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Abstract: Background/Objectives: The brain-derived neurotrophic factor (BDNF) is a
critical exercise-induced modulator of various neuroplasticity processes, including adult
hippocampal neurogenesis. Environmental affordance for physical activity is a novel the-
ory that aims to increase the BDNF through walking or climbing stairs, stimulated by the
urban and interior environment. In a systematic review, this paper explores the association
between walking, as a structured or free-living form of physical activity, and changes
in the BDNF in humans with healthy locomotion. Method: A systematic review with a
registered protocol, INPLASY2024110093, and following the PRISMA guidelines, includes
English-language original research articles on adult and older adult human subjects who
are locomotor-healthy, studies on walking as a structured exercise or free-living physical
activity that is presented in a non-combined intervention, and must report changes in the
BDNF as a dependent variable. The search was conducted using three databases: PubMed,
Web of Science, and Scopus, resulting in 21 eligible studies. Results: This systematic review
finds that the impact of walking on the BDNF is evidenced, but subject to moderate to
high intensities in single bouts. At the same time, the long-term effects are yet to be fully
understood, potentially due to the uptake of the BDNF for functional brain improvements,
neuroplasticity processes, or muscle repair, instead of an accumulation of the BDNF it-
self, yet still confirm the important role of the BDNF for neurosustainability. Age and
environmental factors such as heat are also found to affect the increase in the BDNF. The
narrative synthesis provides elaborate explanations for understanding those complex dy-
namics before reaching future conclusions on the impact of walking or environmental
affordance for physical activity on the changes in the BDNF concentrations. Conclusions:
This systematic review highlights the potential role played by moderate- and high-intensity
walking as a lifestyle intervention that can be utilised through the built environment to
promote adaptive brain changes, through the sustainable regulation of the BDNF.

Keywords: neurosustainability; brain-derived neurotrophic factor; BDNF; walking; step
count; exercise; physical activity; neuronal growth and survival; synaptic plasticity

1. Introduction

Walking is a cost-free and effective habit that has been shown to promote adaptive
structural neuroplasticity in the hippocampus [1]. However, because structural changes are
long term, the hypothesis that the physical environment can consistently support adaptive
neuroplasticity and neurosustainability [2] is promising. Neurosustainability refers to
the sustained promotion of adaptive neuroplasticity and growth factors, primarily driven
by physical activity [3,4], but structural plasticity does not occur instantaneously. The
brain-derived neurotrophic factor (BDNF) plays a central role in linking growth factors
and neurotransmitters to adaptive neuroplasticity [4]. Notably, the BDNF responds rapidly
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to brief physical activity sessions lasting less than an hour (e.g., 20-35 min) [5,6], unlike
its slower response to other environmental enrichment factors such as cognitive training
and mindfulness [4]. This paper addresses a critical gap in the literature by examining the
relationship between environmental affordances for physical activity [3] and the impact of
walking on adaptive hippocampal structural plasticity [1]. Through a systematic review, it
investigates how single bouts of short-term and long-term walking influence the BDNF
concentrations in healthy adults and older adults with intact locomotion.

Research shows that the BDNF responds to individual exercise sessions, and that this
response becomes stronger with consistent exercise participation [7-9]. Higher exercise
intensity leads to greater BDNF production, though this relationship depends on one’s
fitness level [10]. While the optimal exercise type and amount for BDNF production
remained uncertain for some time [11], recent evidence indicates that high-intensity interval
training is most effective at elevating BDNF levels in adults, with possibly sustained
effects [12]. This finding largely aligns with Zhou et al.’s [13] previous analysis, though
their review suggested that intensity training surpasses high-intensity interval training
in effectiveness.

Recent research has explored the BDNF's critical functions in neurogenesis, neuronal
activity, and its relationship to various brain disorders. The BDNF plays a vital role in cen-
tral nervous system development, including cell differentiation, maturation, and synaptic
function [14]. The BDNF gene, which encodes this protein, exhibits complex structural and
regulatory characteristics [15,16]. As a key nervous system protein supporting neuronal
survival, growth, and synaptic plasticity, the BDNF can be produced in various forms
through alternative gene reading. This versatility allows the BDNF to support diverse brain
functions, adapting its production based on specific needs during development, learning,
or recovery from injury. The process of the BDNF’s action on plasticity involves its initial
synthesis as proBDNEF, which can then be converted to mature BDNF (mBDNF) [17,18]. Ma-
ture BDNF specifically promotes neuronal survival and strengthens synaptic connections,
thereby facilitating learning and memory processes. This conversion from proBDNF to
mBDNF occurs relatively quickly through physical activity. The BDNF primarily functions
by forming a bond with the tropomyosin receptor kinase B (TrkB) receptor [19]. This
interaction initiates several internal signalling cascades that support neuronal development,
survival, and synaptic plasticity [20,21]. These cascades include the MAPK/ERK pathway,
which regulates cell growth, differentiation, and movement [22]; the PI3K/ Akt pathway,
essential for cell growth, survival, and metabolic functions [23]; and the PLCy pathway,
which influences synaptic plasticity and neural communication [24]. These mechanisms
are essential for sustaining adult hippocampal neurogenesis, supporting new neurons from
their initial formation to their integration into neural networks. The mediating role of the
exercise-induced increase in the BDNF for neurosustainability, which is the sustainability
of adaptive neuroplasticity and growth factors through environmental enrichment [3], is
illustrated in Figure 1. Walking can become a habitual environment-based physical activity
that sustains both the BDNF and potentially adaptive neuroplasticity, as it is already proven
to promote adaptive hippocampal formation volume changes [1].
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Figure 1. Walking, BDNF and neurosustainability. BDNF modulates neuroplasticity through different
signalling pathways for neuroplasticity, allowing a single bout of walking to facilitate neuroplas-
ticity and repeated walking to achieve neurosustainability, which is the sustainable regulation of
neuroplasticity through physical activity.

