
Neurobiological markers of exercise-related brain plasticity in
older adults

Michelle W. Vossa,*, Kirk I. Ericksond, Ruchika Shaurya Prakashe, Laura Chaddockb,
Jennifer S. Kimb, Heloisa Alvesb, Amanda Szaboc, Siobhan M. Whitec, Thomas R.
Wójcickic, Emily L. Maileyc, Erin A. Olsonc, Neha Gothec, Vicki V. Potterc, Stephen A.
Martinc, Brandt D. Pencec, Marc D. Cookc, Jeffrey A. Woodsc, Edward McAuleyc, and Arthur
F. Kramerb

aThe University of Iowa, Department of Psychology, University of Illinois at Urbana-Champaign
bBeckman Institute & Department of Psychology, University of Illinois at Urbana-Champaign
cDepartment of Kinesiology and Community Health, University of Illinois at Urbana-Champaign
dDepartment of Psychology, University of Pittsburgh
eDepartment of Psychology, The Ohio State University

Abstract
The current study examined how a randomized one-year aerobic exercise program for healthy
older adults would affect serum levels of brain-derived neurotrophic factor (BDNF), insulin-like
growth factor type 1 (IGF-1), and vascular endothelial growth factor (VEGF) - putative markers of
exercise-induced benefits on brain function. The study also examined whether (a) change in the
concentration of these growth factors was associated with alterations in functional connectivity
following exercise, and (b) the extent to which pre-intervention growth factor levels were
associated with training-related changes in functional connectivity. In 65 participants (mean age =
66.4), we found that although there were no group-level changes in growth factors as a function of
the intervention, increased temporal lobe connectivity between the bilateral parahippocampus and
the bilateral middle temporal gyrus was associated with increased BDNF, IGF-1, and VEGF for an
aerobic walking group but not for a non-aerobic control group, and greater pre-intervention VEGF
was associated with greater training-related increases in this functional connection. Results are
consistent with animal models of exercise and the brain, but are the first to show in humans that
exercise-induced increases in temporal lobe functional connectivity are associated with changes in
growth factors and may be augmented by greater baseline VEGF.
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Introduction
Aerobic exercise is beneficial for brain function in older adults (Colcombe et al., 2004;
Rosano et al., 2010; Voss et al., 2010b). However, the neurobiological mechanisms for these
benefits are not fully understood. Whereas animal models have identified several
neurochemicals that mediate downstream effects of exercise on the brain and cognition,
including brain-derived neurotrophic factor (BDNF), insulin-like growth factor-1 (IGF-1),
and vascular endothelial growth factor (VEGF) (Cotman et al., 2007b), the role of these
molecules in exercise-induced changes in human brain function is unknown. We have
previously found that exercise training benefits functional connectivity in several brain
networks (Voss et al., 2010b) that are relevant for understanding cognition and human
behavior, including the Default Mode Network (DMN) and two brain networks involved in
cognitive control (Fronto-parietal and Fronto-executive, also referred to as the Cingulo-
opercular network) (Voss et al., 2010a). The goal of this study was to investigate the
relationship between serum BDNF, IGF-1, and VEGF, and functional connectivity in
healthy elderly adults following one year of exercise training.

The DMN includes the posterior cingulate, ventral and superior frontal medial cortices, and
bilateral lateral occipital, middle frontal, hippocampal and parahippocampal, and middle
temporal cortices, with the posterior cingulate and temporal cortex portions being most
adversely affected by age and mild cognitive impairment MCI status (Buckner et al., 2008;
Fox et al., 2005; Greicius et al., 2004). The DMN shows greater activity during
autobiographical memory and theory of mind processes, and is less metabolically active
when attention is engaged exogenously (Buckner et al., 2008). However, the extent to which
different regions in the DMN co-activate at rest has also been associated with individual
differences in cognitive performance, progression from MCI to Alzheimer’s Disease, and
other psychiatric disorders (Andrews-Hanna et al., 2007; Khamsi, 2012; Voss et al., 2010a).
We have previously reported that one year of moderate intensity aerobic exercise (walking)
increases task-independent functional coactivation of the hippocampus with the middle
temporal gyrus and the lateral parieto-occipital cortex, as well as the middle temporal gyrus
with the left middle frontal gyrus (Voss et al., 2010b). Given the links between the DMN,
cognitive aging, and progression of MCI to AD, in conjunction with links between exercise
and reduced risk of MCI and AD (Larson et al., 2006), these results suggest one pathway for
the benefits of exercise are through improved DMN function. However the neurobiological
mechanisms for improved DMN function remain unknown.

The fronto-executive network includes the anterior prefrontal cortex, insular and frontal
operculum cortices, the temporo-parietal junction, and the dorsal posterior and anterior
cingulate gyri and is involved in sustained task-set maintenance and error feedback for
tuning top-down control (Dosenbach et al., 2006; Rushworth et al., 2004). Of all the regions
in this network, aerobic exercise training was associated with increased task-independent
functional connectivity of the left and right anterior prefrontal cortices in this network (Voss
et al., 2010b). The fronto-parietal network includes the inferior parietal cortices, the
supplementary motor and primary cortices, the frontal eye-fields, primary and extrastriate
visual cortices, the inferior frontal cortex, and some overlapping portions of the temporo-
parietal junction with the fronto-executive network, and is involved in rapid engagement and
tuning of goal-directed attention (Dosenbach et al., 2006). In our previous study we found
that a stretching and toning intervention benefited this network after 6 months of training
(Voss et al., 2010b). These results are exciting in that moderate aerobic exercise can benefit
functional brain networks in regions that typically degrade with aging and onset of disease.
However, the mechanisms for how aerobic exercise confers such benefits in humans are
relatively unknown. The present study seeks to further examine the potential mechanisms
through which exercise exerts it benefits on functional brain connectivity in late life.
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BDNF, IGF-1, and VEGF likely play complementary roles in explaining how exercise
impacts brain networks. Central BDNF, and its receptor tyrosine kinase (TrkB), are highly
concentrated in the hippocampus, but are also distributed throughout the brain (Murer et al.,
1999), and mediate the effects of exercise on synaptogenesis, synaptic plasticity, and
enhanced learning and memory (Christie et al., 2008). Consistent with this, in humans,
circulating levels of BDNF have been linked to greater hippocampal volume and spatial
memory performance (Erickson et al., 2010), and exercise-induced change in hippocampal
volume (Erickson et al., 2012). Decreased BDNF plasma and serum levels have also been
associated with behavioral and cognitive symptoms of clinical depression, Alzheimer’s
disease, and psychiatric disorders such as schizophrenia and autism (for reviews, see
Erickson et al., 2012; Sen et al., 2008). These studies suggest that plasma and serum BDNF
may in part reflect BDNF released from the brain and may be viable biomarkers for age- and
clinically- relevant brain dysfunction.

