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Abstract

Physical activity and cognitive training are heavily studied non-
pharmacological interventions for the deceleration of age-related cognitive
decline and the prevention of dementia. Epidemiological studies and randomized
control trials have found evidence that both of these lifestyle modifications
administered separately or together, may provide improvements in overall
cognition. While evidence in support of physical and cognitive activity is vast,
the neural underpinnings of this training-induced cognitive improvement have
yet to be fully elucidated. This review will attempt to combine the most recent
research regarding the neural correlates of cognitive enhancement driven by
physical and cognitive training interventions. A heavy focus will be placed on
structural brain volume, functional MRI, functional connectivity, and white matter

integrity changes before and after physical or cognitive training interventions.

Keywords: Exercise interventions; Cognitive training; Healthy aging;
Neural plasticity

Introduction

Healthy cognitiveagingisassociated withmanyneurophysiological
and cognitive changes. Various aspects of cognition demonstrate age-
related declines, including memory, attention, and processing speed
[1]. Additionally, healthy aging is associated with neuroanatomical
changes in both gray and white matter, functional connectivity
patterns, and functional brain activations that can all be detected using
various imaging techniques. Therefore, interventions decelerating
age-related declines are needed, especially at its earliest stages, to
prevent or postpone subsequent conversion to early dementia and
Mild Cognitive Impairment (MCI).

Of these interventions, cognitive training and physical activity
have been the most heavily studied. Increased physical activity has not
only been linked to health benefits [2], but also to the maintenance
or enhancement of cognitive functioning [3,4]. Increasing use of
technology amongst seniors combined with the rising popularity of
programs like Lumosity and Brain Age, have led to heightened interest
in the efficacy of these personalized cognitive training programs.
Recently, research concerning physical activity and cognitive training
in the elderly has focused on determining the neural underpinnings
of lifestyle-induced improvements. We reviewed recent Randomized
Controlled Trials (RCTs) in the healthy elderly population with a
focus on the neural correlates of training-induced changes.

Methods

We searched electronic databases (PubMed, Web of Science, and
Medline) for RCTs investigating the impact of physical exercise and
cognitive training on cognition and the brain. Search terms included:
healthy aging, cognition, exercise, physical activity, exercise training,
brain, white matter, grey matter, cognitive aging, cognitive training,

cognitive stimulation, intellectual stimulation, intellectual activity,
and brain games. Due to discrepancy in the way different studies
define “cognitive training,” search terms including the words brain
games, intellectual, stimulation, and activity were used to prevent
exclusion of any potentially relevant RCTs.

Since the focus of our review was on interventions in healthy
aging, articles had to include cognitively normal elderly treatment
and control groups with participants aged 50 and above, include both
a cognitive and neurophysiological measure, and have at least 10
participants per intervention group. Additionally, each RCT had to
have a clearly defined intervention protocol with outcome measures
collected at least before and after the intervention administration. In
the interest of novelty, RCTs conducted before 2004 were excluded.

While there were a large number of studies testing the efficacy
of cognitive training and physical exercise in healthy aging, studies
obtaining both behavioral and neurophysiological measures pre-
and post-intervention were not as prevalent. Furthermore, the types,
frequencies, and durations of these interventions were markedly
variable between studies, which had the potential to introduce a fair
amount of bias when comparatively analyzing these randomized
control trials. Therefore, since there were so few of these types of RCT's
found, we did not include any parameters quantifying or assessing the
risk of bias of individual studies.

Results

Our initial database search yielded a total of 8587 records. After
eliminating irrelevant studies, duplicates, and studies that were
published before 2004, we were left with 364 records. Those that were
considered irrelevant or out of scope were review articles, studies
that applied interventions to the clinical population (i.e. Alzheimer’s
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Table 1: Summary of RCTs involving physical activity and cognitive training using structural volume outcome measures.