2. Method
2.1. Research Strategy

Three databases (PubMed, Web of Science, and Scopus) were used for the search in
this systematic review. The PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) statement and checklist is used for the reporting of all data [25]. The
search included all articles found and published up to November 2024, using the following
keywords: (BDNF OR “brain-derived neurotrophic factor”) AND (walk* OR “free-living
physical activity” OR “step count”). A third search box excluded rodent subject-related
keywords: AND NOT (mice OR rat OR rodent OR animal).

2.2. Research Framework

The Population, Intervention, Comparison, Outcome (PICO) framework is used to
define the inclusion and exclusion criteria at an early stage, before starting the search
across the databases [26,27]. Firstly, for Population (P), this systematic review includes
adult or older adult human subjects with healthy locomotor ability to observe the changes
in the dependent variable without the potential effects of gait or other health-related
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factors affecting muscles or nerves through walking. Secondly, for the Intervention (I),
this systematic review focuses on walking as either a structured exercise or a free-living or
lifestyle-based physical activity. Thirdly, regarding the Comparison (C), no comparison
was mandatorily required, but in case comparison takes place in any study, the article
can be included if it shows the impact of walking independently without combination
with other exercise types. It was important to assess the impact of walking without the
confounding effects of walking combined with other forms of exercise that could lead to
positive effects that may not be attributed to walking itself. Lastly, regarding the Outcome
(O), this systematic review is solely interested in the changes in the BDNF concentrations.

2.3. Screening and Inclusion Criteria

In addition to the criteria specified through the PICO framework, only English peer-
reviewed journal articles were eligible for inclusion, while grey literature references (books,
book chapters, conference papers, notes, retracted papers, and reviews) were excluded. A
limitation of this systematic review was the inability to search for articles in other foreign
languages. Afterwards, duplicates were removed before proceeding with data extraction
and the selection of articles for full-text reading based on their title, abstract, and keywords.
Any article that was eligible for a full-text read was looked through for more potentially
eligible articles. The process was carried out independently.

2.4. Risk of Bias Assessment

The Physiotherapy Evidence Database (PEDro) scale was used to assess the risk of bias
in randomised controlled trials [28], and since some eligible articles were non-randomised,
the risk of bias in non-randomised studies of interventions (ROBINS-I) tool [29] was also
used for a fair assessment of all the included studies.

2.5. Data Analysis and Synthesis

The collected data from the included studies were analysed and synthesised nar-
ratively in order to bridge the current gaps in the literature and provide further useful
explanations for future research aiming to test the impact of the physical environment on
the BDNF through a single bout of walking, and for future research aiming to explore the
associations between walking, the BDNF, and structural plasticity changes.

3. Results

Across the 3 databases (Scopus, PubMed, and Web of Science), 628 articles were found,
resulting in 263 articles after removing duplicates and considering only original English-
language articles. A total of 24 articles were eligible for full-text reading, where 3 articles
were excluded for various reasons after meeting the initial inclusion criteria [30-32] and
1 article was excluded for not reporting the significance of the increase in walking itself, but
respective to vocabulary encoding [33], which is not in line with the aim of this systematic
review. By looking through the reference lists and citations of the included studies, 1 article
(n = 1) was obtained through one of the included articles [34], resulting in 21 articles at
the final stage. The PRISMA flow chart is illustrated in Figure 2. Tables 1-4 present a
summary for the single-bout, short-term (2 weeks), long-term (8-12 weeks), and long-
term (24-52 weeks) studies, respectively. The clustering of studies in that regard came out
naturally based on the duration gaps identified between the included studies, which turned
the limitation into a facilitation of both the micro and macro analysis of the association
between walking and the BDNF.
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Figure 2. Flow diagram of the study selection process.
Table 1. Overview of included studies (single bout).
Author/s and Sample (Age) Study Design (Single Bout) Results Discussion Highlights

Publication Year

Hutchinson
etal. [35]

Pregnant (n = 13), and
non-pregnant (n = 17)
women (18 to 40 years old).

30 min of moderate intensity
walking (40-60% heart
rate reserve).

The BDNF increased in both
groups, but was more
pronounced in
non-pregnancy.

Michalik et al. [36]

40 participants
(27.6 £ 6.1 years old) who
had COVID-19 in the past
6 months.

30 min treadmill walk at
6 km/h (a) wearing a face
mask, (b) without a mask.

No statistically significant
difference in the BDNF
was found.

Future studies need to
focus on higher-intensity
exercise that can result in
higher concentrations of

the BDNFE.

Silveira-Rodrigues
etal. [37]

11 participants (63 & 7 years
old) with type 2 diabetes.

40 min treadmill walk at
4.9 4 0.9 km/h (90-95% of
the max. walking speed).

The walking exercise
increased the BDNF by 11%,
while the resistance training

reduced it by 15%.

Compared to non-diabetic
individuals, type
2 diabetes may have a
disruptive regulation of
the BDNF concentrations.

Goulet et al. [38]

13 healthy active men
(22 £ 3 years old), 12 healthy
older men (59 + 4), 10 older

men w/hypertension

(60 + 4), and 9 older men
with type 2 diabetes (60 £ 5).

180 min treadmill walk of
moderate intensity
(200 W/m?) in temperate
(16 °C) and hot
environments (32 °C).

