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Abstract. Brain-derived neurotrophic factor (BDNF) has a central role in brain plasticity by mediating changes in cortical
thickness and synaptic density in response to physical activity and environmental enrichment. Previous studies suggest that
physical exercise can augment BDNF levels, both in serum and the brain, but no other study has examined how different
types of activities compare with physical exercise in their ability to affect BDNF levels. By using a balanced cross over
experimental design, we exposed nineteen healthy older adults to 35-minute sessions of physical exercise, cognitive training,
and mindfulness practice, and compared the resulting changes in mature BDNF levels between the three activities. We show
that a single bout of physical exercise has significantly larger impact on serum BDNF levels than either cognitive training
or mindfulness practice in the same persons. This is the first study on immediate BDNF effects of physical activity in older
healthy humans and also the first study to demonstrate an association between serum BDNF responsivity to acute physical
exercise and working memory function. We conclude that the BDNF increase we found after physical exercise more probably
has a peripheral than a central origin, but that the association between post-intervention BDNF levels and cognitive function
could have implications for BDNF responsivity in serum as a potential marker of cognitive health.
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INTRODUCTION

Aging is often associated with cognitive decline,
but with large variation between individuals [1]. Age
is also the primary risk factor for brain diseases that
can severely and progressively impair cognitive func-
tioning [2]. Consequently, with a rapidly growing
proportion of elderly citizens worldwide, the increas-
ing prevalence of cognitive impairment and dementia
has become a major societal challenge, indicating
a strong need for preventive strategies [3].

Although no medication exists to effectively halt
or reverse the neuropathological progress of the most
common dementia diseases, including Alzheimer’s
disease, epidemiological association studies sug-
gest that a number of lifestyle factors, including
physical exercise, education, and a generally active
lifestyle, may reduce the long-term risk of cognitive
impairment and dementia [4]. Recent evidence from
randomized intervention studies in older humans are
consistent with some of these results by showing that
both physical exercise [5, 6] and cognitive training
[7, 8] may have beneficial effects on cognition [9].
In the first multidomain intervention study, a com-
bination of physical and cognitive training, along
with nutritional guidance and control of cardiovascu-
lar risk factors, improved cognitive performance over
a two-year period in older adults at risk of developing
dementia [10].

In the related field of environmental enrichment,
several animal experiments have reported increased
cortical thickness [11] and density [12] resulting
from exposure to environmental enrichment [13].
Such effects are commonly regarded as manifesta-
tions of neuroplasticity, a commonly used concept
to account for the brain’s ability to adapt itself
to experience. Neural processes that reflect plas-
ticity include modification of existing synapses,
formation of new synapses, and neurogenesis. Neu-
roplasticity is thereby the reflection of learning
processes at the neural level and a prerequisite for
the ability to develop new behavior repertoires in
response to changing environmental conditions [13].
Neuroplasticity is also important to counteract neg-
ative cognitive consequences of age-related changes
and neuropathologies, and also for neurogenesis in
the aging brain [14]. Several studies suggest that
brain-derived neurotrophic factor (BDNF) may play
a central role in neuroplasticity; animal experiments
suggest that environmental enrichment, including
environmental variation [15], physical exercise [16],
and social enrichment [17] can result in elevated

BDNF levels in the brain, that in turn has been asso-
ciated with positive effects on memory and learning
ability [18]. Some studies have demonstrated that
physical exercise can also upregulate BDNF gene
expression in rodent brains, especially in the hip-
pocampal area [19, 20]. Other studies have found
that cognitive activity may have a similar influence
on BDNF gene expression in the brain; Tokuyama
et al. [21] reported that a paired-associate learning
task promoted increased expression of BDNF in mon-
keys, especially in inferior temporal areas [21], and
Yamada et al. [22] found increased BDNF expres-
sion in the rat hippocampus after spatial learning
[22]. Availability of BDNF may also be a prerequi-
site for neurogenesis to result after enrichment [23]
and after physical exercise [24], and also a prerequi-
site for at least some types of learning to occur [25].
Thus, BDNF has been suggested as a key marker of
neural plasticity [18, 26], synaptic growth [27], and
neurogenesis [28–31].

In humans, there is evidence that physical exer-
cise can increase BDNF levels in serum [32], both in
younger [32] and older persons [33], even after a sin-
gle bout of exercise [34–36]. To our knowledge, no
previous studies have investigated how other types
of training can compare with physical exercise in
their capacity to alter BDNF levels. In this study we
directly compared immediate effects on serum lev-
els of BDNF in healthy older humans from a single
session of physical exercise, cognitive training, and
mindfulness practice, performed by the same individ-
uals.Wehypothesizedthatbothphysicalandcognitive
training would increase BDNF levels. Mindfulness
was not only included as a reference, or a control
condition, to the other activities. Several longitudinal
studies have suggested that meditation practice may
have beneficial effects on cognition [37], and specifi-
cally on executive control functions and cortical areas
that underlie them [38], effects for which BDNF has
been suggested as a key mediator [39]. A recent study
found that a combination of yoga and meditation
overa12-weekperiodimprovedvisuospatialmemory,
improvements that were related to parallel changes in
brain connectivity [40]. Some studies have reported
that mindfulness has the ability to reduce stress levels
asmeasuredthroughwithin-subjectdecreases incorti-
sol levels [41], and one study found an inverse relation
between stress and BDNF in the rat hippocampus
[42]. To the extent that mindfulness and the differ-
ent meditation techniques can be considered as related
practiceswith similar effects, these studies suggest the
possibility of a link between mindfulness and BDNF
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levels. Thus, although these studies [38, 39, 41, 42]
constitute only indirect support, we could at least not
exclude the possibility that mindfulness training may
also have the potential to affect BDNF levels.

