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Abstract

It has been hypothesized that one mechanism through which physical activity provides benefits to cognition and mood is via
increasing brain-derived neurotrophic factor (BDNF) concentrations. Some studies have reported immediate benefits to mood and
various cognitive domains after a single session of exercise. This meta-analysis sought to determine the effect of a single exer-
cise session on concentrations of BDNF in peripheral blood, in order to evaluate the potential role of BDNF in mediating the bene-
ficial effects of exercise on brain health. MEDLINE, Embase, PsycINFO, SPORTDiscus, Rehabilitation & Sports Medicine Source,
and CINAHL databases were searched for original, peer-reviewed reports of peripheral blood BDNF concentrations before and
after acute exercise interventions. Risk of bias within studies was assessed using standardized criteria. Standardized mean differ-
ences (SMDs) were generated from random effects models. Risk of publication bias was assessed using a funnel plot and
Egger’s test. Potential sources of heterogeneity were explored in subgroup analyses. In 55 studies that met inclusion criteria, con-
centrations of peripheral blood BDNF were higher after exercise (SMD = 0.59, 95% CI: 0.46-0.72, P < 0.001). In meta-regression
analysis, greater duration of exercise was associated with greater increases in BDNF. Subgroup analyses revealed an effect in
males but not in females, and a greater BDNF increase in plasma than serum. Acute exercise increased BDNF concentrations in

the peripheral blood of healthy adults. This effect was influenced by exercise duration and may be different across genders.

Introduction

It has been observed that in addition to benefits to fitness, exercise
may provide cognitive benefits and alleviate psychiatric symptoms
in some individuals (Wipfli er al., 2008; Rethorst et al., 2009; Basso
et al., 2015; Best et al., 2015; Bossers et al., 2015; Dauwan et al.,
2015; Hagovska et al., 2015; Kerling et al., 2015; Knapen et al.,
2015; Pedersen & Saltin, 2015; de Souza Moura et al., 2015). The
mechanisms by which exercise achieves these brain benefits have
yet to be elucidated. One proposed mechanism by which exercise
may accomplish these benefits is via stimulating an increase in
brain-derived neurotrophic factor (BDNF) concentrations (Gomez-
Pinilla et al., 2008; Gligoroska & Manchevska, 2012). BDNF is a
protein of the neurotrophin family required for the growth, survival,
and differentiation of many neurons (Acheson et al., 1995; Huang
& Reichardt, 2001; Greenberg et al., 2009; Numakawa et al.,
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2010). BDNF may also affect the growth and survival of glial cells,
through activation of signal transduction pathways (Roback et al.,
1995; Rose et al., 2003). Indeed, glial cells have been shown to
express BDNF receptors including trkB and p75 (Frisen et al.,
1993; Casaccia-Bonnefil et al., 1996).

Increased brain BDNF concentrations may result in increased neu-
ronal growth, survival, and synaptogenesis, leading to the cognitive
and affective benefits observed after exercise (Tolwani ef al., 2002;
Scharfman er al., 2005; Cotman & Berchtold, 2007; Arancibia
et al., 2008; Ma, 2008). Moreover, BDNF has been shown to be
lower in the periphery of individuals with various psychiatric disor-
ders (Green ef al., 2011; Suliman ef al., 2013; Molendijk er al.,
2014; Fernandes et al., 2015a,b; Polyakova et al., 2015) and meta-
bolic disorders (Krabbe ef al., 2007). In Alzheimer’s disease,
reduced BDNF concentrations and mRNA expression have been
observed in the hippocampus, frontal cortex, and parietal cortex of
post-mortem brain tissue (Connor et al., 1997; Ferrer et al., 1999;
Peng et al., 2005). Furthermore, BDNF concentrations may decrease
with age, and may be associated with cognitive function in some
populations (Lommatzsch et al., 2005; Ziegenhorn et al., 2007,
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Gunstad et al., 2008; Komulainen ef al., 2008; Tapia-Arancibia
et al., 2008). As a result of these observations, interventions that
increase BDNF concentrations are of interest.

Evidence in animals suggests that exercise increases BDNF con-
centration in multiple brain regions (Berchtold er al., 2001a; Klint-
sova et al., 2004; Gustafsson et al., 2011). These regions include
the hippocampus (Berchtold et al., 2001a; Marlatt et al., 2012; Fang
et al., 2013; Lu et al., 2014) and prefrontal cortex (Geng et al.,
2013), areas involved in cognition, as well as the amygdala (Liu
et al., 2009), a brain region imperative to emotional processing.
Voluntary wheel-running has been shown to increase BDNF mRNA
production in the hippocampus and neocortex of rats (Neeper et al.,
1996), suggesting that exercise induces BDNF production via upreg-
ulation of BDNF gene transcription. While in vivo measurement of
central BDNF in humans is not feasible, numerous studies have
measured peripheral BDNF concentrations after exercise, with some
studies finding increases (Griffin et al., 2011; Cho et al., 2012;
Coelho et al., 2012; Schmolesky et al., 2013; El-Tamawy et al.,
2014; Salehi et al., 2014; Jeon & Ha, 2015) and others reporting no
significant changes in BDNF after exercise (Correia et al., 2010;
Stroehle et al., 2010; Bos et al., 2011; McDonnell et al., 2013;
Gapin et al., 2015; Schuch et al., 2015). Thus, evidence regarding
the effects of acute exercise on peripheral BDNF is inconsistent.

