Rl Pk i ?fghh LRS- - S A e

School and Graduate Institute of Physical Therapy
College of Medicine

National Taiwan University

Doctoral Dissertation

*EFER L P R E A T 2
G R T EAS S B R R L Vol
Investigation of Task-switching Effects and the
Underlying Neural Mechanisms of Tai Chi Chuan
Exercise Training in Middle-aged and Older Adults:

Neurocognitive and Neuroimaging Studies

I FIE
Meng-Tien Wu

Ry ARy g4
Advisor: Pei-Fang Tang, PT, Ph.D.

February 2019

doi:10.6342/NTU201900503



aﬁgﬁk%ﬁ&%ﬁﬁi

AaEEH R E T EFARBEFR AL R
AR AP RS BLAY B AR R
Investigation of Task-switching Effects and the Underlying
Neural Mechanisms of Tai Chi Chuan Exercise Training in
Middle-aged and Older Adults: Neurocognitive and
Neuroimaging Studies

Ky X th 2 HIEE (D00428003) £ B L 24 REWMITILBZ A
BEA R AT R 2R 2 0 R E 108 £ 01 A 21 BAT 7% 3R
ZBEBBEBROIREE  HLEA

oA R 4@&
%@ €3>

(45 232 )
AR R % a3
@JL W o HA A=z

\&é@
ZEiE R (B4)

v*@\

doi:10.6342/NTU201900503



Pkl S E L - B A D BAGHWT S ATR o p AP 100 & » B AR B4 S
VAR L o AF R A B RE—ERT LT BT o o kiR
AF e ALY BFIEE AR AN RS o LR B B2
AR bANPRRSHPEY L RHE Y EF 4 L
MRI B3Z ~ F B3k 3 2 fMRI A 4703 5 BB R E 6 6 0 B 3E 2 R F i 2

H@F= R

AERE CBERE SRR B R EFIOTHR P 2 1
A B MRI 45 % SRR oA 19 5 @B 5 0 RAET REFLET L
FERRPLEHE EHII BRI PR ERAREL O BEER
ARHAIRET FI o FER LRSS CREDRIF o AF LY PT
FR RS 5 0 BB R SRR S RAETRA A LOILRGEL & R E R ER
NEFATEAE 2B ER AT RS R BT Pk BT
R FREE BT P L PEA - b ) AR SHRRERA T
FRER BT A PERRE TR T4 s dedh s B E o FRCT R > 4 R AT R e A
BUEAPMITE s BAN ESAEL R B A% TR

S EL L TTEY 4 EY 5 G TR S PR BA S F RIS NP B e de 2
¢ R AR ARG AT ] 0 EAAR A G G RN R E R PR e
Jai Guru Dev | iz Boi A2 > B ER At chde & 8 A BaE P s 2 St
B AR EE 0 PR A A R R R R LK A 6
FE AL IS RBE T T o BRSR A P Y N GFE  CMAT
EEF LA ERATE R B3I v A Eadpioiply o AN G IS g TR er
FFE TR S WA KD L R FRTE SR B AR - ELS

doi:10.6342/NTU201900503



ﬁéj%i

FR R E Y RN RESLLY o TS B 5 £ EE R
Ao EI A A - BRI EH N §REFEMH e T o ¥ EH I HE
EArac A TRHOEGEY 0 R R BRILAR cFEFFALHEAY EA PR
SEGF A 0 NEP A TR EE IR S 2T o S mEFER VIR R
FRpruct X EAZEHERAR - Ra 0 T REFFG D RAcR BB T
M SRR Afr 2Py = (L) AL - A EEL P E A
2EEAZ T 2 Hpi i ip it A8 > AR F LR £ L

M2 AL A HEH N BEERYRLT NG ot X E AR TR
FRPEZ PIRF A E T S (B) AL E R R EEEFIGETE G B Ao 3 E AP
Mz P FHASREAREN 843 TSR ezl ARET 7 ¢
MY X E A LA REESVREH BRI ERARZRE 2 F LT - R B
seak ey § F (Stroop) sy MR BRE > TR EEA(MN=30) ¢ £ 4
(N=30)~ 2 & & A (n=30) 3 (7 24 3 T 75 2 3% T FRPEAPF 2 RGN AL ME T
EELAR PHFHAESRNECEFLIART LM G oAy D R Ao i iE
BRI PRFEEPEHRRHRL AP REEL T S EEe(N=16)% il
(N=15) 3G EE A L I2F X EFH 4 > 50~ S22 GMA B 2 ki
TR M2 R T Z R JAOFERRE R TP RERK G s Y

XEALSREEN=19)Z F4len=19)  FH? EE L L 12F S BEEFHA

TR - BORAH SR AR EREM T A SRR R
M2 i .2 g oA g e L R e R e T At
F2M G0 FASSREL = FIE S B F w24 Bi(generalized fractional

doi:10.6342/NTU201900503



anisotropy) & 7 © & 2 2T = o A HEEE LB FRISY 12~ A=
K NE 60 AN 24N S HREFHIIRA ~ o oAl é Pl A= =

PR WAPFA R FNE  BRIEA G- ZDTREPR AR

=

TE2%TARERGFTHLId AR ER: VAR TS ARTH R
FIAT-FMBRZBESLE LRFEY G0 RBERHAT R AT R

WIEE-EE R AMEDL > ErEg ¢ B A B R IR D A T EARRRER

N
=
El
=
Y
Tk

-l"
B

AR E R E D E T IR R E
h,@ ”5?’{ ’ f’ﬁ%%ﬁafrz}%é—ﬁ &= ‘F@E?F’“ﬁ 22 I % (r =-0.374 — -0.569,
P<005) - FF - 2FFZ%FRIEFEIFIRG MEEHTRLRE PPH L
ZARFE o FPFI{FER EEA MBS ALRIIRIEFVRE AR FEEE

ZE RN SRR L S

ol
fot

&_= ]+ gpx (left superior frontal gyrus)
2 Bk R A 5 (r=-0631,p=0021) FTf = 2 BEHFR
> FA G d(r=-0747,p=0.001) - &= SRR B AR B - 2
(prefronto-striatal-thalamo-prefrontal loop) (r = -0.800, p < 0.001) ~ % = 7 £ -8 £ /§7
¥ (prefronto-parietal/occipital) (r =-0.782, p < 0.001)z & F# Ssad 2z A& E 4
FEOLFIBEEFVRS 2 EHERE TR CFTL S o HY > RHEE-RA
GRLE-HIEERRY TAHSRE R AR E LR L2 A mE VRS2
HeiEirieh 2 31 & F3($=-0.875R?=0.495p<0.001) - B : EHuH <
FL-28% 4080 anipl oz pwpgrtand £7 2 da g
B EAAA T A S o T 0 2R E G BN LA ER 4 2980
MAFREE SR Aem R EREARTE A7 2 2852 % S mEERY

BA- 5 R AR E AR E R A T A R R G R - X

doi:10.6342/NTU201900503



£ 4L F R AR eI E S A M o AR T Ay R X

RE)
=
S
A
o
g
o+
Jin
(w
Rt
&
~
(\x
=i
ﬂ\o

FFE-NRRARE - EN SRR
AREMARE2 R P REFPHGRALZER G ¥30¢ X EL 4 1020 4

KE GRS 0 JE W el T e

M4 @ u M s B M REREE S BRIV ER SHEFHAN S L ERA N

WO HREER 0 F

doi:10.6342/NTU201900503



ABSTRACT

Background: The ability to flexibly shift attention and respond to two or multi-task
demands is called task-switching ability. Task-switching ability is a high-level executive
function and declines with age. The transition period of task-switching ability declines
occurs at midlife, but with individual differences. Little is known about how
middle-aged adults modulate brain activation to prevent or handle such declines. Tai
Chi Chuan (TCC) exercise training has been shown to improve task-switching
performance in older adults. However, how TCC exercise training induces changes in
the neural mechanisms of task-switching remains unknown. This dissertation had three
purposes: (1) to investigate age differences in non-switch and switch performances and
associated functional activations across young, middle-aged, and older adults, with
particular focus on the middle-aged in Study One; (2) to investigate whether TCC
exercise training has effects on task-switching associated brain functional activations in
older adults in Study Two; and (3) to investigate whether TCC exercise training
enhances the integrity of specific task-switching associated white matter (WM) tracts
and whether the baseline integrity of these tracts influences TCC training-induced
task-switching improvement in middle-aged and older adults in Study Three.
Methods: Study One used a modified Stroop task-functional magnetic resonance
imaging (fMRI) paradigm to assess the brain functional activations and behaviors
during non-switch and switch conditions, and their interrelationships in young (n = 30),
middle-aged (n = 30), and older (n = 30) adults. Study Two used the same task-fMRI
paradigm and a randomized controlled trial (RCT) design to examine the changes in
functional activations and task-switching performances in older adults randomly
assigned to a TCC group (n = 16) and a control group (n = 15) before and after a
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12-week TCC exercise intervention. Study Three used diffusion spectrum imaging and a
RCT design to investigate the changes in general fractional anisotropy (GFA) values,
the indices of WM integrity, of the whole brain and specific task-switching associated
WM tracts, and the relationships of the baseline GFA values of these WM tracts to
task-switching improvement in middle-aged and older adults randomly assigned to a
TCC group (n = 19) and a control group (n = 19) before and after the same 12-week
TCC exercise training intervention used in Study Two. In both Studies Two and Three,
the TCC group received training in the 24-form Yang-style of TCC exercise three times
per week, 60 minutes each time, for 12 weeks. In contrast, the control group did not
receive any intervention, but maintained the original lifestyles and received one
telephone consultation biweekly. In addition to the imaging data, behavioral
task-switching and physical functions were also measured. Results: Study One showed
that although all three groups showed the ability to modulate the bilateral
prefrontoparietal activations according to task demands, only the middle-aged adults
showed that greater left prefrontal activations during task-switching or greater increases
of these activations from non-switch to switch conditions were associated with less
task-switching errors or shorter reaction time (r = -0.374 — -0.569, p < 0.05). Both Study
Two and Study Three showed TCC training-induced improvements in task-switching
and physical function. Study Two further revealed that after 12 weeks of TCC training,
the TCC participants who had the ability to recruit greater prefrontal activation,
particularly in the left superior frontal gyrus, during task-switching presented greater
reductions of task-switching errors (r = -0.631, p = 0.021). Study Three provided
support for the importance of the baseline integrity of whole brain tracts (r = -0.747,

p = 0.001) and specific task-switching associated WM tracts, the prefronto-striatal-
thalamo-prefrontal loop (r = -0.800, p < 0.001) and the prefronto-parietal/occipital
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(r =-0.782, p < 0.001) fiber groups, in predicting error reductions of task-switching
performance after 12 weeks of TCC training. In particular, the baseline integrity of the
prefronto-striatal-thalamo-prefrontal loop fiber group was the predominant predictor of
task-switching improvement after 12 weeks of TCC training (8 = -0.875, R? = 0.495,

p < 0.001). Conclusions: Altogether, the results of Study One suggest that the ability to
scale up task-switching relevant left prefrontal activation is a unique neural mechanism
that middle-aged adults could employ to achieve better task-switching performance.
Training that could enhance such modulation ability is therefore recommended to
prevent age-related declines in task-switching. The findings of Study Two suggest that
TCC could serve as one of type of exercise to enhance task-switching ability because
this training could provide benefits to some, although not all, older adults to enhance the
function of their prefrontal activations during task-switching. The results of Study Three
highlight the importance of the baseline integrity of the prefronto-striatal-thalamo-
prefrontal loop fiber group in helping middle-aged and older adults achieve more

task-switching improvement after 12 weeks of TCC training.

Key words: Cognitive flexibility, fMRI, Individual differences, Executive function,

Mind-body exercise intervention, Diffusion spectrum imaging, White matter
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CHAPTER 1

INTRODUCTION

1.1 Background

Age-related declines in task-switching performance

Task-switching ability, a high-level executive function, requires the adaptation of
rapid and flexible behavioral responses to environmental task demands (Braver et al.,
2003; Diamond, 2013). To investigate cognitive flexibility, researchers typically
request research participants to perform two or more different tasks using
task-switching experimental paradigms (Kray and Lindenberger, 2000; Reimers and
Maylor, 2005). Age-related declines in task-switching ability have been well reported
(Cepeda et al., 2001; Kray and Lindenberger, 2000). Older adults perform
task-switching with higher error rates and longer reaction times (RTs) compared to
young adults, whereas the task-switching accuracy of middle-aged adults is similar to
that of young adults, but their RTs fall between those of young and older adults (Kray
and Lindenberger, 2000; Reimers and Maylor, 2005). These findings suggest that
midlife seems to be a critical transitional period of task-switching declines with aging
and imply individual differences in task-switching performance (Kray and
Lindenberger, 2000; Reimers and Maylor, 2005). Therefore, investigating
task-switching performance in middle-aged adults and the associated brain functional
activation might help us understand their efficient or inefficient neural mechanisms
during task-switching and shed light on preventing cognitive aging in early midlife

Senescence.
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Task-switching associated brain functional activations

Research using functional magnetic resonance imaging (fMRI) task-switching
paradigms has revealed that people typically recruit greater frontal and parietal
functional activations in task-switching trials than in non-switching trials, suggesting a
need for greater neural resources for cognitive processing from non-switch to switch
conditions, a phenomenon called switch cost (contrast) (Kray and Lindenberger, 2000;
Wasylyshyn et a., 2011). In essence, in young adults, the brain regions associated with
switch cost include the bilateral, especially the left superior, frontal gyrus (SFG),
middle frontal gyrus (MFG), inferior frontal gyrus pars opercularis (IFGo) and
triangularis (IFGy), superior and inferior parietal lobes, and the frontotemporal junction
(Crone et al., 2006; DiGirolamo et al., 2001; Dove et al., 2000; Gold et al., 2010;
Hakun et al., 2015; Jimura et al., 2014; Kim et al., 2012; Kimberg et al., 2000;

MacDonald et al., 2000; Sakai and Passingham, 2003; Zhu et al., 2014).

Comparisons of task-switching associated brain functional activations between
young and older adults

Previous fMRI studies have shown that young adults generally recruit functional
activations in the left prefrontoparietal regions during task-switching, whereas older
adults tend to recruit functional activations in the bilateral prefrontoparietal activation
during task-switching (DiGirolamo et al., 2001; Gazes et al., 2012; Kim et al., 2012;
Kim et al., 2011; MacDonald et al., 2000; Vallesi et al., 2015; Zhu et al., 2014). This
pattern of functional activation in older adults during task-switching shows age-related
asymmetry reductions in frontal regions (DiGirolamo et al., 2001; Zhu et al., 2015), in
agreement with the “Hemispheric Asymmetry Reduction in Older Adults (HAROLD)”

model (Cabeza, 2002). The roles of the left prefrontal regions in task-switching include
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maintaining the attentional demands of the task (MacDonald et al., 2000), resolving
conceptual conflicts (Badre and Wagner, 2006), and classifying stimuli (Philipp et al.,
2013), whereas the right prefrontal regions are known to be involved in spatial rules of
task-switching (Vallesi et al., 2015), monitoring, and inhibitory control (MacDonald et
al., 2000). Young adults might only need left prefrontal activation for processing task
demands, resolving conflict, and matching stimulus-response rules while performing
task-switching. Older adults, however, might need to recruit additional right frontal
activation to deal with all task-switching demands.

When directly comparing the extent or intensity of prefrontal and parietal
recruitment during task-switching between young and older adults, the majority of past
research has reported that older adults show prefrontoparietal overactivation during
both non-switch and switch conditions (DiGirolamo et al., 2001; Zhu et al., 2014; Zhu
et al., 2015). These findings reflect increased neural processing costs during
task-switching with age, suggesting that older adults may attempt to use a strategy of
overactivation to compensate for age-related task-switching declines. However, some
researchers have found negative or no relationships of prefrontal overactivation with
non-switch and switch performances in older adults (Gazes et al., 2012; Hakun et al.,
2015; Zhu et al., 2015). These findings suggest that prefrontal overactivation is an
ineffective strategy for older adults while performing task-switching, as it may be an
unsuccessful attempted compensatory neural mechanism (Cabeza and Dennis, 2013) or
an inefficient neural process (Rypma et al., 2006).

Notably, the ability to modulate brain activation according to changes in task
demands from non-switch to switch conditions has shown differences between young
and older adults. Compared to young adults, older adults reduce the ability to scale up

brain activations to overcome more difficult switch conditions, showing a smaller
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extent of increases of prefrontoparietal activation from non-switch to switch conditions
in older adults (DiGirolamo et al., 2001; Gold et al., 2010). Although older adults may
not be efficient in adapting brain activation from non-switch to switch conditions, it
remains unknown whether middle-aged adults maintain the adaptive ability of brain
functional activation to deal with increasing task demands. Previous memory
task-fMRI studies have found that middle-aged adults, whose behavioral performance
is similar to that of young adults, have the ability to modulate brain activation from
simple to difficult tasks, and that they perform better than older adults do (Cansino et
al., 2015; Kennedy et al., 2015). To our knowledge, very few studies have investigated
task-switching associated functional activation across the lifespan by including
middle-aged adults. It would be interesting to understand how different age groups
resemble or differ from each other in neural engagement during task-switching, and in
the neural effects on behavior. Therefore, the first study of this dissertation investigated
differences in task-switching performance and associated neural mechanisms among

young, middle-aged, and older adults by using task-fMRI.

Task-switching performance is associated with integrity of specific white matter
tracts in middle-aged and older adults

Diffusion tensor imaging (DTI) measures the diffusion of water molecules in the
white matter (WM) tracts and reflects WM properties, such as the orientation and
density of fibers, axonal diameter, degree of myelination, and membrane integrity
(Beaulieu, 2014; Johansen-Berg and Rushworth, 2009; Le Bihan, 2003). To evaluate
WM integrity, four parameters of DT1 are typically used, including the mean
diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD), and fractional

anisotropy (FA) values. The MD value indicates the overall diffusivity of water
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molecules, and the AD and RD values indicate water diffusivity parallel and
perpendicular to the primary direction of water diffusion, respectively (Beaulieu, 2014;
Concha et al., 2006; Song et al., 2003). Among these parameters, the FA value
indicates the degree of diffusion anisotropy of water molecules. The FA value ranges
between zero (fully isotropic diffusion) and one (fully anisotropic diffusion). Higher
FA and AD values, and lower RD values, represent higher WM integrity. Previous DTI
studies have shown that task-switching performance is positively associated with the
integrity of specific WM tracts in the prefronto-parietal/occipital regions (Gold et al.,
2010; Jolly et al., 2017; Madden et al., 2009) and prefronto-striatal regions (Chiang et
al., 2016; Serbruyns et al., 2016; Shang et al., 2013; Ystad et al., 2011). In particular,
older adults who have higher FA values in the left superior longitudinal fasciculus
(SLF) (Gold et al., 2010), the genu-center of the corpus callosum, and the right
splenium-parietal callosal fibers (Madden et al., 2009) perform better in task-switching.
Jolly et al. (2017) also found that middle-aged and older adults who had lower RD
values, or higher WM integrity, in the left SLF, inferior longitudinal fasciculus (ILF),
and inferior fronto-occipital fasciculus (IFOF) exhibited better task-switching
performance. Similarly, the importance of the prefronto-striatal-thalamo-prefrontal
loop WM tracts in task-switching performance has also been reported. Older adults
who have lower magnetization transfer ratios (lower myelin integrity) or lower FA
values in the superior corona radiata or prefrontal-striatal tracts perform more poorly
on task-switching (Serbruyns et al., 2016; Ystad et al., 2011). Moreover, patients with
Parkinson’s disease show task-switching impairments with less dopaminergic
medication-related striatal functional responses (Aarts et al., 2014; Cools et al., 2001).
In summary, the above literature review shows that three groups of WM tracts are

implicated in task-switching performance, namely, brain association fibers connecting
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the prefrontal and parietal/occipital regions, commissural fibers connecting bilateral
prefrontal and parietal regions, and projection fibers connecting the prefrontal, striatal,
and thalamic regions. It would be worthy to investigate whether exercise training
intervention would enhance the WM integrity of the whole brain tracts and the
above-mentioned three WM fiber groups, together with cognitive task-switching

improvement.

Tai Chi Chuan (TCC) exercise training improves task-switching performance in
older adults

Preventing age-related task-switching declines and promoting task-switching
performance are critical issues for an aging population. According to the literature,
TCC is a mind-body exercise that involves physical activity, motor learning, cognitive
training, and social interaction processes. TCC produces benefits on physical function,
cognitive performance, and psychological well-being (Chang et al., 2014; Mortimer et
al., 2012; Taylor-Piliae et al., 2010; Wang et al., 2010; Wayne et al., 2014). In the
domain of cognitive performance, TCC training has been reported to improve
task-switching performance (Mortimer et al., 2012; Nguyen and Kruse, 2012; Wayne et
al., 2014). Nguyen and Kruse (2012) randomly assigned community-dwelling older
adults to a TCC training or a passive control group, and they found that the TCC group,
who received six months of training, outperformed the control group on the Trail
Making Test-part B (TMT-B). The TMT-B is considered to test both task-switching and
working memory components of cognitive function, during which participants switch
between two different stimulus categories (letters vs. numbers) (Reitan, 1958;
Sanchez-Cubillo et al., 2009). Mortimer et al. (2012) compared changes in

task-switching related performance on the TMT-B in older adults who participated in a
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TCC exercise program, walking, or social interaction for 40 weeks, versus a no
intervention control group. Their results showed that the TCC group improved on
task-switching performance as compared to the control group. In summary, TCC
training appears to provide specific benefits on task-switching performance in older
adults. We considered that TCC participants require specific drills on task-switching
performance while shifting from one posture to the next while practicing TCC routines.
These specific TCC training procedures may provide task-switching benefits for
middle-aged and older adults; however, the specific changes in brain activation during

task-switching after TCC training remain unexplored.

TCC exercise training induces brain functional changes

Most fMRI studies investigating the effects of TCC exercise on brain functional
activations use a resting-state fMRI (rs-fMRI) paradigm (Yu et al., 2018). These
studies have shown that TCC exercise enhances brain functional connectivity at rest
(Lietal., 2014; Yin et al., 2014; Zheng et al., 2015). Using rs-fMRI, Li et al. (2014)
found that a 6-week multimodal intervention consisting of TCC, cognitive training, and
group counseling improved the brain functional connectivity between the medial
frontal cortex and medial temporal lobe in older adults. Critically, at the
post-intervention test, the intervention group, who had higher functional connectivity
between the medial frontal and temporal lobes, performed better on task-switching
(shorter TMT time) (Li et al., 2014). Using a similar 6-week multimodal intervention
program and rs-fMRI, Yin et al. (2014) found that the intervention group, but not the
control group, increased the amplitude of low frequency fluctuations (ALFF) in the
MFG, SFG, and cerebellum. Greater increases of ALFF in the MFG were also

correlated with greater task-switching improvements by reducing TMT time in the

doi:10.6342/NTU201900503



intervention group (Yin et al., 2014). Nevertheless, how TCC exercise alters brain
activity during task-switching in older adults remains unclear. Therefore, the second
study of this dissertation investigated how TCC exercise training altered brain
functional activation during task-switching conditions, and how these changes in
functional activation were associated with task-switching performance in older adults,

using task-fMRI.

TCC exercise training induces brain structural changes

Volumetric neuroimaging studies have provided evidence supporting that TCC
exercise training has benefits on increasing whole brain volume (Mortimer et al., 2012)
and gray matter cortical thickness in the frontal, temporal, and occipital regions (Wei et
al., 2013). A cross-sectional study revealed that middle-aged adults who had participated
in an average of 14 years of TCC exercise had thicker cortices in the right MFG, insula,
precentral gyrus, and left superior temporal gyrus, medial occipital-temporal sulcus, and
lingual sulcus, compared to age-, gender-, and education-matched middle-aged adults
without exercise or meditation experience (Wei et al., 2013). Moreover, a longitudinal
intervention study showed that in older adults, whole brain volume increased after a
40-week TCC exercise intervention, compared to the no intervention control group
(Mortimer et al., 2012). However, little research has investigated how TCC exercise
may influence WM tracts. Other exercise interventions, such as visuo-motor skill
training and aerobic exercise training, show effects on increasing the WM integrity of
the intraparietal sulcus, frontoparietal association fibers, and frontoparietal commissural
fibers of young adults (Scholz et al., 2009; Svatkova et al., 2015). For older adults,
although Voss et al. (2013) did not find significant increases in WM integrity after one

year of aerobic exercise training, they found that older adults who had greater increases
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in FA values of WM in the prefrontal and temporal regions showed greater improvement
in cardiorespiratory fitness. In addition, individual differences in the integrity of specific
WM tracts may influence training effects on behavioral performance for older adults. A
10-week memory training intervention showed that the baseline WM integrity of the
anterior corpus callosum, left anterior thalamic radiation, and right IFOF was predictive
of memory improvements (de Lange et al., 2016). Therefore, it would be worthwhile to
investigate whether TCC exercise intervention would enhance WM integrity of the
whole brain tracts and the three task-switching associated WM fiber groups, i.e., the
association fibers connecting the prefrontal and parietal/occipital regions, the
commissural fibers connecting the bilateral prefrontal and parietal regions, and the
projection fibers connecting the prefrontal, striatal, and thalamic regions, or whether the
baseline WM integrity of the whole brain tracts and these three groups of WM tracts
would influence task-switching improvements after TCC training. Therefore, Study
Three of this dissertation had two purposes. The first purpose was to investigate
whether TCC exercise training would enhance the WM integrity of the whole brain
tracts and the three task-switching associated WM fiber groups. The second purpose
was to investigate whether the baseline WM integrity of the whole brain tracts and the
three task-switching associated WM fiber groups would be predictive of the gains of
task-switching performance after TCC exercise training in middle-aged and older
adults.