The relevance of BDNF for brain plasticity and
cognitive function has led several researchers to look
for an association between basal levels of serum
BDNF and either cognitive function [43, 44] or
cognitive impairment in neurodegenerative diseases
[45–47], but the results have been inconsistent. Here,
we compare BDNF basal circulating levels with
BDNF response magnitudes to see if BDNF respon-
sivity and post-intervention levels of BDNF may have
a stronger association with memory function than
basal levels of BDNF.

MATERIALS AND METHODS

Participants

The target group for this study was healthy per-
sons between 65 and 85 years. We recruited a total
of twenty-three prospective volunteers from south
Sweden through advertisements in a local newspa-
per and through contacts with two volunteer senior
organizations. Nineteen fully participated in the
experiment: one was excluded because of poor vision,
and the other three chose not to participate after
having received full information about the experi-
ment. Each of the remaining nineteen was randomly
assigned to one of the possible orders of conditions to
obtain a randomly balanced within-group (crossover)
design. The demographic information of the partici-
pants (Table 1) confirms that our sample was a group
of generally healthy older persons. Mean systolic
blood pressure was mildly elevated (145 mm Hg)

relative to recently recommended values [48], but not
higher than normal for this age group in Sweden [49].

The experiment was carried out at the Health Clinic
at the Linnaeus University in south Sweden and had
been approved by the regional ethical review board
in Linköping (decision dnr 2013/154-31). The study
was carried out in accordance with the approved
guidelines. Each participant had one preparatory
visit and three additional visits to carry out each
of the three interventions. During the preparatory
visit, we informed the participants in detail about
the project, both orally and in writing, and obtained
informed consent. We performed a general health
screen to identify possible medical exclusion crite-
ria, including screening for cognitive impairment,
normal vision and hearing, history of major neu-
rological or psychiatric illness and cardiovascular
disease. The screening procedure included a general
health status questionnaire, the Mini-Mental State
Examination (MMSE) [50] for cognitive status (with
a score of <26 as criterion for exclusion), and a phys-
ical examination by a physician. A physician also
interviewed each person to identify any possible med-
ical obstacles for participation. The purpose of these
investigations was to ensure that each participant was
in good health, and that there was no medical con-
traindication to participating in moderate physical
exercise during 35 minutes. We asked the participants
to complete a questionnaire at home on demograph-
ical information. The participants returned on three
occasions to go through the different training con-
ditions, distributed with a minimum of five days
between them. The preparatory visit took around one
hour and the three following visits lasted around
2.5 hours each, including the 35-minute training
session.

Table 1
Characteristics of participants

Variables Mean value (±SEM) or % (N = 19)

Gender (% female) 57.9
Age (years) 70.8 ± 0.8
Formal education (years) 8.02 ± 1.24
Continued adult education (total time in years) 2.63 ± 0.23
MMSE score (range 0–30) 28.9 ± 0.2
Cognitive performance in Cogmed, average ratio of correct answers 0.72 ± 0.01
Physical activities in daily life. Index score (range 0–40) 19.1 ± 1.2
Systolic blood pressure (mm Hg, average of three measures) 145 ± 2.8
Diastolic blood pressure (mm Hg, average of three measures) 84 ± 1.4
Resting pulse (average of three measures) 75.8 ± 0.8
Self-rated health (1–4, where 4 is best health) 2.53 ± 0.77
Health problems, average index score (0-1 on 35 symptoms) 8.05 ± 1.22

Numbers are mean values with SEM for continuous variables and % participants for the nominal variable (gender).
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Experimental procedure

We used a balanced within-subject crossover
design, meaning that all participants went through
the three different training programs in a sequence
order that had been randomly assigned to each of
them. The duration of each program was identical (35
minutes) and the distribution was automatized by the
use of pre-programmed and/or recorded instructions.
This was accomplished by selection and modification
of exercises we found in three commercially available
applications: (1) physical aerobic exercise at a mod-
erate level by using the interactive Xbox Kinect™
application (http://en.wikipedia.org/wiki/Kinect),
(2) cognitive training through a computerized
working memory training program (Cogmed™,
http://www.cogmed.com/program), and (3) mind-
fulness practice through the use of the Mindfulness
App (http://www.mindapps.se/themindfulnessapp/).
After arrival to the study visit, a trained nurse
informed each participant briefly about the nature
of the exercise in the physical exercise and mind-
fulness conditions, while a psychologist gave the
corresponding information in the cognitive training
condition. Pulse and blood pressure were measured,
the catheter for blood sampling inserted, and the first
blood sample was collected. To get acquainted with
each type of activity in the three different programs,
the person carried out a sample exercise and was
invited to ask any questions. Shortly thereafter, the
intervention started.