However, BDNF is also produced by a number of organs and tissues in the peripheral
nervous system, including the heart and lungs (Scarisbrick et al., 1993; Timmusk et al.,
1993), and is stored and released from blood platelets and immune cells (Yamamoto et al.,
1990; Gielen et al., 2003; Kerschensteiner et al., 1999). Thus an important area of future
research is to improve the understanding of the relationship between human peripheral and
brain BDNF. This area of future research is challenging however, if not impossible, given
the inherent limitations in acquiring brain biopsies from living humans. A promising
alternative approach is to conduct longitudinal studies that manipulate a variable expected to
modulate growth factor levels in the brain, such as exercise, and examine the covariance of
individual differences in serum BDNF and brain-related biomarkers hypothesized to be
functionally related to BDNF expression. A cross-sectional study with a similar approach
found that serum BDNF was positively associated with a marker of neuronal integrity and
metabolism in the neocortex (Lang et al., 2007), which parallels an animal study finding
high correlation between peripheral and cortical BDNF (Karege et al., 2002). Previous
studies have found support for the idea that aerobic exercise training increases serum BDNF,
however findings are mixed overall with some studies not finding reliable increases in
BDNF post exercise (for review, see Coelho et al., 2012; Erickson et al., 2012; Knaepen et
al., 2010). Though, many of these (human) studies do not look at how individual differences
in change in BDNF relate to other brain-based outcomes known to be associated with
aerobic training, such as structural and functional integrity of the hippocampus, which may
have better sensitivity to shared variance between brain-derived BDNF in the periphery and
direct effects of BDNF in the brain. The current study examined both mean-level change in
serum BDNF following chronic aerobic training, and covariance of individual differences in
fitness gains with a measure of functional network integrity (functional connectivity) that
has previously been related to increased availability of central BDNF based on genetic
variation of the val66met polymorphism (Thomason et al., 2009).

More consistent findings have shown that training-induced neuroprotective effects of IGF-1
may stem from increased brain uptake of peripheral (primarily liver-derived) IGF-1 during
exercise, particularly in the hippocampus (Carro et al., 2000). Peripheral IGF-1 is produced
primarily in the liver from growth hormone stimulation (Yakar et al., 1999). Animal studies
have found that IGF-1 mediates exercise-induced angiogenesis, stimulates increased central
BDNF and VEGF production (Ding et al., 2006; Lopez-Lopez et al., 2004), and is necessary
for exercise-induced neurogenesis (Carro et al., 2000; Trejo et al., 2001). Related to aging,
studies have shown late life is accompanied by reduction in both serum IGF-1 and density of
IGF-1 receptors in the hippocampus and throughout the brain (for review, see Sonntag et al.,
2005). Similar to IGF-1, animal studies have found that peripheral VEGF increases during
aerobic exercise and in part mediates exercise-induced angiogenesis and neurogenesis
(Lopez-Lopez et al., 2004). Sources of circulating VEGF include blood platelets (Mohle et
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al., 1997) and skeletal muscle contractions (Kraus et al., 2004). Through peripheral-central
receptor pathways, circulating VEGF may promote neurogenesis and synaptic plasticity by
stimulating neural stem cell proliferation and differentiation and increases central
endothelial cell and astrocytic production of VEGF, BDNF, and IGF-1 (Zacchigna et al.,
2008; Ruiz de Almodovar et al., 2009). Together with some evidence that VEGF expression
in the hippocampus declines with age (Shetty et al., 2005), exercise-associated increases in
VEGF may play an important role in the therapeutic effects of exercise on the brain.

Given the evidence for their interdependence, we hypothesized that BDNF, IGF-1, and
VEGF would increase following the aerobic exercise intervention, and that each would be
associated with increased functional connectivity in the temporal and frontal cortices, where
BDNF is highly concentrated and age-related brain dysfunction is greatest.

Materials and methods
Participants

Participants were recruited from the local community of Urbana-Champaign, Illinois.
Eligible participants had to (1) demonstrate strong right handedness (since brain
organization can vary based on handedness), with a 75% or above on the Edinburgh
Handedness Questionnaire (Oldfield, 1971), (2) be between the ages of 55 and 80 years (3)
score ≥ 51 on the modified Mini-Mental Status Exam (mMMSE, Stern et al., 1987)), a
screening questionnaire to rule out potential neurological pathology, (4) score < 3 on the
Geriatric Depression Scale (GDS) (Sheikh and Yesavage, 1986), (5) have normal color
vision (6) have a corrected visual acuity of at least 20/40 and (7) sign an informed consent.
In addition, participants had to report not being currently physically active, which was
defined as having been physically active (i.e., walking briskly or activity that induces
sweating and elevated heart rate) for 30 minutes or more no more than two times in the last
six months. Further exclusionary criteria included evidence of abnormal cardiac responses
or conditions during graded exercise testing and evidence for chronic inflammation (e.g.,
severe arthritis, psoriasis, inflammatory bowel disease, asthma, polyneuropathies, Lupus).
All women were self-reported post-menopausal. Participants completed a mock magnetic
resonance imaging (MRI) session, wherein they were screened for their ability to complete
an experiment in an MRI scanner. Participants who passed the mock screening subsequently
completed a series of structural and functional MRI scans, and a graded maximal exercise
test. Prior to MR scanning all participants were tested for visual acuity and (if need be)
corrective lenses were provided within the viewing goggles to ensure a corrected vision of at
least 20/40 while in the scanner. Participants were compensated for their participation.