In summary, Study One of this dissertation was a cross-sectional study in which
30 young adults, 30 middle-aged adults, and 30 older adults were recruited to
investigate age differences in prefrontoparietal activation and the activation—behavior
relationships under a modified Stroop fMRI paradigm across the lifespan. Studies Two

and Three of this dissertation were longitudinal intervention studies that extracted data
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from a registered single-blind stratified randomized controlled trial (RCT)
(ClinicalTrials.gov ID number: NCT02270320), in which the effects of a 12-week
TCC intervention on task-switching performance and associated brain functional
activations and WM integrity in community-dwelling sedentary middle-aged and older
adults were investigated.

In the original RCT (Figure 1.1), we screened 211 participants and determined
each participant’s eligibility according to the inclusion and exclusion criteria described
in detail in the Methods sections of Study Two and Study Three. We originally
excluded 160 participants and included 51 participants aged between 50 and 85 years
old (Figure 1.1). They were randomly assigned to the TCC group (n = 26) and control
group (CON) (n = 25) according to age stratification. However, to prevent potential
confounding effects from age heterogeneity on the outcomes of interest in the respective
studies and in consideration of the availability of valid imaging data, we used behavioral
and fMRI imaging data from participants aged between 60 and 69 years old in Study
Two (n = 31; TCC group, n = 16; CON group, n = 15) and behavioral and diffusion
imaging data from participants aged between 55 and 69 years old in Study Three (n = 38;
TCC group, n=19; CON group, n = 19). After the 12-week intervention, no participants
in the TCC group dropped out, whereas four participants in the CON group dropped out
due to bone fracture (n = 1) and refusal to complete post-tests (n = 3).

In both Study Two and Study Three, we used the Intra—Extra Dimensional Set Shift
(IED) test of the Cambridge Neuropsychological Test Automated Battery (CANTAB)
(Cambridge Cognition Ltd., Bottisham, Cambridge, UK) to target the testing on
task-switching ability. In Study Two, using task-fMRI, we measured neural responses in
a modified numerical Stroop task-switching paradigm adapted from Huang et al. (2012).

In Study Three, using diffusion spectrum imaging (DSI), we measured the generalized
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fractional anisotropy (GFA) values of three groups of WM tracts that were known to be
associated with task-switching, before and after the 12-week intervention. All
behavioral and imaging data were analyzed using the intention-to-treat (ITT) analyses in

Study Two and Study Three.

1.2 Purposes

The purposes of this dissertation were to investigate task-switching performance
and the underlying neural mechanisms across the lifespan, and also the task-switching
related brain functional and structural alterations in community-dwelling sedentary
middle-aged and older adults without cognitive impairment after a 12-week TCC

exercise intervention.

Study One.
To investigate the age differences in task-switching performance and associated
neural mechanisms using task-fMR1 among cognitively intact young, middle-aged,

and older adults.

Study Two.

(1) To investigate task-switching behavioral benefits and associated functional
activation changes after a 12-week TCC exercise training intervention in
cognitively intact older adults.

(2) To investigate whether the changes of functional activation in these older
participants would be correlated with changes of task-switching performance
after a 12-week TCC exercise training intervention.

11
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Study Three.

(1) To investigate whether a 12-week TCC exercise training intervention would
enhance the WM integrity of the whole brain tracts and the three groups of
task-switching associated WM tracts, including the association fibers
connecting the prefrontal and parietal/occipital regions, the commissural
fibers connecting bilateral prefrontal and parietal regions, and the projection
fibers connecting the prefrontal, striatal, and thalamic regions, in cognitively
intact middle-aged and older adults.

(2) To investigate whether the baseline WM integrity of the above-mentioned
whole brain tracts and the three groups of task-switching associated WM
tracts would influence task-switching improvement after a 12-week TCC

exercise training intervention for these middle-aged and older adults.

1.3 Hypotheses

Study One.
(1) Middle-aged adults would perform better on task-switching performance than
the older adults, but more poorly than the young adults.
(2) Similar to the older adults, middle-aged adults would show greater bilateral
prefrontoparietal activation than the young adults during task-switching, and
their greater prefrontoparietal activation would be correlated with poorer

task-switching performance.

12
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Study Two.

1)

()

Only the TCC group would improve on task-switching performance and
increase task-switching associated prefrontal functional activation during
task-switching fMRI after a 12-week TCC exercise training intervention.
In the TCC group, the task-switching improvement would be positively
correlated with the increases in prefrontal activation during task-switching

from pre- to post-intervention.

Study Three.

1)

)

In middle-aged and older adults, the WM integrity of the whole brain tracts
and the three task-switching associated WM fiber groups would not increase
after a 12-week TCC exercise training intervention.

Middle-aged and older adults who had higher baseline WM integrity of the
whole brain tracts and the three task-switching associated WM fiber groups
would show greater improvements in task-switching after a 12-week TCC

exercise training intervention.

1.4 Relevance

Task-switching is a crucial executive function and shows age-related declines,

starting in middle age. However, the neural mechanisms underpinning this decline in

the middle-aged remain unknown. TCC exercise training has shown benefits on

improving task-switching ability, increasing brain cortical thickness, and enhancing

resting-state connectivity in older adults. However, the effects of TCC exercise training

on functional neural responses during task-switching tasks and the integrity of specific
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WM tracts remain unclear. The three studies in this dissertation will help us bridge the
knowledge gaps and facilitate the understanding of the neural mechanisms of the aging
processes involving task-switching across the lifespan and the structural and functional
neural mechanisms of the effects of TCC exercise on task-switching improvements.
The findings of these studies may shed light on designing or determining future
exercise interventions aimed to prevent age-related task-switching declines or promote

cognitive functions in middle-aged and older adults.
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Figure 1.1 Consort chart of the randomized controlled trial (ClinicalTrials.gov ID number: NCT02270320)
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CHAPTER 2

Ability to Modulate the Left, but not the Right, Prefrontal
Cortex Activity Helps Middle-aged Adults to Achieve Better
Task-switching Performance
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English Abstract

Background: Declines in task-switching ability start at midlife, but with individual
differences. Some middle-aged decline slower than their cohorts. This study explored
whether there are specific brain activations that are associated with better task-switching
performance in the middle-aged, compared to in the young and older adults. Methods:
Using a modified Stroop fMRI paradigm, we assessed brain functional activations of
young (YA), middle-aged (MA), and older (OA) cognitively normal adults while
performing non-switch and switch tasks, and measured behavioral performances.
Results: Compared to the YA, the MA and OA presented right prefrontoparietal
over-recruitment during the non-switch and switch tasks, respectively; however, their
right prefrontoparietal activity did not correlate with behaviors. Uniquely found in the
MA, those who showed greater left prefrontal activation during the switch tasks or those
who showed greater increases of the left prefrontal activation from the non-switch to
switch tasks had better switch performance. Conclusions: These findings underscore
that modulating task-relevant left prefrontal activation in difficult switch conditions is a
crucial effective neural mechanism to prevent age-related task-switching declines in the

middle-aged.

Key words: Cognitive aging, Cognitive flexibility, fMRI, Individual differences,

Midlife
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2.1 Introduction

Task-switching, also called cognitive flexibility, mental flexibility, or set shifting,
is one of the core components of executive function (Diamond, 2013). To perform
task-switching, one has to be able to rapidly and flexibly adapting behaviors to meet
shifting task demands (Braver et al., 2003; Monsell, 2003). The neural activity engaged
during task-switching subserves various cognitive processes, including maintenance of
task goals, evaluation of contexts and stimuli features, matching contexts to the relevant
task goals, inhibition of irrelevant information, and initiation and execution of
appropriate behavioral responses to fulfill the task goals under the contexts (Sakai,
2008).

Task-switching performance declines with age (Cepeda et al., 2001; Kray and
Lindenberger, 2000). Past research has shown that, relative to young adults, older adults
are slower and less accurate in task-switching performance, whereas the middle-aged
fall between young and older adults in their task-switching performance, with
increasing individual differences with age (Kray and Lindenberger, 2000; Reimers and
Maylor, 2005). Thus, midlife is a pivotal period of age-related changes of this central
cognitive ability, with some middle-aged perform similarly well to young adults
whereas others resemble older adults. However, research investigating task-switching
associated neural mechanisms has rarely incorporated the middle-aged, which prohibits
comprehensive understanding of individual differences in the changes of these neural
mechanisms during this critical period, as well as across the lifespan.

Switching tasks typically evoke higher neural activity over bilateral frontal and
parietal regions compared to non-switching tasks, reflecting greater neural resource

costs involved. Studies on young and older adults showed that the brain areas

19

doi:10.6342/NTU201900503



specifically implicated in task-switching, i.e., the areas related to switch cost, including
the bilateral superior frontal gyri (SFG), middle frontal gyri (MFG), inferior frontal gyri
pars opercularis and triangularis (IFG, and IFGy), inferior frontal junctions, medial
frontal gyri, superior parietal lobules (SPL), and inferior parietal lobules (IPL)
(DiGirolamo et al., 2001; Dove et al., 2000; Gazes et al, 2012; Gold et al., 2010; Kim et
al., 2012; Kimberg et al., 2000; MacDonald et al., 2000; Sakai, 2008). Moreover, past
research revealed that the core regions that young adults commonly recruited across
various types of switching tasks were the left, but not the right, prefrontoparietal areas
(Badre and Wagner, 2006; Kim et al., 2012; Kim et al., 2011; Philipp et al., 2013;
Vallesi et al., 2015). This may be because the left prefrontal regions are heavily
involved in maintaining and representing the attentional task demands (MacDonald et
al., 2000), resolving conceptual conflict (Badre and Wagner, 2006), and classifying
stimuli (Philipp et al., 2013); and the left parietal regions are involved in adapting
response modalities (Philipp et al., 2013), resolving response conflict (Badre and
Wagner, 2006), and representing task sets (Kim et al., 2011). Relatively speakly, the
right prefrontal cortex is involved specifically in spatial rules of task-switching (Vallesi
et al., 2015) and the right anterior cingulate cortex is involved in monitoring and
inhibitory control (MacDonald et al., 2000).

Much evidence in older aduts has suggested that as people age, there are three
major changes in task-switching related brain activations. First, there is a reduction of
the left-dominant frontoparietal activation pattern during task-switching (Gold et al.,
2010; Nashiro et al., 2018; Zhu et al., 2014), a phenomenon supporting the hemispheric
asymmetry reduction in older adults, the HAROLD model of cognitive aging (Cabeza,
2002). Older adults tend to over-recruit the right frontoparietal areas compared to young

adults (Gold et al., 2010; Nashiro et al., 2018; Zhu et al., 2014). Second, older adults
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present greater brain recruitment in both the non-switch and switch conditions
compared to young adults (DiGirolamo et al., 2001; Zhu et al., 2014; Zhu et al., 2015),
suggesting that older adults may over-recruit these regions as a neural strategy to
overcome the declines of brain functions. However, research also shows that the
prefrontal activation intensity in older adults is either associated with poorer non-switch
and switch performances, or has no relationships with these performances (Gazes et al.,
2012; Hakun et al., 2015; Nashiro et al., 2018; Zhu et al., 2015), implying that
age-related prefrontal over-recruitment may be an unsuccessful attempted compensatory
neural mechanism (Cabeza and Dennis, 2013) or inefficient neural processing (Rypma
et al., 2005; Rypma et al., 2006), and therefore has no effects to offset age-related
declines in task-switching ability. Third, older adults show a smaller extent of
prefrontoparietal activation increases from the non-switch to switch condition compared
to young adults (DiGirolamo et al., 2001; Gold et al., 2010), perhaps due to the
difficulty of older adults to modulate brain activation intensity according to different
levels of task demands. Since older adults already recruit a great extent of
prefrontoparietal activation in the simple non-switch condition, there might be left only
a small room of brain activation for them to scale up to the level needed to effectively
perform the difficult switching tasks. However, the above-mentioned age related
changes are all based on comparisons between young and older adults, it remains
unknown whether middle-age adults would have similar HAROLD phenomenon,
greater ineffective brain activations in both non-switch and switch conditions, and
difficulty to modulate brain activation intensity according to task difficulty level, as
found in older adults.

Therefore, using functional magnetic resonance imaging (fMRI) and a

task-switching paradigm, we compared non-switch and switch task performances and
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the relevant prefrontoparietal activation associated with the two tasks across young
(YA), middle-aged (MA), and older adults (OA), and investigated the relationships
between prefrontoparietal activation and task-switching performance in each group. We
hypothesized that similar to the OA group, the MA group would show the HAROLD
phenomenon and greater prefrontoparietal activations than the YA group during
task-switching, but unlike the OA group, this greater prefrontoparietal activation in the
MA would be associated with better task-switching performance. In addition, we
hypothesized that the MA group preserve the ability to effectively modulate
task-switching associated brain activation from the non-switch to switch condition, and
those who have better modulation ability would achieve better task-switching
performance. To clearly characterize and compare the brain activation patterns during
non-switch and switch conditions across the three groups, we applied both whole-brain

and region-of-interest (ROI) approaches.
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2.2 Methods

Participants

Ninety cognitively normal adults, 30 young adults (YA), 30 middle-aged adults
(MA), and 30 older adults (OA), participated in this study. The participants were all
native speakers of Mandarin Chinese and signed informed consent forms approved by
the Institutional Review Board. Inclusion criteria were education > 6 years, Montreal
Cognitive Assessment (MoCA) score > 26 (Nasreddine et al., 2005), Geriatric
Depression Scale 15-item Short-form (GDS-15) score < 8 (Nyunt et al., 2009),
right-handedness (Oldfield, 1971), and no disability (Lawton and Brody, 1969).
Exclusion criteria were psychiatric and neurological illness, brain tumor, severe or
uncontrolled cardiovascular diseases, and any MRI contraindications. Color Trails Test
parts 1 and 2 (CTT-1 and CTT-2) (D'Elia et al., 1996) performances were also acquired

to assess attention and switching abilities, respectively.

Task-switching paradigm

We conducted a hybrid block/event-related fMRI experiment using a
task-switching paradigm modified from a numerical Stroop study (Huang et al., 2012).
The paradigm included two runs of fMRI scans, with each scan consisting of a physical
size (16 trials, 84 seconds) block, a numerical magnitude (16 trials, 84 seconds) block,
and a task-switching (32 trials, 166 seconds) block (Figure 2.1). Each trial lasted for 2
seconds and the inter-trial interval was varied between 2, 4, and 6 seconds. In each trial,
participants saw two single-digit numbers of different font sizes (55 vs. 73) and
different numerical magnitudes (differing by 3, 4, or 5) presented side by side. In the

physical size block, cued by green text, participants judged which digit was physically
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larger than the other. In the numerical magnitude block, cued by red text, participants
judged which digit was numerically greater than the other. In the task-switching block,
physical size and numerical magnitude trials were pseudo-randomly ordered;
participants switched between these two tasks and made decisions based on the color
cued text. The order of the physical size and numerical magnitude blocks in the two
runs was counterbalanced across participants in each group; the task-switching block
was always the last block in each run for each participant. To facilitate baseline brain
response estimation, 20 seconds of rest fixation preceded all blocks and followed the
task-switching block of each run. Stimuli were generated and presented using E-prime
2.0 (Psychology Software Tools, Inc., Sharpsburg, PA). Participants were instructed to
respond as quickly and accurately as possible by pressing the left or right button of the
response box using the index or middle finger of the dominant hand, respectively. The
reaction time (RT) and error rate of each response was recorded via a custom-written
MATLAB script. Error rate (percent of incorrectly answered trials) and mean RT (of all
correctly answered trials) of the non-switch condition (all trials of 2 physical size and 2
numerical magnitude blocks) and the switch condition (all trials of 2 switch blocks), as
well as switch costs of error rate and RT (= values in switch condition - values in
non-switch condition), were calculated to represent behavioral measures during the
fMRI experiment. All participants underwent two short practice sessions and reached >
80 % accuracy before entering the scanner. To understand group differences on
behavioral measures, we performed a 3 (group) x 2 (condition) two-way repeated
measures (RM) ANCOVA on error rate and RT, and a one-way ANCOVA on switch
cost of error rate and RT, both controlling for education. The significance level was set

at o = 0.05, with Bonferroni corrections for post hoc analyses.
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Imaging data acquisition

Brain imaging data were acquired using a 3-Tesla Trio MRI scanner system with a
32-channel head coil (Siemens, Erlangen, Germany). Three types of brain images were
collected: a T1-weighted image using Magnetization-Prepared Rapid Acquisition
Gradient Echo sequence with repetition time (TR) = 2000 ms, echo time (TE) = 2.98 ms,
flip angle (FA) = 9°, 192 coronal slices, thickness = 1.0 mm, field of view (FOV) = 256
mm, matrix size = 192 x 256 x 208; a T2-weighted image in axial orientation parallel to
the anterior and posterior commissures with TR = 7240 ms, TE = 101 ms, FA = 90°, 34
slices, thickness = 4.0 mm, FOV = 192 mm, matrix size = 256 x 256; and two runs of
T2" weighted echo planar images (EP1), each with 210 volumes and co-planar with the
T2 images, that measured blood-oxygenation-level dependent (BOLD) contrast with TR
= 2000 ms, TE = 24 ms, FA = 90°, 34 slices, thickness = 4.0 mm, FOV =192 mm,

matrix size = 64 x 64, resolution = 3 x 3 x 4 mm?3.

fMRI data processing

All preprocessing and statistical analysis of brain imaging data were conducted
using Statistical Parametric Mapping (SPM 12) software. The EPI images were then
corrected for slice acquisition time with sinc interpolation and spatially realigned to the
first image of each run to correct for head motion using 6-parameter rigid body
transformation. All image data met the criteria of head motion < 3 mm in translation
and < 3 degrees in rotation. The EPI images of the first volume in the first run were
co-registered with the T2 image and then used to coregister and overlay functional
images to T1-weighted images. The coregistered images from each participant were
segmented into the grey matter, white matter, and cerebrospinal fluid, and normalized

using the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra
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(Ashburner, 2007). A study-specific template (SST) was generated from all
participants’ segmented images. The flow fields containing the deformation parameters
from native space to SST space were used to normalize the EPI volumes to Montreal
Neurological Institute (MNI) space. The normalized EPI images were then spatially
smoothed with an 8-mm full-width half-maximum isotropic Gaussian kernel.

For statistical analysis, we applied a first-level general linear model with three
condition regressors for non-switch physical size, non-switch numerical magnitude, and
task-switching trials, respectively. Only correct response trials were included, while
error trials were modeled using a dummy regressor. Furthermore, condition and dummy
regressors were the trial onset vectors convolved with the canonical hemodynamic
response function. Six motion parameters were included as covariates. Contrasts were
then performed for the non-switch condition (by combining non-switch physical size
and non-switch numerical magnitude regression coefficients) and the switch condition,
relative to rest fixation. Subsequently, the individual contrast maps were fed into a
second-level whole-brain random effects analysis of the non-switch (relative to rest
fixation) and switch conditions (relative to rest fixation) and the switch cost contrast
(switch — non-switch) for each group. The threshold was set at family-wise error (FWE)

correction of p < 0.001 and k > 50 voxels.

Group analyses

To compare the group differences of functional activation, we used two approaches.
First, we chose to use the ROI approach with the stricter disjunction analysis method
(Smith et al., 2013; Wu et al., 2018) to reduce the multiple comparisons between group
contrasts in fMRI data processing, and to fairly consider all brain functional activation

sensitive to switch > non-switch contrast across groups. The disjunction map was
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created from the switch > non-switch contrast across groups, and the threshold was set
as voxel-wise p < 0.001 with FWE correction and at least of clusters k > 50 voxels.
From the disjunction map, we delineated functional ROIs in the lateral prefrontoparietal
regions with 5mme-radius spheres surrounding peak activation coordinates. Mean BOLD
response estimates for the non-switch and switch conditions (relative to rest fixation)
were then extracted from each participant’s first-level contrasts from each functional
ROI using the Marsbar toolbox (Brett et al., 2002). The BOLD response estimates of
these ROIs were compared across groups and conditions by using a 3 (group) by 2
(condition: non-switch / switch) mixed model RM ANCOVA, with education as a
covariate. Bonferroni corrections were performed for post-hoc analyses. Second, we
used the whole-brain analyses to compare the MA > YA, OA > YA, and MA > OA
group contrasts, and those reverse group contrasts, to obtain the whole-brain view of the
group differences. The threshold was set at voxel-wise p < 0.0001 (uncorrected) and at

least of clusters k > 50 voxels.

Correlation analysis

Partial correlation analyses were used to analyze the relationships of brain
activation with switch and non-switch performances. Specifically, the correlations of the
BOLD response estimates over the identified functional ROIs with the RT and error rate
of behavioral performances were performed for the non-switch and switch conditions
and for each group, controlling for age and education. We also correlated the BOLD
response estimates of switch > non-switch contrast with behavioral performance of the
switch condition, controlling for age and education, to realize whether the modulation
of brain activation was related to switch behavioral measures. The significance level

was set at o = 0.05.
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2.3 Results

Demographics and neuropsychological performances

The three groups were similar in gender distribution, GDS-15, body mass index,
and MoCA (all p > 0.05), but years of education was greater in the YA group (F2,87 =
12.17, p < 0.001) than in the MA (p = 0.001) and OA groups (p < 0.001) (Table 2.1).
The YA group had better CTT-1 and CTT-2 performances than the MA and OA groups
(all p <0.001); and the MA group had better CTT-1 (p =0.001) and CTT-2 (p < 0.001)

performances than the OA group (Table 2.1).

Group differences in behavioral performances during fMRI non-switch and switch
tasks

For error rates, there was a group x condition interaction effect (F28 = 3.36, p =
0.040) (Figure 2.2A). The error rate was larger in the OA group than in the MA and YA
groups in the non-switch and switch conditions (all p < 0.008). The YA and OA groups,
but not the MA group, showed greater error rates in the switch condition than in the
non-switch condition (both p < 0.017). There was also a significant group main effect
(F2,86 = 10.87, p < 0.001), with the error rate being greater in the OA group (p < 0.017),
and a condition main effect (F1,86 = 9.06, p = 0.003), with the error rate being greater in
the switch condition.

For RTs, there was no group x condition interaction effect (F2.86=2.71, p = 0.072)
(Figure 2.2B). We found a significant group main effect (F2,86 = 33.6, p < 0.001), with
the OA group presenting the longest RTs, followed by the MA group, and then the YA
group (both p < 0.017). There was also a condition main effect (F1 8 = 21.35, p < 0.001).

The RT of the switch condition was longer than that of the non-switch condition (p <
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0.001).

Group differences in functional brain responses during fMRI non-switch and
switch tasks

Results of the ROl approach using the disjunction map showed ten ROIs in the
lateral prefrontoparietal regions for the switch > non-switch contrast (Figure 2.3A and
Table 2.2). No regions showed significantly greater activation in the non-switch than in
the switch condition at the set threshold. The RM ANCOVA analysis of BOLD response
estimates over the ten ROIs revealed significant group x condition interactions in five
ROIs, group main effects in four ROIs, and condition main effects in six ROIs (Table
S2.1). Post hoc analyses of interaction effects revealed that during the non-switch tasks,
functional activation in the right SFG (p < 0.001) and right IFG, (p = 0.002) was greater
in the OA group than in the YA group, whereas the MA and YA groups did not differ in
these regions (Figure 2.3B and Table S2.1). During the switch task, the MA group had
greater functional activation in the right IFG, (p = 0.008), angular gyrus (AG) (p =
0.001), and IPL (p < 0.001) compared to the YA, and in the right IPL compared to the
OA (p = 0.006) (Figure 2.3B and Table S2.1). Post hoc analyses of group main effects
revealed that the MA group showed greater functional activation in the right IFG, (p =
0.010) and IPL (p = 0.001) compared to the YA group, and the OA group showed
greater functional activation in the right SFG (p = 0.002) and IFG, (p = 0.004)
compared to the YA group. The condition main effects revealed that functional
activation was greater during the switch condition than during the non-switch condition
in the bilateral MFG and IFG,, and the right IPL and AG across the three groups (Table
S2.1).

Results of the whole-brain group analyses revealed that during the non-switch
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tasks, the OA group recruited greater activation in bilateral prefrontoparietal regions,
showing the highest T-value and largest clusters in the right SPL (T value = 6.20, cluster
size = 1320 voxels), as compared to the YA group; whereas the MA group only showed
a small increase of functional activation in the right AG (T-value = 4.43, cluster size =
96 voxels), as compared to the YA group (Table 2.3 and Figure S2.1). Moreover, in
comparison with the MA group, the OA group recruited greater functional activation in
the left SPL (T-value = 4.40, cluster size = 71 voxels) during the non-switch task. While
performing the switch tasks, the MA group predominantly increased functional
activation in the right prefrontoparietal regions (cluster size = 1673 voxels), but showed
a small increase in the left SPL (T-value = 4.79, cluster size = 90 voxels), as compared
to the YA group; whereas the OA group recruited greater functional activation in the
right IFG, and SPL, but recruited less functional activation in the left rolandic
operculum compared to the YA group (Table 2.3 and Figure S2.2). There were no
differences in activation during the switch condition between the MA and OA groups.
For the switch > non-switch contrast, the MA group recruited greater functional
activation in the left superiomedial frontal gyrus, right middle orbital frontal gyrus and
IPL compared to the YA group, and recruited greater functional activation in the left
supramarginal gyrus and right superiomedial frontal gyrus compared to the OA group
(Table 2.3 and Figure S2.3).

Taken together, the results from the ROI approach and the whole brain analysis
both revealed that as compared to the YA group, the OA group predominantly
over-recruited the right prefrontoparietal activation regions during the non-switch tasks,
whereas the MA group predominantly over-recruited the right prefrontoparietal
activation during the switch tasks. Age differences in functional activation were

predominantly in the right prefrontoparietal regions during both the non-switch and
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switch tasks. In addition, all three age groups were able to scale up their
prefrontoparietal activations from non-switch to switch tasks with the MA showing the

greatest modulation of brain activity.