Physical exercise

To program and carry out the physical exer-
cises, we used a Swedish translation version of
the EA Sports Active 2™ program on a Microsoft
Xbox360™ game console connected to a Microsoft
Kinect™ accessory and an ordinary TV set. The
Kinect accessory includes a video camera that cap-
tures the movements of the person who is training and
enables the person to see him/herself as a moving
avatar in real time on the TV screen. The partic-
ipants responds with physical actions to complete
challenges presented on the screen, e.g., kicking a ball
that approaches the avatar of the participant on the
screen. Before the exercise we instructed the partici-
pant to make an effort corresponding to score 11–13
on the rating of perceived exertion (RPE) Scale by
Borg [51] and explained the meaning of the differ-
ent scale levels. During the physical exercise, the
effort was monitored by visual observation by a nurse,

and the participants also repeatedly rated their self-
perceived exertion according to the RPE scale. The
participants were told to slow down if they either per-
ceived exertion above score 13 on the RPE scale or
if observations by the nurse during the exercise indi-
cated an effort above the target moderate level, and
to increase the effort if a level below that was indi-
cated. The exercises comprised of rotations of arms,
bending forward, heel lifting, hip rotations, bending
knees, bowing down and jumping up, kicking a ball,
and a step aerobic exercise with music, all according
to the translated instructions in the EA Sports Active
2™ program.

Cognitive training

Cogmed™ is a program designed for working
memory training that was developed by Torkel Kling-
berg at Karolinska Institutet, Sweden. The program
continuously adapts the level of difficulty to the
performance level of the user. It is widely used in
clinical settings and has been validated by several
studies [52]. For this experiment we selected eight
different tasks from the Cogmed™ program enti-
tled “Grid”, “Twist”, “Cube”, “Letters”, “Rotating”,
“Assembly”, “Numbers”, and “Hidden”. In summary,
the first five of these were related to remembering and
indicating a spatial position after a short delay, the
“Assembly” item was related to word building from
presented letters, while the “Number” and “Hidden”
items were both related to reproducing presented
numbers in reverse order. The sequence of items was
repeated until the 35 minutes had passed, usually
between 15 and 20 times depending on how fast each
person responded. We ran the program on an internet-
connected computer and the performance data were
automatically registered on a server.

Mindfulness practice

Mindfulness builds on principles from eastern
meditation practices based on attention and aware-
ness. These principles have been adapted and
popularized in the West under the umbrella term
mindfulness. In our experiment we selected differ-
ent exercises from a commercially available tablet
and mobile phone application, “the Mindfulness
App” (http://www.mindapps.se), and the participant
followed the guided instructions for each exer-
cise through headphones. The exercises were based
on principles from mindfulness-based stress reduc-
tion (MBSR) [53]. The mindfulness condition in

http://en.wikipedia.org/wiki/Kinect
http://www.cogmed.com/program
http://www.mindapps.se/themindfulnessapp/
http://www.mindapps.se
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our experiment comprised a five minute relaxing
“body scan” when the person let the attention wan-
der through the body from top to toe, as guided
by a recorded voice in the application. The body
scan was followed by an exercise where the per-
son attended to breath, mood, thoughts, emotions,
and physical sensations. The general approach in the
instruction was, according to the MBSR type of mind-
fulness practice, to observe these aspects of bodily
and mental processes with a non-judgmental attitude.

Blood collection

For BDNF analysis we collected 8 mL of blood
from a suitable lower arm vein into Vacutainer tubes
at four points in time: immediately before, immedi-
ately after, and at 20 minutes and 60 minutes after
each exercise. The blood samples were kept at room
temperature for 30 min to allow for clotting, and were
then centrifuged at 2000 g for 10 min at 4◦C. Serum
was collected, mixed by inverting, and aliquoted into
0.5 mL Eppendorf tubes. All measurements were per-
formed in the morning hours between 08 a.m. and 12
to minimize impact of natural diurnal variations in
BDNF levels [54]. The time of day was also kept as
similar as possible within participants across the three
conditions.

Serum BDNF analysis

Serum BDNF was measured using a sandwich
enzyme-linked immunosorbent assay (Human BDNF
Quantikine ELISA, DBD00, R&D Systems, Min-
neapolis, MN) according to the manufacturer’s
instructions. The manufacturer of the ELISA kit
we use claims 13% cross-reactivity for recombinant
human pro-BDNF. The Elisa kit we used has a very
low cross-reactivity for proBDNF compared to the
other available ELISA kits (see Polacchini et al. [55]
and Lim et al. [56]),

Briefly, the serum samples were diluted 20-fold
in the supplied assay diluent and assayed against
a standard curve with BDNF concentrations ranging
from 62.5 pg/mL to 4000 pg/mL. Serum samples and
BDNF standards were incubated for 2 hours on the
captured anti-human BDNF coated microplate. Then,
a monoclonal antibody specific for human BDNF
conjugated to horseradish peroxidase was added to
the wells. After a wash step, the supplied tetram-
ethylbenzidine (TMB) substrate solution was added
to the wells and a blue color developed in proportion
to the amount of human BDNF present in the samples.