Participants were further randomized to either an aerobic walking group or a control group
that participated in a stretching and toning program. The walking group included 30
participants with an average age of 67.3 (SD=5.8), of which 73% were female; mean
education for the walking group was 15.9 years (SD=2.8) and their mean mMMSE score
was 55.2 (SD=1.4). The flexibility, toning, and balance (FTB) group included 35
participants with an average age of 65.4 (SD=5.2), of which 71% were female; mean
education for the walking group was 15.9 years (SD=2.7) and their mean mMMSE score
was 54.8 (SD=1.9). The groups did not significantly differ in baseline age, aerobic fitness,
mean years of education, or gender (all p>.05). Neuroimaging measures were collected as
part of a larger task battery, and were originally developed to be passive viewing tasks for
localizing stimulus-specific processing regions of the ventral visual cortex. Participants in
this study represent a subset of a previously published investigation of age-related
differences in stimulus processing specificity (Voss et al., 2008) and represent the full
sample reported in a study focused on characterizing effects of exercise training on
functional connectivity across multiple brain systems (Voss et al., 2010b); it is also
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important to point out that the sample in this study represents a subset of those that started
the study with acceptable functional MRI data (N=120, see Voss et al., 2010a). Note that in
Voss et al. (2010b), effects of exercise training on age-related decrements in functional
connectivity were assessed by first determining regions of interest where older adults had
significantly less functional connectivity than a young adult comparison group (average age
of 23.9 (SD=4.4) years, see Voss et al., 2010b for more details). The young adult group did
not undergo exercise training or blood draws so biomarkers are unknown in this group.

Aerobic fitness assessment
Participants were required to obtain consent from their personal physician before
cardiorespiratory fitness testing was conducted. Aerobic fitness (VO2 max) was assessed by
graded maximal exercise testing on a motor-driven treadmill. The protocol involved the
participant walking at a speed slightly faster than their normal walking pace (approximately
30–100m per minute) with increasing grade increments of 2% every two minutes. A
cardiologist and nurse continuously monitored measurements of oxygen uptake, heart rate
and blood pressure. Oxygen uptake (VO2) was measured from expired air samples taken at
30-second intervals until a maximal VO2 was attained or to the point of test termination due
to symptom limitation and/or volitional exhaustion. VO2 max (mL/kg/min) was defined as
the highest recorded VO2 value when two of three criteria were satisfied: (1) a plateau in
VO2 peak between two or more workloads; 2) a respiratory exchange ratio >1.00; and (3) a
heart rate equivalent to their age predicted maximum (i.e. 220 - age). Due to scheduling
difficulty, two participants in the stretching group did not have fitness assessments at the 6-
month session; all participants had fitness assessments at baseline and 12-month sessions.
Note that across all three of the time points, even with improvements from the intervention,
both groups of participants were in the bottom 10th percentile of the population for VO2 max
based on their age and gender (Whaley et al., 2006), reflecting our exclusive recruitment of
currently sedentary older adults.

Exercise intervention
Older adults were randomly assigned to participate in either an aerobic walking program, or
a control group that did non-aerobic flexibility, toning, and balance (FTB) exercises. The
FTB control group served to match groups for social contact associated with group exercise
and to determine effects on brain function specific to aerobic exercise. Both the walking and
control groups met three times per week in dedicated exercise facilities. The walking group
exercised on an indoor track whereas the he FTB group exercised in a multi-purpose, well-it
area designed for older adults participation in yoga, flexibility, and strengthening activities.
Both facilities were on a university campus, were easily accessible, and had parking
provided.

For the walking program, a trained exercise leader supervised all sessions. Participants
started by walking for ten minutes and increased walking duration weekly by five-minute
increments until a duration of 40 minutes was achieved at week seven. Participants walked
for 40 minutes per session for the remainder of the program. All walking sessions started
and ended with approximately five minutes of stretching for the purpose of warming up and
cooling down. Participants wore heart rate monitors and were encouraged to walk in their
target heart rate zone, which was calculated using the Karvonen method (Strath et al., 2000)
based on the resting and maximum heart rates achieved during the baseline maximal graded
exercise test. The target heart rate zone was 50–60% of the maximum heart rate reserve for
weeks one to seven and 60–75% for the remainder of the program. Participants in the
walking group completed an exercise log at each exercise session. Every four weeks,
participants received written feedback forms that summarized the data from their logs.
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Participants with low attendance and/or exercise heart rate were encouraged to improve their
performance in the following month.

For the FTB program a trained exercise leader led sessions. All FTB classes started and
ended with warm-up and cool-down stretches. During each class, participants engaged in
four muscle toning exercises utilizing dumbbells or resistance bands, two exercises designed
to improve balance, one yoga sequence, and one exercise of their choice. To maintain
interest, a new group of exercises was introduced every three weeks. During the first week,
participants focused on becoming familiar with the new exercises, and during the second
and third weeks, they were encouraged to increase the intensity by using more weight or
adding more repetitions. Participants in the FTB group also completed exercise logs at each
exercise session and received monthly feedback forms. They were encouraged to exercise at
an appropriate intensity (13–15 on the Borg RPE scale; (Borg, 1985) and attend as many
classes as possible.