Sample Mean Age Intervention Frequency/ R
Study Size (SD) s Duration Outcome Measures Important Findings
Colcombe et n =59 CTE:_G(?;Q cT—ln:oﬁ-:lZ)rt:)lgic 3 x 1-hr per week/ Aerobic group had increase in VO,,
al., [9] E” e " . P MMSE, structural MRI, VO GM volume in frontal lobes and white
n.,=20 CY =age | (stretching and toning) 6 months 2 .
& matter volume in ACC
range (18-30)
Teg6  Tasaamic (aling o
Ericksonetal., | n, =60 (5.81) C = Non- 3 x 40-mins per Hippocampal volume, serum g)pchanpe in hionocampal voISme P
[10] n_ =60 C =65.5 aerobic(stretching and week/ 1 year BDNF, spatial memory task, VO 9 P PP p
c (5.44) toning) 2 | correlated with improved memory and
' 9 serum BDNF
WAIS-R DS and ST, BCT, ROCF | ) 'mé’\r/oFVdengg'ﬁfTO; SQV';JU ™T,
n,=30 | T,=67.3(5.3) T1 = Tai Chi (copying and recall), Stroop Test, 2) Sociz;ﬂ interaction ro?J hgd
Mortimer et al., n,=30 T,=67.8 (5.0) T2 = Walking 3 x 50-60-min per | CAVLT, CVFT, TMT, CDT, BNT, increased scores 0?] C\'/JFT
[11] n,=30 | T,=67.9(6.5) T3 =Social Interaction = week/ 40 weeks DRS, structural MRI ; . .
T s _ ) 3) Increased whole brain volume in Tai
n.= 30 C=68.2 (6.5) C = no intervention - h
¢ chi and social group
T1=60.1 _ . . Physical exercise associated with
n.=20 (6.2) TSNS Wallkmg . Lactate step test, G-AVLT, BDI, | increased episodic memory scores,
Ruschewey et U _ T2 = Gymnastics 3-5 x 50-mins per . .
al, [12] n, =21 T2 =625 e T A——— week/6 months | S€TUM levels of G-CSF, BDNF, | GM volume in prefrontal and cingulate
v n.=20 (6.4) catecholamines, structural MRI regions, and a trend for increased
C=58.1(6.7) peripheral BDNF
1) Resistance training (once and twice
T1=694 T1 = Resistance . . per week) improved Stroop scor‘eg
L . Primary: Stroop test compared to balance and tone training
(3.0 training twice per week ) ) . )
n. =46 : ) Secondary: TMT, 2) Resistance training twice per week
. e T2 =69.5 T2 = Resistance 1-2 x 60 mins per L
Liu et al., [13] n_= 47 o WMS forward backward verbal resulted in improved peak muscle
2 2.7) training once per week week/ 1 year - .
n_=42 digit span, gait speed, muscular power
T T3=70.0 | T3=Balance and tone . . .
L . function, whole — brain volume | 3) Whole — brain volume was reduced
3.3) training twice per week . ) .
in both resistance training groups
compared to balance and tone training
Treatment Group: 1) Larger increases in resting CBF to
Attention and the PFC
695 Distractibility 2) No alterations in GM volume after
Mozolic et al., n. =23 : Training 1 x 1-hr per week/| ASL, GM volume, fMRI modality training
T T=695 (3.2) . . h . .
[14] n.=25 _ Laboratory-Based 8 weeks distraction task 3) Improved distraction suppression
¢ C=69.5(2.5) : :
Auditory and Visual SA
Active Control Group: CBF increases correlated with reduced
Educational program distraction
1) Increased CVLT-II post-training
2) Regional cortical volume increases
Tg = 60.9 in the bilateral Lateral Temporal
_ (10.4) . Lobes, Left Supramarginal and Left
Engvig et al., nr:SM'__zlzg T,=613 MT\;Z?T?OT I{_cr’:iln(i’\:OL) 4 x 1-hr per CVLT-Il, Memory Questionnaire, | Entorhinal gyri, and the Right Inferior
[15] TH ™ 9.4) y 9 week/8 weeks ROCF, GM volume Frontal and Right Lateral Orbitofrontal
n. =20 VM B
¢ C,=603 cortices
9.1) 3) Increased Left Hippocampal volume
4) Left Hippocampal volume change
correlated with improved CVLT score

n, n: Number of Participants in Treatment or Control Group; T: Treatment; T1, T2, Tn: Treatment Group 1, 2, n; C: Control Group; WAIS: Weschler Adult Intelligence
Scale; WAIS-R DS and ST: Weschler Adult Intelligence Scale-Revised Digit Span and Similarities Test; CAVLT: Chinese Auditory Verbal Learning Test; CVFT:
Category Verbal Fluency Test; TMT: Trail Making Test; CDT: Clock Drawing Test; BNT: Boston Naming Test; DRS: Mattis Dementia Rating Scale; CE: Control

Elderly; CY: Control Young; MMSE: Mini Mental State Examination; VO,: Maximal Oxygen Uptake; ACC: Anterior Cingulate Cortex; GM: Grey Matter; ACC: Anterior
Cingulate Cortex; BDNF: Brain-Derived Neurotrophic Factor; G-AVLT: German Auditory Verbal Learning Test; BDNF: Brain Derived Neurotrophic Factor; BDI: Beck’s
Depression Inventory; WMS: Wechsler Memory Scale; WMS: Wechsler Memory Scale; G-CSF: Granulocyte Colony Stimulating Factor; SA: Selective Attention; ASL:
Arterial Spin Labeling; CBF: Cerebral Blood Flow; PFC: Prefrontal Cortex; SMI: Subjective Memory Impairment

Disease, Mild Cognitive Impairment, Parkinson’s Disease), and
studies that contained an intervention group with a mean age below
sixty. These records were then preliminarily screened on the basis of
their title and abstract. This preliminary screening yielded 199 RCT's
for further analysis and eliminated 165 records that did not meet
the aforementioned eligibility criteria and did not contain a training
intervention, neurophysiological outcome measure, or cognitive
outcome measure. We then further examined 22 RCTs closely for
quality, and they had to include clearly defined training intervention
descriptions, and both neurophysiological and cognitive outcome
measures collected at least pre- and post-intervention. This final
inquiry left a total of 22 RCTs for qualitative analysis.