Correlations between BOLD response estimates and behavioral performance
While performing the non-switch tasks, the MA individuals who recruited less
functional activation in the left MFG and IFG: had lower error rates (r = 0.417, p =
0.027) and shorter RTs (r = 0.465, p = 0.013), respectively (Figure 2.4A). While
performing the switch tasks, the MA individuals who recruited greater functional
activation in the left MFG and IFG, had lower error rates (r = -0.400, p = 0.035) and
shorter RTs (r = -0.374, p = 0.050), respectively (Figure 2.4B). Moreover, the MA
individuals who showed a greater increase in functional activation in the left MFG (r =
-0.380, p = 0.046) and left IFG; (r = -0.569, p = 0.002) from the non-switch to the
switch condition presented a lower error rate in switch performance (Figure 2.4C). No
significant associations were found between BOLD response estimates and error rates
and RTs for the non-switch and switch conditions in the YA and OA groups (Table S2.2

and S2.3).
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2.4 Discussion

In this research, we compared non-switch and switch performances and the
associated brain BOLD response estimates across young, middle-aged, and older adults,
and evaluated the relationships between BOLD response estimates and behavioral
performances in each age group, with a particular interest on the MA group. There were
three most important findings. First, we found that compared with the YA group, the OA
group showed the right prefrontoparietal over-recruitment pattern during the non-switch
tasks, whereas the MA group revealed such right prefrontoparietal over-recruitment
pattern during the switch tasks. And, these right prefrontoparietal activations were not
related to non-switch and switch performances in the OA and MA groups, respectively.
Second, we found that all three groups could increase the prefrontoparietal activation
from the non-switch to switch condition with the MA showing the greatest increases.
Third, only in the MA did we find that the ability to modulate brain activation in the left
prefrontal regions according to task difficulty was related to their task-switching

performance.

Behaviorally, in both the non-switch and switch conditions, the error rates of the
MA group were similar to those of the YA group and smaller than those of the OA
group, and the RTs of the MA group fell between those of the YA and OA groups.
Similar trends were found for the switch costs in error rate and RT. These findings
indicated that while dealing with the task-switching paradigm, the MA group preserved
the ability to accurately perform the tasks, but their responses were slower than those of
the YA group. These findings are consistent with previous studies on task-switching
across the life span and may suggest that middle-age is an important transitional stage

of slowing down of task-switching performance. Kray and Lindenberger (2000) found
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that similarly to older adults, the middle-aged presented a greater switch cost in RT than
did young adults. Reimers and Maylor (2005) found a linear decline in task-switching
RT, but a relatively stable error rate, from young (18 years old) to late middle-age or
early older age (66 years old). Similarly, Huff et al. (2015) found that the middle-aged
had a switch cost in RT falling between those of young and older adults but an error rate
similar to that of young adults in both non-switch and switch trials. The above findings,
in combination with our findings, strongly suggest that age-related declines in
task-switching performance in midlife may mainly be manifested by a slower speed of
performance rather than a higher error rate. It may be that the MA group tends to adopt
the speed-accuracy tradeoff strategy while performing task-switching (Starns and

Ratcliff, 2010).

The results from both disjunction analysis and whole brain analysis showed that
the OA group early over-recruited the right prefrontoparietal activation during the
non-switch condition, as compared to the YA group, whereas the MA group presented
overactivation in the right prefrontoparietal regions during the switch condition, as
compared to the YA group. These findings are similar to those of previous studies in
older adults showing that age-related over-recruitment of brain activation for
task-switching mainly occurs in the right prefrontoparietal regions (Gold et al., 2010;
Nashiro et al., 2018; Zhu et al., 2014). Our findings further suggest that compared to the
YA group, the MA group already present the HAROLD phenomenon, but primarily
during the more difficult switch tasks. In contract, the the OA group presents the

HAROLD phenomenon even in the easier non-switch tasks.

Furthermore, the functional activations in these right prefrontoparietal regions

were not related to the switch RT and accuracy in the OA and MA groups, suggesting
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that the over-recruitment in these regions was not effective in compensating for
age-related decline in behaviors. Previous studies in older adults showed that the
over-recruitment in the right frontoparietal lobes was related to poorer behavioral
performance (Gazes et al., 2012; Nashiro et al., 2018; Zhu et al., 2014; Zhu et al., 2015).
Zhu et al. (2015) showed that greater increases of the right prefrontal activation were
not only associated with poorer task-switching performance, and also associated with
lower white matter integrity of the genu and body parts of corpus callosum and right
radiata in older adults. It suggests that the older adults may attempt to compensate for
the white matter degeneration with increasing greater prefrontal activation, but this
strategy turned out to be ineffective. Similarly, our findings that the right
prefrontoparietal over-recruitment pattern in the MA and OA groups failed to lead to
better behavioral performance also indicate an attempted but unsuccessful compensation
(Cabeza and Dennis, 2013) or inefficiency of brain activation (Nashiro et al., 2018;
Rypma et al., 2005; Rypma et al., 2006). Therefore, unsuccessful compensatory brain

activation could occur as early as in the middle-aged.

Our ROI approach showed a significant condition main effect on BOLD response

estimates —greater functional activation over bilateral MFG and IFG,, and right IPL and

AG for the switch condition compared to the non-switch condition regardless of age
groups. The whole-brain analysis showed that the MA increased their brain activation
from the non-switch to switch conditions to a greater extent compared to the other two
groups. These findings suggest that all three groups had ability to modulate functional
activation in prefrontoparietal regions from non-switch to switch task with the MA
showing the greatest modulation. Previous studies also support for the modulation
ability in young and older adults (Derrfuss et al., 2005; DiGirolamo et al., 2001; Dove et

al., 2000; Kim et al., 2012; Kimberg et al., 2000), but our study further suggested that
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the MA not only preserved the modulation ability, but also showed the greatest
modulation from the non-switch to switch condition. Similar findings have been
reported in studies using semantic judgement or source memory retrieval task in the
middle-aged (Cansino et al., 2015; Kennedy et al., 2015). These studies showed that
middle-aged preserved the ability to modulate neural resources comparably to young
adults, and better than the older adults. In addition, although we found that similar to the
YA and MA groups, the OA was able to increase their activation from the non-switch to
the switch conditions, we found that their activation in the non-switch tasks was greater
than that of the YA in the non-switch task already, whereas their activation in the switch
tasks was not greater than that of the YA or MA. These findings suggest a decline in the
ability of OA to modulate their brain activation according to task difficulty. Indeed,
previous studies using other cognitive tasks revealed significant reductions in the
modulation of frontal activation during context memory task (Ankudowich et al., 2016)
and working memory task (Toepper et al., 2014; Hakun and Johnson, 2017) in older

adults.

Another important finding of our study was that we found significant correlations
between non-switch and switch behavioral performances and the left prefrontal activity
in the MA group. Such brain activation-behavioral correlation was unique to the MA
group and was not found in the YA and OA groups. In the non-switch condition, the MA
individuals with better performance recruited less functional activation in the left MFG
and IFGg; in contrast, in the switch condition, the MA individuals with better
performance recruited greater functional activation in the left MFG and IFG,. These
findings highlight the importance of recruiting and modulating the left prefrontal
activations as needed for performing task-switching for the MA group. The MA

individuals who could implement a neural efficiency strategy by minimizing left
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prefrontal activity in the non-switch condition could achieve better non-switch
performance, and that those who could scale up left prefrontal activity in the
task-demanding switch condition could achieve better switch performance. Furthermore,
the MA individuals who showed greater increases in the left MFG activation from the
non-switch to switch conditions had lower error rates of switch performance, indicating
that those MA individuals who could better modulate left prefrontal activation

according to task demands, presented better switch ability. Therefore, our study further
revealed that MA individuals who are more flexible in adjusting the left prefrontal
activation according to different task-switching demands could more successfully
handle the switch tasks. These findings also suggest that there is a wide range of
individual differences on task-switching of the middle-aged. We speculate that this
variability may be closely related to their individual differences in brain anatomical
structures, which in turn, influence their brain activation intensity and patterns (Bunce
et al. 2010; Ferreira et al., 2017; Gunstad et al., 2006). For instance, Ferreira et al. (2017)
reported that middle-aged adults who showed a greater reduction of cortical thickness in
the parietal-temporal-occipital association cortices, or a larger increase of white matter
mean diffusivity in the cingulum and inferior frontal occipital fasciculus, had a greater
reduction of global cognitive ability. Bunce et al. (2010) showed that middle-aged adults
with greater white matter hyperintensities in the frontal and temporal lobes had poorer
performance on choice reaction time tasks and face recognition tasks, respectively.
Similarly, Adolfsdottir et al. (2014) found that in a mixed group of middle-aged and
older adults, those with lower gray matter volume in the middle frontal gyrus had poorer
abilities of switching and inhibition. Future research is warranted to investigate whether
the ability to modulate the left prefrontal activation according to different levels of

task-switching difficulty is related to changes in brain structures in the middle-aged.
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2.5 Conclusion

In conclusion, our key and novel findings are that middle-aged adults are at the
cusp of age-related influences on brain activation associated with task-switching, and
that individuals who are better at modulating neural processing in the relevant left
prefrontal areas can better circumvent age-related declines and switch between tasks.
Older adults present poorer task-switching performance, and they lack ability to
efficiently use prefrontoparietal activation to compensate for task-switching
performance declines and their ability to modulate the brain activation was also poorer
than the YA and MA. These findings may shed light on ways to promote healthy
cognitive aging in the middle-aged. Future studies may test whether interventions that
offer a wide range of task difficulties could help promote the ability of middle-age
adults to modulate brain activation according to task demands, and in turn, delay
cognitive aging. Future studies are also needed to investigate how alterations in brain
structures might be related to the ability to modulate the left prefrontal activation during

task-switching in the middle-aged.
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Table 2.1 Demographics and neuropsychological test performances of the three groups

YA (n = 30) MA (n = 30) OA (n=30)
Mean + SD Mean * SD Mean * SD .

Age (yr.) 249 + 35 592 + 3.4° 708 + 4.1%°P <0.001"
Age Range (yr.) 20 — 32 52 - 64 65 — 80

Sex (Male : Female) 10 20 7 23 9 21 0.685
Education (yr.) 165 + 1.1 141 + 24°% 13.7 + 3.2°% <0.001"
GDS-15 (score) 21 + 23 12 + 13 14 + 18 0.191
BMI (kg/m?) 225 +* 23 234 + 26 223 + 2.7 0.189
MoCA (score) 286 = 1.2 284 + 13 280 + 12 0.146
CTT-1 (sec) 280 = 79 41.7 = 12.4° 586 + 20.3%°P <0.001"
CTT-2 (sec) 546 = 10.0 822 + 20.5° 110.1 + 29.3%°P <0.001"

“ significant group differences at p< 0.05 using one-way ANOVA. @ significantly different from the YA group in post hoc analysis at p< 0.017.

b significantly different from the MA group in post hoc analysis at p< 0.017. ¢ Chi-square analysis. Abbreviations: BMI, Body Mass Index;

CTT-1, Color Trail Test-part 1; CTT-2, Color Trail Test-part 2; GDS-15, Geriatric Depression Scale 15-item Short-form; MA, middle-aged

adults; MoCA, Montreal Cognitive Assessment; OA, older adults; SD, standard deviation; YA, young adults.
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Table 2.2 Peak coordinates of significant activation clusters from the disjunction map of the Switch > Non-switch contrast across groups

with threshold set at voxel-wise p < 0.001 with FWE correction, k > 50 voxels

Brain regions

No. X y z T
(Automated Anatomical Labeling)

1 L MFG: -26 12 57 8.47
2 L MFG> -50 26 33 8.10
3 L IFGy -42 20 24 7.80
4 L IFGo -50 14 35 8.34
5 L IPG -45 -50 45 7.94
6 R SFG 29 2 54 8.02
7 R MFG 51 36 23 7.13
8 R IFGo 51 20 29 7.93
9 R IPG 51 -45 51 7.04
10 RAG 47 -59 53 7.20

Abbreviations: AG, angular gyrus; IFGo, inferior frontal gyrus pars opercularis; IFGy, inferior frontal gyrus pars triangularis; IPG,

inferior parietal gyrus; L, left; MFG, middle frontal gyrus; R, right; SFG, superior frontal gyrus.
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Table 2.3 Peak Montreal Neurological Institute (MNI) coordinates and activation details in the prefrontoparietal regions that showed

significant group differences for the Non-switch and Switch activation relative to baseline, and for the Switch > Non-switch contrast

from the whole-brain analysis

E %ne'SStW'tCh X 'y z T voxels Switch > Rest X 'y z T voxels ng:lt-csr\]/v?[ch y z T voxels
MA > YA
RAG 29 -62 45 443 96 L SPL -27 -59 63 479 90 L SMFG -2 57 11 455 53
R SFG 27 -12 66 498 194 R MOFG 38 57 -8 472 53
R MFG 45 20 36 5.18 313 R IPL 54 -47 50 4.44 138
R MOFG 36 56 -9 439 67
R IFGt 53 26 23 471 189
RAntCingulum 12 35 24 442 65
R SPL 24 -62 65 486 116
R IPL 53 -45 50 5.04 479
RAG 42 -68 41 514 250
OA>YA
L MFG -39 11 35 451 186 R IFGo 35 14 35 461 81 No suprathreshold voxels
L SPL -33 -44 57 446 101 R SPL 26 -63 65 5.65 216
L IPL -27 -59 45 457 70 L RO -39 -18 12 -485 53
R SFG 23 20 45 4.47 50
R SPL 32 -45 48 6.20 1320
MA > OA
L SPL -23 53 75 -440 71 No suprathreshold voxels L SMG -65 -44 30 4.67 331
R SMFG 5 63 26 521 106

Whole-brain analysis with threshold set at voxel-wise p < 0.0001 (uncorrected), k > 50 voxels. Positive t-values indicate the group comparison
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results being MA > YA, OA > YA, or MA > OA in activation intensity; and negative t-values indicate the group comparison results being MA <
YA, OA<YA, or MA < OAin activation intensity. Abbreviations: AG, angular gyrus; Ant, anterior; IFGo, inferior frontal gyrus pars opercularis;
IFGt, inferior frontal gyrus pars triangularis; IPL, inferior parietal lobule; L, left; MA, middle-aged adults; MFG, middle frontal gyrus; MOFG,
middle orbital frontal gyrus; OA, older adults; R, right; RO, rolandic operculum; SFG, superior frontal gyrus; SMFG, superiomedial frontal

gyrus; SMG, supramarginal gyrus; SPL, superior parietal lobule; YA, young adults.
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Table S2.1 Results of RM ANCOVA analysis on BOLD estimates for switch cost contrast within the 10 functional ROIs for the YA, MA,

and OA groups in the non-switch and switch conditions

YA MA OA Group x . |
. . . Group Condition
No. Functional ROIs Condition Condition
Mean + SD Mean + SD Mean £ SD (p-value) (p-value)
(p-value)
Non-Switch ~ -0.95 + 3.66 -0.56 + 2.68 1.36 + 2.38
1 L MFG; ) 0.054 0.175 0.150
Switch 3.39 £ 4.10 4.37 £ 3.44 4,16 + 2.51
Non-Switch 0.40 + 3.86 0.09 + 3.76 1.35 + 4.01 N
2 L MFG; . 0.150 0.940 0.019
Switch 5.24 + 5.38 7.21 £ 4.98 6.14 + 3.73
Non-Switch 1.15+ 2.95 1.92 + 2.12 2.89 + 2.69
3 L IFGt ) 0.541 0.136 0.300
Switch 5.29 + 3.48 5.39 + 2.75 5.82 + 3.19
Non-Switch 2.56 + 3.39 2.80 £ 4.12 4.40 + 3.52 .
4 L IFGo ) 0.068 0.784 0.026
Switch 8.14 + 4.43 10.02 + 5.89 8.73 + 4.66
Non-Switch 2.76 + 2.98 2.78 £ 3.00 3.98 + 2.95 .
5 L IPG _ 0.004 0.527 0.501
Switch 540 + 3.71°¢ 755+ 482° 5.76 + 3.23°¢
Non-Switch 1.96 + 3.04 3.33 £ 2.09 4.88 + 2.48% . .
6 R SFG . 0.009 0.022 0.063
Switch 524 + 2.84° 7.16 £ 2.62° 6.67 £ 291°

42

d0i:10.6342/NTU201900503



YA MA OA Group x . J¢
Group Condition

No. Functional ROIs Condition Condition
Mean £ SD Mean = SD Mean = SD (p-value) (p-value)
(p-value)
Non-Switch ~ -0.01 + 4.14 0.83 + 3.96 1.73 £ 4.14 "
7 R MFG _ 0.088 0.063 0.022
Switch 3.03 £ 3.98 6.52 + 4.36 5.65 + 4.45
Non-Switch  -1.27 + 4.20 0.77 + 3.87 2.56 + 4.382 . . .
8 R IFG, . 0.037 0.012 0.002
Switch 364 +441° 742 £ 491° 6.16 £ 4.82°
Non-Switch 1.95 + 3.86 3.65 + 3.91 3.72 + 3.93 . . .
9 R IPG _ b 0.001 0.009 0.018
Switch 3.72 + 4.63 9.50 + 5.61%¢ 521 + 5.23
Non-Switch 0.76 + 5.30 1.71 + 6.98 2.18 + 4.27 . . .
10 RAG _ 0.005 0.048 0.003
Switch 3.79 £ 6.51° 10.13 + 7.28%¢ 541 + 5.69°

“ denotes significant group difference at p < 0.05 assessed using two-way RM ANCOVA, controlling for education. 2 denotes significant
difference relative to the YA group in post hoc pairwise comparisons with Bonferroni correction at p < 0.008. ° denotes significant difference
relative to the MA group in post hoc pairwise comparisons with Bonferroni correction at p < 0.008. ¢ denotes significant difference between
the non-switch and switch conditions in post hoc analysis at p < 0.017. Abbreviations: AG, angular gyrus; IFG,, inferior frontal gyrus pars

opercularis; IFGy, inferior frontal gyrus pars triangularis; IPG, inferior parietal gyrus; L, left; MA, middle-aged adults; MFG, middle frontal
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gyrus; No., the number of region of interest from the disjunction map; OA, older adults; R, right; SD, standard deviation; SFG, superior

frontal gyrus; YA, young adults.
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Table S2.2 Partial correlations (r-value) between lateral prefrontal and parietal ROIs and behavioral performance by age group

Age group LMFG: LMFG2 LIFG: L IFGo L IPG R SFG RMFG RIFGo R IPG RAG
YA
RT non-switch 0.050 0.091 0.265 0.086 -0.176 0.289 0.049 0.086 -0.056 -0.091
RT switch -0.115 -0.069 0.059 0.092 -0.323 0.140 -0.284 -0.093 -0.258 -0.152
Error non-switch -0.067 0.090 -0.060 0.059 0.028 -0.170 0.088 0.281 0.030 0.097
Error switch 0.150 -0.067 0.129 0.073 -0.288 -0.097 -0.120 -0.249 -0.198 -0.260
MA
RT non-switch 0.270 0.320 0.465" -0.086 0.149 0.097 0.135 0.323 -0.013 0.027
RT switch 0.056 -0.210 0.226 -0.374f 0.013 -0.203 -0.291 -0.041 -0.114 0.066
Error non-switch 0.206 0.417" 0.188 0.242 -0.058 0.151 0.192 0.266 0.155 0.176
Error switch 0.287 -0.400" -0.231 -0.034 -0.145 0.178 -0.196 -0.212 -0.061 0.012
OA
RT non-switch -0.031 0.106 0.091 -0.173 -0.184 -0.064 -0.002 0.189 -0.005 0.033
RT switch -0.017 -0.127 0.027 -0.034 -0.054 0.141 -0.236 -0.112 0.127 0.164
Error non-switch -0.123 0.078 0.231 0.199 -0.164 0.060 -0.011 0.105 0.041 -0.092
Error switch -0.039 -0.065 0.139 0.047 -0.292 0.056 -0.135 -0.066 -0.019 -0.190

Partial correlations, controlling for age and education in each group. “p < 0.05; Tp = 0.05. Abbreviations: AG, angular gyrus; Error, error rate;
IFGo,, inferior frontal gyrus pars opercularis; IFGy, inferior frontal gyrus pars triangularis; IPG, inferior parietal gyrus; L, left; MA, middle-aged

adults; MFG, middle frontal gyrus; OA, older adults; R, right; RT, reaction time; SFG, superior frontal gyrus; YA, young adults.
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Table S2.3 Partial correlations (r-value) between the modulation of functional activation from non-switch to switch condition in lateral

prefrontal and parietal ROls and behavioral performance in the switch condition by age group

Age group LMFG: L MFG2 L IFGt L IFGo L IPG R SFG R MFG R IFGo R IPG RAG
YA
Error switch 0.067 -0.086 0.301 -0.060 -0.135 -0.022 0.058 -0.187 -0.217 -0.161
RT switch -0.137 -0.053 -0.007 0.099 -0.094 -0.033 -0.116 -0.029 -0.113 0.056
MA
Error switch -0.121 -0.380" -0.569" -0.254 -0.265 -0.008 -0.181 -0.234 -0.251 -0.259
RT switch -0.024 -0.108 -0.079 -0.240 -0.027 -0.144 -0.209 -0.165 -0.061 0.128
OA
Error switch -0.169 -0.303 -0.035 -0.169 -0.311 0.056 -0.287 -0.117 0.100 -0.184
RT switch -0.238 -0.307 0.036 -0.157 0.081 -0.043 -0.293 -0.212 0.271 0.039

Partial correlations, controlling for age and education in each group. “p < 0.05. Abbreviations: AG, angular gyrus; Error, error rate; IFGo,

inferior frontal gyrus pars opercularis; IFGy, inferior frontal gyrus pars triangularis; IPG, inferior parietal gyrus; L, left; MA, middle-aged adults;

MFG, middle frontal gyrus; OA, older adults; R, right; RT, reaction time; SFG, superior frontal gyrus; YA, young adults.
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Instructions Physical size block Numerical magnitude block Task-switching block

Cue: Green
XXXXXXX

Cue:

Green xxx

Cue:

2s
Green xxx

Cue: Green
XXXXXXX

Figure 2.1 Task-switching functional MRI paradigm

Abbreviation: ITI, inter-trial interval.
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Figure 2.2 Behavioral error rates and reaction times (RTs) of the non-switch and switch conditions for the YA, MA, and OA groups
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Figure 2.3 (A) Whole brain disjunction map of the switch cost contrast across the YA, MA, and OA groups, with the threshold set at p <
0.001 (FWE correction). (B) BOLD response estimates in the prefrontoparietal regions during the non-switch and switch conditions.
Bars are means and standard errors. Abbreviations: AG, angular gyrus; IFG,, inferior frontal gyrus pars opercularis; IFGy, inferior frontal gyrus
pars triangularis; IPL, inferior parietal lobule; L, left; MA, middle-aged group; MFG, middle frontal gyrus; OA, older group; R, right; SFG,

superior frontal gyrus; YA, young group.
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Figure 2.4 (A) Partial correlation plots of the BOLD response estimates against
behavioral performance in the non-switch task for the MA group. (B) Partial
correlation plots of the BOLD response estimates against behavioral performance

in the switch task for the MA group. (C) Partial correlation plot of the changes of
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BOLD response estimates from non-switch to switch condition against error rates
in the switch task for the MA group.
Abbreviations: IFG,, inferior frontal gyrus pars opercularis; IFG, inferior frontal gyrus

pars triangularis; L, left; MFG, middle frontal gyrus.
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Non-Switch

Figure S2.1 (A) Whole brain maps of the non-switch condition for the YA, MA,
and OA groups. (B) Whole brain maps of the non-switch condition at the MA >

YA and OA > YA group contrasts.
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Switch

and OA

MA,

Figure S2.2 (A) Whole brain maps of the switch condition for the YA

groups. (B) Whole brain maps of the switch condition at the MA > YA and OA >

YA group contrasts.
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Switch > Non-switch
(A) 7=25

Figure S2.3 (A) Whole brain maps of the switch > non-switch contrast for the YA,
MA, and OA groups. (B) Whole-brain maps of the switch > non-switch contrast at

the MA > YA and OA > YA group contrasts.
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CHAPTER 3

Task-switching Performance Improvements after Tai Chi
Chuan Training Are Associated with Greater Prefrontal

Activation in Older Adults
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The study presented in this chapter was published in a peer-reviewed journal.
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Chen, N. C., Tseng, W. Y., Gau, S. S., Chiu, M. J., & Lan, C. (2018).
Task-switching performance improvements after Tai Chi Chuan training are
associated with greater prefrontal activation in older adults. Front Aging

Neurosci, 10(280). doi:10.3389/fnagi.2018.00280
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English Abstract

Background: Studies have shown that Tai Chi Chuan (TCC) training has benefits on
task-switching ability. However, the neural correlates underlying the effects of TCC
training on task-switching ability remain unclear. Methods: Using task-related
functional magnetic resonance imaging (fMRI) with a numerical Stroop paradigm, we
investigated changes of prefrontal brain activation and behavioral performance during
task-switching before and after TCC training and examined the relationships between
changes in brain activation and task-switching behavioral performance. Cognitively
normal older adults were randomly assigned to either the TCC or control (CON) group.
Over a 12-week period, the TCC group received three 60-min sessions of Yang-style
TCC training weekly, whereas the CON group only received one telephone consultation
biweekly and did not alter their life style. All participants underwent assessments of
physical functions and neuropsychological functions of task-switching, and fMRI scans,
before and after the intervention. Results: Twenty-six (TCC, N=16; CON, N=10)
participants completed the entire experimental procedure. We found significant group
by time interaction effects on behavioral and brain activation measures. Specifically, the
TCC group showed improved physical function, decreased errors on task-switching
performance, and increased left superior frontal activation for Switch > Non-switch
contrast from pre- to post-intervention, that were not seen in the CON group.
Intriguingly, TCC participants with greater prefrontal activation increases in the switch
condition from pre- to post-intervention presented greater reductions in task-switching
errors. Conclusions: These findings suggest that TCC training could potentially provide
benefits to some, although not all, older adults to enhance the function of their

prefrontal activations during task-switching.