Imaging Methods
Structural MRI—For all participants, high resolution T1-weighted brain images were
acquired using a 3D MPRAGE (Magnetization Prepared Rapid Gradient Echo Imaging)
protocol with 144 contiguous axial slices, collected in ascending fashion parallel to the
anterior and posterior commissures, echo time (TE)=3.87 ms, repetition time (TR)=1800 ms,
field of view (FOV)=256 mm, acquisition matrix 192 mm × 192 mm, slice
thickness=1.3mm, and flip angle=8°. All images were collected on a 3T head-only Siemens
Allegra MRI scanner.

Functional MRI—Functional MRI (fMRI) scans were acquired during three passive
viewing tasks: 1) a checkerboard task comprised of luminance-matched flashing black-and-
white checkerboards and flashing color checkerboards at a rate of 8 Hz, each checkerboard
condition was presented in two separate 30-second blocks that alternated with 20-second
blocks of fixation baseline; 2) a word viewing task comprised of 30-second blocks of words,
pseudo-words, and letter strings, presented separately in two 30-second blocks that
alternated with 20-second blocks of fixation baseline, each block consisted of 20 unique
stimuli that were each presented for one-second with a 500-ms fixation between each word
presentation; and 3) a face/building viewing task comprised of three 20-second blocks of
faces and buildings that alternated with 20-second blocks of luminance matched scrambled
images (taken from the face and building stimulus set) as the baseline condition, each block
consisted of 20 unique black-and-white images (controlled for luminance and dimension)
that were each presented for one-second. In each task participants were instructed to keep
their eyes open and to pay attention to the screen.

Visual stimuli were presented with MRI-safe fiber optic goggles (Resonance Technologies,
Inc.). Participants completed the passive viewing tasks as part of a larger battery of
cognitive paradigms within the scanner. For the fMRI tasks, T2* weighted images were
acquired using a fast echo-planar imaging (EPI) sequence with Blood Oxygenation Level
Dependent (BOLD) contrast (64 × 64 matrix, 4 mm slice thickness, TR = 1500 ms, TE = 26
ms, flip angle = 60). A total of 150 volumes were acquired per participant for the
checkerboard task, 220 volumes for the word task, and 180 volumes for the face/building
task.

Image Analysis
Structural MRI preprocessing—Each participant’s low-resolution EPI image was
registered to his or her high-resolution T1 structural image, which was subsequently
registered to stereotaxic space (study-specific template generated using 152 T1 MNI as the
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target volume, Montreal Neurological Institute) using FLIRT 12-parameter affine linear
registration (Jenkinson et al., 2002). A study-specific template was created from the baseline
structural images from this sample. Functional images from six- and 12-month sessions were
also registered to this study-specific template. To create the study-specific template, high-
resolution structural images were first skull-stripped using BET (Smith, 2002), and manually
inspected and corrected for any skull-stripping errors. Next, the structural images were
registered to the 152 T1 MNI volume using FLIRT 12-parameter affine linear registration
(Jenkinson et al., 2002). Finally, registered volumes were averaged to form a representative
reference volume. Before group analyses, functional data were registered to stereotaxic
space using transforms generated from the alignment of high-resolution T1 images.

fMRI Preprocessing—fMRI data preprocessing was carried out using FSL 4.1.4
(FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). The following pre-statistics
processing was applied: rigid body motion correction using MCFLIRT (Jenkinson et al.,
2002), removal of non-brain structures using BET (Smith, 2002), spatial smoothing using a
Gaussian kernel of FWHM 6.0-mm, grand-mean intensity normalisation of the entire 4D
dataset by a single multiplicative factor, and temporal filtering to restrict the bandwidth of
the fMRI signal to .008 < f < .080 Hz.

Functional connectivity seeding analysis—Detailed description of the functional
connectivity procedures are reported elsewhere (Voss et al., 2010b), which followed
standard procedures from other studies (Andrews-Hanna et al., 2007; Fox et al., 2006). In
addition to the typical nuisance regression of white matter, CSF, and global signal, to further
isolate our examination to intrinsic functional connectivity, we also controlled for signal
from a bilateral ROI in primary visual cortex (125 anatomical-voxel spheres centered at ±18,
−98, −4, derived from the literature (Andrews-Hanna et al., 2007)). This visual cortex
regressor, along with the global signal regressor, were cautionary measures to ensure our
estimates of functional connectivity were not inflated due to the additive influence of
synchronized task-evoked signal change. In addition to nuisance fMRI signal, six motion
parameters computed by rigid body translation and rotation in preprocessing (Jenkinson et
al., 2002) were included in the nuisance regression. Functional connectivity of all ROI pairs
was measured as the average Fisher’s Z transform of Pearson correlation coefficients across
the three passive viewing runs.

In this study we focus on the functional connections that showed sensitivity to training-
induced gains in functional connectivity over a 12-month intervention for either the FTB or
walking group (Voss et al., 2010b). Table 1 lists these regional connections and their
standard MNI coordinates. Connections showing increased functional connectivity in favor
of the walking group were three ROI-pairs in the DMN, including bilateral
parahippocampus-bilateral middle temporal gyrus, bilateral parahippocampus-bilateral
lateral occipital cortex, and bilateral middle temporal gyrus-left middle frontal gyrus, and
one ROI-pair from the fronto-executive network, including the right and left anterior
prefrontal cortices.

Two other seed pairs showed changes in functional connectivity over the one-year
intervention. The connectivity between the right anterior lateral prefrontal cortex and the left
hippocampus was significantly reduced in the walking group compared to the FTB group,
resulting in the aerobically trained older adults showing patterns of connectivity similar to
that of the young adult comparison group. Since walking resulted in connectivity more
similar to young adults, for this ROI pair, we interpreted an increasing negative correlation
as a beneficial change for the aerobic exercise group. Lastly, connectivity between the right
frontal operculum and right lateral occipital cortex increased significantly more for the FTB
compared to the walking group; however, these ROIs do not typically co-occur in the same
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resting networks, so this functional change may reflect the cognitive demands of the FTB
training (see Voss et al., 2010b for more detailed discussion).