Color development was stopped with 2 N sulfuric
acid, turning the color in the wells to yellow. The
absorbance was measured at 450 nm with a correc-
tion set at 540 nm on a spectrophotometric microplate
reader (SpectraMax 340PC, Molecular Devices). All
samples were tested in duplicates. Sample BDNF
concentrations were determined by non-linear regres-
sion from the standard curves using GraphPad Prism
v6 (GraphPad, La Jolla, CA). The persons who ran the
analyses were blind to which experimental condition
each sample belonged.

Statistical analyses

The purpose of the three post-intervention mea-
sures was to assess the progression in BDNF levels
after each intervention. As a one-way ANOVA did not
show any significant differences between the three
different post-intervention time points at 0, 20, and
60 minutes after each exercise, we collapsed these
measures in the main calculations to obtain a sin-
gle more robust and representative estimation of the
post-intervention BDNF levels. The within-subject
differences between the BDNF changes in the three
conditions were tested through repeated measures
ANOVA. One set of blood samples was lost, due to
errors in handling, for one person in the mindfulness
condition, limiting the number of participants to 18 in
the repeated ANOVA analysis. The crossover design
with four blood samples from each intervention thus
means that these analyses were based on BDNF val-
ues from a total of 216 blood samples. We used
one-sample t-tests to test the changes within each con-
dition against 0 (N = 19 participants in two conditions
and N = 18 in the mindfulness condition). Finally
we carried out exploratory correlational analyses to
tentatively trace sources of variation in intervention
effects between individuals with a focus on gender
differences, baseline BDNF levels and working mem-
ory performance.

To investigate the effect of gender, we per-
formed a separate mixed ANOVA with gender as
the between-subjects factor and time (pre- ver-
sus post-intervention) as the within-subjects factor.
The relation between baseline BDNF and BDNF
response magnitude was estimated through Pearson
correlations. Because cognitive performance was not
a primary outcome of interest, we did not a pri-
ori regard measurement of cognitive performance
as relevant for our research question. Based on
previous studies, both on the correlation between
BDNF in serum and brain [57] and on BDNF in
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Table 2
Serum BDNF levels before and at three time points after each type of intervention

BDNF levels Before 0 minutes 20 minutes 60 minutes Average post- Average 95% Effect
intervention after after after intervention level change* confidence interval size

(ng/mL (ng/mL (ng/mL (ng/mL (ng/mL (ng/mL Exact (Cohen’s d)
±SEM) ±SEM) ±SEM) ±SEM) ±SEM) ±SEM) p-value

Physical exercise 19.21 22.73 21.73 23.44 22.5 3.29 1.19–5.40 0.75
(N = 19) ±1.17 ±1.17 ±1.2 ±1.38 ±0.99 ±1.00 p = 0.004

Cognitive training 20.06 20.81 19.89 20.12 20.28 0.21 –1.89–2.31 0.05
(N = 19) ±0.95 ±1.35 ±1.35 ±1.13 ±1.03 ±1 p = 0.83

Mindfulness 21.6 20.41 21.76 20.86 21.05 –0.55 –3.23–2.13 –0.10
(N = 18) ±1.58 ±1.48 ±1.05 ±1.74 ±1.26 ±1.27 p = 0.67

Values are mean levels of BDNF at each measure point with standard error of mean (SEM). The 95% confidence interval is for the difference
between the average post-intervention BDNF level (from three measures) and the baseline pre-intervention level immediately before the
intervention started (from paired t-test). Cohen’s d was calculated by dividing the average change with the standard deviation of the change.

serum and cognitive function [43–45], we hypothe-
sized that individual differences in cognitive function
might explain part of the BDNF response variabil-
ity in our sample. As we had indirectly generated
a measure of working memory function through the
performance in the cognitive training intervention,
we were able to use the Cogmed scores to explore
the association between this dimension of cognitive
function and the differences in BDNF responsivity
that we had found. To obtain a stable estimation of
working memory function and avoid contamination
of warm-up effects, we followed the recommenda-
tions provided by Cogmed (S. Söderqvist, personal
communication, 2015) to use an index score that
represented the average difficulty level of three
correct responses at the highest level(s) for each
Cogmed item, i.e., a weighted score of the per-
sons maximum performance on the eight Cogmed
items. The total working memory performance score
was calculated as the mean of these eight weighted
scores.

We used non-parametric (Spearman) correlations
in all calculations that involved associations between
working memory and BDNF levels.

All statistical analyses were performed in IBM
SPSS Statistics v22 for Mac.