Recently, our group provided meta-analytic evidence that regular
aerobic exercise results in an increase in resting concentrations of
peripheral BDNF in humans (Dinoff et al., 2016). Here, we provide
meta-analytic data on the effect of a single session of exercise (acute
exercise) on peripheral concentrations of BDNF. Acute exercise has
been observed to produce modest immediate benefits to cognitive
performance and mood (Petruzzello ef al., 1991; Yeung, 1996;
Tomporowski, 2003; Bartholomew et al., 2005; Barella et al., 2010;
Chang et al., 2012; Hogan et al., 2013). Identification of the mecha-
nisms by which acute exercise results in these benefits is useful to
determine the clinical significance of acute exercise. A previous
meta-analysis (Szuhany et al., 2015) found that acute exercise
increases peripheral BDNF concentration and that this effect size is
moderate. Since that meta-analysis, numerous clinical studies on this
effect have been published, allowing for a stronger evaluation of the
evidence for this effect. Furthermore, that report did not include sub-
group analyses or other investigations of heterogeneity due to a lim-
ited number of studies. Questions remain regarding the length and
intensity of acute exercise required to produce benefits to cognition
and affect. Therefore, this meta-analysis sought to determine
whether an acute exercise session alters peripheral BDNF concentra-
tions in humans and to investigate potential moderators of this
effect.

Methods
Data sources

This meta-analysis followed the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) (Liberati et al.,
2009) guidelines (PRISMA checklist is presented in the online Sup-
porting Information). English-language literature was searched using
MEDLINE, Embase, PsychINFO, SPORTDiscus, Rehabilitation &
Sports Medicine Source, and Cumulated Index to Nursing and
Allied Health Literature (CINAHL) databases. Databases were
searched up to October 2016 for original reports of BDNF changes
after exercise. A sample search strategy (MEDLINE) is presented in
the online Supporting Information. Reference lists of retrieved stud-
ies were searched for additional reports.

Study selection

Inclusion criteria were: (i) BDNF measured before and after a single
session of exercise; (ii) measured serum, plasma, or whole blood
BDNF concentration; (iii) exercise intensity >40% of peak oxygen
uptake (VOppeu) Or described as running, cycling, or resistance
training. Exclusion criteria were as follows: (i) study included a dis-
eased population (e.g. diabetes, Parkinson’s disease, multiple sclero-
sis, etc.) or a psychiatric population (e.g. depression, schizophrenia,
etc.) without a control group; (ii) study population consisted of chil-
dren below the age of 18. Diseased populations, psychiatric popula-
tions, and child populations were excluded from this meta-analysis
as these populations have been shown to have altered BDNF con-
centrations and this may modify the effect of exercise on BDNF
(Connor et al., 1997; Karege et al., 2002a; Palomino et al., 2006;
Krabbe et al., 2007; Frota et al., 2009; lIughetti et al., 2011). Stud-
ies of diseased or psychiatric populations that included a healthy
control group were included in this meta-analysis and only the
healthy control group data were included in the analyses. Some
studies that met these initial eligibility criteria were not included in
this meta-analysis as the data were not extractable (e.g. standard
deviations or variances not reported) or the exercise intensity
description implied that the intervention intensity was <40%
VOspeqx (e.g. easy walking or yoga).

Data extraction

Each article was examined for eligibility by two independent raters.
A third rater was used to settle disagreements regarding inclusion.
Data on pre- and post-intervention mean BDNF concentrations and
standard deviations [picograms/millilitre], population characteristics,
exercise intervention characteristics, risk of bias items, and other
study details were extracted into a preformatted spreadsheet by two
raters. Missing data were requested from the corresponding authors.
Exercise intensity prescriptions consisting of percentage of maxi-
mum heart rate or Borg rating of perceived exertion (RPE) were
converted to percentage of maximum VO,pey as described by the
National Council on Strength & Fitness (National Council on
Strength & Fitness). In studies in which participants completed mul-
tiple trials of acute exercise, data from the trial with the least or
absence of co-interventions were used in the overall analysis (exam-
ples of co-interventions included taking medication prior to exercise,
or alterations of air temperature, humidity, or particulate matter,
etc.). In cases of multiple trials with no co-interventions, data from
the first trial, or if not reported, data from the most intense trial were
included in the overall analysis. If the first reported exercise session
consisted of an incremental exercise test to exhaustion, and values
of peripheral blood BDNF were measured before and after this test,
data from this exercise session were used in all analyses. In studies
with different groups of participants completing acute exercise of
different intensities and/or durations, groups were entered separately
in all analyses. Studies were additionally categorized by whether the
exercise intervention was aerobic or resistance training.

Statistical analyses

Standardized mean differences (SMDs) and 95% confidence inter-
vals (CIs) were calculated using random-effects models (Harris
et al., 2008). SMDs were chosen because of variability in absolute
BDNF concentrations between assays used by different laboratories
and between measures of BDNF in different components of blood
(Noble et al., 2008). Random-effects models are preferred if
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significant heterogeneity is expected, as they account for variable
underlying effects in estimates of uncertainty, including both within-
and between- study variance. Heterogeneity across studies was sum-
marized by Q statistics calculated in Chi-square analysis and I*
indices were calculated to investigate inconsistencies among results
of the included studies (Higgins & Thompson, 2002). Heterogeneity
was further explored via subgroup analyses. Differences in the effect
of acute exercise lasting longer than 30 min compared to acute exer-
cise of 30 min or less on BDNF concentrations was explored as this
was the median and modal exercise session time. In four studies that
measured BDNF in both serum and plasma (Currie er al., 2009;
Cho et al., 2012; Gilder ez al., 2014; Pareja-Galeano et al., 2015),
serum measurements were used in all analyses except subgroup
analysis of serum vs. plasma (in which both measurements were
used), as serum BDNF measurements were more common across
studies. Inverse variance-weighted meta-regression analyses were
used to investigate associations between SMDs and population char-
acteristics and intervention characteristics. In studies with multiple
different groups completing exercise of different intensities and/or
durations, groups were entered separately in meta-regression analy-
ses. Risk of publication bias was assessed visually using funnel

