kg/m?), completed three conditions (6-day washout): SIT: uninterrupted sitting (8hr,
control); EX+SIT: sitting (1hr), moderate-intensity walking (30min), uninterrupted sitting
(6.5hr); EX+BR: sitting (1hr), moderate-intensity walking (30mins), sitting interrupted every
30 minutes with 3 minutes of light-intensity walking (6.5hrs). Cognitive testing (Cogstate)
was completed at 4 time points assessing: psychomotor function; attention; executive
function; visual learning; and working memory. Serum brain-derived neurotrophic growth
factor (BDNF) was assessed at 6 time points. The 8-hour net area under the curve (AUC) was

calculated for each outcome.

Results
Working memory net AUC (z-score-hr +SEM) was improved in EX+BR (+28+28), relative to
SIT (-25£28, p=0.04 vs. EX+BR). Conversely, executive function net AUC was improved in

EX+SIT (-8£32) relative to SIT (-80£32, p=0.02 vs. EX+SIT). Serum BDNF net AUC



(ng-hr-mLt+SEM) was increased in both EX (+171+317) and EX+BR (+139+316), relative

to SIT (-227+318; p<0.05 vs. EX or EX+BR).

Conclusion

A morning bout of moderate-intensity exercise increases cognitive performance and serum
BDNF over 8-hours in older adults, relative to uninterrupted sitting. However, interrupting
post-exercise sitting with intermittent walking may influence which aspect of cognition is

improved.
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INTRODUCTION

Slowing cognitive decline to prevent dementia is a priority in the context of global trends of
population ageing. [1] Ageing is the primary risk factor for dementia and is associated with an
increased prevalence of modifiable risk factors associated with accelerated cognitive decline
and progression to dementia such as obesity, hypertension, hyperlipidaemia and physical
inactivity.[1-3] As older adults with cardiovascular risk factors have an increased risk for
dementia, testing strategies that might improve cognitive performance and brain health in this
population is a priority. Moderate-to-vigorous intensity physical activity (MVPA) is well
studied in this regard for its ability to acutely improve cognitive performance, [4,5] and
stimulate molecular mechanisms that enhance learning and memory such as brain derived
neurotrophic growth factor (BDNF).[6] However, MVPA has been shown to occupy ~5% of
the waking day in older adults.[7-9] The majority of waking time is spent in sedentary
behaviour, defined by a low energy expenditure (<1.5 metabolic equivalents) in a sitting or
reclining position.[10] In some studies,[11,12] sedentary time, particularly sitting
accumulated in prolonged periods, is associated with all-cause mortality after adjustment for
MVPA. In addition, there is emerging epidemiological evidence of an inverse association

between prolonged periods of sitting and cognitive performance.[13,14]

Breaking up prolonged sitting with intermittent activity, usually of a light-intensity, can have
a beneficial impact on multiple systems relevant to brain health. These include, carbohydrate
and lipid metabolism,[15,16] blood pressure,[17,18] vascular function,[19,20]
coagulation,[21] and sympathetic function.[18] Breaking up prolonged sitting may also
acutely reduce fatigue,[22] increase cerebral blood flow velocity,[23] and improve cognitive

performance.[24] Despite the potential cognitive benefits of breaking up sitting, no studies, to



our knowledge, have investigated the combined effect of an acute exercise bout with

subsequent breaks in sitting.

In a randomised crossover trial, we examined the effects of acute exercise with or without
breaks in sitting, on multiple aspects of cognition and concentration of serum BDNF in older
adults at increased risk for developing dementia. It was hypothesized that a continuous (30
minute) bout of moderate-intensity exercise would improve cognition compared with
uninterrupted sitting. It was also hypothesized that the magnitude of improvement in
cognition following moderate-intensity exercise would be greater when combined with

intermittent light-intensity breaks in sitting, relative to uninterrupted sitting.

METHODS

The detailed methods of this study have previously been described,[25] and full inclusion and
exclusion criteria and participant medication usage are provided in the supplemental material
(Table S1 and S2). Men and postmenopausal women (>55 to <80 years; body mass index >25
kg-m to <45 kg-m2) were recruited from the local community and tested at two sites: the
Physical Activity Laboratory, Baker Heart and Diabetes Institute, Melbourne, Australia; and,
the Human Cardiovascular Exercise Research Laboratory, School of Human Sciences
(Exercise and Sport Science), The University of Western Australia (UWA), Perth, Australia.
Recruitment occurred between February 2015 and July 2017. Participants gave informed

consent prior to taking part.