58

doi:10.6342/NTU201900503



Key words: Aging, Cognition, Executive function, Functional neuroimaging, Tai Chi

Chuan, Exercise intervention
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3.1 Introduction

Task-switching allows a person to rapidly and flexibly adapt behaviors to respond
to multi-task rules and demands (Braver et al., 2003) such as when dealing with
dynamic changes in complex environments. This high-level executive function involves
several sub-processes that include attention, classification, inhibition, updating, memory
retrieval, and response to stimulus (Monsell, 2003). Past studies have documented that
task-switching ability consistently declines with age. Compared to young adults, older
adults present significantly poorer accuracy and slower reaction time while performing
task-switching tasks (DiGirolamo et al., 2001; Gazes et al., 2012; Hakun et al., 2015;
Kray and Lindenberger, 2000; Reimers and Maylor, 2005; Wasylyshyn et al., 2011; Zhu
et al., 2014). Aged-related task-switching declines are associated with functional
mobility declines in daily living (Blackwood et al., 2016; Gothe et al., 2014; Hawkes et
al., 2012). Thus, the prevention or alleviation of declines in task-switching ability in
older adults is an important cognitive aging issue that motivates this present study.

Tai Chi Chuan (TCC) exercise is a form of traditional Chinese exercise that
involves physical activity, cognitive control, as well as social interaction when practiced
in a group. Individuals who practice TCC often gain not only improvements in physical
function and psychological well-being (Chan et al., 2017; Lan et al., 2013; Taylor-Piliae,
2008; Wang et al., 2010), but also in several domains of cognitive function, including
global cognitive function, attention, language, perception, learning, memory, and in
particular executive function (Taylor-Piliae et al., 2010; Wayne et al., 2014; Zheng et al.,
2015). Indeed, the beneficial effects of TCC training on executive function in
cognitively intact older adults have been consistently reported in Trail-Making-Test Part

B (TMT-B) performance (Matthews and Williams, 2008; Mortimer et al., 2012; Nguyen
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and Kruse, 2012; Wayne et al., 2014). The TMT-B probes task-switching and working
memory related abilities by requiring participants to process behavioral response rules
that shift between two different stimulus categories (letter vs. number) (Reitan, 1958;
Sanchez-Cubillo et al., 2009). In a one group pretest-posttest design study, TMT-B
performance of older adults was shown to improve after a 10-week TCC training
intervention (Matthews and Williams, 2008). Moreover, TMT-B performance also
significantly improved after 6 months of TCC training in randomly assigned
community-dwelling older adults compared to routine-care controls (Nguyen and Kruse,
2012).

Evidence also suggests that TCC related interventions may be associated with
specific changes of brain structure as well as resting-state connectivity and activation of
the brain (Li et al., 2014; Mortimer et al., 2012; Wei et al., 2013; Wei et al., 2014; Wei et
al., 2017; Yin et al., 2014). Cross-sectional studies revealed that TCC experts with an
average of 14 years of experience, compared with non-TCC practitioners, had greater
gray matter cortical thickness in right middle frontal, insula, and precentral, and left
superior temporal, medial occipito-temporal, and lingual regions (Wei et al., 2013), and
showed smaller functional homogeneity in the dorsolateral prefrontal cortex (DLPFC)
and anterior cingulate cortex, with the latter findings suggesting enhanced functional
specialization of brain regions involved in attention control (Wei et al., 2014). Also
using resting-state fMRI, Wei et al. (2017) found a lower fractional amplitude of low
frequency fluctuations (FALFF) in the blood oxygen level dependent (BOLD) signal of
bilateral frontoparietal attention network during rest in these experienced TCC
practitioners, compared to non-practitioners, with lower fALFF correlating with better
attention control performance assessed using Attention Network Test response time.

While these cross-sectional studies may indicate that long-term TCC practice is
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associated with altered brain structure and resting-state functional specialization of
certain brain regions, it remains difficult to establish causal relationships between TCC
practice and these brain changes because of the limitations of the cross-sectional nature
of the study design.

Several longitudinal studies using resting-state fMRI have provided more direct
evidence in support of the effects of TCC-related practice on changing functional
connectivity of the brain and the associated cognitive function after intervention (Li et
al., 2014; Tao et al., 2017; Yin et al., 2014). Li et al. (2014) reported that after a 6-week
multimodal intervention program comprising TCC training, cognitive training, and
group counseling, older adults increased brain functional connectivity between the
medial prefrontal cortex and medial temporal lobe in their resting-state fMRI, and this
increase of functional connectivity was associated with better task-switching and
category fluency performance. Also using resting-state fMRI, Yin and colleagues (2014)
found that after a similar 6-week multimodal training program, older adults enhanced
the amplitude of low frequency fluctuations (ALFF), the regional spontaneous
activation during rest, in the middle frontal gyrus (MFG), superior frontal gyrus (SFG),
and the cerebellum, and that greater increases of ALFF in the right MFG were
associated with better TMT-B performance improvement (Yin et al., 2014). Tao et al.
(2017) also found that older adults who received a 12-week TCC intervention program
also increased fALFF in the DLPFC, and this increase was associated with
improvement of their memory function. Note, reduced fALFF of the resting-state
frontoparietal network was found in TCC experts in one cross-sectional study (Wei et al.,
2017), whereas increased ALFF or fALFF in the resting-state prefrontal network was
found in older adults who undertook short-term TCC intervention in two longitudinal

studies (Tao et al., 2017; Yin et al., 2014). This discrepancy may stem from differences
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in the duration of TCC practice (long- vs. short-term), study design (cross-sectional vs.
longitudinal), or brain regions used to calculate the functional connectivity indices.
Nevertheless, long- and short-term TCC training both resulted in detectable differences
in resting-state functional connectivity in older adult participants. Importantly,
intervention studies that investigate the effects of TCC training on task-switching
related functional brain processes using task-fMRI in older adults are still lacking (Yu et
al., 2018). Thus, it remains unclear whether and how TCC training alters task-switching
associated brain functional responses and how these changes in functional responses
correlate with improvement in task-switching ability.

Previous studies that investigated task-switching associated brain functional
activation found that compared to non-switch trials, task-switching trials evoked higher
neural activity in the SFG and MFG, inferior frontal gyrus pars triangularis (IFGt) and
opercularis (IFGo), medial PFG, and superior and inferior parietal cortices (Crone et al.,
2006; DiGirolamo et al., 2001; Gold et al., 2010; Hakun et al., 2015; Jimura and Braver,
2010; Sakai and Passingham, 2003; Zhu et al., 2014). Among these frontoparietal
regions, age differences are characterized with young adults predominately recruiting
the left DLPFC and inferior frontal gyrus (Dove et al., 2000; Kim et al., 2011;
MacDonald et al., 2000) and older adults recruiting bilateral prefrontal regions
(DiGirolamo et al., 2001; Gazes et al., 2012; Hakun et al., 2015; Zhu et al., 2014).
However, over-recruitment in prefrontal regions was negatively associated or
unassociated with task-switching performance during Switch conditions in older adults,
indicating an attempted but unsuccessful compensatory mechanism (Cabeza and Dennis,
2013; Hakun et al., 2015; Zhu et al., 2014). Noting the above beneficial effects of TCC
practice on task-switching performance, we aimed to more specifically determine how

TCC training alters prefrontal functional responses associated with task-switching in
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cognitively normal older adults and how these changes were associated with their
task-switching performance.

We conducted a randomized controlled clinical trial (RCT) task-switching fMRI
study to investigate changes in task-switching performance and associated brain
functional activation, focusing on bilateral prefrontal regions, before and after a
12-week TCC intervention in cognitively intact older adults. Bilateral prefrontal regions
were our foci because they are heavily engaged during task-switching and evinced age
differences in prior studies (Crone et al., 2006; DiGirolamo et al., 2001; Gold et al.,
2010; Hakun et al., 2015; Jimura and Braver, 2010; Sakai and Passingham, 2003; Zhu et
al., 2014). In addition, functional activation in prefrontal regions often increases during
executive function tasks after aerobic or resistance exercise interventions (Colcombe et
al., 2004; Liu-Ambrose et al., 2012). We hypothesized that older adults who received
TCC intervention would improve task-switching ability and increase task-switching
associated prefrontal functional activation during task-switching fMRI and that such
activity increases would positively correlate with post-intervention task-switching
performance improvement.

Task-switching fMRI experimental paradigms typically involve measuring brain
and behavioral responses during Non-switch and Switch conditions. In Non-switch
conditions, participants respond to consecutive trials involving the same single task rule
(e.g., AAAAAA or BBBBBB for six trials with rules A and B). In Switch conditions,
participants alternate, sometimes stochastically, between a mix of two task rules (e.qg.,
ABAABBAB). Behavioral performance in task-switching can be assessed via accuracy
and reaction time (RT) of responses in Switch conditions (Kray and Lindenberger, 2000;
Reimers and Maylor, 2005). Alternatively, a global Switch cost measure can also be

derived that uses differences in error rates and RTs between averages across trials for
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Non-switch and Switch conditions (Switch — Non-switch condition values) (Kray and
Lindenberger, 2000; Wasylyshyn et al., 2011). Yet another approach is to compute a
local Switch cost, which uses differences in error rates and RTs of consecutive
Non-switch and Switch trials (Switch — Non-switch trial values) within the Switch
condition (Monsell, 2003; Wasylyshyn et al., 2011). Past studies have shown that RT
and accuracy in Switch conditions and global Switch cost in RTs are both sensitive to
aging (Kray and Lindenberger, 2000; Reimers and Maylor, 2005; Wasylyshyn et al.,
2011), whereas local Switch cost does not change with age (Wasylyshyn et al., 2011).
Therefore, in this study, we focused on Switch condition and global Switch cost indices
of the task-switching fMRI experiment to evaluate the effects of TCC training on
task-switching behavioral and neural responses.

In addition to using task-switching behavioral measures in the fMRI experiment,
we also included the Intra/Extra-Dimensional Set Shift (IED) test of the Cambridge
Neuropsychological Test Automated Battery (CANTAB) (Cambridge Cognition Ltd.,
Bottisham, Cambridge, UK) to assess whether the effects of TCC training could be
detected by a clinical assessment of the construct of task-switching (Robbins et al., 1998)
that was independent from our fMRI task-switching experiment. Importantly, the IED
test has established construct validity (Kim et al., 2014), good test-retest reliability
(Henry and Bettenay, 2010), and has been used to detect cognitive declines in aging
(Robbins et al., 1998) or prefrontal/fronto-striatal dysfunction (Fray et al., 1996). IED
use was also in consideration of potential ceiling effects on inside-fMRI task-switching
performance due to the practice criterion set in our fMRI experiment (described in
Section 2.4). Overall, we hypothesized that performance on the IED test would be
improved after a 12-week intervention in the TCC group only and that this improvement

would be associated with increases in prefrontal activation during task-switching from
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pre- to post-intervention.
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3.2 Methods

Participants & Study Design

This was an assessor-blind RCT (Figure 3.1). Participants (N=31; age range 60-69
years old) were chosen from a larger sample of participants who were enrolled in a
registered RCT study (URL.: https://clinicaltrials.gov/ct2/show/NCT02270320) and
were randomly assigned to either the TCC or the CON group using the stratified
randomization method based on age range. The study protocol was registered at Clinical
Trials.gov (NCT02270320). All participants underwent neuropsychological and physical
function assessments, as well as structural and functional brain MRI scans before and
after the 12-week intervention period. The study protocol was conducted in accordance
with the Declaration of Helsinki and approved by the ethics committee of National
Taiwan University Hospital, Taiwan. All participants provided written informed consent
before participating in the study.

Participants were recruited from local communities in the Taipei metropolitan area.
Inclusion criteria were aged between 60-69 years, education level > 6 years,
right-handedness (Oldfield, 1971), right-footedness (Elias et al., 1998), and native
Mandarin speakers. Exclusion criteria were Montreal Cognitive Assessment Taiwan
version (MoCA) score < 26 (Nasreddine et al., 2005; Tsai et al., 2012), Clinical
Dementia Rating score > 0 (Hughes et al., 1982), Geriatric Depression Scale 15-item
short-form (GDS-15) score > 8 (Nyunt et al., 2009), Instrumental Activities of Daily
Living disability items > 1 (Lawton and Brody, 1969), psychiatric and neurological
iliness, severe or uncontrolled cardiovascular diseases or musculoskeletal disorders, any
MRI contraindications, regular moderate-intensity exercise habits (defined as > 30 mins

per session and more than 3 sessions per week in the past 6 months), and prior
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experiences with TCC, yoga, gigong, or martial arts practice. To further understand the
required sample size of participants, we calculated the sample size by using the
G*Power 3.1.9.2 software (Faul et al., 2009). In this calculation, we assumed a
moderate effect (effect size of Hedge’s g= 0.51) of TCC training on executive function
(Wayne et al., 2014) with the o level set at 0.05 and beta set at 0.2, using in a 2 (group)
by 2 (time point) two-way repeated measures analysis of variance (RM ANOVA) design.
The results showed that to reach a power of 0.8, the required total sample size was 26.

Assuming a 20% dropout rate, the final total sample size of 31 was determined.

Tai Chi Chuan intervention and control procedures

The TCC group received three weekly sessions of 24-form Yang-style TCC (Liang
and Wu, 1996) group training for 12 weeks. A 12-week intervention period was chosen
because previous behavioral and resting-state fMRI studies suggested that a 12-week
TCC program is sufficient to show cognitive effects and alter resting-state brain
activation and connectivity in older adults (Tao et al., 2016; Tao et al., 2017; Wayne et
al., 2014) and because the duration provided sufficient time for our older participants to
steadily learn 2 to 3 new forms of the 24-form Yang-style TCC weekly. Each training
session, consisting of 10 minutes of warm-up, 10 minutes of new TCC form learning,
30 minutes of continuous sequential practice of learned forms, and 10 minutes of
cool-down, was led by a certified TCC coach with more than 10 years of TCC coaching
experiences. Using the Polar Watch (Polar Electro Oy, Kempele, Finland) to monitor
participants’ heart rate during the exercise sessions, we found that the intensity of the
30-min continuous TCC practice reached approximately 65.4 + 1.1% (range= 63.8% to
66.7%) of individual participant’s age-predicted maximal heart rate (HRmax) On average,

and thus could be considered moderate intensity (64% to 76% HRmax) endurance
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exercise according to the classification of American College of Sports Medicine (Garber
etal., 2011; Lan et al., 2008). The CON group was instructed to maintain their original
daily routines and physical activity habits and not to receive any new or additional
exercise interventions. All CON participants received one telephone consultation
biweekly during the 12-week period and their physical activity level and frequency of
social interaction were recorded using the Physical Activity Scale for the Elderly (PASE)
(Washburn et al., 1993). Free TCC training course was offered to them after the study

period.

Neuropsychological and physical function assessments

Before and after the intervention period, we measured participants’ task-switching
behavioral performances by using the IED test, as well as the outside- and inside-fMRI
task-switching behavioral performance measures (described in “fMRI Number Stroop
Task and Procedure” section). The IED test has a maximum of nine stages of increasing
difficulty, ranging from simple stimulus-response discrimination, reversal learning,
compound discrimination, intra-dimensional set-shifts, to difficult extra-dimensional
set-shifts. Having received no explicit instructions on when the intra- or
extra-dimensional trials began or ended, participants had to figure out whether the intra-
versus extra-dimensional rules have changed in each trial according to the “correct” or
“wrong” feedback displayed from the computer screen to his/her response to the
previous trial. In particular, in the stage of intra-dimensional set-shift trials, participants
had to selectively maintain attention on the same specific dimension (such as form) of
the stimuli across trials, whereas in the stage of extra-dimensional shift trials, they had
to switch attention to a previously irrelevant stimulus dimension (such as line) (Fray et

al., 1996; Robbins et al., 1998). Each stage has a maximum of fifty trials and could be
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ended prematurely when the participant correctly answered six trials of that stage
consecutively. In this case, without notification, the subject would be prompted to the
next stage, in which a different rule is used. The entire IED would be terminated at the
end of the stage in which the subject could not correctly answer six trials consecutively
of that stage. We used the number of completed stages and the number of total errors of
all answered trials on the IED test in this study, with a higher number of completed
stages or a smaller number of total errors indicating better task-switching performance.
To allow for understanding the associations among changes in physical function,
cognitive function, and brain activation after TCC training, we also conducted pre- and
post-intervention physical function tests of muscle strength, balance, mobility, and
cardiorespiratory endurance. The muscle strength of bilateral knee extensors was
measured twice with a handheld dynamometer (Lafayette Instrument Co., Lafayette, IN,
USA; Wang et al., 2002). The better performance of the two trials was recorded for each
leg and then averaged to represent the strength. Balance ability was assessed with the
eyes-open one-legged stance test (OLST) up to 30 sec for each of 5 trials (Bohannon et
al., 1984). The best trial performance of the dominant leg was recorded. Mobility was
assessed with two trials each of the Four Square Step Test (FSST) (Dite and Temple,
2002). The better performance of the two trials was recorded. Cardiorespiratory
endurance was assessed with one trial of the 6-Minute Walk Test (6MWT) (Brooks et al.,
2003). We also recorded each participant’s physical activity level using the PASE before,
during, and after the intervention (Washburn et al., 1993). Participants’ frequency of
being engaged in social interaction activities was extracted from narratives of their

answers to questions 1 and 6 of the PASE.
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fMRI Number Stroop Task and Procedure

We adopted a hybrid block/event-related task-switching fMRI paradigm modified
from Huang et al. (2012). The paradigm was implemented using E-prime 2.0
(Psychology Software Tools, Pittsburgh, PA, USA). For each participant, we applied
two runs of fMRI scans (7 min/run) each in the before- and after-intervention time
points. Each run included two Non-switch blocks (physical size and numerical
magnitude blocks in counter-balanced order across subjects, 16 trials for each block)
first, followed by a Switch block (32 trials) (Figure 3.2). In each trial, participants were
presented with a pair of digits and were required to distinguish the digits by following
the cues given before each block. In the physical size block, participants distinguished
which digit of the two (with Arial font sizes of 73 and 55) were physically larger than
the other, ignoring their numerical magnitude. In the numerical magnitude block, they
distinguished which of the two digits (that differed by 3, 4, or 5) was numerically larger
than the other, ignoring their physical size. Digit pairs were colored green and red in
physical size and numerical magnitude blocks, respectively. In the Switch block,
participants had to distinguish the physical size or numerical magnitude of the two
digits according to stimuli color, with green indicating physical size distinction and red
indicating numerical magnitude distinction. Each trial lasted 2 seconds, with
pseudo-randomly jittered fixation inter-trial-intervals ranging between 2, 4, and 6
seconds. Each block was preceded by a 20-second fixation resting duration followed by
2 seconds of color-cued instructions on the relevant task dimension(s) for that block.
Note that physical size and numerical magnitude of the two digits could be congruent or
incongruent in a given trial. There were an equal number of congruent and incongruent
trials for physical size, numerical magnitude, and Switch blocks in both runs. Before

entering the scanner, all participants received two short-practice sessions with 40 trials
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each (10 physical size trials, 10 numerical magnitude trials, and 20 Switch trials) and
reached > 70% accuracy. The error rates (in percentage) during the practice sessions
were used to compute the outside-fMRI Non-switch, Switch, and Switch cost behavioral
performances, and the error rates and the mean RT collected during the fMRI scans
were used to compute the inside-fMRI Non-switch, Switch, and Switch cost behavioral
performances. In summary, key behavioral outcome measures for task-switching ability
in our study included the inside- and outside-fMRI behavioral performance for the
Non-switch and Switch blocks, and for Switch cost, as well as the number of completed
stages and total errors of the IED test. We considered the IED and outside-fMRI
behavioral performances could better represent participant’s actual task-switching
ability because the inside-fMRI task-switching performance may be influenced by
ceiling effects, given that participants had practiced the non-switch and switch tasks and

reached the > 70% accuracy rate criterion before undertaking the fMRI scans.

Behavioral and physical data analyses

Between-group pre-intervention differences in demographics, physical tests, IED
task-switching behavioral measure, and the inside- and outside-fMRI behavioral
measures for the Non-switch, Switch, and Switch cost were analyzed by using the
independent t-test. To analyze the effects of the TCC intervention on physical functions
and social interaction, we performed separate two-way (group x time) RM ANOVASs on
bilateral knee extensor strength, OLST, FSST, 6MWT, and frequency of social
interaction, with time as the within-subject factor. To understand the effects of the TCC
intervention on task-switching behavioral outcomes, we performed separate two-way
(group x time) RM ANCOVAs on the number of completed stages and total errors of

the IED test, on the error rate of the outside- and inside-fMRI Non-switch and Switch
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conditions and Switch cost, and on the RT of the inside-fMRI Non-switch and Switch
conditions and Switch cost, controlling for education, because education is known to
influence task-switching performance (Zahodne et al., 2014). We adjusted p-value for
multiple comparisons wherever needed. Because the correlations among the four
physical measures (the knee extensor strength, OLST, FSST, and 6MWT) ranged from
-0.502 to 0.526, we adjusted the p-value to 0.0125 (= 0.05/4). The variable of frequency
of social interaction had no significant correlation with these four physical variables (r
ranged between -0.222 and 0.060; p> 0.05), therefore, this p-value was not adjusted and
was set at p=0.05. For the task-switching behavioral variables, because we used three
behavioral variables (outside-fMRI error, inside-fMRI error, and inside-fMRI RT) at the
same time when we ran analyses of non-switch, switch, or switch cost performance, and
these variables were to some extent related (r ranged from 0.193 to 0.599 for baseline
data), we adjusted the p-value to 0.017 (= 0.05/3). For the IED variables, because there
was no significant relationship between the numbers of IED completed stages and IED
total errors (r=-0.229, p= 0.216), suggesting no multicollinearity concern between these
two variables, we did not adjust the p-value (p-value was set at 0.05) when examining

the group and time effects on these two IED variables.

Image acquisition parameters

All image data were acquired by using a 3-Tesla Trio MRI with a 32-channel head
coil (Siemens Healthcare, Erlangen, Germany) at the National Taiwan University
Hospital. Three types of brain images were collected for each participant: a T1-weighted
image, using Magnetization-Prepared Rapid Acquisition Gradient Echo (repetition time
(TR)/TE (echo time) 2000 ms/2.98 ms, flip angle (FA)= 9°, field of view (FOV)= 192 x

256 mm?, coronal slice number= 208 slices, voxel size= 1 x 1 x 1 mm?); a T2-weighted
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image (TR/TE= 7240 ms/101 ms, FA= 90°, FOV= 192 x 192 mm?, axial slice number =
34 slices, voxel size= 0.8 x 0.8 x 4 mm?®); and two runs of T2* weighted echo planar
image depicting BOLD contrast (TR/TE= 2000 ms/24 ms, FA= 90°, axial slice number=

34 slices, FOV= 192 x 192 mm?, voxel size= 3 x 3 x 4 mm°).

Image preprocessing and analysis

All preprocessing and general linear model (GLM) estimations were carried out
using the Statistical Parametric Mapping 12 (SPM12) (Wellcome Trust Centre for
Neuroimaging, London, UK) implemented in MATLAB version 16.0 (The MathWorks,
Natick, MA, USA). During image acquisition for each participant, each run of the fMRI
scan started with a 6-second dummy scan in consideration of signal equilibrium and
subject’ adaptation to imaging noise. These dummy scans were excluded from data
analysis. For preprocessing of functional images, slice time correction and intra-session
alignment were performed to spatially realign the images to the first image of each time
series. Head motion correction was performed using a 6-parameter rigid body. Images
with head motion greater than 3 mm in translation or 3 degrees in rotation in any run
were excluded, based on our scanning voxel resolution. Functional images were then
co-registered to co-planar T2 images, which was then used for co-registration to
T1-weighted images. Co-registered images were normalized to the Montreal
Neurological Institute (MNI) template using the segmentation approach in SPM12, and
then spatially smoothed using an 8-mm full-width at half-maximum Gaussian filter.

For first-level whole-brain analysis, each participant’s functional brain images for
each session and each run were submitted to a GLM to estimate voxel-wise responses
during physical size judgment, numerical magnitude judgment, and switching across

runs. Specifically, first-level GLMs included three regressors based on the vectors of
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onsets convolved with the hemodynamic responses function (HRF) for trials with
correct responses in physical size blocks, numerical size blocks, and switch (both
physical size and numerical magnitude together) blocks, and one regressor based on the
onsets of all incorrect trials across all blocks convolved with the HRF. These four task
regressors with six motion covariates and a constant for the mean run response were
replicated over the two runs for each of the two sessions resulting in a total of 44
regressors in each participant’s first-level GLM. Individual contrast maps for
Non-switch (average of numerical magnitude and physical size trial responses during
physical size and numerical magnitude blocks relative to rest fixation) and Switch
conditions (average of numerical magnitude and physical size trial responses during
switch blocks relative to rest fixation) and Switch > Non-switch contrast were then
generated and submitted as the dependent variable in a second-level random effects
group analysis with group (TCC and CON) and time (pre- and post-intervention) as
independent variables. The whole-brain analysis of the Switch > Non-switch contrast
for each group and each time point was performed, and the threshold was set at a
significance criterion of voxel-wise p< 0.005 corrected for FWE and a cluster size of at
least 10 voxels. We then generated a disjunction activation map to identify voxels that
showed significant Switch > Non-switch contrast in at least one of the groups for at
least one of the time point (Smith et al., 2013). There are three reasons that we chose
disjunction analysis. First, the disjunction method is fair to consider all brain functional
activation sensitive to Switch > Non-switch contrast across groups and time points.
Second, this method can reduce the multiple comparisons (within- and between-group
contrasts) in fMRI data processing, and reduce the noise problem introduced from these
multiple contrasts. By using the disjunction analysis and the RM ANCOVA with

Bonferroni corrections, we could correct for multiple comparisons of the BOLD signals
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all at once. Third, we anticipated a relatively small difference in the changes of BOLD
responses after the short-term TCC intervention and these small changes may not be
discernable in group whole-brain contrast analysis that directly compares the significant
differences of brain activation changes (post vs. pre) between the TCC and CON groups
at the Switch > Non-switch contrast. Therefore, we chose the disjunction analysis and
determined the critical ROIs for our analyses. Disjunctions were considered significance
using the same threshold of voxel-wise p< 0.005 corrected for FWE and a cluster size of
at least 10 voxels. Thus, a voxel was deemed to show a significant disjunction response
if Switch > Non-switch contrast response passed the criterion for any group at any time
point. We then evaluated BOLD response magnitude in functional regions-of-interest

(ROIs) identified in this disjunction analysis.