Discussion

Structural volume changes

Physical exercise: The link between grey matter volume and
exercise has been studied in several RCTs, with promising results
(Table 1). Higher levels of physical exercise are associated with
increased grey matter volume in prefrontal areas [5,6], temporal lobes
including the hippocampus [6-8], and in white matter [7]. One study
of healthy adults aged 60 -79 found that aerobic exercise training for
6 months was enough to increase gray matter in areas of the frontal
and temporal lobes, as well as the anterior portion of the Corpus
Callosum (CC) compared to a non-aerobic control group (toning and
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stretching) [9]. Another RTC involving 120 sedentary adults over the
age of 55 comparing an aerobic (walking) program with a stretching
and toning control program, found that a year-long aerobic exercise
intervention was enough to offset the normal age related shrinking
of the anterior portion of the hippocampus [10]. Furthermore,
despite no group differences in spatial memory post-intervention,
change in hippocampal volume correlated positively with VO2, a
measure of peak oxygen consumption, and spatial memory. Serum
Brain Derived Neurotrophic Factor (BDNF) levels, a neurotrophin
linked to plasticity also correlated with bilateral hippocampal volume
changes in the exercise group [10]. However, the type of exercise may
be an important factor to consider, as there is inconsistency in the
literature as to the beneficial effects of aerobic versus non- aerobic
exercise.

A study of adults aged 60-79 investigating whole brain volume
and cognition found that 3 times weekly participation in Tai Chi and
social interaction groups resulted in increased whole brain volume
and improved cognitive scores compared to a walking and no
intervention group after 40 weeks [11]. Although, when the walking
group was stratified into fast and slow walkers, the faster walkers
had slightly less brain tissue loss than slow walkers, and performed
significantly better on measures of selective attention and verbal
memory. Ruscheweyh et al. (2011) [12] investigated the difference
between medium-intensity (Nordic walking) and low-intensity
(gymnastics) exercise interventions, and a control (no intervention)
group on episodic memory and grey matter volume in adults ranging
from 50-72 years. Nordic walking incorporated hand held poles while
walking to add upper body exercise. The gymnastic group participated
in stretching, toning and flexibility training. Both the medium and
low intensity groups had to participate for a minimum of three times
per week, and up to five times, for 50 minutes each session. There
were no group differences between medium and low intensity groups
on episodic memory testing; rather it seemed that physical activity
increased memory scores independently of intensity level. Similarly,
increased physical activity correlated with increased grey matter
volume in several prefrontal and cingulate areas including the dorsal
Anterior Cingulate Cortex (ACC), the Supplementary Motor Area
(SMA), and Middle Frontal Gyrus (MFG). In addition, there was
a trend towards increased peripheral BDNF levels in both exercise
intervention groups compared to the control group. Although,
another study of healthy female adults compared once and twice per
week resistance training (leg press and free weights) with twice per
week balance and tone training (stretching, core-strength exercise,
and Tai Chi forms), and found that after the one year intervention
both resistance training groups had improved Strop scores, a measure
of selective attention, compared to the balance and tone group, as
well as improved muscular power in the twice per week resistance
training group [13]. However, unexpectedly, both resistance training
groups had significant whole-brain volume reductions compared
to the balance and tone training group. The authors suggest these
results be viewed with caution however, as whole-brain volume was
a secondary measure and the study included exclusively females of a
specific age range (65-75).

Thus, many studies suggest that physical activity in general
has positive, dose-dependent effects on brain volume; however
inconsistencies exist in the literature. This could partially be due to

H
:E_ # Records Identified Throvgh Database
!;E.' Searching
E (# Physical Activity, 3433 Cognitive Training)
3 # Records Excluded (# Physical Activity, 5222
Cognitive Training) for the Following Reasons:
o Duplicates
o Swdies conducted before 2004
s Outof Seope/lmelevant Topic
? ¥ Records Screened on Basis of Title and n e . . L.
: # Records Excluded (% Physical Activity, 60
; B i l.-l-b:!mﬂ‘ . . Cognitive Training) for the Following Reasons:
g (# Physical Activity, 211 Cognitive Training) s NotRCT
e Unsuitable Participant Group
»  NoPhysical Exercise or Cognitive Training
— Intervention
»  Nonenrophysiological outcome measures
collected
o Nocognitive outcome measures collected
g # RCTs Assessed on Basis of Eligibifity
2 Criteria
E (% Physical Activity, 131 Cognitive Training) # Records Excluded (# Physical Activity, 140
Cogitive Training) for the Following Reasons:
s NotRCT
e NoPhysical Exercise or Cognitive Training
—_— Intervention
*  Nonewrophysiological outcome measures
collected before and/or after intervention
- +  Nocognilive outeome measures collected
“; 20 RCTs Used for Qualitative Analysis before and_'.m afterntervention
"‘; (10 Physical Activity, 11 Cognitive Training) * Poor Qualit
3
-

the vast differences in types of exercise interventions (i.e. aerobic
versus non-aerobic), as well as specific outcome measurements (i.e.
whole - brain volume versus specific grey matter structure volume).