No changes in serum BDNF
in temperate environments
(16 °C), irrespective of
group, but serum BDNF was
elevated following exercise
in the hot environment
(32 °C), remaining elevated
during recovery (60 min
post exercise).

The BDNF response was
similar in healthy subjects
irrespective of age (up to
63 years old), and was
similar among healthy,
hypertension, and type
2 diabetes subjects.
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Table 1. Cont.

Results

Discussion Highlights

Study Design (Single Bout)

Author/s and Sample (Age)

Publication Year

The BDNF's response to
exercise appears to be

3.5 h walk (18-hole golf
round, 6 km Nordic walking,
6 km walking). Each subject

completed one of the three
exercises a day with a
1-day washout.

25 healthy older adults

Kettinen et al. [39] (69 + 4 years old).

No immediate post-exercise
significant changes in the
BDNF levels were found
between groups or within
groups, only in the Nordic
walking group after 40 h.

Serum BDNF concentrations

intensity-dependent, but
this study is largely
moderate (60-76%
HRmax). Reduction in the
BDNF can be due to its
utilisation for the repair of
exercise-induced muscle
damage or by the brain
during recovery.

18-hole round of golf walk
(5807 m) that was completed

9 recreationally active males
in 303 & 4 min.

Yasuoka et al. [34] (31 + 4 years old).

8 h of (a) SIT: uninterrupted

were significantly elevated
1.2 & 0.3-fold immediately
post exercise.

sitting, (b) EX + SIT: sitting
(1 h), moderate intensity
walk (30 min), uninterrupted
sitting (6.5 h), or
(c) EX + BR: sitting (1 h),
moderate intensity walk
(30 min), interrupted sitting
every 30 min with 3 min of
light intensity walking
(6.5h).

67 sedentary
overweight/obese older

Wheeler et al. [40]
adults (67 £ 7 years old).

Serum BDNF was
significantly increased in

both EX + SIT and EX + BR

relative to SIT.

Improvement in serum
BDNF and working
memory, but the former is
not significantly
associated with the
cognitive outcomes.

Table 2. Overview of included studies (short-term of 2 weeks).

Author/s and . . . . 11
Publication Year Sample Study Design (2 Weeks) Results Discussion Highlights
While not significantly Patlirlltst hrid jﬁglzls.i(live
. . correlated with the BDNF Symptoms and i
Average daily physical . cognitive impairment,
levels, walking speed and .
which may have adversely

activity and step count
were quantified using an

57 participants (>65 years old).
accelerometer for 2 weeks.

Otsuka et al. [41]

affected the BDNF and
also reduced the
association between its
levels and WMH volume.

higher intensity is
associated with white
matter hyperintensity

(WMH) volume.

No significant changes in

2-week experiment
(walking inclination and
speed groups).

20 men in the inclination
(31.3 £ 3.04 years old) and speed

Yulinda et al. [42]
(32.3 £ 2.31) groups.

serum BDNF in the
inclination group, but a
significant increase in the
speed group.

Table 3. Overview of included long-term stud

ies between 8 and 12 weeks.

Results Discussion Highlights

Study Design (8 to 12 Weeks)

Author/s and
Sample

A significant decrease in

Publication Year
8 weeks (2 times/week walking 3.5
to 4.5 km), (a) Nordic walking with
classic poles or (b) Nordic walking
with poles with a resistance
shock absorber.

50 women (60-75 years

Domaszewska
old).

etal. [43]

the BDNF in the Nordic
walking group and a
non-significant increase in
the BDNF in the Nordic
walking with resistance

shock absorber group.
The BDNF reductions may
be due to an enhanced

12 weeks (3 times/week) of Nordi
Walking training with BungyPum

11 (68.7 £ 6 years old).
resistance poles.

Rodziewicz-Flis
etal. [44]

uptake by the brain and its
metabolic role in
improved cognitive and
physical functions.

C

P A decline in the BDNEF.




Brain Sci. 2025, 15, 254

7 of 20

Table 3. Cont.

Author/s and
Publication Year

Sample

Study Design (8 to 12 Weeks)

Results

Discussion Highlights

Noushad
et al. [45]

131 (33.14 + 9.45 years
old).

12 weeks (50 min 5 times/week)
walking 5 km in a zoo including
woodland, mountain viewing,
safari tracks, and natural lakes.

The BDNF levels
significantly decreased in
both walking and
sitting groups.

Nature-based walking has
a significant positive effect
on traumatic stress
compared to the
sitting group.

Reed et al. [46]

135 participants
(61 £ 7 years old) with
coronary artery disease.

12 weeks of (a) high-intensity
interval training, (b) Nordic
walking sessions (60 min each),
and (c) moderate-to-vigorous
intensity continuous training.

No significant main effects
were detected in the
BDNF concentrations.

Both interventions were
beneficial in enhancing
physical and mental
health for the patients.

Rezola-Pardo
etal. [47]

126 participants
(=70 years old).

12 weeks of walking 5-10 min/day
in the first month, 15 min/day in
the second, and 20 min/day in
the third.

No changes in the BDNF
were observed.

Not associated with
changes in the physical,
cognitive, or dual-task
performance metrics.

Caserta et al. [48]

24 participants
(48.5 & 10.6 years old).

12 weeks of walking or quadrato
motor training.

Daily quadrato motor
training practice increased
proNGEF, in contrast to
simple walking training.

Walentukiewicz
etal. [49]

94 women (68 + 5.12 years
old).

12 weeks of Nordic walking
(45-55 min without warm up/cool
down) with vitamin D. (a) Nordic
walking (NW), (b) supplemented

(SG), (c) control.