Blood serum collection and analysis
Blood sampling for BDNF, IGF-1, and VEGF analysis was performed approximately two
weeks before each MRI session (pre and post one-year intervention). Fasted subjects
reported to the laboratory at 0800, at which time blood from the antecubital vein was
collected in sterile serum separator tubes (Becton Dickenson, Franklin Lakes, NJ, USA).
The blood samples were kept at room temperature for 15 minutes to allow for clotting, after
which the samples were centrifuged at 1100 × g at 4°C for 15 minutes. Serum was then
harvested, aliquoted, and stored at −80°C until analysis approximately 6 months later.
Protein levels were quantified using enzyme-linked immunosorbent assays following
manufacturer’s instructions (R & D Systems, Minneapolis, MN). For some subjects, blood
growth factor levels could not be estimated due to values being below detection limits of our
assays. Table 2 lists different sub-groupings of participants based on those with available
data for each growth factor of interest. Serum (rather than plasma) was examined since it is
the most commonly employed method of examining the relationship of growth factors in
blood in humans to individual differences in neuropsychiatric, cognitive, and exercise
factors (e.g., see reviews, Brunoni et al., 2008; Knaepen et al., 2010).

Statistical analysis
Change in functional connectivity was characterized using the difference score of pre-
intervention functional connectivity subtracted from post-intervention functional
connectivity. Difference scores were used since ordinary least squares regression straight-
line fits to the three-time-point data were highly variable (average R2 was between 45 and
65% with an average standard deviation of 35% across participants). The method of
residualized change scores was not used, since growth factor data was not normally
distributed and so residuals from a linear regression would likely be unreliable, and it was
preferable to examine change between functional connectivity and growth factors with
analogous measures of change. For these reasons and others (Willett, 1988), difference
scores were used for measuring change in functional connectivity.

As described above, blood serum measures of BDNF, IGF-1 and VEGF did not consistently
approximate a normal distribution within groups at both pre-test and post-test. Therefore
difference scores were used to measure change (Post – Pre intervention). Note one FTB
participant’s IGF-1 change data were discarded as an extreme outlier (> 4.5 SD from mean
and median). Change scores also did not approximate a normal distribution. For non-
normally distributed blood measures we examined differential group change with a one-
tailed Mann-Whitney test, and examined the association of change in neurobiological
markers with changes in brain connectivity by conducting non-parametric Kendall’s tau (τ)
correlations. In addition to zero-order correlations between change measures, follow-up
analyses were conducted that controlled for variance associated with age, sex, and change in
anterior hippocampal volume since these variables represent potential confounds in
individual variation of change (Erickson et al., 2012).

To test for the association between pre-intervention blood growth factors and exercise-
induced changes in functional connectivity, we conducted partial correlations between
baseline growth factors and change in functional connectivity, while controlling for variance
associated with age, sex, and change in anterior hippocampal volume.

Partial correlations were Kendall’s tau partial correlations (τr) carried out in R. All
correlations were carried out within exercise group. To approximate the strength of the
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difference between group tau correlation values, Fisher’s r-to-z transformation was
conducted to compare the magnitude of the partial correlations and we report the effect size
(q) associated with the difference between correlations (Cohen, 1988). All other statistical
analyses were done using PASW 18.0 for Macintosh.

Results
Change in blood levels of growth factors from exercise training

There were no group differences in change in BDNF (pg/mL) between the walking (Mdn =
693.50, IQR=11,869.25) and FTB (Mdn = 1159, IQR=5760.25) group, p >.05. In addition, a
two-tailed Wilcoxen signed ranks test revealed no main effect of change from pre-
intervention (Mdn=22,870, IQR=11,676) to post-intervention (Mdn=25,086, IQR=10,430),
Z=1.58, p=.11. There were also no group differences in change in IGF-1 (ng/mL) between
the walking (Mdn = −6.62, IQR=15.38) and FTB (Mdn = −5.18, IQR=15.23) group.
However, a two-tailed Wilcoxen signed ranks test revealed a significant main effect of
change (reduction in IGF-1) from pre-intervention (Mdn=57.90, IQR=46.97) to post-
intervention (Mdn=52.17, IQR=38.03), Z=2.11, p<.05. Finally, there were no differences in
change in VEGF (pg/mL) between the walking group (Mdn = 10.5, IQR=187.75) and FTB
(Mdn = 15.35, IQR=52.5) group. In addition, a two-tailed Wilcoxen signed ranks test
revealed no main effect of change from pre-intervention (Mdn=312, IQR=316.40) to post-
intervention (Mdn=370, IQR=332.30), Z=1.39, p=.17.

Change in growth factors and change in functional connectivity
We examined potential mechanisms of exercise-associated changes in functional
connectivity by assessing their association with change in putative markers of plasticity.
Below we report results where at least one group showed a significant association, p<.05
(one-tailed).

BDNF—Change in blood serum BDNF was positively correlated with aerobic exercise-
induced increases in connectivity between the bilateral parahippocampus and the bilateral
middle temporal gyrus, τ = .25, p <.05, and this correlation was non-significant in the FTB
group (τ = .11, p>.05). Since we have previously shown that anterior hippocampal volume
increased for the walking group but not the FTB group (Erickson et al., 2011), it is possible
that these results are due to increases in volume for the walking group. However, when
controlling for variance associated with change in anterior hippocampal volume, the
association became stronger for the walking group, τr = .29, p<.05, and remained non-
significant for the FTB group (τr = .12, p>.05). When controlling for age, sex, and change in
anterior hippocampal volume, the relationship also became stronger for the walking group,
τr=.40, p<.05, and remained non-significant for the FTB group (τr=.11, p>.05), see Figure
1B. Therefore, it would appear that changes in hippocampal volume, or other potential
confounders, cannot account for this relationship. A Fisher’s Z test on the difference in
correlations was not statistically significant (p=.14), however the approximate effect size for
the difference in correlations was of medium size, q=.31 (Cohen, 1988).