Cognitive training: Cognitive training RCTs focusing on grey
matter volume changes have yielded conflicting results. A study
conducted by Mozolic et al. [14] found no post-intervention grey
matter volume changes, despite significantimprovements in the ability
to suppress multisensory distraction. In contrast, Engvig et al. [15]
found after memory training, that the left hippocampus experienced
significant training-related volume increase, which correlated with
improved post-intervention CVLT-II (California Verbal Learning
Test-II) scores. These conflicting results may provide insight into
the neural mechanisms underlying cognitive improvement after
intellectual stimulation. Although the studies conducted by Engvig
etal. [15] and Mozolic et al. [14] had similar training frequencies and
durations, the types of interventions administered differed. Verbal
memory, which was emphasized by Engvig et al. [15] is strongly
tied to the hippocampus, whereas attention, emphasized by Mozolic
et al. [14], is more commonly associated with the coordination of
numerous frontal and parietal areas constituting the attentional
network. Consequently, perhaps changes in cognitive functions
associated with more complex neural networks may not be as easily
detectable via volumetric analysis and thus, may require additional
investigation using methods like functional Magnetic Resonance
Imaging (fMRI) and functional connectivity analysis.

Functional changes

Physical exercise: Exercise can alter the functional
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Table 2: Summary of RCTs involving physical activity and cognitive training using fmri and eeg outcome measures.

Verbal Memory

Sample = Mean Age Intervention Frequency/ S
Study Size (SD) b= i aian Duration Outcome Measures Important Findings
T=67.85 -El - aeroblc' . VO,, interference related reaction Aerobic group showed greater level of
Colcombe et _ (6.74) C = non-aerobic | 3 x 40-45 mins per L2 o
al., [16] n=29 C=66.7 (stretching and week/ 6 months times in flanker task, pre- and post- | task-related activity in MFG, SFG, and
v PN ng fMRI flanker task SPL, and reduced activity in ACC
(4.56) toning)
1) Walking group had decreased
activity in left SFG and MFG,
bilateral medial frontal gyrus, left
parahippocampal gyrus, right superior
T1 = Walking MTG compared to control group
Voelcker n_=17 T1=68.47 T? - . VO,, executive control (flanker task), 2) e et sehuy Ir.] o S.PC’.
T _ Coordination 3 x 1 hr per week/ 2 ) thalamus, caudate body in coordination
Rehage et al., n_=16 T2=71.13 . processing speed (visual search task),
[17] n=11  C=69.27 Training Lyear MRI group
c” e C = Relaxation 3) Accuracy on flanker task improved in
and Stretching walking group
4) Coordination group had improved
accuracy and speed on visual search
task and flanker task
n_ =20 BA-(FSZ;;Q'Z T1= Resistance
RT1 N ini H 1
Liu-Ambrose et n.. =15 RT1=69.7 _ raning (RT) L (RT1) or 2 RT, fMRI during Erikson flanker task RT2 led to increased functional
RT2 C=Balance and (RT2,BAT) sessions plasticity in the left MTG and anterior
al., [18] N =17 (2.8) L .
cBAT) Tone Training per week/ 1 year insula
RT2=68.9 (BAT)
(3.2)
T = Walking,
T=80.8 flexibility, Exercise group had faster psychomotor
Rosano et al., n. =20 (3.95) strength and | 150 mins per week/ | fMRI DSST, psychomotor speed using speed on DSST and increased
[19] n.=10 C=81.45 balance 1year DSST, executive control activation in areas related to executive
(2.77) C = health control (DLPFC, ACC)
related classes
SWSS(‘: i:r(;ker 3-5 X 40-mins per 1) Decreased N1 amplitude
Berry et al., n =15 71.93 (1.33) (Posit gcience week/ P ERP during untrained WM Tasks, 2) Improved WM performance
[20] n.=15 ! : K ! Trained and Untrained PD Tasks Correlation between improved WM
‘ InSight) 3-5 weeks accuracy and changes in N1 amplitude
Visual PD Y Y P
NeuroRacer
67.{ (4.2) Vl_deo Qamg Pre-, Post- and P'ost.—G month 1) Only T4 improved behaviourally
T1=64.9 | T1 = Multitasking Intervention: Lo . .
n 16 (5.2) trainin EEG while playing Neuroracer, TOVA, (il T b ek
Anguera et al., T = e 9 3 x 1-hr per week/ playing ! ' | improved sustained attention and WM)
n 15 T2=68.8 | T2 = Single Task Delayed-recognition WM, Dual, Useful ;
[21] 2 e 4 weeks ; - : 2) Only T1 improved on EEG measures
n.=15 (6.8) Training Field of View, Filter, Change and (Enhancedidine Tontallhet powe:
C=66.8 Attention and Stimulus Detection, and Digit Symbol and lona-ranae theta coheren'ze)
(6.2) Multitasking (T1 Tasks g-rang ’
only)
7_??5‘;’2? Gasn?:;?:ii?n 2 % 70-mins per 1) Improved selective attention
O'Brien et al., n =11 s ining P . ) 2) Increased N2pc and P3b amplitudes,
2] n =11 (4.51) Perception, week/ EEG during Visual Search Task reflecting attentional allocation and
¢ C=71.82 | SOP, Attention, 10 weeks )
(5.79) Memory capacity enhancement
Kirchhoff et al., Kirchhoff 2011 only:
[23] 1) Improved subjective memory
2) Eliminated pre-training young vs
old differences in Recognition Memory
performance
Semantic 3) Increased activity in the Medial
T=719 ST Self-initiated Strategy Questionnaire, SIS, (R Precentral erus, Ik _Left
_ Strategy - . Caudate during Intentional Encoding
n, =16 “.1) Trainin 2 sessions fMRI Intentional Encoding Task, Recognition Memory Improvements
Kirchhoffetal., | n_=17 Cc=228 9 fMRI Abstract/Concrete Task, fMRI 9 Y . p.
[24] © 4.0) Elderly Group Recognition Memory Task correlated with:
’ only 9 Y 1) Kirchhoff 2011: Increased activity