The BDNF did not change
after the first NW session,

but a single session of NW
after 12 weeks decreased

the BDNF. In both groups,
a drop in the BDNF was
noted. The change in the
BDNF was higher in the

SG group (55%) compared

to the NW (25%).

Changes in the blood
BDNF concentration may
not necessarily reflect an

increase in the BDNF in
the brain after physical
activity, potentially
signifying a reduced
BDNEF release by the brain
or its higher uptake.

35 women (68 + 5.12 years

12 weeks of Nordic walking with

Increased irisin and BDNF

Improvement of cognitive

Gmiat et al. [50] vitamin D (40 min without warm . .
old). . concentration. functions.
up and cool down) 3 times/week.
Table 4. Overview of included long-term studies between 24 and 52 weeks.
Author/s and
Publication Sample Study Design (24 to 52 Weeks) Results Discussion Highlights
Year
24-week aerobic walking (30 min ~ The walking group had no Improvement in total recall,

58 (69.5 + 7 years old) . . . . L

Chou et al. [51] hypertensive women of moderate-intensity walking significant effect on delayed recall, and subjective
yP ' 5 times/week). the BDNF. cognitive impairment.
. The BDNF mediated the effect
1 year (48 weeks) walking Age moderated the of exercise on task-switch

Leckie et al. [52]

90 women
(68.82 £ 5.59 years old).

intervention (increased duration
by 5 min until reaching 40 min in
week 7).

increase in the BDNF
levels, specifically those
above 71.

performance only for

individuals over the age of 71.
Age and BDNF are associated.

Voss et al. [53]

65 participants
(Agemean = 66.4 years old).

1 year (48 weeks) aerobic
walking programme
(3 times/week; increased
duration by 5 min until reaching
40 min in week 7).

No group-level changes in
growth factors.

There was an increase in the

temporal lobe connectivity
between the bilateral

parahippocampal and the

bilateral middle temporal

gyrus, and it was associated
with increased BDNF, IGF-1,

and VEGF for an aerobic
walking group only.

Bergman
et al. [54]

80 participants
(40-67 years old).

13 months (52 weeks), during
which treadmill workstations
were installed in offices for
light-intensity walking.

Positive associations are
found between
light-intensity walking
and changes in
hippocampal volume, but
they are not mediated by
BDNF changes.

Intensity levels can affect the

changes in the BDNE.
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Tables 1-4 have revealed interesting patterns of not only BDNF changes in response
to walking, but also the uptake of the BDNF for functional improvements. Before moving
forward onto the discussion of this pattern of BDNF changes, it is important to compare
the demographics, significance, effect estimate, and BDNF medium before coming to
conclusions. Tables 5-8 compare the p-values and effect estimates of all included studies,
respectively, to Tables 1-4. Table 9 presents the risk of bias analysis using the ROBINS-I tool
for non-randomised trials, while Table 10 uses the PEDro scale. The risk of bias analysis
shows acceptable levels based on the given total scores.

Table 5. Significance and effect estimates of BDNF changes in response to walking (single bout).

Reference Age (Years) Walking Intervention Duration BDNF Medium p-Value Effect Estimate
. Moderate intensity 0.025 (pregnant)
HutChl[r;f_)‘]’n etal. 18 to 40 (40-60% heart 30 min Serum and <0.0001 F = 35.89.
o rate reserve). (non-pregnant).
6 km/h, (a) with a face
Michalik et al. [36] 27.6 + 6.1 mask, (b) without a 30 min Serum Not sig. —

mask. 7 days apart.
4.9 0.9 km/h (90-95%

Silveira-Rodrigues

637 of the maximum 40 min Plasma Not sig. +11%; d = 0.30.
etal. [37] .
walking speed).
+1106 pg/mL (end
Goulet et al. [38] Varies 200 W/m?. 3h Serum <0.01 (32 °C). exercise); +938 pg/mL
(end recovery).
(a) 18-hole golf round, (a) 0.391,
. (b) 6 km Nordic (b) 0.968 (0.046
Kettinen et al. [39] 69 £4 walking, and 35h Serum after 40 h), and —
(c) 6 km walking. (c) 0.523.
1.2 + 0.3-fold
Yasuoka et al. [34] 31+4 18-hole round of 5h Serum 0.038. immediately
golf walk. )
post exercise.
EX + SIT vs. SIT =
EX+SIT=0.03;  (+171 (—449 to +791));
Wheeler et al. [40] 67 £7 SIT, EX + SIT, EX + BR. 8h Serum EX + BR = 0.045. EX + BR vs. SIT =
(+139 (—481 to +759)).
Table 6. Comparison of changes in BDNF in response to walking (short term, 2 weeks).
. . . BDNF . Adaptive
Reference Age (Years) Walking Intervention Duration Medium p-Value Effect Estimate Outcomes
Low to moderate White matter
Otsuka intensity walking o hyperintensities
etal. [41] >65 (5732.1 + 2829.8 2 weeks Serum 0-246 (faster longer
steps/day). walking).
3 km/h speed, while Inclination: >0.05; Speed:
Yulinda _ inclination is gradually Speed: 0.001 (first o /e .
et al. [42] Agemean =31 increased from 2.5% 2 weeks Serum to last), and 0.159 +1t1c} {;éf)lrSt
to 22%. (first day). ’
Table 7. Comparison of changes in BDNF in response to walking (long term, 8-12 weeks).
Reference Age (Years) Walkmg Duration BDI.\IF p-Value Effect Estimate =~ Adaptive Outcomes
Intervention Medium
Twice/week (3.5 to
4.5 km), (a) Nordic
Domaszewska 60-75 V\Sgsgf (Vt:’)/li%gjzlii 8 weeks Serum Nordic ES:0.11 cardlirgl pll;cl)r":\i)cilar
etal. [43] poie walking < 0.05  (—1.53 4 5.04) pu y
walking w/poles and efficiency.

a resistance shock
absorber.
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Table 7. Cont.