ROI analysis

Because our a priori ROIs were in the prefrontal cortex, we delineated functional
ROIs as 5mm radius spheres centered around voxels showing peak responses in
prefrontal regions in the disjunction map generated above. For each participant, mean
BOLD response magnitude for Non-switch and Switch conditions, and for Switch >
Non-switch contrast, within each functional ROI were extracted using the Marsbar
software (http://marsbar.sourceforge.net) (Brett et al., 2002). To evaluate the effect of
TCC training on BOLD response magnitude in the a priori prefrontal ROIs, we first
performed two-way ANCOVAs on BOLD response magnitudes in three identified ROIs
for the Switch > Non-switch contrast with group and time as independent variables and
age, gender, and years of education as the covariates. We adjusted the p-value to be
0.017 (=0.05/3) because there were three prefrontal ROIs. Post-hoc tests with

Bonferroni corrections were performed. We also evaluated the relationships between
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changes in BOLD response magnitude during the Switch condition and in
task-switching behavioral measures across time. The changes were all calculated as
post-intervention values minus pre-intervention values for corresponding variables.
Specifically, we ran partial correlation analyses of changes in Switch BOLD response
magnitude in the ROIs with changes in the number of total errors and completed stages
of the IED test, changes in error rate of the outside-fMRI Switch condition, and changes
in error rate and RT of the inside-fMRI Switch condition, and controlled for age, gender,
and years of education, for the TCC and CON groups. We used the Switch BOLD
response magnitudes for these correlation analyses in consideration of their
comparability with the task-switching behavioral measures, which were taken from
direct task-switching performance rather than Switch > Non-switch contrasts. All

statistical analyses were performed in SPSS version 18.0.
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3.3 Results

Participants

Two hundred and eleven people who volunteered to participate in this study were
initially screened. Among them, 31 participants were eligible and randomly assigned to
the TCC (N=16) or CON (N=15) groups. No participants in the TCC group dropped out
(i.e., 100% completion rate). Four participants in the CON group dropped out due to
personal reasons (i.e. 73.3% completion rate). In addition, one CON participant had
excessive head motion during the post-intervention fMRI scan. After exclusions due to
incompletion (N=4) and excessive head motion (N=1), the final sample for data
analyses was 26 (N=16 for the TCC group and N=10 for the CON group) (Figure 3.1).
Since this study was an RCT trial, we adopted the intention-to-treat analysis approach to
treatment of data.

The baseline characteristics of the TCC and CON groups did not differ in age,
education, body mass index, general cognitive function measured with MoCA,
depression level measured with GDS-15, physical activity level measured with PASE,
and frequency of social interaction activities (Table 3.1). There were no group
differences in the results of pre-intervention physical function tests, number of
completed stages and total errors of the IED test, the error rate of the outside-fMRI
Non-switch and Switch conditions and Switch cost, and the error rate and RT of the
inside-fMRI Non-switch and Switch conditions and Switch cost (all p values > 0.05).

In the last two weeks of the 12-week intervention, all participants in the TCC
group learned the 24 forms of Yang-style TCC, by demonstrating the ability to execute
the forms consecutively on their own as a group, in the absence of verbal instructions or

cues from the coach. However, we did not rate individual skill level or fluency of
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movements because all these participants were novices to TCC before being enrolled

into this study and thus could be considered as beginners of TCC only.

Behavioral performance

Results of the two-way RM ANCOVA analysis showed significant group x time
interaction effects on the number of total errors of the IED performance (F(1, 28)=4.93,
p=0.035) and error rate of the outside-fMRI Switch condition (F(1, 28)= 16.86, p<
0.001) (Figure 3.3). Post-hoc tests revealed that the TCC group, but not the CON group,
significantly reduced the number of total errors of the IED performance (t(15)=3.13, p=
0.007) and the error rate of the outside-fMRI Switch condition (t(15)= 6.34, p< 0.001)
from pre- to post-intervention (Figure 3.3). There was a marginal interaction effect on
the number of completed stages of the IED performance (F(1, 28)= 4.16, p= 0.051),
error rate of the outside-fMRI Non-switch condition (F(1, 28)= 3.99, p= 0.056) and
Switch cost contrast (F(1, 28)= 3.31, p= 0.079) with the TCC group showing a trend of
increasing the number of completed stages of the IED test and reducing the error rate of
the outside-fMRI Non-switch condition and Switch cost contrast, whereas the CON
group lacking changes (Figure 3.3). There were no significant interaction effects on
other behavioral measures of the inside-fMRI Non-switch, Switch, and Switch cost
(Table S3.1).

The two-way RM ANOVA analysis on physical function and social interaction
showed significant group x time interaction effects on knee extensor strength (F(1, 29)=
13.52, p= 0.001), the FSST (F(1, 29)= 14.52, p= 0.001), the BMWT (F(1, 29)= 12.70,
p=0.001), and the frequency of social interaction (F(1, 29)= 26.62, p< 0.001). The post
hoc tests revealed that the TCC group improved on knee extensor strength (t(15)=-4.54,

p< 0.001), FSST (t(15)= 5.88, p< 0.001), BMWT (t(15)= -3.98, p= 0.001), and
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frequency of social interaction (t(15)=-5.37, p< 0.001), but the CON group did not

(Figure 3.4). There was no significant interaction on OLST (F(1, 29)= 2.25, p=0.145).

Task-switching fMRI activation

The functional activations of the Switch > Non-switch contrast per group and per
time point (Figure S3.1) were submitted to a disjunction analysis (see Methods). The
resulting disjunction map identified functional ROIs over the left SFG, IFGy, inferior
parietal gyrus, and right MFG and angular gyrus (Table 3.2). These regions showed
significant activation for Switch > Non-switch contrast in at least one of the groups for
at least one of the time points. We further analyzed the BOLD response magnitudes in
the a priori prefrontal functional ROI regions- the left SFG, left IFG;, and right MFG
(Figure 3.5A). We adjusted p-value to be 0.017 (= 0.05/3) for multiple comparisons of
the BOLD response across group and time, and controlled for age, gender, and
education. Two-way RM ANCOVA analysis on the mean BOLD response magnitude of
Switch > Non-switch response contrast in these three ROIs revealed a significant group
x time interaction effect in the left SFG (F(1, 26)= 6.57, p=0.017) and a marginal
significant interaction effect in the right MFG (F(1, 26)= 3.31, p= 0.081), but no
interaction effects in the left IFG: (Table S3.2). Post hoc tests qualified that the left SFG
interaction was due to marginally increased Switch > Non-switch BOLD response
contrast in the TCC group (t(15)=-1.96, p= 0.069, two-tailed) but a non-significant
difference in the CON group (t(14)= 1.72, p= 0.107, two-tailed) from the pre- to
post-intervention scans (Figure 3.5B). Overall, the CON group showed a non-significant
trend of decreased Switch > Non-switch neural response contrast in all three ROIs from
the pre- to post-intervention scans (p> 0.05). In sum, after a 12-week intervention, the

TCC group showed a trend of increased Switch > Non-switch BOLD response contrast
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in the left SFG and right MFG ROls, whereas the CON group showed a trend of
decreased Switch > Non-switch BOLD response contrast in all three ROIs. There were
no regions showing significant functional activation for the reverse Non-switch >

Switch contrast.

Associations between task-switching fMRI brain activation and behavioral
performance

Results of partial correlation analysis between task-switching fMRI brain
activation and behavioral performance for the TCC group showed negative
moderate-to-good correlations between the changes in Switch BOLD response
magnitude in the left SFG (r=-0.631, p= 0.021) and a marginal significant correlation in
the right MFG (r=-0.551, p= 0.051) during the fMRI experiment with changes in the
number of total errors of IED test (Figure 3.5C), suggesting that TCC participants who
had greater activation increments in the left SFG and right MFG regions during the
Switch condition also showed greater reductions of the number of total errors on the
IED test (i.e., improved task-switching performance) after training. There were no other
significant correlations between task-switching fMRI brain activation and other
task-switching behavioral measures (all p values > 0.05) (Table S3.3) for the TCC group.
As to the CON group, there was no significant correlation between any changes in
task-switching fMRI brain activation and any changes in task-switching behavioral

measures (all p values > 0.05) (Table S3.4).
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3.4 Discussion

To our knowledge, our study is the first RCT to investigate TCC training-induced
changes in brain functional activation during a task-switching fMRI experiment in
cognitively intact older adults (Yu et al., 2018) and the correlations between these
functional neural processing changes and changes in task-switching performance.
Behaviorally, the 12-week TCC training led to improved cognitive task-switching ability,
as indicated by the reduced number of total errors on the IED test and the reduced error
rate of the outside-fMRI Switch performance. The TCC training also resulted in
improved physical performance, including muscle strength, mobility, and
cardiorespiratory endurance, and better social interaction. With regard to changes of
brain functional activation, we found that after the intervention period, the TCC group
presented a marginally increased functional engagement and a trend of increased
engagement in the left SFG and the right MFG (bilateral DLPFC), respectively, for the
Switch > Non-switch contrast; whereas the CON group showed a trend of decreased
engagement of all three prefrontal ROI regions. More importantly, individuals who
showed greater increments of such DLPFC engagement had greater improvement in
task-switching performance assessed with the IED test. These novel findings regarding
functional brain activation provided evidence in support of enhanced DLPFC functional
processing as a possible mechanism for the role of TCC training in modulating older

adult task-switching performance.

Effects of TCC training on behavioral performance
Among the three task-switching behavioral measures, we found that after TCC

training, the TCC group showed a reduced number of total errors on the IED test, and a
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reduced error rate of the outside-fMRI Switch performance, but not during the actual
fMRI scans. We considered participants’ performance on the outside-fMRI practice
session as important outcome measures of their actual task-switching abilities because
there were no practice influences on this performance. In contrast, participants
underwent the fMRI scans after they had practiced 40 Non-switch and 40 Switch trials
and reached a priori criterion of accuracy (> 70%), which could introduce
practice-induced ceiling effects on the inside-fMRI task-switching performance and
make this performance less representative of participant’s actual task-switching ability.
Indeed, when we ran paired-t tests on the Non-switch and Switch performances between
the outside-fMRI and the inside-fMRI trials for the pre-intervention data, we found
significantly smaller number of errors for both Non-switch and Switch performances on
the inside-fMRI trials (p= 0.039 and 0.001, respectively, for the TCC group; and both
p< 0.001 for the CON group). These significant differences suggested practice effects
on the inside-fMRI performance. Furthermore, the IED test, designed to specifically tax
the cognitive processes of shifting attention between different dimensions of visual
stimuli, is a reliable and valid clinical instrument for measuring aspects of cognitive
flexibility among executive function (Robbins et al., 1998). It has been shown that the
number of total errors on the IED test has a moderate correlation with that on the
Wisconsin Card Sorting Test (Kim et al., 2014), one of the gold standard
neuropsychological tests for “set-shifting” or “task-switching” (Monchi et al., 2001).
Therefore, our findings that the TCC group showed improvements on the IED test and
the outside-fMRI Switch performance after training support the notion that TCC
training has beneficial effects on task-switching behavioral performance in older adults.
In past research based on the TMT-B, it was difficult to tease out whether the

beneficial effects of TCC training were on task-switching, working memory, or both
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(Matthews and Williams, 2008; Mortimer et al., 2012; Nguyen and Kruse, 2012). Our
findings provided more direct evidence in support of the effects of TCC training on
task-switching vis-a-vis our examination of effects on switch cost (Switch > Non-switch)
rather than just non-switch or switch neural responses. While speculative, these
beneficial effects on task-switching may stem from the requirement during TCC
practice that participants smoothly shifted from one form of TCC to the next till the end
of a total of 24 forms. Such drills may not only enhance their sustained attention and
memory, but also the task-switching abilities (Chang et al., 2014; Fong et al., 2014;
Zheng et al., 2015). Future experiments that break down the components of TCC
training to evaluate each of their effects are needed to precisely isolate the specific
mechanisms of TCC training in changing cognitive and neural processing.
Non-cognitive aspects of our findings consistent with past studies on TCC training
should also be highlighted. Regarding physical performance, our findings that the TCC
group improved their lower extremity extensor strength, mobility, and cardiorespiratory
endurance are congruent with previous research (Lan et al., 2013; Li et al., 2001,
Taylor-Piliae et al., 2006; Taylor-Piliae, 2008). Such improvements in physical
performances might be attributed to the requirement to maintain a semi-squat posture
while performing whole body movements in a continual manner during TCC practice
(Lan et al., 2013). However, different from previous literature, we did not find TCC
training effects on static balance performance- the OLST. Note that the majority of our
participants already had good balance ability before training, with 81% of the TCC and
73% of the CON participants showing a score of 30 seconds on the OLST before
training. More difficult tests may be needed to sensitively detect the effects of TCC
training on balance ability in these participants. Finally, our results also showed that the

TCC group increased the frequency of social interactions after training, supporting
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previous literature which revealed that practicing TCC enhances social support (Chan et
al., 2017; Yeh et al., 2016). Together, these positive TCC training effects on cognitive
and physical functions, and social interactions indicate that regular engagement in a
TCC program three times a week for three months is sufficient to induce detectable
cognitive and physical health benefits and enhance social support in cognitively intact

older individuals.

Effects of TCC training on task-switching related brain activation

Our disjunction analysis of fMRI activations in the a priori prefrontal regions
showed that the left SFG, right MFG, and left IFGt were the main regions activated for
Switch > Non-switch contrast among the participants. These identified prefrontal
regions implicated in our task-switching number Stroop experiment were consistent
with those reported in older adults in prior task-switching studies (DiGirolamo et al.,
2001; Hakun et al., 2015; Zhu et al., 2014). Our results provided two lines of evidence
supporting that the two task-switching specific DLPFC regions were particularly
modulated after TCC training. First, after TCC training, the TCC group presented a
marginally increased functional activation in the left SFG and a trend of increased
activation in the right MFG for Switch > Non-switch contrast. Second, after TCC
training, those participants who showed greater increases of activation in these two
regions during task-switching presented better improvement on the IED test
performance. These findings suggested that the left SFG and right MFG activation was
specifically modulated during task-switching after TCC training to enhance
task-switching performance in some, although not all, of the TCC participants.
Intriguingly, previous research that used resting-state fMRI to investigate effects of a

6-week multimodality intervention program, comprising TCC, cognitive training, and
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group counseling, on resting-state brain activation also revealed modulation of brain
activation in these two DLPFC regions (Yin et al., 2014). Yin and colleagues (2014)
found significant increases in the resting-state brain activation in the left SFG and right
MFG for participants who received the multimodality intervention program and that
greater increases of the activation in the right MFG were correlated with greater
improvements in TMT performance. Furthermore, using structural brain imaging, Wei
et al. (2013) found that TCC experts with an average of 14-year TCC experiences had
thicker cortex in right MFG as compared to age-matched TCC-naive control individuals.
Together with our findings, we speculate that in some older adults, TCC training may
specifically enhance neural processing in the left SFG and right MFG regions during
resting and during task-switching and enlarge these regions, which in turn, could lead to
more efficient task-switching performance. The three key cognitive processes of
task-switching entail control of attention maintenance, inhibition, and working memory
(Monsell, 2003). The left SFG is known to be involved in the implementation of
top-down executive control by maintaining attention demands while switching between
tasks (MacDonald et al., 2000) and contributing to working memory processing, such as
loading, monitoring, and maintaining different stimulus-response rules (Cutini et al.,
2008; du Boisgueheneuc et al., 2006). The right MFG is associated with inhibition
control of ignoring irrelevant stimuli or inhibiting undesirable responses (Brass et al.,
2001; Buchsbaum et al., 2005; Garavan et al., 1999). The fact that while practicing TCC,
participants have to memorize a series of whole-body movements, maintain attention on
coordinating breath and actions, and switch from one Tai Chi form to another smoothly
may provide extensive drills on attention, working memory, and inhibition control and
thereby enhances the engagement of the left SFG and right MFG regions and makes the

activation in these regions more efficient.
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It is worth noting that our study showed that except for the left SFG region, TCC
practice did not significantly increase brain activations in other prefrontal regions
engaged in task-switching across all TCC practitioners. However, among the TCC
practitioners, those who became better at increasing the prefrontal activations during
task-switching could significantly reduce task-switching behavioral errors after TCC
training. These findings suggested individual differences in their brain responses to
short-term practice of TCC, which may potentially provide benefits to some, although
not all, older adults to enhance the function of their prefrontal activations during
task-switching. It remains to be studied whether a longer-term of TCC training could
bring more homogenous positive effects on prefrontal activation to all TCC practitioners.
Another possible account of the small amount of prefrontal activation changes after
TCC training could be the practice-induced ceiling effects resulting from participants’
practice of 40 non-switch and 40 switch trials outside the MRI scanner in order to
ensure their fully understanding of the tasks and reaching the 70% performance
accuracy criterion before being scanned. As such, the prefrontal activation changes due
to TCC training per se may be attenuated and hence become less discernible.
Nevertheless, we suggest that even if ceiling performance is reached behaviorally for
the inside-MRI task because of the practice performance criterion, neural responses can
still reflect level of ease or difficulty to reach the ceiling response, as seen with the
correlations with the out of scanner IED performance.

We note that our finding of a non-significant trend of decreasing activation during
task-switching activation in prefrontal ROIs for the CON group is consistent with
previous studies which showed a non-significant trend for brain volume reduction of the
control group who did not receive any exercise training (Mortimer et al., 2012). These

findings suggest that normative age-related changes in brain structure and function
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might be observed in as little as 3 months, albeit not significant in our study. More
importantly, we provide evidence suggesting that TCC training not only halts but
reverses this normative trajectory of brain functional aging in target frontal brain areas
in some older adults.

While we speculate that TCC practice particularly challenges learners’
task-switching processing, and thereby improves learners’ task-switching abilities, it
remains possible that the TCC training effects on task-switching may come from the
aerobic or social interaction effects of TCC practice (Chan et al., 2017; Lan et al., 2013;
Lietal., 2001; Ma et al., 2018; Mortimer et al., 2012; Taylor-Piliae, 2008; Yeh et al.,
2016). Aerobic training studies showed that enhanced cardiorespiratory fitness after
such training was associated with improvements in cognitive function (Colcombe and
Kramer, 2003; Smith et al., 2010) and changes in brain activation (Colcombe et al.,
2004; Voelcker-Rehage et al., 2011). Participation in social activities is known to be
associated with better cognitive function or protection against cognitive decline in older
adults (Fu et al., 2018; Glei et al., 2005; Hikichi et al., 2017; Mortimer et al., 2012).
Since we found our TCC participants had improvements on the knee extensor strength,
mobility (FSST), cardiorespiratory fitness (6MWT) performance, and social interaction,
we further performed correlation analyses of TCC participants’ changes on these
physical and social interaction measures with changes in activation in the three
identified prefrontal ROIs during task-switching and changes in task-switching
behavioral measures, using age, gender, and education as the covariates. The analyses
yielded no significant relationships of task-switching abilities with physical measures
(all p> 0.05) (Table S3.3), suggesting that it is unlikely that the improvements of
task-switching behavioral performance after TCC training came from the physical

effects of TCC. However, we found a significant correlation between the change in
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social interaction and the change in the outside-fMRI error rate of switch condition (r=
-0.690; p=0.009), and between the change in the knee extensor strength and the change
in the Switch BOLD response magnitude of the left IFG; (r=0.802; p= 0.001) for the
TCC group (Table S3.3). To further examine whether changes in social interaction
influenced the relationships between changes in the outside-fMRI error rate of the
switch condition and changes in the Switch BOLD response magnitude for the three
ROls, we re-ran the partial correlation analyses using age, gender, education, and social
interaction as the covariates. The results remained the same and there were still no
significant correlations between changes in the outside-fMRI error rate of the switch

condition with changes in Switch BOLD response for these three ROIs (r=-0.324 -

0.148, p> 0.05; Figure S3.2). Similarly, to further test whether the change in the knee
extensor strength affected the relationships between changes in task-switching
performance and Switch BOLD response magnitude in the left IFGt, we controlled for
age, gender, education, and the knee extensor strength as covariates. The results also
showed no significant relationships between changes of all task-switching measures

with changes in the Switch BOLD response magnitude in the left IFG; (r=-0.081 -

0.403, p> 0.05; Figure S3.3). According to these results, it is unlikely that the newly
emerged relationships between changes in brain activation and changes in switch
performance after TCC training came from the improved social interaction or knee
extensor strength for the TCC group. Rather, it is more possible that practicing TCC
provides specific drills on cognitive processes needed for task-switching, and therefore
leads to improved task-switching performance in most practitioners and altered neural
activation in brain regions particularly engaged in task-switching in some practitioners.
However, because we only performed the 6MWT and did not measure the maximum

cardiorespiratory capacity, such as maximal VO> uptake, as reported in previous studies
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using aerobic exercises (Colcombe et al., 2004; Voelcker-Rehage et al. 2011), it remains
to be tested as to whether TCC participants’ changes in the maximum cardiorespiratory

capacity relate to their changes in brain activations after TCC practice.

Comparisons of brain mechanisms of cognitive effects between TCC and other
types of exercises

We note that there are similarities and differences in the effects of TCC training on
cognition and neural processing, compared to other forms of exercises including aerobic,
resistance, and cognitive-motor exercises. Aerobic or resistance exercises have been
shown to improve inhibition control (Colcombe et al., 2004; Liu-Ambrose et al., 2012;
Nagamatsu et al., 2012; Voelcker-Rehage et al., 2011), but not task-switching
components of executive function (Liu-Ambrose et al., 2010; Voss et al., 2013) in
cognitively intact older adults. By contrast, cognitive-motor exercises, a form of
dual-task training comprising simultaneous cognitive and motor loads (Wollesen and
\Voelcker-Rehage, 2013), show positive effects on task-switching performance
(Eggenberger et al., 2016; Nishiguchi et al., 2015), as well as greater spatial ability and
working memory capacity compared to aerobic exercise (Moreau et al., 2015). These
findings suggest that complex cognitive-motor training protocols are more effective in
enhancing cognitive functions than simple motor training alone, consistent with the
effects of TCC training in our study as well as others (Mortimer et al., 2012; Wayne et
al., 2014).

Less consistency is seen in the effects of exercise interventions on brain responses
during cognitive processing. Whereas some report aerobic or resistance exercise
intervention increased prefrontal activation during a Flanker or associative memory task

(Colcombe et al., 2004; Liu-Ambrose et al., 2012; Nagamatsu et al., 2012;
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\Voelcker-Rehage et al., 2011), others report decreased prefrontal activation during
similar tasks (Voelcker-Rehage et al., 2011; Smith et al., 2013). Decreased neural
cognitive processing after training might reflect improved neural processing efficiency,
whereas increased neural activity might reflect more specialized and enhanced cognitive
operations. Thus, both types of exercise training related changes in neural processing
can theoretically support improved cognition. However, we note that in our study,
increases in prefrontal activity correlated with better task-switching ability in the TCC
group, suggesting the latter enhancement of neural computations as the more likely
outcome of TCC training effects on task-switching processing. Since TCC training also
comprises the aerobic and resistance training components, it remains to be studied
whether TCC training also improves inhibition and memory functions, and the
associated neural mechanisms involved. Future studies directly comparing TCC training
effects against aerobic/resistance exercises across different cognitive abilities and
associated brain responses are required to evaluate the specific neural mechanisms that

underlie the cognitive benefits afforded by TCC training.

Limitations

Four limitations are noted in this present study. First, there was a relatively small
sample size and a higher dropout rate for the CON than TCC group (26.7% in CON
group v.s. 0% in TCC group) (chi square, p= 0.022). The latter was possibly due to the
lack of strong incentive to adhere to the study enrollment for the CON participants.
Nevertheless, the independent t-test on baseline demographics and behavioral
performance between the initial 15 CON participants and the remaining 10 CON
participants yielded no significant group differences (all p > 0.05). Therefore, it is

unlikely that the higher dropout rate in the CON group affected our results. Second,
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there were fewer male participants than female participants in this study, which could
decrease the generalizability of the results to the general older population. Third, there
was a lack of an active control group that performed another type of exercise during the
intervention period. Adding an active control group could help differentiate whether our
findings were due to TCC training per se from being engaged in any form of physical
exercise. Fourth, this study only assessed the training effect immediately following the
12-week TCC training. Future research may extend the current findings by adding
follow-up assessments after the end of training to explore the longer time influences and

retention effects of a 12-week TCC program.