in Prefrontal and Left Lateral Temporal
Regions (associated with semantic
processing and strategy use in young)
2) Kirchhoff 2012: Increased bilateral
hippocampal activity during memory
retrieval

n, n.;: Number of Participants in Treatment or Control Group; T: Treatment; T1, T2, Tn: Treatment Group 1, 2, n; C: Control Group; VO,: Maximal Oxygen Uptake;
SFG: Superior Frontal Gyrus; MFG: Middle Frontal Gyrus; SFG: Superior Frontal Gyrus; SPL: Superior Parietal Lobule; ACC: Anterior Cingulate Cortex; MTG:
Middle Temporal Gyrus; IFG: Inferior Frontal Gyrus; SPC: Superior Parietal Cortex; DSST: Digit Symbol Substitution Test; DLPFC: Dorsolateral Prefrontal Cortex;
PD: Perceptual Discrimination; ERP: Event Related Potential; WM: Working Memory; N1: Negative Deflection 100ms; EEG: Electroencephalography; TOVA: Test
of Variables of Attention; SOP: Speed of Processing; N2pc: Second Negative Deflection Posterior Contralateral; P3b: Positive Deflection 300ms Subcomponent B
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plasticity of the adult brain. In one RTC adults aged 58- 77 grouped
into either a walking or stretching and toning condition participated
inan fMRI study using the flanker task, a measure of selective attention
[16]. The authors reported exercise-related activity increases in brain
regions related to attention, such as the MFG, Superior Frontal Gyrus
(SFG), and the Superior Parietal Lobule (SPL), and a decrease in
the Anterior Cingulate Cortex (ACC), which is related to conflict
detection [16]. Behaviorally, the walking group showed decreased
interference-related reaction times on the flanker task compared
to the control group. While another fMRI study with a similarly
aged population (62-79 years) using the flanker task also found
decreased activity in the ACC in the group receiving cardiovascular
training (walking), the authors report a decrease in additional areas
including the left superior MFG, bilateral medial frontal gyrus,
left parahippocampal gyrus, and the right superior MTG, while
these regions showed increased activation in the control group (no
intervention), suggesting more efficient processing [17]. In addition,
Voelcker-Rehage et al. [17] found that coordination training resulted
in increased activity in the inferior frontal gyrus, superior parietal
cortex, thalamus, and caudate body, areas related to the visual-spatial
network, compared to the cardiovascular exercise and control groups.
Both exercise groups showed cognitive improvement on the flanker
task in terms of accuracy, however only the coordination group has
significant increases in speed on the visual search task. Twice weekly
resistance training (but not once weekly) has also been found to lead
to changes in neural activity in an fMRI study of 52 elderly women
ranging from 65-75 years of age [18]. Specifically, increased activity
was found in areas relating to response inhibition as well as increased
performance on the flanker task. A different study explored the
possible long term benefits of exercise interventions by comparing
two groups that underwent a one year lifestyle RTC: physical activity
consisting of mostly walking and a control group that met for health
sessions pertaining to the elderly including nutrition, medications and
foot care [19]. The authors found that even two years post-exercise
intervention, older adults who maintained physical activity showed
increased activation in executive control areas, and faster reaction
times and accuracy on a digit symbol substitution test compared to
sedentary participants [19].

Overall, studies examining the effects of physical exercise on
brain plasticity seem positive (see Table 2 for summary). However,
variability in findings of exercise related brain areas exists despite
implementing a similar task. Activity differences may therefore be
attributed to the diversity of exercises and length of interventions.

Cognitive training: There are numerous Electroencephalography
(EEG) and fMRI studies investigating the synchronous whole-
brain activity required to perform complex cognitive tasks. Despite
some methodological differences, seemingly disparate methods
like computerized cognitive training selectively targeting one
cognitive domain [20] and video games involving multiple cognitive
domains [21,22] have mostly exhibited comparable, intervention-
induced neural firing changes associated with improved cognitive
performance. This has been chronicled in the multiple EEG studies
showcased in (Table 2). Notably, Anguera et al. [21] investigated the
benefits of a car-racing video game, on users who were further split
into multitasking and single task training groups. Interestingly, only
the multitasking group exhibited improvements on behavioral tests

and EEG measures of cognitive control, both at post-intervention and
6 months after cessation of training, thereby alluding to the enhanced
short- and long-term efficacy of therapies involving simultaneous
overlapping cognitive control processes.