RESULTS

We found an average variability of 25% in BDNF
levels between all measurements in our sample, sim-
ilar to what other studies have reported [34, 58].
At baseline the mean concentration of serum BDNF
was 20.2 ± 0.95 ng/mL across the three conditions,
and the average baseline level was also similar
between conditions (F (2, 34) = 1.559, p = 0.23). The
average BDNF levels at baseline and at the three

post-intervention time points are presented for each
condition, along with the average post-intervention
levels, in Table 2. Physical exercise produced
a significant increase in BDNF levels; the mean post-
intervention BDNF level was 22.5 ± 0.99 ng/mL
after the physical exercise session, compared to
19.2 ± 1.17 ng/mL at baseline (p = 0.004, paired
t-test, Cohen’s d = 0.75). This increase is in contrast
to the non-significant changes we found from cog-
nitive training and mindfulness (Table 2). Figure 1
depicts these changes in BDNF levels from baseline
in relation to each of the three post-intervention time
points (at 0, 20, and 60 minutes), and in addition to
the average of these three post-intervention measures.

The BDNF change scores were normally dis-
tributed within each condition, as assessed by
Shapiro-Wilk’s test (p = 0.57, p = 0.50, and p = 0.72),
and Mauchly’s test of sphericity indicated that the
sphericity assumption for ANOVA was also not
violated, χ2(2) = 0.35, p = 0.84. The within-subjects

Fig. 1. BDNF level changes from baseline at 0, 20, and 60 min-
utes after each intervention. Bars represent the difference in ng/ml
serum between baseline and each post-intervention time point.
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ANOVA showed an overall difference in BDNF
change scores between conditions, F (2. 34) = 4.62,
p = 0.017, with an effect size of partial η2 = 0.21. Post-
hoc analyses showed only a negligible difference
(0.473 ng/mL, SEM ± 1.450 ng/mL) between mind-
fulness and cognitive training (p = 1.00). When we
contrasted the BDNF changes from physical exer-
cise with the changes from cognitive training and
mindfulness, we found a complex contrast estimate
(the difference between physical exercise and the
average of the other two conditions) of 3.60. F (1,
17) = 10.35, p = 0.010, and with an effect size of par-
tial η2 = 0.3781. In summary, we found a significantly
stronger acute effect on serum BDNF levels from
physical exercise than from cognitive training and
mindfulness, and the relative effect size of this dif-
ference was, by common standards for ANOVA [59],
large.

In spite of the significant overall effect from
physical exercise on BDNF levels in serum, we
found considerable variability in response magni-
tudes between individuals, as depicted in Figs. 2–4.
In the next step of analyses, we tried to further explore
the origin of these individual differences.

Fig. 2. BDNF response to physical exercise for each participant.
Each bar depicts the change in BDNF level between the average
post-intervention BDNF level (across the three time points) in rela-
tion to the baseline (pre-session) level for each participant in the
physical exercise condition.

1As described in the Methods section, when we noticed that
the three post-intervention values were very similar, we collapsed
them to get a more robust estimation of the BDNF level after each
intervention. When we repeated the calculation in relation to only
the first post-intervention time point, the results were similar, but
as expected, variations around the means were somewhat larger. As
a result, the overall ANOVA had F = 3.29 instead of 4.62 (p = 0.049
instead of 0.017) and the complex contrast had F = 8.59 instead of
10.35 (p = 0.009 instead of 0.005).

Fig. 3. BDNF response to cognitive training for each participant.
Each bar depicts the change in BDNF level between the average
post-intervention BDNF level (across the three time points) in rela-
tion to the baseline (pre-session) level for each participant in the
cognitive training condition.

Fig. 4. BDNF response to mindfulness practice for each par-
ticipant. Each bar depicts the change in BDNF level between
the average post-intervention BDNF level (across the three time
points) in relation to the baseline (pre-session) level for each par-
ticipant in the mindfulness condition.

Post-hoc analyses: Sources of variation
in BDNF effects

Gender
Some studies have indicated a gender difference

in BDNF effects from physical training [32, 60], in
BDNF levels in platelets [61], and in the association
between circulating BDNF levels and cognitive func-
tion [44]. We had eight men and ten women in our
sample with complete BDNF data from all three con-
ditions. To investigate if gender could account for part
of the variation in response magnitudes in our sample,
we used mixed within-subjects ANOVA after ensur-
ing that all the statistical conditions for this analysis
were fulfilled. The mixed ANOVA showed no signif-
icant interaction between gender and BDNF changes
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for the different conditions, F (2, 32) = 0.30, p = 0.74,
partial η2 = 0.02. This strongly suggests that gender
did not play a role in the variability of BDNF changes
in our sample. A gender stratification of BDNF level
changes in the different conditions produced a simi-
lar picture by showing that both men and women had
the largest increases of serum BDNF in the physi-
cal exercise condition and also reached the highest
post-intervention levels in that condition compared
to cognitive training and mindfulness.