Records identified through database
(MEDLINE, EMBASE, PsycInfo,
SPORTDiscus, Rehabilitation & Sports
Medicine Source, and CINAHL) to
October, 2016
(n=4320)
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plots and quantitatively with Egger’s test (Egger et al., 1997). The
‘trim and fill’ method was used to identify and correct for potential
publication bias. Briefly, the ‘trim and fill’ method involves identify-
ing and removing the smaller studies in a meta-analysis that cause
funnel plot asymmetry, using the newly ‘trimmed’ funnel plot to
estimate the true center of the funnel, then replacing the omitted
studies and their missing counterparts around the centre (filling)
(Duval & Tweedie, 2000; Peters er al., 2007). Study quality was
assessed using criteria adapted from the Cochrane Collaboration’s
Risk of Bias tool as done previously (Swardfager et al., 2012; Din-
off er al., 2016). Analyses were conducted using Review Manager
Version 5.3 (Cochrane Collaboration, Oxford, UK) and staTa
(Release 14.1; StataCorp, College Station, TX). Data are presented
as mean =+ standard deviation.

Results
Population and exercise characteristics

Fifty-five studies met inclusion criteria and presented sufficient data
to be included in this meta-analysis (Fig 1). Reasons for exclusion

Duplicate records

Unique records screened
(n=2731)

Full-text articles or abstracts assessed for
eligibility
(n=190)

Studies included in quantitative syntheses
(n=55)

FiG 1. Search and selection of articles.

(n=1589)

Records excluded
(n=2541)

n =792 not related to subject matter
n="781 animal studies
n=559 review articles
n=169 case reports, study protocols,
comments
n= 149 no exercise intervention
n=59 no blood BDNF concentration
measured
n=24 studies in diseased or psychiatric
populations
n=>5 studies in child/adolescent populations
n =23 non-English studies

Full-text articles excluded
(n=135)
n=152 chronic exercise studies
n=9 exercise intervention is yoga or tai-chi
n= 16 different reports of same study
n=1 study protocol
n=10 no exercise intervention
n=28 no blood BDNF concentration
measured
n=36 abstracts that do not contain enough
information to include
n =13 studies that meet eligibility criteria but
do not contain sufficient information
reported to be included
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are reported in Fig 1. In total, 1180 participants (75.4% male; mean
age: 27.9 + 10.8; mean body mass index (BMI): 24.0 £ 1.7; mean
VO, pea: 444 £ 8.1 mL/kg*min) were included. Included studies
ranged in size from 4 to 95 participants. Mean exercise session time
and intensity were 38.9 £+ 37.5 (7-240) minutes at 78.7% + 18.1%
(45-100%) of VO, peyx respectively. A complete list of study popu-
lation and exercise intervention characteristics can be found online
in the Supporting Information.

Comparison of pre- and post-exercise BDNF concentration

Concentrations of peripheral blood BDNF were significantly higher
after acute exercise (SMD = 0.59, 95% CI: 0.46-0.72, P < 0.001;
Fig 2). Acute exercise caused an approximate 60% increase in
BDNF concentrations in peripheral blood. Funnel plot (Supporting
Information) and Egger’s test (P = 0.001) revealed significant risk
of publication bias. After adjusting for potential publication bias
using the ‘trim-and-fill’ method, a significant increase in peripheral

Post-exercise Pre-exercise Std. Mean Difference

blood BDNF concentrations was still present (SMD = 0.40, 95%
CI: 0.25-0.55, P < 0.001). A Chi® value of 131.96 (P < 0.001) and
I index of 58% signify considerable heterogeneity and inconsis-
tency, respectively, among included studies. Qualitatively, 39% of
studies reported a significant increase in peripheral blood BDNF
after acute exercise, no studies reported a significant decrease in
BDNF after acute exercise, and 61% reported no significant change.
Fifty of the fifty-five studies were deemed likely to be high quality
evidence (risk of bias assessments for each study can be found in
the online Supporting Information).

Investigations of heterogeneity
Aerobic exercise vs resistance training

Eight of fifty-five studies consisted of a resistance training exercise
intervention. All other studies used an aerobic exercise intervention.
In subgroup analysis, there was no significant difference in effect

Std. mean difference

Study or Subgroup Mean SD_Total Mean SD_Total Weight 1V, Random, 95% CI IV, random, 95% CI
Babaei 2014a 1215 324.4 20 775 335 20 1.7% 1.31 [0.62, 2.00]

Babaei 2014b 1197.9 365.1 19 807.4 350 19 1.7% 1.07 [0.38,1.75]

Bos 2011 20,668.3 8666.7 35 18,066.7 8666.7 35 2.3% 0.30 [-0.17,0.77] =

Brunelli 2012 1280 315 10 940 115 10 1.1% 1.37 [0.38,2.37]

Castellano 2008 15,940 15,383 22 15,000 12,420.5 22 2.0% 0.07 [-0.53, 0.66] e M—
Cho 2012 37,800 2300 18 22,9445 9116.6 18 1.4% 2.18 [1.34,3.03]