Study Design

Participants completed three conditions, in random order, with a minimum six day washout
between conditions: SIT: uninterrupted sitting (8hrs, control); EX+SIT: sitting (1hr),
moderate-intensity walking (30mins), uninterrupted sitting (6.5hrs); EX+BR: sitting (1hr),
moderate-intensity walking (30mins), sitting interrupted every 30 minutes with 3 minutes of
light-intensity walking (6.5hrs). A familiarisation session was completed 3 to 5 days prior to
testing, where participants were familiarized with cognitive testing and treadmill walking.
During the 48 hours prior to testing, participants were instructed to avoid caffeine, alcohol
and moderate-to-vigorous physical activity. Food was controlled from the night before testing
were participants consumed a standardised dinner at home between 7pm and 9pm in place of
their regular dinner. This meal was tailored for each participant to meet 33% of estimated
daily energy requirements with a macronutrient profile of 55-58% carbohydrate, 29-31% fat

and 12—-15% protein as previously described.[25]

Exercise

Participants were instructed to avoid getting out of the chair except to void, or to complete the
predetermined treadmill walking in EX+SIT and EX+BR. The 30-minute moderate-intensity
exercise bout in EX+SIT and EX+BR was performed on a treadmill at the same
predetermined speed and incline for both conditions. The speed was set at 3.2km-ht which
was a walking pace for all participants, and the incline was tailored to induce a heart rate
(HR) response indicative of moderate-intensity (HR between 65-75% of age predicted
maximum HR). This incline was determined during the familiarisation session. The three-
minute light intensity walking breaks were 3.2km-h with no incline for all participants. Heart

rate (Polar Electro, Kempele, Finland) and ratings of perceived exertion (RPE scale 6-20;



light intensity 9-11 RPE; moderate-intensity 12-15 RPE) were collected at 5-minute intervals

during the 30-minute bout of exercise and at the end of each three minute walking break.

Experimental day protocol

Participants reported to the laboratory at ~7AM, following an overnight fast (> 10hr) and an
indwelling cannula was inserted into an antecubital. The experiment began at ~8AM with a 1-
hour steady state sitting period where participants completed baseline measures of cognitive
performance. Thereafter, a fasting blood sample was obtained prior to administration of a
standardised breakfast meal. Participants were given 20-minutes to consume breakfast and
lunch, which were standardised in the same way as the standardised dinner. All meals
remained the same for a given participant throughout the study. After breakfast the protocol
was followed according to randomisation (Figure 1). In all conditions, blood for analysis of
brain derived neurotrophic growth factor (BDNF) was collected at six time points and
cognitive testing was assessed at four time points throughout the day. Blood samples were
collected immediately prior to the meals, and immediately following the final cognitive
testing session. While sitting, participants were instructed to read or work quietly on a laptop
and avoid activities which may influence arousal levels such as watching television or making
non-essential phone calls. Participants were supervised to ensure consistent behavior across

each of the study conditions.

Cognitive performance

Cognitive performance is the primary outcome, and was measured on a laptop using a
computerised test battery (Cogstate Ltd. Melbourne, Australia) developed for repeated testing
with minimal practice effects.[26—28] The content of each task was randomised and the test

battery was administered in the following order each time: Groton Maze Learning Test



(executive function); Detection Test (psychomotor function and speed of processing);
Identification Test (attention); One Card Learning Test (visual learning); and a composite of
the One Back Test and Two Back Test (working memory). Total administration time was
approximately 20-25 minutes. Participants were familiarised with the full test battery during

the familiarisation session 3-5 days prior to the first experimental condition.

Blood sampling

Venous blood samples were collected using an indwelling cannula inserted in an antecubital
vein. Serum was collected for the analysis of BDNF which is the secondary outcome.
Samples coagulated for 1 hour at room temperature (22-24 °C), prior to centrifuging at 2000
rpm (931 x g) for 15 min at 4 °C. Supernatants were removed and frozen immediately at —20
°C and subsequently moved to a —80 °C freezer at the end of the condition. Concentration of
BDNF was determined from thawed serum using enzyme-linked immunosorbent assay Kits
(R&D Systems, Wiesbaden, Germany) according to the manufacturer’s instruction. All
samples were assayed by the same lab technician who was blinded to the conditions. Intra-
and inter-assay coefficients of variation were 3.2% and 11.3% respectively. Haematocrit and
haemoglobin were determined from whole blood using a Beckman Coulter LH 785 according
to standard methods, to calculate percent change in change plasma volume pre to post 8-

hours.