Baseline BDNF, time of day, and order effects
It seems likely that natural variability of BDNF lev-

els [62], both within and between individuals, could
be caused by various external and internal factors.
With the assumption that a higher or lower BDNF
baseline level could affect BDNF responses, i.e., the
assumption of a ceiling effect, we investigated if
BDNF responses would be more restricted in per-
sons with a relatively higher BDNF level at baseline.
This assumption was supported by an inverse correla-
tion between the participant’s average baseline BDNF
level and their overall BDNF response across condi-
tions (rxy –0.49, p = 0.03), meaning that participants
with higher baseline levels of BDNF tended to have
a smaller BDNF response. The correlations between
baseline levels and BDNF increases were significant
also within each condition (rxy = –0.59, p = 0.008, for
physical exercise, rxy = –0.45, p = 0.05, for cognitive
training, and rxy = –0.63, p = 0.005, for mindfulness).

We tried to minimize extraneous effects between
conditions by using only morning hours and in addi-
tion keep the hour as similar as possible between
sessions within each subject. We found no associ-
ation between the small variations in time of day that
still occurred and neither baseline BDNF levels nor
BDNF level changes from the different interventions.

The order of conditions also had no effect on the
magnitude of the BDNF response.

Cognitive function and working memory
performance

Klein et al. [57] have demonstrated a correlation
between BDNF levels in serum and in the brain
across three different species, although the mecha-
nism behind such a serum–brain link has not been
established. Based on the probable existence of such
a link also in humans, and on the relevance of brain
BDNF for cognitive functions [18, 25], previous
studies have investigated the cognitive and clinical
significance of low serum BDNF levels, but with
inconsistent results. To exemplify, Komulainen et al.
[44] found a negative association between serum
levels of BDNF and cognitive performance in elderly
women, but not in men, while Nettiksimmons et al.
[43] failed to find an association between circulating
BDNF levels and cognitive performance—and in
addition found levels of circulating BDNF to be
a poor predictor of cognitive decline [43]. One study
found higher serum BDNF levels in patients with
mild cognitive impairment and Alzheimer’s disease
[45], while other studies found an association in the
opposite direction [63] or no association at all [46].
In our study, when we compared the average baseline
BDNF level across conditions for each participant
with their overall working memory performance, we
found a low and non-significant correlation of 0.12
(p = 0.62). This is in contrast to the associations we
found between post-intervention BDNF levels and
working memory function. From Table 3, it can be
seen that all statistically significant associations with
working memory performance, and also the strongest
non-significant correlations, are found in relation
to BDNF levels in the only condition in which we

Table 3
Associations of working memory performance with BDNF levels at baseline, with BDNF response and with BDNF post-intervention levels

for the different interventions, stratified according to baseline BDNF levels

Intervention Physical exercise Cognitive training Mindfulness

BDNF outcomes Baseline Response Post- Baseline Response Post- Baseline Response Post-
level intervention level intervention level intervention

level level

All participants (N = 19) 0.25 0.22 0.50 0.08 0.09 0.03 –0.12 –0.13 –0.09
p = 0.31 p = 0.38 p = 0.03 p = 0.74 p = 0.72 p = 0.90 p = 0.63 p = 0.60 p = 0.72

Stratified Participants with –0.60 0.89 0.71 0.07 0.36 0.32 –0.03 –0.20 –0.37
by lower levels (N = 6) p = 0.21 p = 0.02 p = 0.11 p = 0.88 p = 0.43 p = 0.48 p = 0.96 p = 0.70 p = 0.47
baseline Participants with 0.71 0.31 0.77 0.26 –0.66 –0.43 0.26 –0.37 0.14
BNDF higher levels (N = 6) p = 0.11 p = 0.54 p = 0.07 p = 0.63 p = 0.16 p = 0.40 p = 0.62 p = 0.47 p = 0.79

All correlations were calculated between BDNF levels and the average maximum score on all Cogmed items (see Methods). Numbers are
coefficients from Spearman correlations with exact p-values beneath. The stratification of participants into lower versus higher baseline
levels of BDNF was according to first and third tertiles.
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found a main effect, i.e., after physical exercise.
Working memory performance showed a significant
correlation with post-intervention BDNF values
(rs = 0.50, p = 0.03), but not to basal levels or
BDNF change (Table 3). When we, according to
the hypothesis of a ceiling effect for the BDNF
response (see above), used tertiles to stratify partici-
pants according to their baseline BDNF values, we
found a significant correlation with working memory
performance also for BDNF change within the
subgroup with the lowest baseline values (rs = 0.89,
p = 0.02), but still only in the physical exercise
condition (Table 3).

It should be pointed out that these correlations were
based on only nineteen subjects, and even fewer after
the stratification shown in the lower part of Table 3.
Although the participants were the same across con-
ditions, this means that the statistical strength of the
cross over design does not fully apply to these calcula-
tions, in contrast to the main calculations. The pattern
of results could therefore be of greater interest than
any single association, i.e., that strong associations
with working memory performance were all found
in the single condition where we also showed a main
effect from the intervention.