IGF-1—Change in blood serum IGF-1 was also positively correlated with aerobic exercise-
induced increases in connectivity between the bilateral parahippocampus and the bilateral
middle temporal gyrus, τ= .34, p <.05, but was not significant (τ= .24, p>.05) in the FTB
group. When controlling for variance associated with change in anterior hippocampal
volume, the association remained significant for the walking group, τr = .38, p<.05, and
non-significant for the FTB group (τr = .23, p >.05). When controlling for age, sex, and
change in anterior hippocampal volume, the relationship again became stronger for the
walking group, τr=.41, p<.05, and remained non-significant for the FTB group (τr = .24, p>.
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05), see Figure 1B. A Fisher’s Z test on the difference in correlations was not statistically
significant (p=.32), and the approximate effect size for the difference in correlations was of
small size, q=.19 (Cohen, 1988).

VEGF—There were no statistically significant zero-order associations between change in
functional connectivity and change in blood serum VEGF. However, when controlling for
age, sex, and change in anterior hippocampal volume, there was a significant association
between change in VEGF and change in connectivity between the bilateral parahippocampus
and the bilateral middle temporal gyrus for the walking group, τr = .30, p<.05, and this
association was non-significant in the FTB group, τr = −.06, p>.05, see Figure 1B. A
Fisher’s Z test on the difference in correlations was not statistically significant (p=.11),
however the approximate effect size for the difference in correlations was of medium size,
q=.37 (Cohen, 1988).

Baseline growth factors and change in functional connectivity
Age, sex, and change in anterior hippocampal volume were treated as covariates in all
analyses of baseline measures’ association with change. In addition, all correlations in this
section are two-tailed, since there could be cases where greater peripheral levels of growth
factors are associated with less exercise-induced change.

BDNF—Greater pre-intervention baseline serum BDNF was associated with greater
increases in functional connectivity between the bilateral parahippocampus and the bilateral
middle temporal gyrus for the FTB group, τr =.31, p<.05, but not for the walking group, τr
=−.03, p>.05, see Figure 1C. This was unexpected since the FTB group did not show
significant mean-level increase in connectivity between bilateral parahippocampus and the
bilateral middle temporal gyri.

IGF-1—There were no associations between pre-intervention serum IGF-1 and change in
functional connectivity between any of the ROI pairs.

VEGF—Greater pre-intervention serum VEGF was associated with greater increases in
functional connectivity between the bilateral parahippocampus and the bilateral middle
temporal gyrus for the walking group, τr =.32, p<.05, whereas this correlation was non-
significant for the FTB group, τr = .04, p>.05, see Figure 1C.

Discussion
Results are consistent with an extensive rodent literature demonstrating that BDNF, IGF-1,
and VEGF are important pathways by which aerobic exercise influences brain function
(Cotman et al., 2007) and recent evidence in humans that circulating BDNF levels are
related to greater hippocampal volume (Erickson et al., 2010). However, this is the first
evidence for an association between circulating BDNF, IGF-1, and VEGF and exercise-
related functional plasticity in humans. Results suggest that the three growth factors are
consistent in their associated change with functional brain connectivity in the medial and
lateral temporal cortices. We also report novel evidence for an association between greater
baseline circulating VEGF and increased aerobic exercise-induced benefits on functional
connectivity in the temporal cortex.

That the associations between BDNF, IGF-1, and VEGF were commonly associated with
increased functional connectivity between the bilateral parahippocampal gyrus and middle
temporal gyrus has a number of implications. First, this suggests that circulating levels of
these three molecules may provide some overlapping variance with the central mechanisms

Voss et al. Page 10

Brain Behav Immun. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



of exercise-induced changes in brain function, and that these growth factors likely interact.
For instance, while evidence is strongest for the relationship between BDNF and functional
connectivity, the effectiveness of BDNF may be modulated by IGF-1 and VEGF, which
both stimulate the growth of endothelial cells, which in turn express nitric oxide synthase
(eNOS), which is required for exercise-induced up-regulation of BDNF in the hippocampus
(Chen et al., 2005; Chen et al., 2006; Christie et al., 2008). BDNF may be linked to
improved functional connectivity by increasing synaptogenesis and dendritic spine density
(Stranahan et al., 2007; Vaynman et al., 2006), and therefore increasing the connection
capacity of neurons and synaptic plasticity in the form of long-term potentiation (LTP) (Rex
et al., 2006; Schinder et al., 2000). There is also evidence that neural activity in the
hippocampus is increased during aerobic exercise, based on increased c-Fos expression in
the hippocampus (Carro et al., 2000; Clark et al., 2009; Clark et al., 2010) and cortex (Carro
et al., 2000), which would initiate a cascade of activity-dependent changes in synaptic
plasticity that could strengthen existing functional connections in the brain (Schinder et al.,
2000). At a larger scale, this is consistent with the findings of Thomason et al. (2009), who
found increased availability of central BDNF (based on genetic variation of the val66met
polymorphism) was associated with increased functional connectivity in the BOLD signal in
the DMN and an executive function network in children (Thomason et al., 2009).