Functional MRI randomized control trials have similarly
demonstrated training-induced benefits. Kirchhoft et al. [23,24] used
a verbal recognition memory training paradigm and found subjective
and objective cognitive improvements and increased activation in a
number of frontal and temporal regions commonly associated with
semantic processing in young adults. This further supports the notion
that cognitive training leads to strengthening of pre-existing neural
networks via training-induced neuroplasticity.

Functional connectivity changes

Physical exercise: Only one study investigated the relationship
between aerobic(walking) and Flexibility, Toning and Balancing
(FTB) exercises, cognition, and functional connectivity in a group of
adults (55- 80 years old) [25] (see Table 3 for summary). The authors
found that walking and FTB exercises increased DMN (Default Mode
Network) and frontal executive network functional connectivity after
12 months. Additionally, the FTB group had functional connectivity
increases at 6 months. The authors suggest that the novelty of
exercise, progressive difficulty, and mimicking of instructors in the
FTB group may have contributed to these changes. In both exercise
groups, increased functional connectivity was associated with
increased executive functioning on cognitive tests. While these results
fit with other research involving functional connectivity changes with
age, the field is lacking study reproductions to conclude if functional
connectivity changes result from exercise.

Cognitive training: In line with the hypothesis that the neural
underpinnings of training-related improvements would involve
neural networks often disrupted throughout aging, a study by
Chapman et al. [26] demonstrated both increased functional
connectivity and increased regional cerebral blood flow in the DMN
and Central Executive Network (CEN), which further correlated
with improved abstraction and reasoning skills. In contrast to the
classroom-based cognitive training used by Chapman et al. [26],
functional connectivity changes were also noted using home-
based video game training methods. The differential efficacy and
functional connectivity changes related to video games like Brain
Fitness, Space Fortress, and Rise of Nations further elaborated on
the aforementioned research [27]. Looking at specific components
of the dorsal and ventral attentional networks, Strenziok et al. [27]
determined that cognitive training of the top-down modulation of
sensory processing (Brain Fitness and Space Fortress) yielded the
most consistent behavioral improvements, which were specifically
correlated to decreased functional connectivity between the SPC
(Superior Parietal Cortex) and the ITL (Inferior Temporal Lobe).
This neuroplastic change was postulated to be a reflection of reduced
demands on the SPC for attentional control of auditory sensory
cortices, therefore resulting in more efficient top-down attentional
control mechanisms. However, with Chapman et al. [26] reporting
broad increased functional connectivity amongst large-scale neural
networks and Strenziok et al. [27] conversely reporting decreased
training-induced regional connectivity, it is clear that further in-
depth analysis is still needed.
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Table 3: Summary of RCTs involving physical activity and cognitive training using functional connectivity outcome measures.

Sample Mean Age Intervention Frequency/ -
Study Size (SD) Description Duration Outcome Measures Important Findings
1) Aerobic exercise increased
_ functional connectivity in
TE5GEZ6?O DMN and FE network, - FTB
n,=30 cy - 23.91 T = Walking group showed increased DMN
Voss et al., ne, =32 (; 44)' CE = non-aerobic group = 3 x 40 mins per VO,, DS, spatial WM, task-switching, and Fronto-parietal network
[25] Nee =35 CE = 65.37 (Flexibility, toning and week/ 1 year WCST, fMRI functional connectivity connectivity
- balancing) 2) Increased functional
(5.24) L . .
connectivity associated with
better executive function in both
groups
Pre-, Mid-, and Post-Intervention:
Test of Strategic Learning, Daneman 1) Increased DMN and CEN
Ghapman et n =18 6_2.9 (3.6) Gist Re_a_sonlng 1 x 1-h per week/ and Carpenter Test, Tralls A/B, global ar.1d regional CBF and
al,, [26] nT 19 T =64 (3.6) Training 12 weeks WAIS-IIl , CVLT-Il, Delis-Kaplan functional connectivity
v ¢ C=618(3.3) Reasoning Executive Function System, Stroop, 2) Post-training improvements
Backward Digit Span, ASL, Functional | in Reasoning and Abstraction
Connectivity, White matter integrity
1) BF had most consistent
Brain Fitness (BF): Lab: positive changes and RON had
BF = 69.79 Auditory Perception  3x1-hperweek/| WAIS-IIl, Everyday Problems Test, Ieaslt consistent changeslm
. n 14 (6.9) SF= Space Fortress (SF): ) Working memory, Reasoning,
Strenziok et BF ; ) 6 weeks Word/Letter Series, WMS , Delayed X
n,.=14 68.52 (5.6) Visuomotor/Working ) . and Problem Solving
al., [27] SF_ - Home: Match-to-Sample Task, Functional .
Maoy = 14 | RON =69.41 Memory 3 x 1-h per week/ Connectivity, White matter integrit 2) BF and SF decreased in
2.3) Rise of Nations (RON): 6 weeks Y Y functional connectivity between
Strategic Reasoning SPC and ITL, compared to
RON