Church 2016a 2000 1750 10 1200 1000 10 1.3% 0.54 [-0.36, 1.43] I

Church 2016b 2620 1980 10 1100 800 10 1.2% 0.96 [0.03, 1.90]

Coelho 2014 411 172.8 18 353.3 169.9 18 1.8% 0.33 [-0.33, 0.99] I

Correia 2010 2261 1493 16 2464 1543 16 1.7% —0.13 [-0.82, 0.56] |
Currie 2009 15,700 3500 4 6970 4020 4 0.4% 2.01 [0.05, 3.97]

Ferris 2007 22,880 8210 15 17,620 6 894 15 1.6% 0.68 [-0.06, 1.41] T

Gapin 2015 1016.3 224.2 20 10283 2751 20 1.9% —0.05 [-0.67, 0.57] [ E—
Gilder 2014 15,100 17,265 23 11,400 23,979.2 23 2.0% 0.17 [-0.41,0.75] I

Goda 2013 15,900 5600 33 14,900 5000 33 23% 0.19 [-0.30, 0.67] I
Goekint 2008 24,187 6430 11 16,950 3250 1" 1.2% 1.37 [0.42,2.31]

Goekint 2010 15,760 4160 16 15,310 3280 16 1.7% 0.12 [-0.58, 0.81] ]

Goekint 2011 14,700 2490 1" 12,000 1575 1" 1.2% 1.25 [0.32,2.18]

Gold 2003 6740 5000 20 47172 21994 20 1.9% 0.51 [-0.12, 1.14] T

Griffin 2011 1294 820.5 32 974.7 7416 32 23% 0.40 [-0.09, 0.90] T

Heyman 2012 14,400 2285 1 11,950 2285 1" 1.3% 1.03 [0.13, 1.93]

Hwang 2016 25,240 6230 29 21,666 5079 29 22% 0.62 [0.09, 1.15]

Hétting 2016a 24,460 4 520 26 20,720 5000 26 2.1% 0.77 [0.21,1.34]

Hétting 2016b 19,167 4420 23 19,333 4000 23 2.0% —0.04 [-0.62, 0.54] I
Laske 2010 31,000 8100 20 30,500 6900 20 1.9% 0.07 [-0.55, 0.69] I hE—
Lee 2014 29,100 5000 12 23,200 5600 12 1.4% 1.07 [0.21,1.94]

Mang 2014 11,918 6404 16 5258 3258 16 1.5% 1.28 [0.51,2.05]

Matthews 2009 30,480 6730 8 24435 5020 8 1.1% 0.96 [-0.09, 2.02] T
McDonnell 2013 29,654.9 25,572.5 25 30,573.6 23,263.5 25 2.1% —0.04 [-0.59, 0.52] I
Muders 2016 16,657.9 5148.1 95 12,9589 4,039.5 95  2.8% 0.80 [0.50, 1.09] -
Pareja-Galeano 2015 3 540 1860 12 3780 1200 12 1.5% —0.15 [-0.95, 0.65] |
Piepmeier 2015 963.9 15574 29 657.9 870.4 29 2.2% 0.24 [-0.28, 0.76] ]
Rasmussen 2009 1172 968 8 442 272 8 1.1% 0.97 [-0.08, 2.02] T

Rojas Vega 2006 89,300 26,000 8 60,800 23,000 8 1.0% 1.10 [0.02, 2.17]

Rojas Vega 2010 8 440 2920 8 5900 2340 8 1.1% 0.91 [-0.14, 1.95] 7

Rojas Vega 2011 14,460 6130 20 13,333 5460 20 1.9% 0.19 [-0.43, 0.81] I

Rojas Vega 2012 10,625 3250 11 7125 2875 1" 1.3% 1.10 [0.19, 2.01]

Saucedo Marquez 2015 10,150 3625 7 6000 2222 7  09% 1.29 [0.10,2.48]

Schild 2016 0.57 0.059 36 0.44 0.089 36 2.1% 1.70 [1.16, 2.25]

Schmidt-Kassow 2012 32,4246 75154 40 32,0029 97246 40 2.4% 0.05 [-0.39, 0.49] I
Schmidt-Kassow 2013 31,4315 92038 54 30,1815 94224 54 2.6% 0.13 [-0.24, 0.51] I B

Schmidt-Kassow 2014 37,531 7464 11 33,071 7 355 1" 1.4% 0.58 [-0.28, 1.44]