Walking . BDNF . .
Reference Age (Years) Intervention Duration Medium p-Value Effect Estimate ~ Adaptive Outcomes
3 times/day Nordic Improved cognitive
Rodziewicz- walking training —16.7% (after functions and
Flis et al. [44] 687 +6 with BungyPump 12 weeks Serum 0.02 12 weeks) physical performance
resistance poles. (Nordic walking)
Noushad 50 min 5 times/week Improved outcomes
etal. [45] 33.14 £9.45 walking 5 km 12 weeks — <0.01 1% = 0.065 related to
TR in nature. traumatic stress.
Better functional
) Nordic walking for . _ capacity and quality
Reed et al. [46] 61t+7 60 min twice weekly. 12 weeks Plasma Not sig. 04+77 of life, and reduced
depression.
Walking 5-10 min/ Improved physical
Rezola-Pardo day in the 1st month, and dual-task
) >70 15 min/day in the 12 weeks Serum Not sig. —682 (11%) performance and
etal. [47] . . ..
2nd, and 20 min/day preserving cognitive
in the 3rd. function.
Casertactal o599  Walkingorquadrato ) s galiva Not sig. — —
[48] motor training.
3 times/week
45-55 min of Nordic
Walentukiewicz walking at 60-70% . o
etal. [49] 68 +5.12 intensity of the 12 weeks Serum Not sig. 25% drop —
maximal heart
rate (HR).
3 times/week Nordic After the 1st
walking (40 min walk, —6% for
Gmiat without warm . beginners, and Improved cognitive
etal. [50] 68 £5.12 up/cool down) at 12 weeks Serum Likely +31% for functions.
60-70% intensity of advanced
the maximal HR. individuals
Table 8. Comparison of changes in BDNF in response to walking (long term, 24-52 weeks).
Reference Age (Years) Walkmg Duration BDNF p-Value Effect Estimate = Adaptive Outcomes
Intervention Medium
30 min walking of Improved recall and
Chou et al. [51] 69.5 +7 moderate intensity 24 weeks Plasma Not sig. — subjective cognitive
5 times/week. impairment.
Moderate-intensity
walking for 10 min, Improved
Leckie increasing duration 0.036 _ performance on a
etal. [52] 08.82 £ 5.59 weekly by 5 min until 1year Serum (with age) B =471.95 task-switching
reaching 40 min in paradigm.
week 7.
. Better connectivity
3 tlmes/w.eek. between the bilateral
Started walking for . -
10 min, increasing T=0.25 (with parahippocampal
Voss et al. [53] mean = 66.4 . 1 year Serum <0.05 the plasticity and bilateral middle
duration weekly by -
. . . change) temporal gyrus is
5 min until reaching . .
40 min in week 7 associated with an
’ elevated BDNE.
B Light-intensity . Changes in
ergman 40 to 67 walking on 13 . Not si hippocampal volume,
et al. [54] & months & not mediated by the
treadmills.

BDNFE.
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Table 9. Risk of bias scores for other non-randomised studies using the ROBINS-I tool.
ROBINS-I Tool
Study
D1 D2 D3 D4 D5 Deé D7 Overall
Otsuka et al. [41] ? ? + + ? + + ?
Rodziewicz-Flis et al. [44] ? ? + + + + + ?
Yasuoka et al. [34] ? ? + + + + + ?
Hutchinson et al. [35] ? ? + + + + + ?
Gmiat et al. [50] ? ? + + + + + ?

Domains: D1 = bias due to confounding, D2 = bias due to selection of participants. D3 = bias in classification of
interventions, D4 = bias due to deviations from intended interventions, D5 = bias due to missing data, D6 = bias
in measurement of outcomes, D7 = bias in selection of the reported result. Assessment is as follows: + = low risk
of bias, ? = moderate risk of bias, x = serious risk of bias, and ! = critical risk of bias.

Table 10. Risk of bias scores for randomised controlled studies using the PEDro scale.

PEDro Scale Items

Study

1 2 3 4 5 6 7 8 9 10 Total Score
Kettinen et al. [39] Y N Y N N N Y Y Y Y 6
Michalik et al. [36] Y N Y N N N Y Y Y Y 6
Silveira-Rodrigues et al. [37] N N Y N N Y N Y Y Y 6
Goulet et al. [38] Y N Y N N N Y Y Y Y 6
Chou et al. [51] Y N Y N N N N Y Y Y 5
Noushad et al. [45] Y Y Y N N N Y Y Y Y 7
Reed et al. [46] Y Y Y N Y Y Y Y Y Y 9
Domaszewska et al. [43] Y Y Y N Y Y N Y Y Y 8
Rezola-Pardo et al. [47] Y N Y N N Y N Y Y Y 6
Bergman et al. [54] Y N Y N N N Y Y Y Y 6
Wheeler et al. [40] Y N Y N N Y Y Y Y Y 7
Caserta et al. [48] Y N Y N N N N Y Y Y 5
Yulinda et al. [42] Y N Y N N N Y Y Y Y 6
Walentukiewicz et al. [49] Y N Y N N N Y Y Y Y 6
Leckie et al. [52] Y N Y N N N Y Y Y Y 6
Voss et al. [53] Y N Y N N N Y Y Y Y 6

PEDro scale items: 1 = random allocation, 2 = concealed allocation, 3 = groups similar at baseline, 4 = participant
blinding, 5 = therapist blinding, 6 = assessment blinding, 7 = <15% dropout rate, 8 = intention-to-treat analysis,
9 = between-group differences reported, 10 = point estimate and variability reported. Y = yes. N = no. According
to the scale, scores 0-3 are "poor’, 4-5 are ‘fair’, 6-8 are ‘good’, and 9-10 are "excellent’.