Statistical analysis

Power calculations were made in relation to cognitive performance. We estimated based on
recent evidence,[24] an effect size of ~0.40 (Cohen’s d for repeated measures) for exposure of
light-intensity walking breaks on executive function task performance. Sample size

calculations estimated a final sample of 48 participants would be required.[25] The order of



conditions was block randomised and stratified by sex by an independent third party using a
computer generated random sequence and stored in sealed envelopes as previously
outlined.[25] Researchers were unblinded to the order of conditions when familiarisation was
complete and participants were unblinded to the condition after the one hour steady state
period for experimental visits one and two. Raw cognitive scores were standardised to the
mean and standard deviation of baseline values to create a standardised z-score. A higher
standardised z-score denotes a better performance and a lower z-score denotes a worse
performance. A time-by-condition interaction term was included in regression models to
examine the effect of conditions on the 8-hour time course. Marginal means from these
models were used to plot the time course for each outcome. Change across the 8-hour
condition was quantified by calculating net area under the curve (AUC). Specifically, this net
change over the day is the area above baseline minus the area below baseline calculated using
the trapezoidal method. Therefore, a negative net AUC value represents a net decrease across
the day relative to baseline, and vice versa for a positive net AUC value. Following
recommendations on data analysis of cross-over trials,[29] generalized linear mixed models
with random intercepts were used to test the effect of the condition on each outcome. Data
analysis were performed by technicians blinded to the study conditions. All models were
adjusted for age, sex, waist circumference, treatment order, testing site and baseline values.
Cognitive performance was adjusted for years of education as a categorical variable and
BDNF was adjusted for change in plasma volume, calculated from haematocrit and
haemoglobin using the Dill and Costill method.[30] Models with a time-by-condition
interaction term comparing individual time points between conditions were adjusted for
multiple comparisons using a Sidak correction. A probability level of 0.05 was adopted. The
hypothesis that an acute bout of exercise would improve cognitive performance, relative to

prolonged sitting, was tested by combining EX+SIT and EX+BR as one treatment to compare



to SIT. All combinations of individual conditions were compared to test the hypothesis that
the magnitude of improvement in cognition following moderate-intensity exercise would be
greater when combined with intermittent light-intensity breaks from sitting, relative to
uninterrupted sitting. Pearson’s correlations were used to test the association between
cognitive performance and BDNF. Statistical analyses were performed using Stata 15

Windows (StataCorp LP).

RESULTS

Initially, 69 participants were randomised; however 67 completed at least one condition and
65 completed all conditions, due to dropout (Figure 2). Intention-to-treat analysis was
performed on the full data set of 67 participants. Participants were older (67+7 years) adults
who were overweight to obese (31.1+4.1 kg/m?), with a majority being hypertensive (67%).

Participant characteristics are included in Table 1.



Table 1. Participant characteristics

Demographic Baseline
N 67

Sex (female/male) 35/32
Age (years) 677
Body mass index (kg/m?)? 31.2+4.1
Waist circumference (cm)? 105.3+11.9
Hypertension, n (%)?2 45 (67%)
Office systolic blood pressure (mmHg)? 130+14
Office diastolic blood pressure (mmHg)? 77+12
Mini Mental State Exam? 29+1
Years of education 14+3
Fasting glucose (mmol/L)° 5.3+0.7
Fasting insulin (pmol/L)® 50+24
Fasting total cholesterol (mmol/L)° 5.4+1.1
Fasting triglycerides (mmol/L)° 1.4+0.8
Fasting HDL cholesterol (mmol/L)® 1.440.3
Fasting LDL cholesterol (mmol/L)® 3.4+0.8

Data are mean+SD; HDL, high-density lipoprotein cholesterol;
LDL, low-density lipoprotein cholesterol; ®measured during
familiarization visit, hypertension defined as >130 mmHg systolic
or >80 mmHg diastolic according to recent guidelines;[31]

Ymeasured during first experimental visit.