In summary, when we explored possible sources of
individual differences in BDNF responses, we found
that participants with a higher BDNF level at base-
line showed a more limited BDNF response to the
subsequent intervention, we found no evidence for
a gender difference, and we found that participants
with higher working memory performance reached
a higher BDNF level after physical exercise, inde-
pendently of their baseline BDNF levels.

DISCUSSION

To the best of our knowledge, this is the first study
on healthy older persons to investigate immediate
effects of physical exercise on BDNF levels, and
also the first study to contrast immediate effects of
physical exercise with two other activities that could
potentially alter BDNF levels. Our findings demon-
strate a significant immediate increase in serum
BDNF levels in healthy older individuals after a 35-
minute physical exercise session, but not in the same
individuals when they participated in either cogni-
tive training or mindfulness practice for the same
duration of time. Our results also indicate a positive
association between serum BDNF response to phys-
ical exercise and working memory performance. All

three exercises were distributed through automatized,
commercially available programs, meaning that per-
sons can perform these interventions independently
in their homes.

Natural variability in baseline BDNF levels should
present a strong case for the suitability of within-
subject cross over designs with a high level of
experimental control in order to reliably identify fac-
tors that affect serum BDNF. The statistical strength
of a within-subjects cross over design includes the
feature of each individual contributing at least one
pair of values from each condition, rather than from
only one condition. A further strength, compared to
a parallel groups design, is that the BDNF responses
of the same individual are compared across condi-
tions, thereby eliminating noise from inter-individual
differences that could otherwise mask a true effect
from the intervention. Studies on BDNF are espe-
cially complicated by the fact that BDNF levels not
only vary between individuals, but also within indi-
viduals over days and weeks [62]. This suggests that
alternative study designs using parallel groups and/or
extended intervention periods would require large
sample sizes to obtain sufficient statistical power for
evaluation of effects on BDNF levels.

We used a sample of healthy older persons, and
when they participated in the physical exercise con-
dition we ascertained, for health safety reasons, that
their effort was only of moderate intensity. This
is in contrast to a study on eighteen well-trained
young men who performed an exercise of maximum
intensity [64]. While these authors reported a higher
increase of serum BDNF [64], other studies with
maximum intensity training, found a similar increase
as in our study [65, 66]. We have found only one
study on acute effects of a single training session
in “young” older persons. In this study, Laske et al.
found an average increase of 4.1 ng/ml in a sample of
35 women with a depression diagnosis and a non-
significant increase of 1 ng/ml in a non-depressed
control group of 20 women [34]. In comparison, our
participants were considerably older (mean age 70.8
versus 61.1 and 58.9 for the two samples in the study
by Laske et al. [34]), and moreover, good health was
a selection criterion for participation in our study.
Thus, in spite of the well-established role of BDNF
for healthy brain functioning and the urgent need to
find means to maintain healthy brain functioning in
a growing elderly population [67], our study seems
to be the first to investigate acute effects on BDNF
from physical and other types of activities in healthy
older persons.
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There was no detectable BDNF effect from the 35-
minute session of mindfulness, nor, to our surprise,
from cognitive training. If mindfulness or cognitive
training still had a subtle effect that we were not
able to identify statistically, it could be argued that
contrasting physical exercise with these two other
activities at least prevented us from overestimating
the effect of physical exercise. This does not mean
that mindfulness or cognitive training had no other
beneficial effects, e.g., in terms of BDNF levels in the
brain, cortisol levels, or other outcomes not related to
our research question, and it is also important to rec-
ognize that from this study nothing can be said about
the long-term effects of these activities.

Assuming that BDNF could have a central role in
the mediation of learning-related structural changes
in the brain [68], the absence of a BDNF effect from
cognitive training, as opposed to physical exercise,
was unexpected. There are several possible explana-
tions for this, including the short training period; in
order for cognitive training to cause a measurable
increase in serum BDNF, prolonged training, i.e.,
over weeks, might be required. Promising and par-
tial support for this approach already exists from two
recent studies that found prolonged cognitive train-
ing to increase levels of serum BDNF in patients
with heart failure [69] schizophrenia [70], and with
Parkinson’s disease [71]. Related to length of train-
ing as a possible explanation for the lack of a BDNF
effect from cognitive training and mindfulness in
our study, is the possibility of a difference in serum
BDNF origin between the different exercises we com-
pared. BDNF can be produced both in the brain, and
peripherally in, for example, blood platelets, muscle
receptors, immune cells, salivary glands, and the kid-
ney [72–74]. A correlation between levels of BDNF
in blood and brain has previously been demonstrated
across species [57], and previous research also pro-
vides strong evidence that an increase in serum BDNF
after exercise has a favorable impact on brain BDNF
levels [16, 19, 20].