3.5 Conclusion

This study demonstrated that 12 weeks of TCC training improved task-switching
ability and induced a positive relationship between changes in task-switching associated
prefrontal activation and improvement in task-switching performance in older adults.
These findings suggest TCC training could potentially provide benefits to some,
although not all, older adults to enhance the function of their prefrontal activations
during task-switching. Future studies involving a longer-term of training and using
examinations of brain structural and functional connectivity are possible next steps to
further understand whether a longer-term of TCC training could bring more
homogenous positive effects on brain prefrontal activation to all TCC practitioners and
the mechanisms underlying improved neural processing after TCC intervention in those

who benefit from the training.
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Table 3.1 Demographics of the TCC and CON groups at pre-intervention

TCC(n=16)  CON (n= 15) D

Age (year) 649 = 2.8 649 <+ 3.2 0.989
Age range (year) 61 - 69 60 - 69

Gender (female : male) 13 3 15 : 0

Education (year) 138 £ 24 134 £ 26 0.645
BMI (kg/m?) 225 + 2.7 223 + 3.2 0.863
MoCA (score) 283 = 15 284 = 15 0.868
GDS (score) 18 = 20 19 £ 16 0.859
PASE (score) 50.3 = 36.2 405 + 184 0.352
Frequency of social interaction 70 £ 2.0 71 £ 20 0.854

(times/week)

Data are presented as means + standard deviations. Independent t test was used for all

other group comparisons. Abbreviations: BMI, body mass index; GDS, Geriatric

Depression Scale; MoCA, Montreal Cognitive Assessment; PASE, Physical Activity

Scale for the Elderly.
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Table 3.2 Peak MNI coordinates and activation details in frontoparietal regions

identified in the disjunction map of the Switch > Non-switch contrast across

groups and time points

Brain area X y z T \Ijoie(iz
L Superior Frontal Gyrus -22 -4 58 6.48 238
R Middle Frontal Gyrus 32 18 54 7.39 54
L Inferior Frontal Gyrus pars Triangularis -50 20 26 6.72 245
L Inferior Parietal Gyrus -32 -60 46 7.92 744
R Angular Gyrus 32 -64 42 6.95 283

Whole-brain analysis with threshold set at voxel-wise p< 0.005 corrected for FWE and

a cluster size at least 10 voxels. Positive t-values indicate stronger activation in the

Switch condition than in the Non-switch condition.
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Table S3.1 Outside- and inside- fMRI Non-switch, Switch, and Switch cost performance (error and RT) of the TCC and CON groups at

pre- and post-intervention tests

TCC (N=16) CON (N=15) Group x G .
- : : - - - - - . roup Time
Pre-intervention  Post-intervention Pre-intervention Post-intervention Time
Non-switch
Outside-fMRI error (%) 6.9+6.6 28+ 27 9.3+6.2 9.7+77 0.056 0.021 0.168
Inside-fMRI error (%) 28124 18+21 23+ 15 3.1+39 0.096 0.728 0.363
Inside-fMRI RT (ms) 878.5+96.4 8775+ 125.1 897.4 £ 95.7 949.8 + 98.6 0.176 0.282 0.962
Switch
Outside-fMRI error (%) 173+ 117 7.0+8.1% 20.3+11.9 200+ 114 <0.001* 0.046 0.642
Inside-fMRI error (%) 49+3.9 3.1+38 6.6 £6.0 52+3.0 0.849 0.237 0.711
Inside-fMRI RT (ms) 1079.4 £ 119.3 1061.5+ 93.9 11479+ 122.8 1181.4+112.2 0.224 0.042 0.687
Switch cost
Outside-fMRI error (%) 105+ 9.8 4.2+8.3 11.0+8.3 10.3+£9.2 0.079 0.263 0.467
Inside-fMRI error (%) 21140 14+34 42+54 20+ 45 0.515 0.255 0.889
Inside-fMRI RT (ms) 201.0+76.5 184.0+84.3 2505+ 624 231.6+82.0 0.904 0.086 0.722

Values are means + standard deviations. Outside-fMRI error means performance during practice trials. * adjusted p< 0.017: showing a significant

difference, using RM ANCOVA and controlling for education. 'p< 0.001: post hoc analysis of repeated measures ANCOVA, showing a

significant difference from pre-intervention test data. Abbreviations: error, error rate; RT, reaction time.
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Table S3.2 BOLD response magnitude for the Switch > Non-switch contrast of the TCC and CON groups at pre- and post- intervention

TCC (N=16) CON (N=15)
Group x Time Group Time
Pre-intervention  Post-intervention Pre-intervention  Post-intervention
L SFG 3.0+28 49+39 3.2+32 19+3.1 0.017* 0.157 0.563
R MFG 48+36 56+3.6 35+30 24+30 0.081 0.048 0.876
L IFG; 7.4+52 6.2+5.0 47+4.0 3.3+31 0.764 0.096 0.742

Values are means * standard deviations. “adjusted p< 0.017: showing a significant difference using RM ANCOVA, controlling for age,

education, and gender. Abbreviations: L SFG, left superior frontal gyrus; R MFG, right middle frontal gyrus; L IFG;, left inferior frontal gyrus

pars triangularis.
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Table S3.3 Inter-relationships among changes in task-switching performance, changes in physical function and social interaction, and

changes in BOLD response magnitude in the prefrontal cortex during the Switch condition from pre-intervention to post-intervention in

the TCC group
. A Inside- .
/\ IED A IED A Outside- A Inside- A Frequency
fMRI . A BOLD A BOLD A BOLD
Completed Total fMRI Errorsy Errora, fMRI RTsw _of som_al in L SFG in R MEG in L IFG,
Stages Errors (%) %) (ms) interaction
A Knee extensor strength (kg) r=0.041 r=-0.234 r=-0.123 r=0.134 r=-0.086 r=0.110 r=0.458 r=0.314 r=0.802
p=0.895 p=0.442 p=0.689 p=0.663 p=0.781 p=0.721 p=0.116 p= 0.296 p=0.001*
A Four Square Step Test (sec) r=0.199 r=0.075 r=0.128 r=-0.093 r=-0.053 r=-0.237 r=-0.307 r=0.048 r=-0.210
p=0.514 p=0.808 p=0.676 p=0.762 p=0.863 p=0.435 p=0.308 p=0.876 p=0.492
A Six Minute Walk Test (m) r=-0.087 r=0.066 r=0.316 r=-0.346 r=-0.247 r=-0.216 r=0.213 r=-0.336 r=-0.026
p=0.778 p=0.830 p=0.292 p=0.247 p=0.415 p=0.479 p=0.485 p=0.262 p=0.933
A IED Completed Stages r=-0.162 r=0.063 r=-0.310 r=-0.309 r=0.248 r=-0.197 r=0.076 r=0.050
p=0.598 p=0.838 p=0.303 p=0.304 p=0.413 p=0.518 p=0.804 p=0.870
A IED Total Errors r=0.252 r=0.060 r=0.194 r=-0.310 r=-0.631 r=-0.551 r=-0.100
p= 0.406 p=0.846 p=0.526 p=0.303 p=0.021* p=0.051 p=0.746
A Outside-fMRI Errorsy (%) r=-0.084 r=0.165 r=-0.690 r=-0.046 r=0.014 r=0.140
p=0.785 p=0.590 p= 0.009* p=0.882 p= 0.965 p=0.648
A Inside- fMRI Errorsy (%) r=0.519 r=-0.156 r=0.062 r=10.199 r=0.059
p=0.069 p=0.610 p=0.839 p=0.514 p=0.847
A Inside- fMRI RTsy (ms) r=-0.487 r=0.105 r=-0.032 r=0.043
p=0.091 p=0.733 p=0.917 p=0.890
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A Frequency of social r=-0.262 r=0.134 r=-0.053

interaction p=0.387 p=0.662 p=0.863
ABOLD in L SFG r=0.389 r=0.224
p=0.152 p= 0.462

A BOLD in R MFG r=0.361
p=0.225

Partial correlation analyses were performed, controlling for age, gender, and education. A= post-intervention value — pre-intervention value.
Abbreviations: BOLD, blood oxygenation level dependent; Error, error rate; IED, Intra-Extra Dimensional Set Shift; L SFG, left superior frontal

gyrus; R MFG, right middle frontal gyrus; L IFG;, left inferior frontal gyrus pars triangularis; RT, reaction time; sw, Switch condition.
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Table S3.4 Inter-relationships among changes in task-switching performance, changes in physical function and social interaction, and

changes in BOLD response magnitude in the prefrontal cortex during the Switch condition from pre-intervention to post-intervention in

the CON group

A Inside-

/\ IED A IED A Outside- A Inside- A Frequency
fMRI . A BOLD A BOLD A BOLD
Completed Total fMRI Errorsy Errora, fMRI RTsw _of som_al in L SFG in R MEG in L IFG,
Stages Errors (%) %) (ms) interaction
A Knee extensor strength (kg)  r=-0.502 r=-0.413 r=-0.518 r=0.903 r=-0.112 r=0.100 r=-0.184 r=0.058 r=0.329
p=0.204 p=0.309 p=0.188 p= 0.002* p=0.792 p=0.814 p= 0.662 p=0.891 p=0.426
A Four Square Step Test (sec) r=0.594 r=0.343 r=0.040 r=-0.098 r=0.045 r=-0.363 r=-0.217 r=0.306 r=-0.501
p=0.121 p=0.406 p=0.926 p=0.818 p=0.916 p=0.377 p= 0.606 p=0.461 p=0.206
A Six Minute Walk Test (m) r=-0.048 r=0.248 r=-0.396 r=0.495 r=-0.075 r=0.495 r=0.495 r=0.200 r=0.221
p=0.911 p= 0.553 p=0.332 p=0.213 p=0.860 p=0.213 p=0.212 p=0.634 p=0.599
A IED Completed Stages r=0.782 r=0.258 r=-0.340 r=0.213 r=0.012 r=0.202 r=0.238 r=-0.043
p=0.022*  p=0.538 p=0.409 p=0.613 p=0.977 p=0.632 p=0.570 p=0.920
A IED Total Errors r=0.203 r=-0.341 r=0.076 r=-0.045 r=0.509 r=0.231 r=0.241
p=0.629 p=0.409 p=0.857 p=0.916 p=0.198 p=0.581 p=0.565
A Outside-fMRI Errorsy (%) r=-0.382 r=0.848 r=-0.423 r=0.052 r=0.138 r=-0.019
p=0.350 p= 0.008* p= 0.296 p=0.903 p=0.745 p=0.965
A Inside- fMRI Errorsw (%) r=0.119 r=-0.017 r=-0.292 r=0.150 r=0.076
p=0.778 p=0.968 p=0.483 p=0.722 p=0.858
A Inside- fTMRI RTgy (ms) r=-0.298 r=-0.032 r=0.256 r=-0.009
p=0.473 p=0.940 p=0.540 p=0.983
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A Frequency of social r=0.434 r=-0.213 r=0.107

interaction p=10.282 p=0.612 p=0.801
ABOLD in L SFG r=0.496 r=0.694
p=0.211 p= 0.056

A BOLD inR MFG r=0.564
p=0.145

Partial correlation analyses were performed, controlling for age, gender, and education. A= post-intervention value — pre-intervention value.
Abbreviations: BOLD, blood oxygenation level dependent; Error, error rate; IED, Intra-Extra Dimensional Set Shift; L SFG, left superior frontal

gyrus; R MFG, right middle frontal gyrus; L IFGy, left inferior frontal gyrus pars triangularis; RT, reaction time; sw, Switch condition.
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Figure 3.1 Consort chart of the randomized controlled trial
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Physical size block
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Figure 3.2 The hybrid block/event-related task-switching fMRI paradigm. Each trial lasted 2 seconds and the inter-trial interval (ITI)
varied among 2, 4, and 6 seconds. Cue: color-cued instructions, with green indicating physical size rule and red indicating numerical

magnitude rule.
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Figure 3.3 Intra-Extra Dimensional Set Shift (IED) performance and outside-fMRI

and inside-fMRI Non-switch, Switch, and Switch cost performances of the TCC

and CON groups at the pre- and post-intervention tests.

Values are means * standard errors. There were no significant group differences at

pre-intervention tests using independent t test. We set p= 0.05 for the IED variables,

and adjusted p-value= 0.017 for testing group X time interaction, group, and time effects
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on outside-fMRI and inside-fMRI Non-switch, Switch, and Switch cost performances
using RM ANCOVA. *significantly different from pre-intervention in post-hoc analysis.
cost= value in Switch condition — value in Non-switch condition; Abbreviations: Error,

error rate; ns, Non-switch condition; sw, Switch condition.
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Figure 3.4 Physical function performance and frequency of social interaction of the
TCC and CON groups at the pre- and post-intervention tests.

Values are means + standard errors. We set adjusted p-value= 0.0125 for testing group

x time interaction, group, and time effects on four physical variables (knee extensor
strength, Four Square Step Test, One-Legged Stance Test, Six-Minute Walk Test), and
set p-value= 0.05 for testing group x time interaction, group, and time effects on
frequency of social interaction using RM ANCOVA. *significantly different from
pre-intervention in post-hoc analysis. There were no significant group differences at

pre-intervention tests, using independent t test.
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Figure 3.5 (A) Disjunction map of the Switch > Non-switch contrast across groups
and time points (voxel-wise p< 0.005 with FWE correction). The locations of the
functional ROIs in the prefrontal regions are indicated using green colored circles.
(B) Mean and standard errors of BOLD response magnitude in these three
functional ROIs for Switch > Non-switch contrast for the TCC and CON groups at
the pre- and post-intervention scans. For the left SFG, the group x time interaction
effect was significant (p=0.017) with the TCC group showing a marginal increase
(p=0.069) in BOLD response magnitude in Switch > Non-Switch contrast after

training in contrast to a non-significant change in the CON group. (C) Partial
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correlation plots showing that the changes of BOLD response magnitude during
the Switch condition in the left SFG and right MFG ROls significantly (p= 0.021)
and marginally (p=0.051) correlated with the changes of the number of total
errors of the IED test from pre- to post-intervention tests for the TCC group,
respectively, after controlling for age, gender, and education.

ABOLD= post-intervention BOLD value — pre-intervention BOLD value; AIED total
errors= post-intervention number of IED total errors — pre-intervention number of IED
errors. Abbreviations: BOLD, blood oxygenation level dependent; IED, Intra-Extra
Dimensional Set Shift; L SFG, left superior frontal gyrus; R MFG, right middle frontal
gyrus; L IFG, left inferior frontal gyrus pars triangularis. “Significant correlation

between AIED total errors and ABOLD, p < 0.05.
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Figure S3.1 Brain activation of Switch > Non-switch contrast at pre- and
post-intervention in the TCC and CON groups. Whole-brain analysis with
threshold set at p< 0.005 (FWE corrected), k> 10 voxels.

Abbreviations: TCC, Tai Chi Chuan group; CON, control group; pre, pre-intervention;

post, post-intervention.
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Figure S3.2 Partial correlation plots showing that no significant relationships
between the changes of the outside fMRI error during the switch condition with
Switch BOLD response in the three prefrontal ROIs, controlling for age, gender,
education, and social interaction.

ABOLD= post-intervention BOLD value — pre-intervention BOLD value; AQOutside
fMRI-Errorsw= post-intervention outside fMRI error rate — pre-intervention outside
fMRI error rate. Abbreviations: BOLD, blood oxygenation level dependent; sw, switch
condition; L SFG, left superior frontal gyrus; R MFG, right middle frontal gyrus; L IFG;,

left inferior frontal gyrus pars triangularis.
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Figure S3.3 Partial correlation plots showing that no significant relationships

between the changes of BOLD response magnitude during the Switch condition in

the L IFGt ROIs with the changes of the number of total errors of the IED test, the

changes of inside fMRI-RT, the changes of inside fMRI error rate, and the changes

in outside fMRI-error during the Switch condition from pre- to post-intervention

tests for the TCC group, controlling for age, gender, education, and knee extensor

strength.

A= post-intervention value — pre-intervention value. Abbreviations: IED, Intra-Extra

Dimensional Set Shift; RT, reaction time; Error, error rate; sw, switch condition; BOLD,

blood oxygenation level dependent; L IFGy, left inferior frontal gyrus pars triangularis.

111

doi:10.6342/NTU201900503



CHAPTER 4

Integrity of Fiber Tracts in the
Prefronto-striatal-thalamo-prefrontal Loop Predicts
Task-switching Improvement after Tai Chi Chuan Training

in Middle-aged and Older Adults
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English Abstract

Background: Tai Chi Chuan (TCC) training is known to improve task-switching ability.
This randomized controlled trial tested whether TCC training improves the integrity of
task-switching specific brain white matter (WM) tracts and whether the baseline
integrity of these WM tracts predicts task-switching improvement after TCC training.
Methods: Thirty-eight middle-aged and older adults were randomly assigned into a
TCC group (n = 19) and a control group (n = 19). Task-switching and physical
performances, and brain diffusion spectrum MR images, were collected and compared
before and after training. Relationships between baseline integrity, indexed as general
fractional anisotropy (GFA), of specific WM tract groups and task-switching
improvement after training were also analyzed. Results: After training, the TCC group,
but not the control group, showed significant task-switching and physical improvements
(p < 0.025). Among the TCC participants, those who had better baseline GFAs of WM
tracts of the whole brain (r = -0.747, p = 0.001), prefronto-striatal-thalamo-prefrontal
loop (r =-0.800, p < 0.001), and prefronto-parietal/occipital (r = -0.782, p < 0.001) fiber
group showed greater reductions of task-switching errors after training. Multiple
regression analysis revealed that baseline GFA of the tracts in the prefronto-striatal-
thalamo-prefrontal loop was the primary independent predictor of reductions of
task-switching errors after training (8 = -0.875, p < 0.001). Conclusions: This is the
first study to illustrate that the baseline integrity of prefrontal-basal ganglia circuits
strongly influences TCC training benefits on task-switching, highlighting the
importance of preserving WM integrity in the aging population to optimize the training

effects on cognition.

Key words: Executive function, Mind-body exercise intervention, Diffusion spectrum

imaging, White matter, Randomized controlled trial
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4.1 Introduction

Age-related declines in task-switching performance

Task-switching is a critical ability that allows a person to shift between cognitive
tasks or mental sets (Monsell, 2003). Task-switching experimental paradigms typically
consist of non-switch blocks, in which one simple task rule (e.g., AAAAAA) is
implemented repeatedly across trials, and a switch block, in which two simple task rules
(e.g., BABBAB) are randomly implemented (Kray and Lindenberger, 2000; Monsell et
al., 2003; Reimers and Maylor, 2005). Aging studies have revealed that older adults
show declines in task-switching abilities as manifested by a longer reaction time (RT) or
a greater error rate in the switch blocks, or a greater switch cost (i.e., greater reduction
of performance from non-switch to switch blocks), compared to young adults (Gold et

al., 2010; Kray and Lindenberger, 2000; Reimers and Maylor, 2005).

Relationships between integrity of specific white matter tracts and task-switching
performance in middle-aged and older adults

Diffusion tensor imaging (DTI) studies have shown that task-switching
performance in middle-aged and older adults is associated with the integrity of their
white matter (WM) tracts in the frontoparietal regions (Gold et al., 2010; Jolly et al.,
2017; Madden et al., 2009). The DTI technology allows for in vivo measurement of
water molecule diffusion in the WM to reflect WM microstructure properties such as
fiber orientation and density, axonal diameter, degree of myelination, and membrane
integrity. The four DTI parameters commonly used to represent WM integrity are mean
diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD), and fractional
anisotropy (FA) (Beaulieu, 2014). The MD represents the overall water diffusion, but it

lacks information about diffusion directionality. The AD and RD indicate the diffusivity
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of water molecules parallel and orthogonal to the fiber tract direction, respectively.
Reduced AD and increased RD values are associated with axonal injury and myelin
degeneration, respectively (Beaulieu, 2014; Concha et al., 2006; Song et al., 2003). The
FA value, derived from the combination of the AD and RD values, indicates the degree
of water diffusion anisotropy in the WM and ranges from zero (meaning fully isotropic)
to one (meaning fully anisotropic). Hence, a higher FA value represents better WM
integrity and could be due to higher AD, smaller RD, or both (Beaulieu, 2014;
Johansen-Berg and Rushworth, 2009; Le Bihan, 2003). Previous DTI studies have
shown that older adults with greater FA values of the left superior longitudinal
fasciculus (SLF) and splenium-parietal callosal fibers (CFs), and of the genu-center
region of the corpus callosum, present better task-switching performance, regardless of
whether age is controlled as a confounding factor or not (Gold et al., 2010; Madden et
al., 2009). Moreover, Jolly et al. (2017) also found that middle-aged and older adults
who had lower RD values of the left SLF, inferior longitudinal fasciculus (ILF), or
inferior fronto-occipital fasciculus (IFOF) performed better in task-switching after age
was taken into consideration. These findings suggested that association fibers
connecting the prefrontal and parietal regions and commissural fibers connecting
bi-hemispheric prefrontal and parietal regions may be relevant to task-switching
processing for the aging population.

In addition, the prefronto-striatal-thalamo-prefrontal loop is also implicated in
task-switching performance. This loop originates in the dorsolateral prefrontal cortex
(DLPFC) and projects to the caudate nucleus, then to the internal segment of the globus
pallidus and the rostral substantia nigra pars reticulata, and finally to the ventral anterior
and mediodorsal nuclei of the thalamus before returning to the DLPFC (Wichmann and

Delong, 2006; Wichmann and Delong, 2013). DTI research has shown that better
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integrity of the WM tracts connecting the prefrontal and striatum regions are associated
with better task-switching performance in various populations, including youths with
and without attention deficit hyperactivity disorder (Chiang et al., 2016; Shang et al.,
2013;), patients with traumatic injury (Leunissen et al., 2014), and older adults
(Serbruyns et al., 2016; Ystad et al., 2011). In particular, using magnetization transfer
imaging, Serbruyns et al. (2016) found that compared to young adults, older adults had
decreased magnetization transfer ratios (MTR) of the superior corona radiata fibers
projecting from the prefrontal regions to the internal capsule surrounding the striatum
(Jellison et al., 2004; Mori et al., 2008; Wakana et al., 2004), and this decreased MTR,
indicating poorer myelin integrity, significantly contributed to age-related increases in
task-switching cost in RT by 27% in variance. Using a combination of DTI and
resting-state functional magnetic resonance imaging (fMRI), Ystad et al. (2011) found
that older adults with lower FA values of prefrontal-striatal fibers connecting the dorsal
attention network and the putamen showed poorer executive function, primarily
measured with the Stroop tests. Further support of the prefronto-striatal involvement in
task-switching can be found in research that shows that patients with Parkinson’s
disease, known to have deficits in the dopaminergic fronto-striatal pathways, present
task-switching deficits (Cools et al., 2001) and that medication that ehnances the
dopaminergic function of these patients reduces task-switching deficits (Aarts et al.,
2014).

Together, current literature suggests that brain association fibers connecting the
prefrontal and parietal/occipital regions, commissural fibers connecting bi-hemispheric
prefrontal and parietal/occipital regions, and projection fibers of the prefrontal-basal

ganglia loop are all relevant to task-switching processing.
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Effects of Tai Chi Chuan (TCC) Training on task-switching related brain
functions

Much evidence has provided strong support that Tai Chi Chuan (TCC) exercise has
beneficial effects on task-switching ability for older adults (Mortimer et al., 2012;
Nguyen and Kruse, 2012; Wayne et al., 2014; Wu et al., 2018). In a resting-state fMRI
study, Tao et al. (2017) found that after a 12-week TCC exercise program, older adults
exhibited increases in the fractional amplitude of low frequency fluctuations in the
DLPFC during rest and showed memory improvements. Also using 12 weeks of TCC
training, Wu et al. (2018) found that older adults who presented greater prefrontal
activation increases during task-switching after training also showed greater
task-switching improvements. However, little is known regarding whether TCC training
would change task-switching associated WM tracts.

Studies involving motor or cognitive training intervention have shown positive
training effects on WM integrity in both young and older adults (Engvig et al., 2012;
Hofstetter et al., 2013; Scholz et al., 2009; Svatkova et al., 2015). Specifically, motor
training intervention alters specific WM integrity in the frontal, parietal, and temporal
regions (Scholz et al., 2009; Svatkova et al., 2015; Voss et al., 2013). In young adults, a
6-week intensive juggling training intervention increased WM integrity of the
intraparietal sulcus (Scholz et al., 2009), and a 6-month training intervention combining
aerobic and resistance exercises increased WM integrity in the frontoparietal regions,
including the SLF, ILF, IFOF, anterior thalamic radiation (ATR), and the body and
splenium of the corpus callosum (Svatkova et al., 2015). In older adults, not all
participants could significantly increase WM integrity after one year of aerobic training,
but it was found that those who showed greater increases in WM integrity of the

prefrontal and temporal regions gained better aerobic fitness improvements after
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training (Moss et al., 2013). Moreover, one cognitive training study also showed that
baseline WM tract integrity of ATR, CF, and IFOF was predictive of cognitive
improvements after training for older adults (de Lange et al., 2016). Therefore, in this
study, it was of interest to know whether TCC training could alter WM integrity and
whether baseline WM integrity could be predictive of task-switching improvement after

TCC training in older adults.

Aims and hypotheses

In this study, we aimed to study whether a 12-week TCC exercise training
intervention could induce changes in the integrity of the whole brain and three specific
fiber groups of WM tracts that are implicated in processing task-switching—the
prefronto-parietal/occipital fiber group, the CF group connecting bi-hemispheric
prefrontal and parietal cortices, and the prefronto-striatal-thalamo-prefrontal loop fiber
group. We also investigated whether the baseline integrity of the whole brain WM tracts
and these three fiber groups was predictive of task-switching improvement after TCC
training in middle-aged and older adults. We used diffusion spectrum imaging (DSI) to
study tract integrity because DSI could better resolve tracking difficulties of crossing
fibers compared to DTI (Wedeen et al., 2008). We hypothesized that in the middle-aged
and older adults, WM integrity of the whole brain and the three fiber groups would not
significantly increase after the short-term TCC training; however, those who had higher
WM integrity at baseline would show better task-switching improvements after TCC

intervention.
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4.2 Methods

Data in the present study were extracted from a registered assessor-blind and
stratified randomized controlled trial (RCT) (ClinicalTrials.gov ID: NCT02270320)
which enrolled 65 participants who met the inclusion criteria of aged between 50 and 85
years old, years of education > 6 years, Mandarin as the native language,
right-handedness (Oldfield, 1971) and right-footedness (Elias et al., 1998). Participants
were excluded if they scored < 26 on the Montreal Cognitive Assessment Taiwan
version (MoCA) (Tsai et al., 2012), scored > 0 on Clinical Dementia Rating (Hughes et
al., 1982), scored > 8 on the Geriatric Depression Scale 15-item short-form (GDS-15)
(Nyunt et al., 2009), had any disability in Instrumental Activities of Daily Living
(Lawton and Brody, 1969), had any neurological or psychiatric diseases, had severe
cardiovascular diseases or musculoskeletal disorders, had any contraindications to MRI,
were engaged in moderate-intensity exercises regularly (> 30 mins/session x 3
sessions/week) in the 6 months prior to enrollment, and had any TCC exercise
experiences. We also used the Physical Activity Scale for the Elderly (PASE) (Washburn
et al., 1993) to quantify participants’ physical activity levels at baseline and weekly
during the intervention period. All participants provided signed informed consent
approved by the Research Ethics Committee of the National Taiwan University Hospital
(No. 20121216RIND) and were stratified by age and then randomly assigned to the
TCC or control (CON) group.