4. Discussion

This systematic review highlights significant inconsistencies in BDNF responses to
walking, including variations in the BDNF levels, its role in adaptive functional neuro-
plasticity, and its contribution to functional brain improvements. Additionally, BDNF
responsiveness appears to be influenced by baseline neurological conditions, environmen-
tal conditions, and other factors, further complicating its interpretation. Despite these
inconsistencies, the findings reinforce the potential of the BDNF as a biomarker for assess-
ing whether the physical environment can enhance its production. This paper emphasises
the need to investigate BDNF responsiveness at the level of a single bout of physical activity.
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Walking

However, for short- and long-term interventions, research should move beyond the BDNF
alone and consider adaptive neuroplasticity and functional outcomes as primary dependent
variables. Since the BDNF is actively taken up by the brain and plays a metabolic role in
supporting other functions, its long-term measurement can be reflected in neuroplasticity
and brain health, and not the BDNF itself.

Figure 3 illustrates the complex relationship between the BDNF and improved cog-
nitive function, as suggested through this schematic. However, Figure 3 provides a con-
ceptual illustration of the relationship between walking, the BDNF, and brain health
(e.g., improved cognitive function, etc.), while a meta-regression analysis in the future can
elucidate those dynamics.

Acute effect

BDNF concentrations

Brain performance

I 1 I I I I 1

I
24 36 48

Duration (weeks)

Figure 3. Conceptual relationships between walking duration, BDNF changes, and improved

brain performance.

4.1. Single Bout Walking and BDNF

There is a modest number of single-bout walking interventions (n = 7), facilitating a
narrative synthesis [34—40].

All single-bout studies used serum BDNF except Silveira-Rodrigues et al. [37], who
used plasma BDNF. The duration of the seven studies ranged from 30 min to 8 h, but they
were highly variable on subject characteristics. Hutchinson et al. [35] show in their study
that a 30 min walk significantly increased the BDNF for both pregnant and non-pregnant
women, but we should highlight that gender may have influenced the results. No effect
was found on the BDNF when wearing a mask or walking without a mask in another
30 min study [36]. Both studies used serum BDNEF, while a 40 min plasma BDNF study
showed no significant effect on the BDNF, which could be due to using plasma rather than
serum BDNE. Walking for 3.5 h was only significant for the 6 km Nordic walking type and
after 40 h [39]. A regular 6 km walk or 18-hole golf round for 3.5 h was not significant
enough to increase the BDNF [39], but an 18-hole golf round walk was significant at 5 h
in another study [34]. Wheeler et al. [40] showed positive effects on the BDNF increase,
but the subjects were overweight, making the parameters given non-generalizable, since it
was shown earlier in a systematic review by Khalil [1] that step count promotes adaptive
hippocampal plasticity, but subject to health factors such as obesity and type 2 diabetes.

One study showed that walking for 3 h in a hot environment (32 °C) increased the
BDNEF significantly, but not in a temperate environment [38]. It is worth noting here that
the impact of temperature can seriously affect the changes in the BDNF, since Khalil [2]
showed in their article on neurosustainability that seasonal variation positively correlates
with serum BDNF concentrations [55], that BDNF levels increase by 66% following a 2 min
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immersion of healthy men in 42 °C water compared to another group immersed in 35 °C
water [56], and that rats exposed daily to a 1 h 36 °C heat treatment for 7 days had better
hippocampal neurogenesis [57].

Two studies suggested that future experimental models should be of high intensity
to promote higher BDNF concentrations [36,39], which explains the significant increase in
the BDNF in 5 h but not 3.5 h for the 18-hole golf round, the 6 km Nordic walk but not the
6 km walk, and the significant effect of walking for 3 h in a hot environment (32 °C) but
not in a temperate environment.

Still, one study on women still shows that 30 min is enough to significantly elevate
the BDNF [35]. It is very important to note that this result may be gender sensitive. The
literature shows that a walk in nature for 1 h was significant only among women [58],
and that since stress has effects on the BDNF in several brain regions, including the
amygdala [59], the effectiveness of 30 min of walking may not be generalizable until
exploring it among men and both genders in environments of different temperatures.

Collectively, the seven studies suggest that a single bout of walking either for 30 min,
3.5 to 5 h continuously, or 8 h intermittently can result in variations in the BDNF, while
taking into account confounding variables such as temperature, walking intensity, and
gender-based amygdala reactivity. With those variables taken into account, future research
should use those findings on the impact of a single bout of walking on the BDNF to explore
and contrast both walking and high-intensity physical activity (such as using stairs) to
further explain the nuanced differences between walking and other habitual physical
activities such as cycling or climbing stairs on the BDNF [3].