Schmolesky 2013a 30,352 13,784 9 23,002 6 625 9 12% 0.65 [-0.31, 1.60]
Schmolesky 2013b 30,527 8443 9 24830 6437 9 1.2% 0.72 [-0.24, 1.68]
Schmolesky 2013c 30,977 20,324 8 23,855 8584 8 1.1% 0.43 [-0.56, 1.43]
Schmolesky 2013d 38,885 12,195 9 28549 4 366 9 11% 1.07 [0.07,2.08]
Schuch 2015 190.7 17004 16 222 20316 16 1.7% —0.02 [-0.71, 0.68]
Seifert 2010 31083 12,3922 12 19583 1918.6 12 1.5% 0.51 [-0.30, 1.33]
Slusher 2015 1949.2 815.5 22 13525 793.6 22 19% 0.73 [0.12,1.34]
Strohle 2010 9680 10,500 12 10,640 8 830 12 1.5% —0.10 [-0.90, 0.71]
Tang 2008 34,500 8870 16 30,890 8 260 16 1.7% 0.41 [-0.29, 1.11]
Tonoli 2015 15,050 4000 10 11,920 3700 10 1.3% 0.78 [-0.14, 1.69]
Tsai 2014 104 83.5 40 81.8 84.9 40  24% 0.26 [-0.18, 0.70]
Tsai 2016 71 72 40 46.1 39 40 24% 0.43 [-0.02, 0.87]
Van Cutsem 2015 26,500 2100 9 21,800 1300 9 08% 2.56 [1.24,3.89]
Wahl 2015 27,750 5630 13 21,640 4 490 13 1.4% 1.16 [0.32,2.00]
Walsh 2016 25,1115 5000 10 22,700 5000 10 1.3% 0.46 [-0.43, 1.35]
Williams 2012 570 40 13 500 60 13 1.4% 1.33 [0.47,2.19]
Winter 2007 1163 338 27 1040 239 27 21% 0.41 [-0.13, 0.95]
Yarrow 2010 30,853 10,350 20 23,304 8206 20 1.8% 0.79 [0.15,1.44]
Zoladz 2008 10.9 8.3 13 10.3 5 13 1.5% 0.08 [-0.68, 0.85]
Total (95% CI) 1180 1180 100.0% 0.59 [0.46, 0.72]

Heterogeneity: 1 = 0.13; X* = 131.96, df = 60 (P < 0.00001); /> = 55%
Test for overall effect: Z = 8.81 (P < 0.00001)

<&

Favours [pre-exercise] Favours [post-exercise]

FI1G 2. Peripheral blood BDNF concentration change pre- to post-exercise. Mean and SD columns indicate mean concentrations of BDNF and standard devia-
tions of these means before and after the exercise intervention. Lines indicate 95% confidence intervals (CI) and the midpoint of each line is denoted by a
square indicating the standardized mean difference (SMD) for each study. Diamond indicates overall SMD and 95% CI. Significance of overall effect:

Z =847, P <0.001.
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size between resistance training interventions and aerobic exercise
interventions (Aerobic exercise: SMD = 0.61, 95% CI: 0.46-0.75,
P < 0.001; Resistance training: SMD = 0.48, 95% CI: 0.15-0.80,
P =0.004; Test for subgroup differences: Chi® = 0.52, df =1,
P = 0.47). Both types of exercise produced a significant increase in
peripheral blood BDNF after acute exercise. Significant heterogene-
ity and inconsistency were present in the aerobic subgroup
(Chi® = 117.09, P < 0.001, I> = 56%) but not the resistance training
subgroup (x> = 13.64, P = 0.09, I> = 41%).

Exercise duration and intensity

In meta-regression analysis, exercise duration showed a trending
association (B = 1.822, P = 0.075, df = 46) with effect size of
BDNF increase after exercise (Fig 3). Removal of one study data
point (Rasmussen et al., 2009) with an exercise duration of twice as
long as the next longest duration and greater than five standard devia-
tions from the mean exercise duration (online Supporting Informa-
tion), yielded a significant association (= 2.078, P = 0.043,
df = 45) between exercise duration and effect size (Fig 4). A positive
association indicates that longer exercise times were associated with
greater effect sizes. The median and modal exercise duration was
30 min. In subgroup analysis, exercise sessions of greater than
30 min resulted in significantly greater increases in peripheral BDNF
than those produced after exercise sessions of 30 min or less (Greater
than 30 min: SMD = 0.81, 95% CI: 0.53-1.09, P < 0.001; 30 min
of less: SMD = 0.47, 95% CI: 0.31-0.63, P < 0.001; Test for sub-
group differences: Chi® = 4.24, df = 1, P = 0.04). Exercise intensity
also showed a trend (f = 1.766, P = 0.085, df = 43) for a significant
association with effect size in meta-regression analysis (Fig 5).

Serum vs. plasma

Forty-two studies measured BDNF in serum only, nine studies
(Zoladz et al., 2008; Rasmussen et al., 2009; Correia et al., 2010;
Seifert et al., 2010; Babaei et al., 2014; Coelho et al., 2014; Slusher
et al., 2015; Church et al., 2016; Schild et al., 2016) measured
BDNF in plasma only, and four studies (Currie et al., 2009; Cho
et al., 2012; Gilder et al., 2014; Pareja-Galeano et al., 2015) mea-
sured BDNF in both serum and plasma. In subgroup analysis, a sig-
nificantly greater increase in BDNF was found in plasma compared
to serum (Serum: SMD = 0.55, 95% CI: 0.41-0.68, P < 0.001;
Plasma: SMD = 0.99, 95% CI: 0.58-1.40, P < 0.001; Test for sub-
group differences: 3> = 4.12, df = 1, P = 0.04). Importantly, the
serum subgroup contained more than four times as many partici-
pants as the plasma subgroup. In both subgroups, BDNF was signif-
icantly increased after acute exercise.