To reduce potential confounding effects from age heterogeneity on outcomes of
interest, we adopted an approach similar to that used in a previous fMRI publication
based on the same RCT dataset (Wu et al., 2018) and used data from 38 participants

only, aged between 55 and 69 years old, in the present study. There were 19 in the TCC
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group and 19 in the CON group (Figure 4.1). All participants underwent a 12-week
intervention period, as well as behavioral tests of cognitive task-switching ability and
physical functions, plus DSI scans, at baseline and post-intervention. At the end of the
12-week intervention, all TCC participants remained enrolled, but four CON
participants dropped out the study because of fracture (n = 1) and refusal to complete
post-tests (n = 3). All behavioral and imaging data were analyzed using the

intention-to-treat analyses in this study.

TCC exercise intervention and CON intervention

The TCC participants undertook a 12-week TCC exercise program consisting of
three one-hour sessions of weekly training for a total of 36 sessions, conducted in a
group format. The TCC program, taught by a certified and experienced TCC coach, was
the 24-form Yang style TCC (Liang and Wu, 1996). Details of the TCC program
protocol were previously described in Wu et al. (2018). The CON participants did not
change their lifestyles and received one telephone consultation every other week during

the corresponding 12 weeks.

Task-switching and physical function tests

The Intra/Extra-dimensional set shift (IED) test of the Cambridge
Neuropsychological Test Automated Battery (CANTAB, Cambridge Cognition Ltd.,
Bottisham, Cambridge, UK) was used to test participants’ task-switching ability. The
IED test is a validated computerized analog of the Wisconsin Card Sorting test (Kim et
al., 2014) and has been widely used (Chamberlain et al., 2011; Chiang et al., 2016; Gau
and Shang, 2010; Stefanova et al., 2014). Briefly, there are 9 stages of trials of

increasing complexity in the IED test. Participants have to maintain attention on the
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same untold relevant stimulus dimension (“shape” or “line”) of visual patterns shown
on the screen across trials in the intra-dimensional set-shift stages, and to shift attention
to previously irrelevant stimulus dimensions of visual patterns across trials in the
extra-dimensional set-shift stage (Luciana and Nelson, 1998). The transition from
intra-dimensional to extra-dimensional set-shifting stages is not made known to the
participants. More details about the IED test can be found in Wu et al. (2018). We chose
to use the number of total errors (IEDerors) of all answered trials to indicate participant’s
task-switching ability, with a smaller IEDerors indicating better task-switching ability.

Regarding physical functions, we tested participants’ muscle strength of bilateral
knee extensors using a handheld dynamometer (Lafayette Instrument Co., Lafayette,
Indiana, USA) (Wang et al., 2002) and balance ability with the eyes-open one-legged
stance test (OLST) (Bohannon et al., 1984). Their mobility and agility were tested with
the Four Square Step Test (FSST) (Dite and Temple, 2002), and cardiorespiratory

endurance was tested with the Six-Minute Walk Test (6MWT) (Brooks et al., 2003).

Imaging data acquisition

Image data were collected on a 3-Tesla Trio MRI scanner with a 32-channel
phased-array head coil (Siemens Healthcare, Erlangen, Germany) at the National
Taiwan University Hospital. Two types of brain structural images were acquired for
each participant: T1-weighted images and DSI. The T1-weighted images, mainly for
subsequent registration of DSI in standard stereotactic space, were acquired using a 3D
Magnetization-Prepared Rapid Acquisition Gradient Echo (MPRAGE) sequence with
repetition time (TR)/echo time (TE) = 2000 ms/2.98 ms, flip angle = 9°, field of view
(FOV) =192 x 256 mm?, coronal slice number = 208, and voxel size =1 x 1 x 1 mm?,

The DSI was acquired using a single-shot spin-echo echo planar imaging sequence with
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a twice-refocused balanced echo (Reese et al., 2003), with TR/TE = 9600/130 ms, flip
angle = 90°, FOV = 200 x 200 mm?, matrix size = 80 x 80, slice number = 56, and slice
thickness = 2.5 mm. The acquisition scheme of DSI consisted of 102 diffusion-weighted
image volumes (101 diffusion gradient vectors + 1 null image), corresponding to the
grid points in a half sphere of the g-space with the maximum diffusion b-values (bmax)
equal to 4000 sec/mm? (Kuo et al., 2008). The total time for MPRAGE and DSI

acquisition was approximately 20 minutes.

DSI reconstruction

Before reconstructing the DSI, we first assessed the image quality of the entire
dataset by using a quality assurance pipeline (Chen et al., 2015), which included the
procedures of estimating the signal-to-noise ratio and motion-induced signal dropout in
diffusion-weighted images, and the degree of alignment between T1-weighted images
and spatial maps of DSI-derived diffusion indices. All images in the present study
passed the criteria of quality assurance. The qualified DSI data were transformed to
obtain the probability density function (PDF) based on the Fourier relationship between
the PDF and g-space signal (Callaghan et al., 1991). Within each voxel, there were 102
samples at the grid points within a half sphere of the g-space. These 102 samples were
first projected around the origin to fill the other half sphere based on the fact that the
g-space data were symmetric around the origin. The eight corners outside of the sphere
were filled with zeros, resulting ina 7 x 7 x 7 data grid in the g-space. A Hanning filter
of 17 units in width was applied to the g-space data, followed by a 3D Fourier transform
of the g-space signal to obtain the PDF. The orientation distribution function (ODF, y(u))
was computed by obtaining the second moment of the PDF along each of the 362 radial

directions (6-fold tessellated icosahedron). At each voxel, generalized fractional

123

doi:10.6342/NTU201900503



anisotropy (GFA) was quantified in terms of SD(y)/RMS(vy), where SD was the
standard deviation and RMS was the root mean square. The value of GFA indicates the
directionality of the ODF and ranges from zero (when the diffusion is completely
isotropic) to one (when the diffusion is restricted to only one direction) (Tuch, 2004)
and has served as the index of white matter integrity in previous DSI studies (Fritzsche

et al., 2010; Gorczewski et al., 2009).

Tract-specific sampling of GFA values

The tract-based automatic analysis (TBAA) was used to reconstruct 76 WM tracts
of the whole brain in each participant, including 32 projection tracts, 26 association
tracts, and 18 commissural tracts (Chen et al., 2015). The procedures of TBAA were
described in detail previously (Chen et al., 2015). In brief, the T1-weighted images and
DSI datasets from the study subjects served as the input of TBAA. These data were
registered to form a study-specific template (SST), and the SST was further registered to
a standard DSI template NTU-DSI-122 (Chen et al., 2015; Hsu et al., 2015). The
registration was achieved through a two-step process, which included anatomical
information provided by the T1-weighted images (Ashburner and Friston, 2011) and
microstructural information provided by DSI datasets (Hsu et al., 2012). Once the
registration was completed, the transformation between NTU-DSI-122 and individual
DSI was established. The coordinates of WM tracts built in the DSI template were
transformed from the template to individual DSI datasets, and GFA values were
sampled along the coordinates of each WM tract automatically.

Afterwards, we analyzed the integrity of whole brain tracts and four groups of WM
tracts reconstructed with the TBAA procedure (Figure 4.2 and Table 4.1). The first

group was the prefronto-parietal/occipital (association) fiber group, which consisted of
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eight prefronto-parietal/occipital tracts—the bilateral SLF I, SLF Il, SLF IHl, and IFOF
tracts (Chen et al., 2015). The SLF I connects the superior frontal gyrus with the
precuneus, the SLF 11 connects the pars triangularis of the inferior frontal gyrus with the
middle occipital gyrus, and the SLF 111 connects the pars opercularis of the inferior
frontal gyrus with the angular gyrus. The IFOF connects the orbitofrontal gyrus with the
occipital lobe. The second group was the CF (commissural) group, which included five
callosal CFs—namely, those connecting the bi-hemispheric orbitofrontal gyri (CForg),
dorsolateral prefrontal cortices (CFpLrrc), ventrolateral prefrontal cortices (CFvLprc),
superior parietal lobules (CFspL), and inferior parietal lobules (CFipL). The third group
was the prefronto-striatal-thalamo-prefrontal loop (projection) fiber group, which
included four prefronto-striatal tracts, i.e., the bilateral DLPFC-striatum (FSpLprc) and
VLPFC-striatum (FSvLprc) tracts, and four thalamo-prefrontal tracts, i.e., the bilateral
thalamus-DLPFC (TRpcprc) and thalamus-VLPFC (TRvieec) tracts. In addition, we also
analyzed the integrity of the thalamic radiation auditory fiber group (TRauditory),
consisting of fibers connecting the Heschl’s gyri with the thalamus in bilateral
hemispheres. We chose this fourth WM fiber group to serve as the reference group
because this group was expected to be irrelevant to performing the IED test, in which
visual stimuli were used. We hypothesized that unlike the above-mentioned three
task-switching relevant fiber groups, the baseline integrity of this reference fiber group
would not influence training effects on task-switching ability tested with the IED. Such
differential relationships with training effects between task-switching relevant and
irrelevant fiber groups would be important to validate the specificity of the neural
correlate of the IED test.

For the integrity of whole brain WM tract, we calculated the average GFA value

across GFA values of the 76 TBAA-reconstructed WM tracts. For each of the four group
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fiber tracts, we calculated the average GFA value across all the WM tracts in each group
to indicate the overall WM integrity of the group. Hence, to represent the overall WM
integrity of whole brain tracts and four fiber groups, we derived five average GFA
values: the prefronto-parietal/occipital, callosal, prefronto-striatal-thalamo-prefrontal,
and auditory fiber groups, respectively, for both pre- and post-intervention DSI data of

each group of participants.

Statistical analyses

First, the baseline group difference in gender distribution was analyzed by
chi-square analysis, and differences in age, education, body mass index, general
cognitive function (MoCA), depression status (GDS-15), physical activity level (PASE),
task-switching ability (IEDerors), physical function tests, and five GFA values were
analyzed using independent t test, all with the significance level set at p < 0.05. Then we
applied the mixed-model repeated measures analysis of covariance (RM ANCOVA) to
investigate group, time, and group x time effects on task-switching and physical
performances and GFA values, with group as the between-subject factor and time as the
within-subject factor. For the RM ANCOVA on task-switching performance, age,
education, and gender served as the covariates because these variables are all known to
influence task-switching ability (Perry et al., 2017; Reimers and Maylor, 2005). For the
RM ANCOVA on physical performances, age and gender served as the covariates
because these two factors affect physical functions (Bongard et al., 2007; Sugimoto et
al., 2014). The significance level of the RM ANCOVA test on task-switching
performance was set at p < 0.05. However, because of the multiple comparisons and
significant correlations among three of the four physical function measures (Table 4.2),

and among the five GFA values (Table 4.3), after controlling for age and gender, we
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adjusted the significance levels to p < 0.0125 (= 0.05/4), and p < 0.01 (= 0.05/5) for the
RM ANCOVA tests on physical performances and GFA values, respectively. Bonferroni
corrections were performed in post hoc analyses.

The relationships of the whole brain tracts, prefronto-parietal/occipital, callosal,
prefronto-striatal-thalamo-prefrontal loop, and auditory fiber groups with the changes (=
post — pre) of task-switching performance after the 12-week intervention were analyzed
by using five separate partial correlation analyses, controlling for age, education, and
gender for the TCC group. Because of the multiple comparisons, the significance level
was set at p < 0.01 (= 0.05/5) for these partial correlation analyses. Next, to identify the
most important baseline tract integrity that could best predict task-switching
improvement after TCC training, we further conducted a multiple linear regression
analysis using the stepwise method and included the integrity of fiber groups that
showed significance in the partial correlation analyses as the potential predictors,
controlling for age, education, and gender. The significance level was set at p < 0.05 for
regression analyses. All statistical analyses were performed using SPSS Statistics for

Windows, version 18.0 (SPSS Inc., Chicago, Ill., USA).
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4.3 Results

Behavioral improvements and changes in WM integrity

There were no baseline group differences in age, gender, education, body mass
index, MoCA, GDS-15, PASE, IEDerors, knee extensor strength, OLST, or 6BMWT (all p
> 0.05) (Tables 4.4 and 4.5). The only baseline difference was observed for the FSST,
with the TCC group showing poorer FSST performance than the CON group (p =
0.018). Therefore, we also controlled for the baseline FSST performance for subsequent
RM ANCOVA on this variable.

There were significant group x time interaction effects for IEDerors (F(1, 33) = 7.36,
p = 0.010), knee extensor strength (F(1, 34) = 14.37, p = 0.001), FSST (F(1, 33) = 16.25,
p <0.001), and 6BMWT performances (F(1, 34) = 11.65, p = 0.002) (Table 4.5). The post
hoc analyses revealed that the TCC group significantly reduced the IEDerrors (t(18) =
2.60, p = 0.018), increased knee extensor strength (t(18) = -5.79, p < 0.001), and
improved FSST (t(18) = 7.25, p < 0.001) and 6MWT (t(18) = -4.26, p < 0.001)
performances from the pre- to post-test, but the CON group did not. Moreover, at the
post-test, the TCC group showed greater knee extensor strength than the CON group
(t(36) = 2.97, p = 0.005). There were no significant group x time interaction effects on
the OLST, the GFA values for whole brain tracts, GFA values for all four WM fiber

groups (Tables 4.5 and 4.6), or GFA values for individual WM tracts (Table 4.7).

Relationships between baseline WM integrity and task-switching improvement
The results of partial correlation analyses revealed that in the TCC group, higher
baseline GFA values of the whole brain tracts (r = -0.747, p = 0.001),

prefronto-parietal/occipital (r =-0.782, p < 0.001), and
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prefronto-striatal-thalamo-prefrontal loop (r = -0.800, p < 0.001) fiber groups correlated
with greater reductions of the IEDerors (Figure 4.2). There were no significant
correlations of baseline GFA values of the callosal fiber group and of the auditory fiber
groups with the changes of IEDerrors (r =-0.416, p = 0.109 and r =-0.243, p = 0.363),
respectively.

Therefore, in the multiple regression model, we entered three covariates (age,
gender, and education) first, followed by baseline GFA values of the whole brain tracts,
prefronto-parietal/occipital, and prefronto-striatal-thalamo-prefrontal loop fiber groups
as the potential predictors for the reduction of the IEDerrors. The results of the stepwise
multiple regression analyses showed that among the three GFA values, only the baseline
GFA value of the prefronto-striatal-thalamo-prefrontal loop fiber group was a significant
independent predictor of the change in IEDerrors (8 = -0.875, p < 0.001), and that
together with age (5 = -0.731, p = 0.001), gender (5 = -0.594, p = 0.002), and education
(6 =-0.463, p = 0.01), the final model accounted for 72.2% of the variance in change in
IEDerrors, With the baseline GFA value of the prefronto-striatal-thalamo-prefrontal loop
fiber group alone accounting for 49.5% of the variance (Model 2 in Table 4.8). This
model suggested that TCC participants with younger age, female gender, higher
education, and higher baseline GFA values of the prefronto-striatal-thalamo-prefrontal
loop fiber group showed greater reduction of task-switching errors after the 12-week

TCC training.
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4.4 Discussion

To our knowledge, this is the first RCT study that investigated whether brain WM
integrity changes after a short-term TCC training program, and whether baseline WM
tract integrity could predict the extent of cognitive task-switching improvement after the
training in middle-aged and older adults. Our findings indicated that the TCC group
showed significant task-switching and physical function improvements after training,
but the integrity of their whole brain WM tracts, as well as of the three task-switching
relevant fiber groups—the prefronto-parietal/occipital, callosal, and
prefronto-striatal-thalamo-prefrontal loop fiber groups—remained unchanged. Notably,
among the participants in the TCC group, those who had better baseline WM integrity
of the whole brain tracts, the prefronto-parietal/occipital, and the
prefronto-striatal-thalamo-prefrontal loop fiber groups showed better task-switching
improvement after the TCC intervention. Furthermore, the regression analysis showed
that the baseline integrity of the prefronto-striatal-thalamo-prefrontal loop fiber group
was the most important independent predictor of the task-switching improvement. Our
study highlights the importance of preserving the WM health of the prefrontal-basal
ganglia circuits to gain the best benefits of TCC training effects on cognitive

task-switching in the aging population.

Task-switching and physical improvements after TCC training

In concordance with previous studies using short-term TCC training for 10 to 12
weeks (Matthews and Williams, 2008; Tao et al., 2017; Tao et al., 2016; Wu et al., 2018),
our results also showed that middle-aged and older adults improved task-switching and

physical performances after 12 weeks of Yang Style TCC training. In most of these
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previous studies, the TCC effects on task-switching ability were measured with the Trail
Making Test-part B (Matthews and Williams, 2008; Mortimer et al., 2012; Nguyen and
Kruse, 2012; Wayne et al., 2014), which required both task-switching and working
memory processing (Sanchez-Cubillo et al., 2009). To specifically examine TCC effects
on task-switching processing alone, we used the IED test of the CANTAB, a reliable
and valid clinical instrument for cognitive flexibility (Robbins et al., 1998). The
significant reductions of IEDerrors in our TCC participants provided direct, strong
support that 12 weeks of TCC training was sufficient to improve cognitive flexibility in
community-dwelling sedentary middle-aged and older adults. We speculated that this
cognitive flexibility effect of TCC might come from the nature of TCC practice, which
emphasizes mind-body integration, concentration, and repeated switching between
sequential forms. These practices may enhance the prefrontal activations necessarily for
performing task-switching and hence lead to improvements in task-switching behaviors.
Indeed, previous fMRI studies showed that, after 12 weeks of TCC training, older adults
were able to increase prefrontal-hippocampal functional connectivity at rest (Tao et al.,
2016), and also that those who could increase the prefrontal activation during
task-switching to a greater extent showed better task-switching improvement after
training (Wu et al., 2018).

Our findings of improved physical functions of the TCC group are also consistent
with those of previous studies showing that TCC training improves knee extensor
strength, mobility, and cardiorespiratory endurance (Li et al., 2001; Taylor-Piliae, 2008;
Taylor-Piliae et al., 2010). However, inconsistent with previous studies, we did not find
a significant improvement on balance in the TCC group. We speculated that this might
be due to the fact that most of the TCC participants reached the highest 30-second score

on the eyes-opened OLST at pre- (78.9%) and post-tests (100.0%), suggesting this test
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may not be sensitive enough to detect changes in balance ability in this group.

Baseline WM integrity of the prefronto-striatal-thalamo-prefrontal loop fiber
group was most predictive of task-switching improvement after TCC intervention
Our most important novel finding was that when the baseline integrity of the whole
brain WM tracts and three task-switching relevant WM fiber groups, as well as age,
gender, and education, were all taken into consideration together, the baseline integrity
of fiber tracts in the prefronto-striatal-thalamo-prefrontal loop appeared to be the only
independent baseline WM tract predictor of task-switching improvement after TCC
training. It is also worth noting that the predictive power of the integrity of this loop
alone even surpassed that of age, gender, and education in combination. This finding
pinpoints the strong influence of the integrity status of this loop on the gain of
task-switching ability after training. This model predicted that with the same amount
and intensity of TCC training, middle-aged and older individuals with poorer structural
integrity of the prefronto-striatal-thalamo-prefrontal pathway would not benefit from the
training effects on task-switching performance as much as those with better structural
integrity of this pathway. Most previous diffusion imaging and fMRI studies supported
the importance of the prefronto-striatal-thalamo-prefrontal circuit on task-switching
performance (Cools et al., 2004; Coxon et al., 2010; Serbruyns et al., 2016; van
Schouwenburg et al., 2015; Ystad et al., 2011). Our finding is the first one implying the
predictive role of the integrity of this circuit on gain in cognitive function after training.
The prefronto-striatal pathway is relevant to task-switching due to its roles in action
programming, inhibitory control, and decision making (Aron and Poldrack, 2006;
Neubert et al., 2010; Ratcliff and Frank, 2012). Aron and Poldrack (2006) conducted a

Stop-signal fMRI task and found that the prefronto-striatal pathway was relevant to
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response inhibitory control. Using neurocomputational and diffusion models, Ratcliff
and Frank (2012) found that the cortico-subcortical pathway connecting the prefrontal
and basal ganglia/subthalamic nucleus was involved in decision-making processes to
modulate conflicts. Both inhibitory control and decision making are cognitive processes
required while performing task-switching. Indeed, evidence from fMRI studies revealed
that young adults showed concurrent activation in the prefrontal cortex and basal
ganglia (caudate, putamen, and pallidum) during task-switching (Coxon et al., 2010;
van Schouwenburg et al., 2015), suggesting that the prefrontal-striatal network was
relevant to task-switching.

More evidence that supports the importance of the integrity of the
prefrontal-striatal-thalamo-prefrontal network in task-switching can be found in studies
on older adults and on patients with Parkinson’s disease. Zhu et al. (2015) found that
older adults with poorer WM integrity of the corona radiata for the prefronto-striatal and
parietal-insula connections presented greater prefrontal activation for task-switching,
suggesting that poorer integrity of these WM tracts may induce compensatory prefrontal
activations during task-switching. Moreover, striatal dopamine function was found to be
involved in the regulation of task-switching performance (Klanker et al., 2013), and
patients with Parkinson’s disease showed task-switching deficits related to dopamine
depletion in prefronto-striatal pathways (Cools et al., 2001).

Another possible explanation for the influence of the baseline integrity of the
prefronto-striatal-thalamo-prefrontal pathways on task-switching improvement after
TCC is related to its role in motor sequence learning, one type of implicit learning
(Dennis and Cabeza, 2011). Motor training studies have shown that prefronto-striatal
circuits are implicated in motor sequence learning (Dennis and Cabeza, 2011) and that

baseline higher WM integrity of specific prefronto-striatal tracts is associated with
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better motor learning ability in both young and older adults (r = 0.55-0.82) (Bennett et
al., 2011; Song et al., 2012). In the present study, all participants were novices with
regard to TCC exercise. They had to learn each TCC posture and form accurately and be
able to perform a series of 24 TCC forms fluently in 12 weeks. We speculated that the
TCC participants who had higher baseline prefronto-striatal-thalamo-prefrontal loop
WM integrity might have been able to better learn the entire 24 sequential forms of
Yang-Style TCC and hence become better at transferring the motor form-switching to

cognitive task-switching. However, this speculation needs to be further tested.

Baseline WM integrity of the prefronto-parietal/occipital fiber group was
associated with task-switching improvement after TCC intervention

We also found that the baseline WM integrity of the prefronto-parietal/occipital
fiber group was related to task-switching improvement after TCC training and that a
greater baseline GFA value of the prefronto-parietal/occipital fiber group tracts was
associated with greater reductions of IEDerors. The prefronto-parietal/occipital fiber
group included bilateral SLF I, SLF I1, SLF 111, and IFOF fiber tracts. Previous DTI
studies have shown that the white matter microstructure of the SLF and IFOF was
related to task-switching performance in middle-aged and older adults (Gold et al., 2010;
Jolly et al., 2017; Madden et al., 2009), and that that of the SLF was also related to
motor information processing (Braddick et al., 2017; Rodriguez-Herreros et al., 2015),
visuo-spatial attention (Bennett et al., 2012; Chechlacz et al., 2015; Mayer and Vuong,
2014), and working memory (Rizio and Diaz, 2016). Furthermore, the IFOF is known to
be involved in semantic processing (Bookheimer, 2002; de Zubicaray et al., 2011), and
the parietal cortex is particularly involved in integrating perception, recognition, and

action (Seghier, 2013). We speculated that as TCC beginners, our TCC participants
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would have to pay close attention to their own postures and movements, as well as to
those of the coach, and to integrate the constantly changing visuo-spatial information, in
order to carry out the 24 TCC forms in a coordinated and sequential manner with
smooth transitions between forms. Better WM integrity of the
prefronto-parietal/occipital fiber group may have helped these participants to have
deeper prefrontal, parietal, and occipital engagement during the TCC practices, which in
turn may subsequently have also helped with the task-switching ability because it
requires similar brain regions for processing visuo-spatial attention, selection, inhibition,
and working memory. However, because of the high correlation (r = 0.801, p < 0.001)
between the baseline integrity of this fiber group and that of the
prefrontal-striatal-thalamo-prefrontal loop, the integrity of this fiber group was not an
independent predictor of the task-switching improvement according to our regression
analysis model.

Contrary to our hypothesis, we found that the baseline WM integrity of the
prefrontal/parietal CFs was not related to task-switching improvement after TCC
training. Madden et al. (2009) showed positive relationships of WM integrity of the
genu of the corpus callosum and right splenium-parietal CFs with task-switching
performance in older adults. We speculated that the differences in calculating the
integrity of the entire prefrontal/parietal CF tracts, as shown in our study, versus
calculating the integrity of various segments of the corpus callosum, as shown in
Madden et al. (2009), might have contributed to the discrepancy in research findings.
Therefore, we further analyzed the relationships of the WM integrity of five individual
CFs (CFore, CFpLprc, CFvLprc, CFspL, and CFipL) with task-switching improvement.
Using parcellations of callosal fibers could help us clarify which fronto-parietal regions

connecting with the corpus callosum influenced TCC-induced task-switching
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improvement. The results showed that higher baseline WM integrity of only the
CFpLprc Was associated with greater reductions of the IEDerrors in the TCC group (r =
-0.544, p = 0.030), controlling for age, gender, and education (Table 4.9). The DLPFC
plays a crucial role in attention maintenance and selection of task-relevant information
during task-switching (Banich et al., 2000; MacDonald et al., 2000) and is one of the
primary parts of the prefrontal regions to which callosal fibers passing the genu connect
(Hofer and Frahm, 2006). Therefore, it is reasonable that the baseline integrity of the
CFoLprrc is more important for task-switching improvement after TCC training,
compared with other CFs.