More generally, healthy aging is accompanied by decreased functional connectivity in the
DMN, fronto-parietal, and fronto-executive networks (Andrews-Hanna et al., 2007; Madden
et al., 2010; Voss et al., 2010b), coupled with reductions in the availability of BDNF
(Erickson et al., 2010; Ziegenhorn et al., 2007), IGF-1 (Markowska et al., 1998; Sonntag et
al., 2005), and VEGF (Gao et al., 2009; Rivard et al., 1999; Shetty et al., 2005). However,
exercise-associated up-regulation of BDNF, IGF-1, and VEGF may help to offset age-
related reductions in synaptogenesis, neurogenesis, angiogenesis, synaptic plasticity, and
learning and memory, providing for a more resilient brain in the face of age-related
structural and functional neurodegeneration (see Cotman et al., 2002 see Cotman et al.,
2007a for reviews).

Yet, the functional significance of the observed individual differences in growth factor
change needs future study. In a previous study we did not find robust change in cognitive
performance for the walking group compared to the FTB group (Voss et al., 2010; Voss et
al., in press). Both of these papers report subsets of the full dataset in the randomized
clinical trial, based on individuals that had acceptable neuroimaging data across study time-
points. These subsets therefore have reduced power that may have affected the ability to
detect a benefit for walking. Another possibility is there could be a lag between brain
changes and benefits on cognitive aging. Follow-up assessments of cognitive performance
years after the intervention will allow us to examine this question. Finally, we do not know
the threshold of change in functional connectivity that would result in changes of group,
mean-level cognitive performance. Given the positive correlations between change in
functional connectivity and change in cognition (Voss et al., 2010) and growth factors at the
level of individual differences in this study, it is possible that more intense or more frequent
training per week are needed for mean-level effects with this sample size. The effect of
manipulating exercise frequency and intensity on cognitive and brain outcomes is relatively
unknown and ripe for future study. Alternatively, it is possible that incorporation of
resistance training, which has been shown to increase circulating IGF-1 (Cassilhas et al.,
2007), would have also boosted the growth factor response for the walking group and
resulted in group differences and greater increases in functional connectivity. However, the
effects of exercise type on circulating growth factors in healthy elderly adults are unknown,
and future research is needed to confirm the likelihood of these explanations.
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Secondly, the functional connection between the bilateral parahippocampus and middle
temporal gyrus has significance for the cohesion of the DMN (Fransson et al., 2008; Kahn et
al., 2008) and the structural atrophy of the DMN associated with progression of Alzheimer’s
Disease (Li et al., 2010; Whitwell et al., 2007). Therefore, results not only inform potential
converging neurobiological mechanisms for the benefits of aerobic exercise on DMN
function (Voss et al., 2010b), but also support a current hypothesis that exercise-induced
increase in circulating IGF-1 is a key factor in prevention or reversal of cognitive decline
associated with aging and Alzheimer’s Disease (Carro et al., 2005; Carro et al., 2006). We
should note, however, that there is also evidence that inhibition of IGF-1 is associated with
decreased cancer risk, increasing lifespan, and slowing progression of Alzheimer’s Disease
(for review, see Piriz et al., 2011). In addition, there is research to suggest that just 6 weeks
of low-intensity cycling (50% of HR max) can lower IGF-1 serum levels by 9% (Nishida et
al., 2010), which may offer an explanation for why both groups showed a decrease in IGF-1
from pre- to post-intervention. Thus, it is clear the role of IGF-1 in cognitive aging and
exercise-induced plasticity is in need of more translational research that bridges animal and
human models.

Our results also suggest that increased availability of VEGF before starting an aerobic
exercise program is involved in enhancing the effects of exercise on increased functional
connectivity between the parahippocampus and lateral temporal cortex. However, too much
VEGF can also result in negative outcomes for stroke and tumor growth (Storkebaum et al.,
2004). Nevertheless, future research would benefit from a greater understanding of lifestyle
factors and behavioral interventions that affect circulating VEGF, such as diet, stress, social
enrichment, or cognitive training, that could serve as added components to aerobic exercise
programs for improving brain health. For example, one known factor that increases VEGF is
hypoxia (Asano et al., 1998; Storkebaum et al., 2004), suggesting that readjusting to high-
altitude conditions over several weeks to months before engaging in an aerobic exercise
program may boost the effects of aerobic exercise on brain health.

Regarding the unexpected finding that greater baseline BDNF was associated with greater
functional connectivity change in the temporal lobe for the FTB group, one interpretation of
this would be that greater baseline BDNF facilitates greater learning-related or experience-
dependent increases in functional connectivity. This is based on the idea that FTB training
included a learning component, whereby participants were introduced to a diversity of new
exercises and poses that they had to remember and implement at each new session. Another
unexpected observation in this analysis (Figure 1C) was the negative correlation between
baseline IGF-1 and temporal lobe functional connectivity change. The correlation was not
statistically significant, but generally the differing pattern in correlations for baseline serum
levels compared to change in serum (Figure 1B) suggests more study is needed on the
interaction of individual differences in baseline physiological profiles and brain-based
markers of response to aerobic exercise training. There may be useful biomarkers in
physiological profiles that help us understand when brain health is most likely to benefit
from aerobic training.

In some respects, our results may be seen as preliminary since group differences in the
strength of correlation were non-significant. This may have resulted from our relatively low
N, which affects the power of the Fisher’s z test for differences in correlation. For example,
approximate power on the observed effect sizes was quite low at 27% (BDNF), 12%
(IGF-1), and 39% (VEGF), and for the observed effects sizes for the difference in
correlations to be statistically significant at a one-tailed alpha of .05, sample sizes would
have had to been extremely high, with a total N of 280 for BDNF, 600 for IGF-1, and 160
for VEGF (Cohen, 1988). Another possibility is that the sensitivity of serum growth factors
to changes in systems-levels changes in brain function is small. For instance, since BDNF is
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expressed in many peripheral tissues such as the heart and lungs (Scarisbrick et al., 1993;
Timmusk et al., 1993), the extent to which changes in serum BDNF are from exercise-
induced central mechanisms is unclear and this will be important to examine in future
research. One recent example is a study that showed peripheral administration of serum
BDNF reversed behavioral symptoms of depression and anxiety and resulted in increased
survival of progenitor cells in the hippocampus and prefrontal cortex, demonstrating
covariation between modulations in serum BDNF and central expression of BDNF, and in
turn behavior change (Schmidt et al., 2010). Therefore peripheral and central sources of
serum BDNF in response to exercise likely interact in their relationship to central expression
in the cortex.