Gender

Meta-regression  analysis revealed a significant association
(B = 3.624, P = 0.001, df = 58) between percent of study popula-
tion being male and effect size of increase in BDNF after exercise
(Fig 6). A positive association indicates that greater increases in
BDNF were observed in studies consisting of a greater proportion
of males. In subgroup analysis, a significant increase in BDNF after
acute exercise was found in males but not in females (Males:
SMD = 0.75, 95% CI: 0.57-0.92, P <0.001; Females:
SMD = 0.13, 95% CI: —0.10-0.37, P = 0.26; Test for subgroup
differences: Chi’ = 16.62, df =1, P < 0.001). Of note, approxi-
mately three quarters of all participants in studies included in this
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FI1G 3. Meta-regression analysis of BDNF changes against exercise duration
in minutes. A trending positive association ( = 1.822, P = 0.075, df = 46)
was found between length of exercise session and effect size. SMD, stan-
dardized mean difference.
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T T
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Exercise_duration

FI1G 4. Meta-regression analysis of BDNF changes against exercise duration
in minutes after removal of Rasmussen et al. (2009). A significant positive
association (f = 2.078, P = 0.043, df = 45) was found between length of
exercise session and effect size. SMD, standardized mean difference.
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FI1G 5. Meta-regression analysis of BDNF changes against exercise intensity
(% of VO, pea). A trending positive association (f = 1.766, P = 0.085,
df = 43) was found between exercise intensity and effect size. SMD, stan-
dardized mean difference.

© 2017 Federation of European Neuroscience Societies and John Wiley & Sons Ltd

European Journal of Neuroscience, 46, 1635-1646



1640 A. Dinoff et al.

meta-analysis were male, and in subgroup analysis five times as
many males were included in the analysis than females.

Age, body mass index (BMI), and cardiorespiratory fitness

Mean age (B = —0.877, P =0.38, df = 58) and BMI (B = 1.000,
P = 0.33, df = 32) of study participants were not significantly asso-
ciated with effect size (Figs 7 and 8). Interestingly, mean VO, pey
of study participants was significantly associated (f = 3.548,
P =0.002, df = 23) with effect size in studies that reported mean
VO, pey of study participants (Fig 9). This association was positive
indicating greater increases in peripheral BDNF after acute exercise
in those with greater cardiorespiratory fitness.

Discussion

Results from this meta-analysis suggest that peripheral blood con-
centrations of BDNF are increased after a single session of exer-
cise. The effect of acute exercise on peripheral BDNF
concentrations is heterogeneous and inconsistent. This phe-
nomenon was found to have a medium effect size (Cohen, 1988),
with the average increase in peripheral BDNF after acute exercise
being approximately 60%. Interestingly, it appears the increase in
peripheral BDNF after acute exercise is transient (Gold et al.,
2003; Rojas Vega et al., 2006, 2012; Matthews et al., 2009; Yar-
row et al., 2010; Goekint et al., 2011; Brunelli er al., 2012; Hey-
man et al., 2012; Schmidt-Kassow et al., 2012; Saucedo Marquez
et al., 2015; Tonoli et al., 2015; Wahl et al., 2015; Walsh et al.,
2016). Multiple studies have examined the kinetics of BDNF after
acute exercise and have consistently reported decreases of BDNF
back to baseline concentrations after 15-60 min of rest post exer-
cise (Gold et al., 2003; Rojas Vega et al., 2006, 2012; Matthews
et al., 2009; Yarrow et al., 2010; Goekint et al., 2011; Brunelli
et al., 2012; Heyman et al., 2012; Schmidt-Kassow et al., 2012;
Saucedo Marquez et al., 2015; Tonoli et al., 2015; Wahl et al.,
2015; Walsh et al., 2016).

One hypothesized mechanism by which exercise enhances brain
health is via upregulating BDNF production (Gomez-Pinilla ez al.,
2008; Gligoroska & Manchevska, 2012). Evidence from this meta-
analysis supports this hypothesis; however, this meta-analysis only
assessed concentrations of BDNF in the periphery and therefore it
cannot be concluded that concentrations of BDNF in the brain were
increased after acute exercise. Although one human study suggested
an association between peripheral and central BDNF concentrations
(Pillai et al., 2010), the evidence in humans is limited. It has been
reported that BDNF can cross the blood-brain barrier (BBB) of mice
and rats (Poduslo & Curran, 1996; Pan et al., 1998); however, evi-
dence of the ability of BDNF to cross the BBB is inconsistent (Par-
dridge et al., 1994; Pilakka-Kanthikeel e al., 2013) and the human
BBB is structurally and functionally different from those in animal
models. The roles of BDNF in the periphery are not well character-
ized and may involve modification of peripheral neuron function,
regulation of energy homeostasis, and modification of insulin activ-
ity (Ono et al., 1997; Lommatzsch et al., 1999; Vanevski & Xu,
2013).

Numerous mechanisms may be responsible for BDNF increases
observed after exercise. Changes in cerebral blood flow during exer-
cise may contribute to increased BDNF production in the brain
(Querido & Sheel, 2007). Furthermore, changes in circulating hor-
mones, such as insulin-like growth factor and norepinephrine, may
contribute to upregulated BDNF mRNA production (Ding et al.,
2006; Chen et al., 2007). Upregulation of BDNF transcription

SMD
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FIG 6. Meta-regression analysis of BDNF changes against percent of study
population that are male. A significant positive association (ff = 3.624,
P =0.001, df = 58) was found between percent of study population that are
male and effect size. SMD, standardized mean difference.

Mean_age

FIG 7. Meta-regression analysis of BDNF changes against mean age of
study population. No association ( = —0.877, P = 0.38, df = 58) was found
between mean age of study population and effect size. SMD, standardized
mean difference.
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FI1G 8. Meta-regression analysis of BDNF changes against mean BMI of
study population. No association (§ = 1.000, P = 0.33, df = 32) was found
between mean BMI of study population and effect size. SMD, standardized
mean difference.
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FIG 9. Meta-regression analysis of BDNF changes against mean VO, peyy Of
study population. A significant positive association ( = 3.548, P = 0.002,
df = 23) was found between mean VO, pey of study population and effect
size. SMD, standardized mean difference.

appears to be dependent on cAMP-response-element binding protein
(CREB), as mutant mice with repressed CREB activity showed no
significant increases in BDNF mRNA nor protein levels after acute
exercise (Chen & Russo-Neustadt, 2009; Aguiar et al., 2011). The
possibility exists that increases in BDNF concentrations observed
after exercise may be due to a decrease in blood volume resulting
from water loss during exercise (McConell et al., 1997). Adjusting
for blood volume loss post-exercise may provide a solution for
determining whether increased BDNF concentrations after exercise
are due to blood water loss or upregulation of BDNF production
(Pareja-Galeano et al., 2015).