n,, n.: Number of Participants in Treatment or Control Group; CY: Control Young; CE: Control Elderly; T: Treatment; T1, T2, Tn: Treatment Group 1, 2, n; C: Control
Group; VO,: Maximal Oxygen Uptake; DS: Digit Span; WM: Working Memory; WCST: Wisconsin Card Sorting Test; DMN: Default Mode Network; FE: Frontal
Executive Network; FTB: Flexibility Toning Balancing; WAIS: Weschler Adult Intelligence Scale; ASL: Arterial Spin Labeling; CEN: Central Executive Network; CBF:

Cerebral Blood Flow; FA: Fractional Anisotropy; WMS: Weschler Memory Scale; AD: Axial Diffusivity; SPC: Superior Parietal Cortex; ITL: Inferior Temporal Lobe

White matter tract changes

Physical exercise: One RTC has investigated the relationship
between physical exercise and white matter tract changes (see Table
4). Voss et al. [28] implemented Diffusion Tensor Imaging (DTI)
and cognitive measures in a walking and a stretching control group
consisting of older adults aged 55 - 80. In the walking group, a greater
percentage change in fitness was related to increased FA (Fractional
Anisotropy) in prefrontal regions and temporal cortices following
a one-year intervention. While change in aerobic fitness correlated
with performance on the backwards digit span in the walking group,
no group differences were found on measures of cognition post-
intervention, and increases in white matter integrity measures were
not associated with any cognitive measures. Again, since this is the
only RTC, the relationship between exercise, cognition and white
matter in healthy elderly remains unclear.

Cognitive training: In relation to cognitive training and
healthy aging, studies have generally shown increased global [29]
and regional white matter integrity in attentional network [27]
and limbic areas [26]. Interestingly, the genu of the CC, which is
particularly sensitive to age-related changes, plays a fascinating role
in both short- and long-term retention of training-related cognitive
improvements and individual susceptibility to training-induced
benefits [30]. Specifically, Wolf et al. [30] demonstrated that younger
elderly individuals (ages 60-70), who had comparatively superior pre-
training structural integrity in the genu of the CC were not only able
to retain and transfer training-related gains in cognitive function,
but were also able to maintain these improvements in the long run.
This relationship, unfortunately, did not persist amongst older elderly
individuals (ages 70-85), who were unable to maintain initial transfer
gains, regardless of initial CC integrity, therefore possibly alluding

to a short window of opportunity for maximum efficacy of cognitive
training in the elderly. This structure also appeared in earlier research
presented by Lovden et al. [31], who demonstrated cognitive
training-induced decreased MD (Mean Diffusivity) and increased FA
selectively in the genu of the CC in healthy elderly (mean age = 68.9 +
2.7). However, despite noting post-training behavioral improvements
on working memory, episodic memory, and processing speed tasks,
none of these improvements correlated with any of the FA and MD
measures.

Combination of physical exercise and cognitive training

Some studies have examined the efficacy of a combination,
rather than separate administration, of these lifestyle modifications.
Theoretically, physical exercise can provide the biological substrate
needed to facilitate the structural and functional neuroplastic changes
induced by cognitive training [32]. More specifically, frequent
cognitive exercise during a time frame of physical exercise-induced
synaptogenesis and neurogenesis could lead to the functional
integration of new neurons and improve cognitive performance [33].
However, some studies that have examined separate and combined
effects of cognitive training and physical exercise, have found that
participation in cognitive training improves cognitive function in
both single and combined methods, while mild aerobic training alone
does not provide significant improvements [34,35].

Limitations and future directions

There were some limitations in comparing the studies in this
review. Many studies included a range of different outcome measures
of cognitive performance, administered at varying time points,
making comparison of cognitive benefits and evidence of transfer
effects extremely difficult. Furthermore, the heterogeneity in the
intervention type, duration, and frequency is a methodological
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Table 4: Summary of RCTs involving physical activity and cognitive training using white matter integrity measures.