Although we found evidence for the role of BDNF, IGF-1, and VEGF in exercise-induced
functional connectivity in the temporal cortex, we did not find associations between changes
in these growth factors and change in any of the other functional connections examined (see
Table 1). Future research will be needed to understand why this may be, but one explanation
could be that we were able to detect effects only where the concentration of BDNF is
greatest, and that sensitivity of circulating growth factor associations with improvements in
more long-range connections may require longer adherence to an aerobic exercise program.
An alternative explanation is that a separate, independent pathway mediated increased
functional connectivity in the other regional connections.

This study is not without limitations. A primary limitation of the study is that the measures
of growth factors were exclusively from the periphery. There is, however, currently no
viable alternative for assessing individual differences in BDNF, IGF-1, and VEGF in a large
sample of healthy older adults. However, one potential problem with the current study that
could be improved is the consistency of blood sampling in reference to the end date of the
exercise intervention. In this study, participants had their blood taken within two weeks of
their baseline and post-test MRI, and it is possible that this variable time-window introduced
noise in the estimates of individual change in growth factors as a function of group. We also
did not assess important factors that may have affected short-term fluctuations in growth
factors such as nutritional status and changes in energy balance from the exercise
interventions (Estivariz & Ziegler, 1997; Monteleone et al., 2004). In addition, examining
the interactive moderating effects of the changes in biomarker concentration could not be
reliably examined with the sample sizes available for each growth factor, but this will be
important for future research. We were also unable to examine the effects of gender on
training-related changes in serum growth factors or prediction of change from baseline
serum levels; previous literature supports that females have greater baseline serum BDNF
(Driscoll et al., 2012), so it is possible the effects could be stronger in men. Additionally,
given there were no significant effects on cognitive performance in favor of the walking
group compared to the FTB group in this sub-sample of our larger study (Voss et al.,
2010b), the downstream effects of individual variation in changes in growth factors on
cognition was not assessed here. Finally, we did not include assessment of biomarkers that
we did not expect to change as a function of aerobic exercise. Despite no “control”
biomarker, there was still specificity by way of the diversity of region of interest pairs that
we examined in association with growth factor change. That is, we did not expect regions
that became more functionally connected for the FTB group to have correlated change with
growth factors associated with response to aerobic training (see Table 1). We also did not
find correlated change with region of interest pairs that did not include any region in the
temporal cortex for either group (see Table 1). This provides some specificity on the brain
side, that in future studies could be complemented by specificity with a biomarker control.

In sum, this study demonstrates the first link between exercise-related changes in functional
connectivity in the temporal cortex and changes in three putative neurobiological
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mechanisms for exercise-induced benefits on brain function, including BDNF, IGF-1, and
VEGF. These results lend credibility to the low frequency BOLD signal as reflective of
neuronal processes, and suggest that aerobic exercise-related increases in circulating growth
factors are related to temporal lobe functional brain connectivity in elderly humans. Future
research is necessary to understand how exercise type, duration, and intensity, interact with
changes in growth factors, as well as how exercise-related changes in growth factors are
related to clinically relevant outcomes such as cognition and disease progression.
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Figure 1.
Change in temporal lobe connectivity associated with change and baseline levels of growth
factors
Caption: A) figure adapted from Voss et al., 2010b, y-axis for 6 and 12 mos sessions
represents marginal means from ANCOVA model that controlled for variance associated
with baseline (0 mos); YA refers to Young Adult comparison group that was not recruited
based on self-reported activity level; aerobic fitness was not measured for young adults (see
also Voss et al., 2010b); bmtg-bphg refers to the non-directional functional connection
between the bilateral middle temporal gyrus and the bilaterial parahippocampal/hippocampal
gyrus, B and C) partial correlation indicates that data are plotted after controlling for
variance associated with age, sex, and change in anterior hippocampal volume; *p≤.05.
*Note Figure 1A can be printed without color
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Table 1

Regional functional connections that showed significant group differences over 12-month exercise
intervention.

ROI abbreviations ROI-ROI anatomical regions Hypothesized network Intervention effect

BMTG – BPHG Bilateral middle
temporal gyrus
L: −52,−18,−18
R: 58, −10,−18

Bilateral
parahippocampal gyrus
L: −24,−26,−20
R: 24,−26,−20

DMN W > S

BPHG - LOC Bilateral
parahippocampal
gyrus
L: −24,−26,−20
R: 24,−26,−20

Left lateral occipital/
parietal cortex
−44,−72,34

DMN W > S

LMFG - BMTG Left middle frontal
gyrus
−30,20,50

Bilateral middle
temporal gyrus
L: −52,−18,−18
R: 58, −10,−18

DMN W > S

RALPFC - PFC Right anterior lateral
prefrontal cortex
32,40,28

Bilateral prefrontal
cortex
L: −36,34,28
R: 32, 42, 36

Fronto-executive/CO W > S

RALPFC - LHC Right anterior lateral
prefrontal cortex
32,40,28

Left hippocampus
−24,−22,−18

Fronto-executive/CO-AND-DMN -W > -S

RFOI - RLOC Right frontal
operculum/insula
28, 26, 8

Right lateral occipital/
parietal cortex
26,−64,54

Fronto-executive/CO-AND-Fronto-parietal S > W

All coordinates are in MNI space, L and R refer to Left and Right hemisphere, respectively. Networks, DMN=Default Mode Network,
CO=cingulo-opercular network, which is another name for the fronto-executive network. Group effects, W=walking group, S=flex, tone, and
balance control group.
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