Previous reviews on the effect of exercise on BDNF concentra-
tions in humans have largely concluded that acute exercise tran-
siently increases peripheral BDNF concentration (Knaepen et al.,
2010; Zoladz & Pilc, 2010; Coelho et al., 2013; Huang et al.,
2014). The results of this meta-analysis are similar to an earlier
analysis with fewer studies (Szuhany er al., 2015). This current
meta-analysis differs from that one by the inclusion of 41 additional
reports that were added due to a different search strategy and a later
search period (October 2016). There have been many reports pub-
lished on the effect of acute exercise on peripheral BDNF concentra-
tions since the previous meta-analysis, underscoring the importance
of this topic. A larger number of included studies allowed for a
stronger evaluation of current evidence and a more robust explo-
ration of heterogeneity across studies.

Results from this meta-analysis suggest that exercise duration
modifies the effect of acute exercise on peripheral BDNF concentra-
tions. Longer exercise duration was associated with a greater
increase in BDNF. Exercise durations of greater than 30 min were
found to result in a significantly greater increase in peripheral BDNF
than exercise durations of 30 min or less. This suggests that differ-
ent exercise durations may enhance brain function differently. Inter-
estingly, in a meta-analysis on the effects of acute exercise on
cognitive performance, cognitive benefits after acute exercise were
only observed after exercise durations longer than 20 min (Chang
et al., 2012).

In contrast to the effect of chronic exercise training on resting
concentrations of peripheral BDNF (Dinoff et al., 2016), no differ-
ence was observed in the effect of acute exercise on peripheral
BDNF concentrations between aerobic and resistance training

Acute exercise and BDNF: a meta-analysis 1641

interventions. It has been observed that blood lipoprotein response
to chronic exercise training differs between aerobic and resistance
training interventions (Tambalis et al., 2009). Perhaps longer time
periods are required to observe differences in protein concentration
changes induced by aerobic vs resistance training exercises. Short-
term changes in protein concentrations may be similar in both aero-
bic and resistance training interventions. This finding suggests that
with respect to changes in BDNF concentrations, aerobic exercise
differs from resistance training only in chronic exercise training.
Interestingly, a greater mean VO, pe, of the study population was
associated with greater effect size, indicating that greater increases in
BDNF after acute exercise were observed in those with greater car-
diorespiratory fitness. This may indicate that individuals with greater
cardiorespiratory fitness are better ‘primed’ for acute physiological
changes occurring after exercise and may receive greater acute bene-
fits to cognition and mood (Castellano & White, 2008; Zoladz et al.,
2008; Chang et al., 2012). Indeed, a meta-analysis of the effects of
acute exercise on cognition determined that positive effects of acute
exercise on cognition were greater in those with greater cardiorespira-
tory fitness (Chang ez al., 2012). It has been observed that blood pres-
sure increase in response to exercise is lower in those with greater
cardiorespiratory fitness (Kokkinos et al., 2002), suggesting that those
with greater fitness are more adapted to the physiological changes
triggered by acute exercise. Perhaps those with greater exercise expe-
rience produce greater increases in BDNF because previous exercise
experience has rendered their bodies more efficient at producing
BDNF in response to exercise. Contrariwise, increased BDNF
response to exercise may result in greater effects of exercise on car-
diorespiratory capacity, explaining why those with greater increases
in BDNF concentrations display greater cardiorespiratory fitness.
Gender differences in the effect of acute exercise on peripheral
BDNF concentrations were observed in this meta-analysis, with a
significant increase in BDNF post-exercise found in males but not
females. This finding may be explained by several possible factors.
This subgroup analysis was significantly limited by the fact that
more than three quarters of the subjects included in this meta-analy-
sis were male. A significantly larger male subgroup compared to
females limits the confidence of this finding, as an effect in females
may have been detected if more female participants were included.
Differences in resting serum concentrations of BDNF across genders
may be present, with some reports indicating greater resting serum
BDNF concentrations in males than females (Lommatzsch et al.,
2005; Ozan et al., 2010). This suggests that BDNF production and
or breakdown differs between genders (Chan & Ye, 2017). In addi-
tion, differences in body composition and muscle mass may account
for the difference in acute BDNF response to exercise found in this
meta-analysis. Matthews er al. observed increases in BDNF mRNA
and protein expression in rat muscle tissue after electrical stimula-
tion and muscle contraction, suggesting that BDNF may be pro-
duced in muscle tissue during exercise (Matthews et al., 2009).
Thus, a greater proportion of muscle mass in males may explain the
larger increase in BDNF after acute exercise. Furthermore, steroid
hormone concentration differences across genders may account for
some of the difference in acute BDNF response to exercise (Plu-
chino et al., 2013). Interestingly, both estrogen and testosterone
have been observed to have the potential to induce BDNF expres-
sion (Rasika et al., 1999; Berchtold et al., 2001b; Zhao et al., 2003;
Sohrabji & Lewis, 2006; Pluchino ez al., 2013). Perhaps testosterone
is a more potent inducer of BDNF than estrogen, as this would
explain an observed greater concentration of resting serum BDNF in
males than females. Of note, differences in resting BDNF concentra-
tion changes after chronic exercise training were not found across
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genders, with similar increases in resting BDNF concentrations
being observed in both males and females (Dinoff ez al., 2016). Age
and BMI were not found to be modifiers of the effect of acute exer-
cise on peripheral BDNF concentrations in this meta-analysis.