Still, if and how BDNF can pass the blood-brain
barrier is a controversial matter. One study induced
increased mRNA BDNF activity in rodents, lead-
ing to higher BDNF levels in the brain, but with no
detectable changes in plasma [75]. Rasmussen et al.
[35] did find a measurable increase in brain efflux
of BDNF into the blood stream, but only after sev-
eral hours of continued exercise [35]. However, these
findings do not rule out the reverse possibility that
elevated BDNF levels in the blood may have a more
immediate effect on BDNF levels in the brain, either

directly via influx through the blood-brain barrier
and/or by stimulating BDNF gene expression in dif-
ferent brain regions [19, 20]. Related to this, Pan et al.
[76] found that BDNF efflux from the rodent brain
is relatively slow, with a half-life clearance (disap-
pearance) of around 45 minutes, compared to a much
more rapid influx. As suggested by de Melo Coelho
et al. [33], BDNF in blood may function as a BDNF
reserve for the brain, and this may explain why the
BDNF influx mechanism seems prioritized compared
to BDNF efflux from the brain [76].

A possible scenario could thus be that the serum
BDNF we measured directly after the physical exer-
cise session had mainly or exclusively a peripheral
origin. This could also explain why we did not find
a significant serum BDNF increase from a single 35-
minute session of cognitive training or mindfulness
practice, even if BDNF may have increased in the
brain. Based on the results of, for example, Pan et al.
[76], the explanation for this could be that BDNF
efflux from the brain into the blood stream is too
slow to be immediately reflected after a 35-minute
exercise, and based on the results of Pardridge [77],
the reason could be that BDNF in the brain does not
pass through the blood-brain barrier. A way to address
this issue could be to compare the acute effects on
serum BDNF levels that we found with effects from
prolonged exposures of physical exercise and other
types of training, a study that is now underway in our
laboratory.

The association we found between working mem-
ory function and serum BDNF levels after physical
exercise, indicates that the ability to increase periph-
eral BDNF through physical exercise is somehow
related to brain function; participants in our study
with higher serum levels of BDNF after physical
exercise also performed significantly better in the
working memory training task, measured on a sep-
arate occasion. These findings are consistent with
a recent one year intervention study with physical
exercise showing that improvement of cognitive func-
tion was dependent on serum BDNF levels in older
adults [39]. Our data add to those results by demon-
strating that serum levels of BDNF after a single
35-minute session of physical exercise are associated
with working memory performance. The ability to
produce BDNF in the brain is essential for cognitive
functions, both according to previous animal studies
[18, 23–31] and to a recent study on the association
between BDNF gene expression in the human brain
and cognitive impairment [78]. This study reported an
inverse relation between severity of various forms of
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neuropathology, including Alzheimer’s disease, and
BDNF expression in postmortem human brains [78].
The same study also found an association between
higher levels of BDNF expression in the postmortem
human brain and a slower rate of cognitive decline
during the last six years of life [78]. Taken together,
our findings suggest that the ability to respond to
physical exercise with increased BDNF levels in
serum is associated with cognitive function, and may
mean that the ability to produce BDNF peripherally
is a marker of BDNF availability also in the brain.
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Antikainen R, Bäckman L, Hänninen T, Jula A, Laatikainen
T, Lindström J, Mangialasche F, Paajanen T, Pajala S, Pel-
tonen M, Rauramaa R, Stigsdotter-Neely A, Strandberg T,
Tuomilehto J, Soininen H, Kivipelto M (2015) A 2 year
multidomain intervention of diet, exercise, cognitive train-
ing, and vascular risk monitoring versus control to prevent
cognitive decline in at-risk elderly people (FINGER): A
randomised controlled trial. Lancet 385, 2255-2263.

[11] Rosenzweig MR (1966) Environmental complexity, cere-
bral change, and behavior. Am Psychol 21, 321-332.

[12] Xu X, Ye L, Ruan Q (2009) Environmental enrichment
induces synaptic structural modification after transient focal
cerebral ischemia in rats. Exp Biol Med (Maywood) 234,
296-305.

[13] Mohammed A, Zhu S, Darmopil S, Hjerling-Leffler J, Ern-
fors P, Winblad B, Diamond M, Eriksson P, Bogdanovic N
(2002) Environmental enrichment and the brain. Prog Brain
Res 138, 109-133.

[14] Park DC, Bischof GN (2013) The aging mind: Neuro-
plasticity in response to cognitive training. Dialogues Clin
Neurosci 15, 109-119.

[15] Ickes BR, Pham TM, Sanders LA, Albeck DS, Mohammed
AH, Granholm AC (2000) Long-term environmental enrich-
ment leads to regional increases in neurotrophin levels in rat
brain. Exp Neurol 164, 45-52.

[16] Cotman CW, Berchtold NC (2002) Exercise: A behavioral
intervention to enhance brain health and plasticity. Trends
Neurosci 25, 295-301.

[17] Branchi I, D’Andrea I, Sietzema J, Fiore M, Di Fausto V,
Aloe L, Alleva E (2006) Early social enrichment augments
adult hippocampal BDNF levels and survival of BrdU-
positive cells while increasing anxiety- and “depression-”
like behavior. J Neurosci Res 83, 965-973.

[18] Agranoff BW, Cotman CW, Uhler MD (1999) Synaptic
Plasticity as a Model for Learning and Memory Research,
Lippincott-Raven, Philadelphia.
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