Exercise responses

The initial 30-minute exercise bout induced similar HR and RPE responses (mean+SD) under
each condition (EX+SIT: 109+12bpm, 71+8%HRmax, 11+2 RPE; EX+BR: 109+12bpm,
71+8%HRmax, 11+2 RPE). Average HR and RPE across all 12 walking breaks was

94+2bpm, 61+1%HRmax and 9+0.4 RPE.

Cognitive performance outcomes

When both exercise conditions (EX+SIT and EX+BR combined) were compared to SIT, no
significant differences were observed in the net AUC for tests of attention, psychomotor
function and visual learning. Working memory net AUC (z-score-hr marginal mean +SEM) in
EX+SIT and EX+BR combined (+16+24) trended towards significance relative to SIT (-
22427, p=0.06). Executive function net AUC (z-score-hr marginal mean +SEM) trended
towards significance in EX+SIT and EX+BR combined (-35+27) relative to SIT (-82+31,
p=0.08). When conditions were compared individually, no between-condition differences in
net AUC were observed for tests of attention, psychomotor function or visual learning (Figure
3D, 3E, 3F). However, working memory net AUC was improved in EX+BR relative to SIT
(Figure 4C; p=0.04 SIT vs. EX+BR). Conversely, executive function net AUC was improved
in EX+SIT, relative to SIT (Figure 4D; p=0.02 SIT vs. EX+SIT). In addition to the analysis of
the standardised z-scores, similar results were observed in supplementary analyses of the

unstandardised data (Figure S1 and S2).

Brain derived neurotrophic growth factor (BDNF)

Serum BDNF, analysed as eight-hour net AUC (ng-hr-mL™* marginal mean +SEM) without
correction for change in plasma volume, was significantly higher in both EX (+142+295) and
EX+BR (+185+295), relative to SIT (-329+294, p<0.01 SIT vs. EX+SIT or EX+BR).

Correcting these values for change in plasma volume attenuated differences between



conditions. However, the corrected net AUC was still higher in EX+SIT and EX+BR relative
to SIT (Figure 5B). No significant difference was observed between EX+SIT and EX+BR.

There were no significant correlations between BDNF and cognitive performance outcomes.

DISCUSSION

We examined the effects of a morning bout of moderate-intensity exercise, with or without
subsequent light-intensity walking breaks from sitting on cognitive performance in older
adults who were overweight-to-obese. Our principal findings are that both activity conditions
conferred some cognitive benefit across an 8-hour period, relative to uninterrupted sitting.
While no impacts were apparent in terms of attention, psychomotor function or visual
learning, we observed that a bout of moderate-intensity exercise improved executive function
scores over a subsequent period of prolonged sitting. However, when exercise was combined
with subsequent breaks from sitting, improvements in executive function were attenuated
whilst working memory scores improved. Taken together, these findings suggest that different

patterns of physical activity may improve distinct aspects of cognition.

Prolonged sitting, exercise and cognition

Improvements in both executive function and working memory have previously been
observed following acute and chronic exercise.[4,32] Conversely, it has been demonstrated
that executive function and working memory scores are impaired by prolonged sitting, and
improved by intermittent breaks in prolonged sitting.[24] However, no previous study has
examined the combined effects of exercise, prolonged sitting and breaks in sitting on
cognitive performance in a controlled experimental setting. For working memory, we found
scores improved most when exercise was combined with subsequent breaks in sitting. This

represents an opportunity to optimise the cognitive benefits of a bout of exercise performed at



a level recommended in public health guidelines. Our finding suggests that future studies may
gain insight by studying the combined effects of an exercise bout with prolonged
sitting/breaks in sitting, behaviours which have traditionally been studied in isolation, but

which coexist in the real world.

The finding that post-exercise improvements in executive function were attenuated by the
addition of intermittent light-intensity breaks in sitting was unexpected and rejects our
hypothesis regarding breaks in sitting. While this finding was unexpected, it may not be
extraordinary in the context of previous evidence which has documented an inverted U pattern
of response in cognitive performance with increasing exercise intensity.[4] However, the
distinction is that increasing volume and/or frequency in the current study, more specifically
than intensity, resulted in a pattern of improvement during exercise plus sitting, but
impairment during exercise plus breaks. It may be that interrupting participants every 30-
minutes to walk on a treadmill represented a distraction during the executive function task,
inducing a “cognitive overload” effect. We must consider the possibility that this effect could
be related to the fact that the test of executive function appeared first in the test battery.
During EX+BR, cognitive assessment began approximately two minutes after the last walking
break finished. Had executive function been the last test in the battery, the finding may have
been different. In addition to corroborating our findings, future studies should specifically
manipulate the frequency/volume of walking breaks and the order/variety of cognitive
assessments, in order to build a more robust evidence base on the combined effects of
exercise and sedentary behaviour that may inform optimal strategies for cognitive
performance. In addition, it is worth noting that executive function is generally considered to
have sub-components of which working memory is one. In addition to testing spatial working

memory, the Groton Maze Learning Test for executive function assess learning efficiency and



error monitoring.[33] It is possible that the intervention affected these sub-components of
executive function differently and future studies may gain further insight by testing these sub-

components separately.