A greater relative increase in BDNF was found in plasma com-
pared to serum. However, this subgroup analysis was also limited
by a large difference in subgroup size, with more than four times as
many participants in the serum subgroup than the plasma subgroup.
The relatively small size of the plasma subgroup rendered this sub-
group more susceptible to outliers. Removal of the study by Cho
et al. (with an SMD in plasma greater than one and half times as
large as any other SMD) eliminated the significant difference in
effect size between these two subgroups. BDNF is stored in plate-
lets, which are activated and release their contents in serum (Fuji-
mura et al., 2002). This results in substantially higher
concentrations of BDNF in serum measurements than plasma (Par-
eja-Galeano er al., 2015). Exercise has been associated with
increases in platelet count and may result in platelet activation (Kes-
tin et al., 1993; el-Sayed, 1996). It is possible that platelet activation
during exercise results in the release of stored BDNF into plasma,
contributing to increases in plasma BDNF after exercise. Since pla-
telet activation during exercise would not affect serum concentra-
tions of BDNF, serum measurements may be better for determining
the effect of acute exercise on blood BDNF concentrations.

Plasma BDNF represents freely floating BDNF and thus may have
a different physiological role from serum BDNF (Lommatzsch er al.,
2005). It is likely that if BDNF is able to cross the human BBB, only
BDNF in plasma would be able to do so as serum BDNF is normally
stored in platelets (Pan ef al., 1998). Increased BDNF in the brain
may result in enhanced neuronal survival and synaptogenesis, result-
ing in structural changes and enhanced brain function (Tolwani et al.,
2002; Erickson et al., 2011; Swardfager et al., 2011). On the other
hand, if BDNF is able to cross the BBB, elevated peripheral BDNF
concentrations may indicate increased BDNF production in the brain
(Klein et al., 2011). Indeed, associations between central and periph-
eral BDNF concentrations have been reported in animals (Karege
et al., 2002b; Angelucci et al., 2011; Klein et al., 2011) and in one
human study (Pillai et al., 2010).

The effect of exercise on BDNF concentrations may be altered by
the presence of a single nucleotide polymorphism (SNP) in the gene
encoding BDNF (Canivet et al., 2015; Nascimento et al., 2015;
Lemos et al., 2016). The Val66Met SNP is a gene variation result-
ing in an amino acid substitution from valine to methionine that is
present in approximately 30% of the global population (Petryshen
et al., 2010). This SNP is associated with altered BDNF secretion
and altered serum BDNF concentration (Lang et al., 2009; Arija
et al., 2010). Two studies included in this meta-analysis (McDonnell
et al., 2013; Schmidt-Kassow et al., 2013) examined differences in
the effect of acute exercise on peripheral BDNF concentrations
between those with and without the Val66met SNP. Schmidt-Kas-
sow et al. reported no differences between groups (Schmidt-Kassow
et al., 2013) while McDonnell ef al. reported group differences due
to significantly lower resting serum BDNF concentrations in those
with the SNP (McDonnell et al., 2013). As only two studies exam-
ined this phenomenon, there is not enough evidence to conclude
whether this SNP modifies the effect of acute exercise on BDNF
concentrations.

This meta-analysis was limited by the heterogeneity in exercise
intervention and study populations across different studies. We
attempted to address this heterogeneity via subgroup and meta-
regression analyses. Some of the subgroup analyses, such as the
gender and blood component subgroup analyses, were limited by

large differences in subgroup size. Another limitation to the results
of this meta-analysis is that most studies included did not account
for potential effects of dehydration on changes in BDNF concentra-
tions post-exercise. Reduction in blood volume resulting from water
loss during exercise may have contributed to higher concentrations
of BDNF after exercise. One study that corrected for blood volume
loss after exercise still observed significant increases in BDNF post-
exercise in whole blood and serum coagulated for 24 h, but not in
plasma nor serum coagulated for 10 min (Pareja-Galeano et al.,
2015). Additionally, more than half of the studies included in this
meta-analysis lacked a control group that did not undertake exercise.
This may have detracted from the quality of the evidence; however,
fifty of the fifty-five studies included in this meta-analysis were
deemed of high methodological quality in risk of bias analysis based
on standardized criteria which included items such as adequately
described interventions, objective reporting of outcomes, and report-
ing of adherence to intervention (see risk of bias analysis in the
online Supporting Information).

Conclusion

Overall, this meta-analysis provides evidence for an increase in
peripheral blood concentrations of BDNF after a single session of
exercise. This effect is heterogeneous and may differ between gen-
ders. This effect appears to be modified by exercise duration. Fur-
ther research to elucidate other modifiers of this effect, such as the
presence of the Val66Met SNP, is warranted. Future studies in
humans evaluating the relationship between peripheral and central
BDNF and determining whether BDNF can cross the BBB are
needed to assess the importance of the results of this meta-analysis.
In addition, more work to determine whether transient increases in
BDNF mediate clinical benefits, such as improvements in mood and
cognition, would help in evaluating the impact of these results.
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