4.2. Short-Term Walking and the BDNF

When moving from the level of a single bout, the effect of the BDNF may not be
straightforwardly traceable at the level of the BDNF itself. Short-term studies that lasted
for 2 weeks (n = 2) show that walking at moderate intensity, but not at low intensity, was
associated with a smaller percentage of WMH volume, but the BDNF levels were not
significantly correlated with the WMH volume [41]. The tricky relationship here is that we
previously showed that non-low-intensity walking is associated with larger hippocampal
volumes [1], and it is evident here that it is associated with WMH volume, but Otsuka
et al. [41] explain that the subjects were patients with depressive symptoms and mild
cognitive impairment, which affected the expression of the BDNF and may have reduced
their association with WMH. Therefore, the relationship between the increased BDNF
and neuroplasticity is still not null. Not only consistency for 2 weeks, but also intensity
(through inclination) was found to be effective in increasing the BDNF on the last day, not
the first [42], which explains that earlier single-bout studies that were insignificant could
have had significance if repeated consistently for in the short term. Therefore, at this 2-week
intervention duration, researchers can still expect to detect changes in both the BDNF and
structural plasticity at the end of the intervention.

4.3. Long-Term Walking and the BDNF

Long-term walking interventions (n = 8), 8 to 12 weeks, should be cautiously inter-
preted. As argued by the researchers of one of the included studies, BDNF reductions can
be observed, and that is in the uptake by the brain and its metabolic role for improving
cognitive and physical functions [44]. While that conclusion was from a 12-week study,
Domaszewska et al. [43] showed that in their 8 weeks of walking intervention, there was a
significant decrease in the BDNF in the Nordic walking group, and an increase in the Nordic
walking group with a resistance shock absorber, which may suggest that higher intensities
can still increase the BDNF while there is a brain uptake. This is because Rodziewicz-Fils
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et al. [44] showed a reduction in the BDNF for the Nordic walking with resistance poles,
but for 12 weeks, not 8, which supports the same hypothesis that there is a threshold for a
BDNF increase before it starts to be processed into the brain uptake. Through their 12-week
study, Walentukiewicz et al. [49] suggest that changes in the BDNF may signify a reduced
BDNF release by the brain or its higher uptake, which suggests that it is very difficult to
expect a straightforward BDNF-to-brain relationship. Still, several 12-week studies showed
inconsistent results. Gmiat et al. [50] showed that regular Nordic walking resulted in
improvements in cognitive functions and was accompanied by an increase in the BDNE.
Rezola-Pardo et al. [47] showed no changes in the BDNF, which was not associated with
physical, cognitive, or dual-task parameters. Reed et al. [46] showed no significant main
effect on the BDNEF, but walking was beneficial in improving physical and mental health
for patients. Noushad et al. [45] showed that the BDNF levels decreased after sitting or
walking in nature, but there was a significant effect of nature-based walking on traumatic
stress and post-traumatic growth. Finally, Caserta et al. [48] showed an increase in the
Nerve Growth Factor, but not the BDNF. At this level, through the available evidence, we
urge long-term studies to focus on the expected neuroplasticity or functional outcomes
rather than the BDNF itself, which may not be representative.

Among the four remaining long-term studies, (n = 1) lasted for 24 weeks, (n = 2)
for 1year, and (n = 1) for 13 months. Chou et al. [51] showed the significant effects
on the BDNF, but improvements in total recall, delayed recall, and subjective cognitive
impairment, which we see similarly to the 12-week-long studies. Leckie et al. [52] showed
that the BDNF mediated the effect of a 1-year long exercise on task-switch performance, but
only for subjects older than 71, while Voss et al. [53] showed that the increased temporal
lobe connectivity between the bilateral parahippocampal and the bilateral middle temporal
gyrus was associated with an increased BDNF and other growth factors through walking.
Lastly, Bergman et al. [54] showed that 13 months of light-intensity walking increased
the hippocampal volume, but was not mediated by the BDNF, which we can explain as
potentially being due to the light-intensity walking activity, which is proven to be ineffective,
or that it has been effective, but the BDNF has regulated the adaptive hippocampal plasticity
in a non-straightforwardly evident way, as hypothesised earlier.

4.4. Gaps and Future Research on the BDNF and Neuroplasticity

The relationship between physical activity (e.g., walking), the BDNEF, and neuroplas-
ticity is very complicated. It is still unclear whether long-term walking promotes adaptive
neuroplasticity separately, partially or completely via the BDNF, which limits a recommen-
dation on the needed long-term walking programme. The BDNF may not be a long-term
dependent variable to look for, but it can still be used as an indicator for the effective-
ness of the physical environment to elevate the BDNF after a single bout, but the BDNF
itself may not be a direct indicator of those changes, due to the high complexity of the
neurophysiological processes.

While this systematic review has highlighted the indirect association between the
BDNF increases and long-term positive outcomes, more evidence exists that supports how
physical activity has a long-term impact on neuroplasticity. For instance, another recent
systematic review on walking shows that walking indeed promotes adaptive hippocampal
formation volume changes [1], but that the relationship between walking, the BDNF, and
neuroplasticity is still unclear, despite the fact that walking is effective for both. For instance,
Bergman et al. [54] showed that walking increased the hippocampal volume, but that the
change was not mediated by the BDNF. More research is needed to explain this consistent
weak association, despite the fact that the BDNF is known for its role in promoting neuronal
cell growth, survival, and synaptic plasticity.
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While most of the included studies longer than a single bout reported that walking
resulted in positive functional outcomes (e.g., motor, cognitive, etc.), Voss et al. [53] showed
in their study that an elevated BDNF resulted in better connectivity between the bilateral
parahippocampal and bilateral middle temporal gyrus, which is considered functional, as
opposed to structural neuroplasticity.