Potential mechanisms

Central to mediating the benefits of exercise on synaptic plasticity, learning and memory is
brain derived neurotrophic growth factor (BDNF).[34,35] While the brain is a major source of
BDNF production following exercise,[36] other circulating factors secreted from exercising
muscle such as irisin [37] and cathepsin B,[38] or liver derived B-hydroxybutyrate [39] may
contribute to BDNF expression in the brain. Therefore, BDNF seems to play a central role in
a coordinated response to exercise from multiple organs. In the current study, increased
concentrations of BDNF in both the exercise and exercise plus breaks conditions, relative to
the sitting condition were observed. However, BDNF changes were not significantly
correlated with cognitive outcomes. Disparity exists among studies investigating whether the
effects of acute exercise on cognition are mediated in part by BDNF. In animal models,
acutely increasing [38] or decreasing [38] BDNF improves or impairs cognition respectively.
However, in humans, memory-related cognitive tasks have been correlated with changes in
BDNF but non-memory related tasks are less likely to exhibit such a relationship.[40]
Moreover, peripheral concentrations of BDNF likely do not reflect changes that occur
centrally. We chose to assess BDNF in serum, rather than plasma, since the former provides
an index of both free and platelet-stored BDNF.[41,42] Given the short half-life of free
BDNF, secreted BDNF may be stored by the platelet before it is measured in the plasma. We
also measured haematocrit and haemoglobin pre to post the 8-hour condition to calculate and
adjust for change in plasma volume, which is important in the context of exercise.[43]

However, a more accurate measurement of change across the day could be obtained by more



frequent measures of haematocrit and haemoglobin. The increases in BDNF over 8 hours
demonstrate an effective ‘whole of day’ strategy that could be repeated over weeks or months
with implications for learning and memory. It is also emphasised that such a strategy has
other plausible beneficial effects throughout the body, such as in heart and vasculature,[44]
and even for respiration.[45] This may indirectly benefit brain health by supporting increased

capacity to exercise.

Implications and future directions

Our findings have several potential implications. First, it seems likely that prolonged
uninterrupted sitting should be avoided in order to maintain optimal cognition across the day
in older adults. In addition, our findings may have implications for the design of longer term
exercise interventions seeking to improve aspects of cognitive performance. Such
interventions sometimes demonstrate improved cognition,[46—49] but not always.[50-52] If it
were possible to optimise cognitive performance over a whole day period using different
exercise strategies, this may translate to improved design of exercise interventions. We
demonstrated that for working memory, the benefit of a single bout of exercise was enhanced
by subsequent breaks from prolonged sitting, albeit to the detriment of executive function.
Future studies should focus on whether modifying the volume, frequency or intensity of

active breaks can identify how best to maximise cognitive benefit.

Strengths and limitations

Strengths of our study design include the investigation of exercise and sitting patterns that
reflect different behaviours that occur in society. While many people accumulate high
amounts of sitting, some proportion of these individuals also engage in a daily exercise

routine to a level recommended in public health guidelines. In addition, some guidelines also



recommend reducing and breaking up sitting.[53,54] The current study aimed to test different
combinations of these behaviours, as there have been calls for more evidence in this
area.[55,56] Another strength lies in the selection of multiple cognitive tests reflecting
different aspects of cognition using a validated instrument. There are also limitations. We did
not include a condition involving breaks in sitting only. As previous evidence strongly
supports the cognitive benefits of an acute 30-minute bout of MVPA, our goal was to
ascertain whether the addition of intermittent active breaks, to a single bout of exercise,
further enhanced cognitive outcomes. Practice effects are a potential limitation of cognitive
assessment. However, participants were familiarised with cognitive assessment on a separate
occasion three to five days prior to the first experimental condition. In addition, the order of
conditions was random spreading any remaining practice effect across all conditions. Finally,
our study did not reveal a definitive mechanistic explanation for the observed changes in
cognition. Future studies using techniques such as fMRI or EEG may offer more insight in

this regard.