Sample Mean Age . o Frequency/ -
Study Size (SD) Intervention Description Duration Outcome Measures Important Findings
1) Trend for increased FA
in prefrontal white matter in
T1=65.17 T1 = walking aerobic group
Voss et al., n,=35 (4.40) T2 = non-aerobic group | 3 x 40 mins per | VO,, DS, spatial working memory, task- 2) Magnitude of change in
[28] »=35 T2 =64.57 (Flexibility, toning and week/ 1 year switching, WCST, DTI fitness related to increases in
(4.46) balancing) mean FA
3) No group differences on
cognitive tests
Pre-, Mid-, and Post-Intervention:
Test of Strategic Learning, Daneman .
62.9 (3.6) ) . - and Carpenter Test, Trails A/B, ) Increased_ A cRLEL
Chapman et n, =18 _ Gist Reasoning Training | 1 x 1-h per week/ ) uncinate
_ T=64(3.6) : WAIS-IIl, CVLT-II, Delis-Kaplan A
al., [26] n.=19 _ Reasoning 12 weeks . ] 2) Post-training improvements
¢ C=618(3.3) Executive Function System, Stroop, in Reasoning and Abstraction
Backward Digit Span, ASL, Functional 9
Connectivity, White matter integrity
1) BF had most consistent
Brain Fitness (BF): positive chapges and RON had
BF = 69.70 Auditory Percention Lab: least consistent changes in
. _ A Y P . 3x1-hperweek/ WAIS-Ill, Everyday Problems Test, Working Memory, Reasoning,
Strenziok et n 14 (6.9) SF= Space Fortress (SF): ) :
BF ; ) 6 weeks Word/Letter Series, WMS , Delayed and Problem Solving
al., n, =14 68.52 (5.6) Visuomotor/Working ) . )
SF_ _ Home: Match-to-Sample Task, Functional 2) BF group increased
[27] n 14 | RON = 69.41 Memory - - ) ) 7 :
RON . . . 1 3x1-hperweek/ Connectivity, White matter integrity occipito-temporal AD, which
(2.3) Rise of Nations (RON): . ;
. . 6 weeks correlated with problem solving
Strategic Reasoning ;
improvement
1) Increased frontal MD
Classes:
2) Increased FA
1 x 1-hr per week/ o )
Methodlof Laci (Mal) 8 weeks 3) Significant correlation
Engvig et al., n.=21 | T=617(94) L White matter integrity, Source Memory | between memory improvement
U Memory Training Homework: .
[29] n.=21 ' C=60.3(9.1) . Task and change in FA
¢ Verbal Memory 4 assignments
per week/
8 weeks
TY=251
(2.8) 1) Increased PS, EM, and WM
n, =20 TE =68.9 Computerized Coanitive 2) Decreased MD in the CC
Lovdenetal., n._=12 2.7) P Trainin g 1-h daily/ Practiced Tasks , Transfer Tasks, (genu), driven by decreases in
[31] n., =10 CY =251 PS EM VE\J/M 100 days White matter integrity RD, but not AD
Nee =13 (2.8) ’ ’ 3) Increased FA in the CC
CE=68.9 (genu)
(2.7)

n;, n.: Number of Participants in Treatment or Control Group; T: Treatment; T1, T2, Tn: Treatment Group 1, 2, n; C: Control Group; VO,: Maximal Oxygen Uptake; DS:
Digit Span; WCST: Wisconsin Card Sorting Test; DTI: Diffusion Tensor Imaging; FA: Fractional Anisotropy; TY, TE: Treatment Young and Elderly; CY, CE: Control
Young and Elderly; PS: Perceptual Speed; EM: Episodic Memory; WM: Working Memory; MD: Mean Diffusivity; RD: Radial Diffusivity; AD: Axial Diffusivity; CC: Corpus

Callosum

constraint in determining the optimal intervention type and dose.
The current literature is also limited in the number of longitudinal
randomized control trials, with most studies limiting data collection
to only pre- and post-intervention. Furthermore, given the relative
paucity of RCTs investigating how exercise and cognitive training
programs impact certain neurophysiological measures, more
work needs to be done to establish the true benefits of these non-
pharmacological interventions in preventing cognitive decline.

Conclusion

This review examined the behavioral effect and underlying
neural mechanisms of cognitive and physical training on age-
related cognitive decline. Despite their heterogeneity, the studies
presented suggest that increased cognitive or physical activity result
in functional and structural brain changes, which correlate with
cognitive improvements that may delay or prevent the onset of
cognitive impairment. However, the exact mechanism, site, extent,
and transfer effects of these improvements remain unclear.

With the global incidence of dementia on the rise, investigations

into non-pharmacological strategies aimed at the prevention and
delay of cognitive impairment are more important than ever.
Specifically, the studies showcased in this review evaluating the
efficacy of these non-invasive therapies in the healthy elderly are of
extreme importance given their potential to prevent preclinical stages
of dementia, such as mild cognitive impairment, for which there is
currently no successful treatment. A recent RCT of older women with
mild cognitive impairment suggests that aerobic training (walking)
increased total hippocampal volume compared to a resistance
training and balance and tone group [36].

In line with previous reviews [37], the RCTs reviewed here
ultimately emphasize the need for further study of individual and
combined exercise and cognitive training interventions. This need for
continued study is further substantiated by the discrepant conclusions
of past reviews. For instance, a recent Cochrane review [38]
concluded that there was insufficient evidence to suggest that aerobic
exercise interventions help improve cognition, while other reviews
have reported potential positive effects [39,40]. Similarly, another
Cochrane review on the effects of cognitive training interventions in
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the elderly found mixed results [41]. While the studies in this review
generally showed significant behavioral and neurophysiological

changes following both cognitive and exercise training, its underlying
mechanisms and permanence remained unclear, thereby providing
an exciting opportunity for future research into these potentially
effective non-invasive responses to the rising significance of cognitive
impairment in the elderly.
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