Nonetheless, more systematic reviews cover the impact of structured exercise on long-
term adaptive neuroplasticity, which is related to, but not exclusive to, several neurological
diseases. Ploughman et al. [60], through their systematic review of clinical trials and studies
in animals, showed that forced exercise at moderate to high intensity elevates the BDNF
and other growth factors, such as the nerve growth factor (NGF) and insulin-like growth
factor (IGF-1), along with synaptogenesis in different brain regions. More recently, de Sousa
Fernandes et al. [61], through their systematic review on both human and animal studies,
showed that physical exercise is effective for increasing the production of neurotrophic fac-
tors (BDNF, NGF, and GDNF), cell growth, and proliferation, in addition to enhancing brain
functionality, which supports the initial hypothesis of this systematic review, and confirms
that walking can be considered a form of habitual exercise. Additionally, physical activity
and neurotrophic factors were systematically reviewed using meta-analysis, showing how
they act as potential drivers for neuroplasticity in Parkinson’s disease [62,63], multiple
sclerosis [64,65], Alzheimer’s disease [66-68], and neurological pathology [69]. A future
systematic review of systematic reviews with meta-analysis would be highly beneficial
for exploring the nuanced differences between the impact of walking and other forms of
exercise on BDNF concentrations in people with neurodegenerative diseases compared to
healthy subjects. Still, these systematic reviews further strengthen the recent hypothesis
that physical environment has the potential to be an active promoter of physical activity to
boost the BDNF and promote adaptive neuroplasticity [3]. An earlier review suggested
that acute exercise bouts would result in high BDNF synthesis which, in turn, can be
absorbed more effectively by central or peripheral tissues [70], which is further explained
by Khalil [4] in the BDNF-interactive model for sustainable hippocampal neuroplasticity
and neurogenesis, where it is argued that BDNF is transported across the blood—brain
barrier through saturable and non-saturable transport mechanisms [71,72].

In that regard, environmental affordance for physical activity [3] can help protect
against the cognitive decline caused by ageing. Higher amounts, durations, and frequencies
of daily walking were found to each be associated with larger volumes of the hippocampus
between 0.2 and 1.4%, compared to annual atrophy rates between 0.8 and 2.0% in healthy
elders [73]. Subjects with type 2 diabetes, however, may require an additional 15,000 steps
to return to a normal hippocampal volume [74]. Future research should be cautious,
however, regarding the fact that ageing-related hippocampal volume is associated with
a number of neurotoxicity factors besides diabetes, such as clinical depression, bipolar
disorder, obesity, hypertension, brain injury, and head traumas [75].

Furthermore, the relationship between physical activity and either the BDNF or neu-
roplasticity should take into consideration the mediating role of stress and other mental
health conditions, which can hinder adaptive neuroplasticity by inhibiting the BDNF regu-
lation [4], or requiring extra physical activity efforts to reach homeostasis. On the one hand,
stress affects the BDNF in the hippocampus, amygdala, and cortex [59]. Thus, physical
activity and stress have magnitudes of opposite forces, and the sum is going to affect the
final BDNF outcome. More physical activity can mitigate the negative effects of stress on
the BDNF levels, but chronic exposure to stress can make it difficult for physical activity to
be effective without multiplied efforts. On the other hand, the maladaptive neuroplasticity
in depression is suggested to be associated with alterations in the BDNF [76,77], which
suggests that physical activity can help in overcoming depression. This was shown in a
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recent pilot study to be more common inside built environments and more specifically in
single-storey houses that may lack greater physical activity through the lack of stairs [78].
Hence, physical activity can mitigate both stress and depression, but both can also lead
to the design of environments that demand high levels of physical activity. In addition,
the increase of BDNF through walking can arguably be an antidote to the complexity of
the neurophysiological imbalances in mental health cases such as borderline personality
disorder [79].

As illustrated in Figure 4, future research is urged to separately test the impact of
walking on the BDNF in a single bout to explore the effect of the environment on elevating
the BDNF and the relationship between the BDNF, functional brain improvements, and
structural neuroplasticity under the given conditions that affect BDNF concentrations.

S

Temperature :
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Gender-based
Stress level amygdala reactivity

.t\\’

Walking intensity Depression
and duration

s,

Walking

i 3 Obesity
Brain health /
disease \ /

Age
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Figure 4. A model for future research on walking, BDNF and neuroplasticity. The relationship
between walking and BDNF should be studied separately from or cautiously in conjunction with
the relationship between BDNF responses to walking and neuroplasticity changes. Still, the factors
affecting the BDNF response to walking are constant.

5. Conclusions

Based on the systematic review of the impact of walking on the brain-derived neu-
rotrophic factor (BDNF) as a biomarker of neuroplasticity, several important conclusions
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can be drawn. Walking, particularly at moderate to high intensities, has been shown to
influence the BDNF levels, with the most acute effects observed shortly after physical
activity. However, the long-term effects of walking on the BDNF are less clear, and the
brain’s uptake of the BDNF for various neuroplasticity and metabolic processes may limit
its accumulation over time, urging the long-term focus to be on adaptive neuroplasticity
and functional outcomes instead.

Single-bout interventions can use the immediate responsiveness of the BDNF to test
the ability of the environment to induce moderate- and high-intensity walking or other
forms of physical activity.

While walking, especially in certain environmental conditions such as heat, can effec-
tively elevate the BDNE, the collective outcomes suggest that a more standardised approach
in future research is required. In particular, long-term interventions should focus on broader
neuroplasticity and functional outcomes, as the BDNF itself may not be a direct indicator
of sustained neuroplasticity.

Further studies should investigate the combined effects of walking and other forms of
physical activity, explore varying intensities, and examine the environmental affordances of
moderate-to-high intensity walking and possible stair use in promoting BDNF regulation.
This review underscores the potential of walking as a sustainable intervention for adaptive
neuroplasticity, supporting its integration into daily routines as part of public health and
wellbeing strategies.
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