Summary

For older adults, engaging in a morning bout of moderate-intensity exercise increases brain
derived neurotrophic growth factor and improves cognitive performance over 8 hours, relative
to prolonged sitting. However, the specific aspect of cognition that improves following
exercise may be influenced by whether or not breaks in sitting are also performed. This
suggests that various patterns of physical activity may be used to optimise the daily

maintenance of brain health.



What are the findings?

e A morning bout of moderate-intensity exercise improved executive function over an 8-
hour period in older adults, relative to prolonged sitting.

e When exercise was combined with light-intensity breaks in sitting, working memory
but not executive function was improved, relative to prolonged sitting.

e Exercise with or without subsequent breaks in sitting increased serum brain derived

neurotrophic factor over 8-hours, relative to prolonged sitting.

How might it impact on clinical practice in the future?

e Uninterrupted sitting should be avoided, and moderate-intensity exercise should be
encouraged for the daily maintenance of brain health.
o Different patterns of physical activity may be utilised to enhance distinct aspects of

cognition.
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Figure Legends

Figure 1. Experimental design. Participants completed three conditions in a random order
separated by a minimum of six days. Conditions were: Sitting (SIT): uninterrupted sitting
(8hr, control); Exercise + Sitting (EX+SIT): sitting (1hr), moderate-intensity walking (30min,
denoted by walking figure) followed by uninterrupted sitting (6.5hr); Exercise + Breaks
(EX+BR): sitting (1hr), moderate-intensity walking (30min) followed by sitting (6.5hr)
interrupted every 30 minutes with 3 minutes of light-intensity walking. Walking breaks are

denoted by vertical lines in the EX+BR condition.

Figure 2. Consolidated Standards of Reporting Trials (CONSORT) flow diagram. BMI, body

mass index; ECG, electrocardiogram.



Figure 3. Cogpnitive test scores for attention, psychomotor function and visual learning.
Panels A-C represent attention, psychomotor function and visual learning z-scores,
respectively, displayed as a change from baseline across 8 hours. Panels D-F represent the 8-
hour net area under the curve (AUC) z-scores for attention, psychomotor function and visual
learning z-scores, respectively. In all panels, a positive value on the y-axis denotes an
improved score relative to baseline and vice versa for negative values. The shaded area
represents the moderate-intensity exercise bout performed in exercise+sitting (EX+SIT) and
exercise+breaks (EX+BR). Dotted lines represent the timing of the standardised meals. Data
are marginal means and 95% CI, adjusted for age, sex, waist circumference, years of
education, baseline, treatment order, and testing site. Panels A-C are additionally adjusted for

multiple comparisons.

Figure 4. Cogpnitive test scores for working memory and executive function. Panels A and B
represent the working memory composite and executive function z-scores, respectively,
displayed as a change from baseline across 8 hours. Panels C and D represent the 8-hour net
area under the curve (AUC) z-scores for the working memory composite and executive
function tests, respectively. In all panels, a positive value on the y-axis denotes an improved
score relative to baseline and vice versa for negative values. The shaded area represents the
moderate-intensity exercise bout performed in exercise+sitting (EX+SIT) and
exercise+breaks (EX+BR). Dotted lines represent the timing of the standardised meals. Data
are marginal means and 95% CI, adjusted for age, sex, waist circumference, years of
education, baseline, treatment order, and testing site. Panels A and B are additionally adjusted

for multiple comparisons. *p<0.05 vs. sitting (SIT), **p<0.01 vs. SIT.



Figure 5. Serum brain derived neurotrophic growth factor (BDNF). Data are marginal means
+ SEM. Panel A represents the concentration of BDNF across 8 hours. Panel B represents the
concentration of BDNF as the 8-hour net AUC, relative to the baseline measure in that
condition. The shaded area represents the moderate-intensity exercise bout performed in
exercise+sitting (EX+SIT) and exercise+breaks (EX+BR). Dotted lines represent the timing
of the standardised meals. Data are marginal means and 95% CI, adjusted for age, sex, waist
circumference, change in plasma volume, baseline, treatment order and testing site. Panel A

is additionally adjusted for multiple comparisons. ***p<0.001 vs. sitting (SIT).