It is worth noting that although the baseline WM integrity of whole brain tracts was
also positively associated with task-switching improvement after the TCC training, this
integrity value did not turn out to be the most important integrity predictor of
task-switching improvement after TCC training. This finding supports the specificity of
neural correlates related to task-switching and TCC training. de Lange et al. (2016)
reported similar findings and concepts about the specificity of neural correlates related
to cognitive training on memory function. Using DTI, de Lange et al. (2016) found that
the WM integrity of the anterior corpus callosum, thalamic radiation, and IFOF tracts,
but not that of other brain regions, predicted memory improvement after memory
training in older adults. Further support for this specific concept came from our finding
about the auditory fiber group, the baseline integrity of which was not related to
task-switching improvement. Therefore, our findings suggested that the TCC-induced
task-switching improvement were influenced by the baseline integrity of WM tracts

relevant to task-switching, but not by that of WM tracts irrelevant to task-switching.
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No significant increases in WM integrity after TCC intervention

Our results showed no significant changes in the WM integrity of whole brain
tracts or all investigated fiber groups after the 12-week TCC intervention. The changes
in GFA values after training were small, ranging from -0.032 to 0.025. We speculated
that the short-term motor training might have been insufficiently long to change the
WM integrity. In a short-term motor learning study, Kwon et al. (2012) found that 10
days of intensive motor training in young adults induced behavioral improvement and
cortical activation changes on a serial RT task, but no changes in WM integrity.
Previous studies suggested that a long-term 40-week TCC training program could alter
cortical structures by increasing brain volume (Mortimer et al., 2012), whereas a
short-term 12-week TCC program might only induce brain functional changes and
behavioral improvement associated with task-switching (Tao et al., 2016; Wu et al.,
2018). Similarly, Voss and colleagues (2013) found that not all older adults showed
increased FA values of the prefrontal, parietal, temporal, and occipital regions after one
year of walking exercise training. Together with our findings, one may conclude that
training-induced changes in WM integrity may be difficult to observe after a short-term

exercise program due to insufficient exercise intensity and large individual differences.

Limitations
The primary limitations of this study were the relatively small sample size and the
use of short-term intervention, which may lead to difficulty in observing changes in

WM integrity after training. Future research using a longer term of training is needed.
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4.5 Conclusion

The results of this study demonstrated that TCC training-induced task-switching
improvement can be primarily attributed to baseline WM integrity of the fiber tracts of
the prefronto-striatal-thalamo-prefrontal loop. Better integrity of these fiber tracts may
help with the TCC skills, and better TCC skills may in turn help with cognitive
task-switching. Findings of this study also provided strong support for the importance of

WM health in predicting cognitive gains after exercise training in the aging population.
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Table 4.1 Names and related ROIs of the four white matter fiber groups

Name

Connected ROls

Connected ROIls

Prefronto-parietal/occipital fiber group

1.

N o g bk~ N

8.

L SLFI L superior frontal gyrus

R SLFI R superior frontal gyrus

L SLFII L inferior frontal gyrus pars triangularis
R SLFII R inferior frontal gyrus pars triangularis
L SLFIII L inferior frontal gyrus pars opercularis
R SLFIII R inferior frontal gyrus pars opercularis
L IFOF L orbitofrontal gyrus

R IFOF R orbitofrontal gyrus

Callosal fiber group

1.
2.

3.

4.
S.

CForc L orbitofrontal gyrus
. N i
CFoLpec L medial frontal gyrus + superior frontal
gyrus
L inferior frontal gyrus + middle frontal
CFvLprc QYT
CFspL L superior parietal lobules
CFipL L inferior parietal lobules

Prefronto-striatal-thalamo-prefrontal loop fiber group

1.
2.

L FSpLprc L striatum
R FSpLpec R striatum

L precuneus

R precuneus

L middle occipital gyrus
R middle occipital gyrus
L angular gyrus

R angular gyrus

L occipital lobe

R occipital lobe

R orbitofrontal gyrus

R medial frontal gyrus + superior frontal gyrus

R inferior frontal gyrus + middle frontal gyrus

R superior parietal lobules
R inferior parietal lobules

L medial frontal gyrus + superior frontal gyrus
R medial frontal gyrus + superior frontal gyrus
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3. L FSviprc L striatum L inferior frontal gyrus + middle frontal gyrus

4, R FSviprc R striatum R inferior frontal gyrus + middle frontal gyrus

5. L TRoLprc L thalamus L medial frontal gyrus + superior frontal gyrus + SMA

6. R TRoLprc R thalamus R medial frontal gyrus + superior frontal gyrus + SMA

7 L TRuLprc L thalamus ]Ic_roﬁtrglltg;:agtal gyrus + middle frontal gyrus + inferior

8. R TRuLprc R thalamus 15;0 r?t?lltgo;rrsgtal gyrus + middle frontal gyrus + inferior
Reference fiber group: Auditory fiber group

1. L TRauditory L thalamus L Heschl’s gyrus

2. R TRauditory R thalamus R Heschl’s gyrus

The table is adapted from Chen et al. (2015). Abbreviations: CF, callosal fibers; CST, corticospinal tract; DLPFC, dorsolateral prefrontal cortex;

FS, frontal-striatum; IFOF, inferior fronto-occipital fasciculus; IPL, inferior parietal lobules; L, left; OFG, orbitofrontal gyru; R, right; ROls,

regions of interest; SLF, superior longitudinal fasciculus; SPL, superior parietal lobules; SMA, supplementary motor area; TR, thalamic radiation;

VLPFC, ventrolateral prefrontal cortex.

140

d0i:10.6342/NTU201900503



Table 4.2 Correlations among four physical function measures

Knee strength (kg) One-legged stance test Four Square Step Test Six-Minute Walk Test (m)
(sec) (sec)
r=0.097 r =-0.459 r=0.510
Knee strength (kg) 1 N N
p=0.575 p = 0.005 p =0.001
r =0.006 r=0.186
One-legged stance test (sec) 1
p=0.973 p=0.277
r =-0.460
Four Square Step Test (sec 1
q p (sec) 0 = 0,005
Six-Minute Walk Test (m) 1

Results from partial correlation analyses, controlling for age and gender. “p < 0.05: significant correlation.
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Table 4.3 Correlations among five GFA values of whole brain tracts, and the prefronto-parietal/occipital, callosal,

prefronto-striatal-thalamo-prefrontal loop, and auditory fiber groups

GFA

value of GFA value of the GFA value GFA value of the GF7 Yalyg
. - of the . of the
the whole prefronto-parietal/occipital prefronto-striatal-thalamo-prefrontal .
brai . callosal . auditory
rain fiber group fiber group loop fiber group fiber group
tracts
: r=0.878 r=0.780 r =0.906 r=0.617
GFA value of the whole brain tracts 1 0 <0.001" 0<0.001" 0<0.001" 0 <0.001"
griéoﬁlol{;:rfi;?aﬁ/occipital fiber 1 r= 0'510* r= 0'801* r= 0'542*
p =0.001 p <0.001 p =0.001
group
GFA value of the callosal fiber 1 r=0.693 r=0.371
group p <0.001" p=0.026"
GFA value of the [ = 0544
prefronto-striatal-thalamo-prefrontal 1 PPN
. p =0.001
loop fiber group
GFA value of the auditory fiber 1

group

Results from partial correlation analyses, controlling for age and gender. “p < 0.05: significant correlation. Abbreviations: GFA, generalized

fractional anisotropy.
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Table 4.4 Demographics of the TCC and CON groups at baseline

TCC (n=19) CON (n=19) Differences between two groups

mean (SD) mean (SD) [95% CI] Cjyadee

Age (year) 63.6 (4.0) 63.2 (4.4) [-2.4 -3.1] 0.801
Age range (year) 55-69 55-69

Gender (female : male) 15:4 18:1 0.150
Education (year) 13.6 (2.2) 13.4 (2.4) [-(1.3-1.7] 0.781
Body mass index (kg/m?) 22.6 (2.5) 22.8 (3.3) [-2.1-1.7] 0.849
MoCA (score) 28.3 (1.4) 28.5(1.4) [-1.1-0.8] 0.734
GDS-15 (score) 1.5(1.9) 1.7 (1.5) [-1.4-0.9] 0.640
PASE (score) 54.6 (43.5) 58.4 (52.9) [-35.7 — 28.1] 0.810

Abbreviations: ClI, confidence interval; CON, control group; GDS-15, Geriatric Depression Scale 15-item Short-form; MoCA, Montreal

Cognitive Assessment; PASE, Physical Activity Scale for the Elderly; SD, standard deviation; TCC, Tai Chi Chuan group.
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Table 4.5 Behavioral performances of the TCC and CON groups at pre- and post-tests

TCC group CON group P-value Differences
Pre-test Post-test  Differences Pre-test Post-test  Differences G between two
L L roup '
mean mean within group mean mean within group % Time Time  Group groups
(SD) (SD) [95% CI] (SD) (SD) [95% CI] [95% Cl]
Task-switching functions
27.1 19.27 25.1 27.2 B
IEDerrors (13.2) (10.5) [1.5-14.3] (15.7) (14.3) [-7.7 - 3.5] 0.010 0.099 0.325 [-9.9-3.4]
Physical functions
22.8 31.9¢ 23.1 24.98 o
Knee strength (kg) (5.8) (9.5) [-12.4 - -5.8] (@.1) (3.9) [-3.3--0.3] 0.001 0.115 0.241 [-1.3-4.9]
28.1 30.0 27.2 27.7
OLST (sec) (4.0) (0.0) [-3.9-0.03] (6.2) (6.0) [-1.6 — 0.6] 0.205 0.633 0.276 [-1.4 - 4.6]
10.4 8.4+% 9.1 9.0 - B
FSST (sec) (1.6) (1.7) [1.4-25] (1.4) (1.3) [-0.3-0.5] <0.001 0.148 <0.001 [-1.0--0.3]
6MWT (m) 4rad - SI82% ey gppp 4921 4902105 1711 0002% 0355 0747 [-39.4- 285]

(75.0)  (66.4) 49.7)  (51.7)

Abbreviations: 6MWT, Six-Minute Walk Test; CI, confidence interval; CON, control group; FSST, Four Square Step Test; IEDerrors, total errors
of Intra/Extra-dimensional set shift test; OLST, one-legged stance test; SD, standard deviation; TCC, Tai Chi Chuan group. “p < 0.05: significant
group x time interaction effect on task-switching performance; ~p < 0.0125: significant group x time interaction or group main effects on

physical performances; fp < 0.025: significantly different from the pre-test score with Bonferroni adjustments on task-switching performance;

144

d0i:10.6342/NTU201900503



p < 0.006: significantly different from the pre-test score with Bonferroni adjustments on physical performances; 5p < 0.006: a significant

difference between groups at the post-test with Bonferroni adjustments.
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Table 4.6 White matter integrity (GFA values) of the five groups of white matter tracts of the TCC and CON groups at pre- and

post-tests
TCC group CON group P-value Differences
Pre-test Post-test Differences Pre-test  Post-test Differences Grou between two
mean mean within group mean mean within group « Timpe Time Group groups
(SD) (SD) [95% Cl] (SD) (SD) [95% CI] [95% Cl]
. 0.492 0.492 0.484 0.484
Whole brain tracts (0.013)  (0.013) [-0.003 — 0.003] (0.017) (0.018) [-0.003 — 0.002] 0.654 0.687 0.102 [-0.002-0.016]
Prefronto-parietal/
L 0.498 0.496 0.486 0.484
g?g:ﬁ;tal fiber (0.023)  (0.022) [-0.002 — 0.005] (0.022) (0.023) [-0.002 — 0.005] 0.997 0.413 0.108 [-0.003 —0.024]
Callosal fiber 0.513 0.514 0.502 0.503
group (0.022)  (0.023) [-0.007 — 0.004] (0.027) (0.029) [-0.004 - 0.003] 0.878 0.749 0.144 [-0.004 - 0.025]
Prefronto-striatal-
0.476 0.477 0.459 0.459 *
thalarr_]o-prefrontal (0.022)  (0.022) [-0.006 — 0.005] (0.030) (0.028) [-0.003 — 0.004] 0.868 0.904 0.016° [0.004 —0.031]
loop fiber group
Auditory fiber 0.361 0.362 0.366 0.365
group (0.013)  (0.015) [-0.006 — 0.003] (0.017) (0.019) [-0.003 — 0.003] 0.626 0.341 0.245 [-0.016 —0.004]

Abbreviations: ClI, confidence interval; CON, control group; GFA, generalized fractional anisotropy; SD, standard deviation; TCC, Tai Chi

Chuan group. No significant findings were found.
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Table 4.7 GFA values of the 23 individual white matter tracts of the TCC and CON groups at pre- and post-tests

TCC (N=19) CON (N=19) P-value
Pre-test Post-test Pre-test Post-test Gro_up Time Group
x Time
Prefronto-parietal/occipital fiber group
LSLFI 0.530+0.029  0.529 + 0.034 0.512 + 0.028 0.514 £ 0.027 0.459 0.499 0.076
R SLF 1 0.551+£0.033  0.550 + 0.038 0.526 + 0.038 0.523 £ 0.047 0.539 0.123 0.032"
LSLFII 0.491+0.031  0.489 £ 0.031 0.482 + 0.026 0.477 + 0.027 0.364 0.790 0.312
R SLFII 0.485+0.029  0.485 0.027 0.476 + 0.028 0.473 + 0.029 0.456 0.846 0.330
L SLF III 0.516 £ 0.035  0.514 +0.033 0.504 £+ 0.028 0.499 £ 0.029 0.398 0.984 0.223
R SLF III 0.446 +0.033  0.441 +0.032 0.435+ 0.030 0.436 £ 0.030 0.255 0.501 0.624
L IFOF 0.496 + 0.023  0.497 £ 0.021 0.493 + 0.023 0.493 + 0.023 0.748 0.679 0.635
R IFOF 0.466 + 0.022  0.467 £ 0.020 0.459 + 0.023 0.458 + 0.024 0.494 0.903 0.309
Callosal fiber group
CForc 0.458 + 0.043  0.463 £ 0.041 0.440 + 0.035 0.444 + 0.042 0.687 0.216 0.179
CFoLrrc 0.503+0.027  0.505 £ 0.030 0.481 + 0.035 0.484 + 0.034 0.810 0.583 0.013"
CFvLprc 0.491+0.032  0.490 £ 0.030 0.485 + 0.039 0.482 + 0.040 0.867 0.855 0.608
CFspL 0.545+0.025 0.548 + 0.023 0.547 £ 0.033 0.549 £ 0.030 0.980 0.348 0.936
CFipL 0.567 £0.023  0.564 + 0.026 0.559 + 0.023 0.555 + 0.029 0.676 0.982 0.202
Prefronto-striatal-thalamo-prefrontal loop fiber group
L FSpLprc 0.509+0.030  0.508 £ 0.028 0.487 + 0.036 0.486 + 0.038 0.940 0.387 0.017"
R FSpLprc 0.514+0.028 0.512+0.031 0.499 + 0.041 0.494 + 0.042 0.853 0.144 0.113
L FSviprc 0.393+0.033  0.393+0.029 0.371 £ 0.039 0.371 £ 0.034 0.902 0.355 0.019"
R FSviprc 0.380+0.026  0.386 £ 0.033 0.353 + 0.036 0.355 + 0.039 0.423 0.886 0.006"
L TRovrrc 0.551+0.020  0.550 £+ 0.020 0.538 + 0.032 0.539 + 0.031 0.480 0.654 0.098
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R TRobLrrc
L TRvLprrc
R TRvLprrc

Auditory fiber group

L TRauditory
R TRauditory

0.548 + 0.022
0.458 + 0.024
0.457 + 0.027

0.359 £ 0.013
0.362 + 0.018

0.547 + 0.021
0.460 + 0.023
0.459 + 0.023

0.361 + 0.015
0.364 + 0.018

0.539 + 0.029
0.443 + 0.027
0.440 + 0.024

0.366 + 0.019
0.365 + 0.021

0.536 + 0.031
0.447 + 0.022
0.442 + 0.024

0.368 + 0.021
0.363 + 0.020

0.657
0.390
0.598

0.707
0.318

0.649
0.317
0.431

1.000
0.206

0.209
0.046"
0.029"

0.114
0.598

Values are means + standard deviations. GFA values of white matter tracts were analyzed by a RM ANCOVA with age, gender, and education as

covariates. Abbreviations: CF, callosal fibers; CON, control group; DLPFC, dorsolateral prefrontal cortex; FS, frontal-striatal fiber group; GFA,

generalized fractional anisotropy; IFOF, inferior fronto-occipital fasciculus; IPL, inferior parietal lobules; L, left; OFG, orbitofrontal gyrus; R,

right; SD, standard deviation; SLF, superior longitudinal fasciculus; SPL, superior parietal lobules; TCC, Tai Chi Chuan group; TR, thalamic

radiation; VLPFC, ventrolateral prefrontal cortex.

“p < 0.05.
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Table 4.8 Stepwise multiple linear regression analyses showing the predictors of the reduction of IEDerrors in the TCC group after

training
Unstandardized coefficients Standardized coefficients
Standard R? R? change F P-value
B anda Beta P-value
error
Model 1 0.227 0.227 1.471 0.262
(Constant) 85.777 57.775 0.158
Age -0.773 0.748 -0.237 0.318
Gender -14.615 7.624 -0.463 0.074
Education -1.349 1.421 -0.229 0.358
Model 2 0.722 0.495 9.087 0.001
(Constant) 467.187 84.431 < 0.001"
Age -2.389 0.566 -0.731 0.001"
Gender -18.728 4.805 -0.594 0.002"
Education -2.732 0.925 -0.463 0.010°
GFAgr of the
prefronto-striatal-thalamo- -530.193 106.244 -0.875 < 0.001"
prefrontal loop fiber group
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Age, gender, and education were entered as covariates in Models 1 and 2. The GFApre values of the whole brain tracts,
prefronto-parietal/occipital fiber group, and prefronto-striatal-thalamo-prefrontal loop fiber group were originally entered into the Model 2, but
only the GFAre of prefronto-striatal-thalamo-prefrontal loop fiber group remained in the model. Abbreviations: GFApre, generalized fractional

anisotropy at baseline; 1EDerors, the number of total errors of the Intra/Extra-dimensional set shift test; TCC, Tai Chi Chuan group. “p < 0.05.
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Table 4.9 Correlations between the five baseline GFA values of parcellated callosal fibers with the changes in total errors on the

Intra/Extra-dimensional set shift test

GFA value of GFA value of GFA value of CFviprc GFA value of CFsp.  GFA value of CFipt
CForc CFoLprc
AIED r=-0.393 r=-0.544 r=0.025 r=-0.252 r=-0.409
e p=0.132 p=0.030" p=0.926 p=0.347 p=0.116

Results from partial correlation analyses, controlling for age, gender, and education. Abbreviations: A = post-pre; CF, callosal fibers; DLPFC,
dorsolateral prefrontal cortex; GFA, generalized fractional anisotropy; IEDerors, total errors of Intra/Extra-dimensional set shift test; IPL, inferior
parietal lobules; OFG, orbitofrontal gyrus; SPL, superior parietal lobules; VLPFC, ventrolateral prefrontal cortex. “p < 0.05: significant

correlation.
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Screening Not :andomized (n=173) :
(n=211) n=19 age out of range
n=1 left handedness

n=5 MoCA<26
l—. n=5 depression
n=30 psychiatric and neurological illness

n=24 cardiac disease and uncontrolled hypertension

Included subjects n=12 musculoskeletal disorders
(n=38) n=13 could not scan
n=43 regular exercise or Tai Chi Chuan experience
n=13 refusals
n=6 other medical condition (eye disease, asthma, dizziness)
n=2 brain disorders (brain tumor, subarachnoid cyst)
Randomization
) v
TCC group (n=19) CON group (n=19)
pre-intervention (n=19) pre-intervention (n=19)
12-week intervention (n=19) 12-week original lifestyle (n=19)
Yang style 24-form TCC training telephone consultation every other
x 3 times/week for 12 weeks week for 12 weeks
drop-out (n=4)
n=1 bone fracture
* T n=3 refusal to post-tests
post-intervention (n=19) post-intervention (n=15)
v Y
Analysis Analysis
with intention-to-treat (n=19) with intention-to-treat (n=19)

Figure 4.1 Consort chart of the randomized controlled trial
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Figure 4.2 (A) Reconstruction of the whole brain tracts and the prefronto-parietal/occipital, callosal, prefronto-striatal-thalamo-
prefrontal, and auditory fiber groups using the TBAA procedure. (B) Partial correlation plots of the GFA values of the whole brain
tracts, prefronto-parietal/occipital, callosal, prefronto-striatal-thalamo-prefrontal, and auditory fiber groups with the changes of the
number of total errors of the IED test from pre- to post-intervention tests for the TCC group. (C) Partial correlation plots of these five

GFA values with the changes of the number of total errors of the IED test from pre- to post-intervention tests for the CON group.

Abbreviations: A= post — pre; CON, control group; GFA, generalized fractional anisotropy; IED, Intra-Extra Dimensional Set Shift; TCC, Tai

Chi Chuan group. * P < 0.01: significant correlations.
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CHAPTER 5

GENERAL DISCUSSION AND CONCLUSIONS

Task-switching is an important executive function in daily life and shows
significant age-related declines. TCC exercise training has been shown to improve
task-switching ability in older adults. The goals of this dissertation were to investigate
the functional neural mechanisms of task-switching across young, middle-aged, and
older adults in order to understand changes in these mechanisms across the lifespan, and
to investigate how TCC exercise intervention might affect the structural and functional
neural mechanisms associated with task-switching in cognitively intact aging
populations. The intent was to further understand the underlying neural mechanisms
affected by TCC exercise training and to identify the contributions of brain functional
activation and white matter integrity to task-switching improvement after TCC training

in middle-aged and older adults.

Age differences in task-switching performance and associated brain functional
activation

In Study One, the findings indicated that the middle-aged adults preserved the
ability to perform non-switch and switch tasks as accurately as young adults, but more
slowly, whereas the older adults performed more poorly than young adults on accuracy
and speed in both non-switch and switch tasks. These findings showed that
task-switching declines at midlife were mainly manifested by slower speed, not poorer
accuracy, suggesting that middle-aged adults may use the speed-accuracy tradeoff
strategy to deal with task-switching demands (Starns and Ratcliff, 2010).

Regarding age differences in brain activations during the non-switch and switch
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tasks, it was found that compared to young adults, older and middle-aged adult groups
additionally recruited the right prefrontoparietal regions predominantly during
non-switch and switch conditions, respectively. During the non-switch condition, older
adults showed such overactivation over the right SFG and IFG,, whereas during the
switch condition, middle-age adults showed such overactivation over the right IFGo,
IPL, and AG. These additional increases in right prefrontal activation, together with the
commonly recruited left frontal activation across the three age groups, resulted in a
decreased lateralization of brain activation during task-switching in the middle-aged and
older adults, a phenomenon supporting the HAROLD model of neural mechanisms
associated with cognitive aging (Cabeza, 2002). Therefore, our findings suggest that
unlike older adults, who exhibited the HAROLD phenomenon during easy non-switch
tasks, the middle-aged exhibited it only during difficult switching tasks. However,
results of relationship analyses showed that the right prefrontoparietal recruitments were
not associated with non-switch and switch performances in either middle-aged or older
adults. It suggests that right prefrontoparietal overactivation is not effective in
compensating for their declines in task-switching behaviors (Zhu et al., 2015).

Another age difference in brain activations during the non-switch and switch tasks
was that although all three groups were able to increase brain activations from the
non-switch to switch tasks, only in the middle-aged did we find relationships between
the amount of brain activation and behavioral performance. Among middle-age adults,
those who recruited less functional activation in the left MFG and IFG; during the
non-switch condition had better non-switch performance; conversely, those who
recruited greater functional activation in the left MFG and IFG, during the switch
condition had better switch performance. Furthermore, from the non-switch to switch

conditions, middle-aged adults who increased functional activation in the left MFG to a
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greater extent had better switch performance. In brief, these findings shed light on
individual differences in functional activation at midlife and suggest that middle-aged
individuals who are better at adapting neural functional activation in the relevant left
prefrontal regions according to low and high levels of task-switching demands could
perform better on task-switching. Past research on middle-aged and older adults showed
that those who had lower gray matter volume had poorer task-switching performance
(Adolfsdottir et al., 2014). Thus, we found that individual differences in the functional
activation—behavioral performance relationship during task-switching in middle-aged
adults may be affected by structural differences in their brains. This speculation needs to
be further tested in future studies.

In Study One, the importance of left prefrontal activation during task-switching
was noted. It was interesting to determine whether TCC exercise training, well known
to have positive effects on improving task-switching ability in older adults, would alter
their ability of modulating left prefrontal activation during task-switching. This question
was further answered in Study Two. The results of Study Two indeed support that TCC
training enhances the function of the left prefrontal activation during task-switching in

some individuals who receive the exercise training.

TCC exercise training-induced task-switching improvements were associated with
increases in prefrontal activation during task-switching

As expected, the 12-week TCC exercise training intervention had effects on
improving task-switching performance, which was consistent with previous studies
(Mortimer et al., 2012; Nguyen and Kruse, 2012; Wayne et al., 2014). In addition, the
results of Study Two also showed that the TCC group marginally increased functional

activation in the bilateral dorsolateral prefrontal cortex (DLPFC) regions after a
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12-week intervention, compared to the control group. With regard to brain functions on
behavioral controls, the left DLPFC is known to be involved in task-switching and
working memory processing (du Boisgueheneuc et al., 2006; MacDonald et al., 2000),
and the right DLPFC is related to inhibitory control of ignoring irrelevant information
(Brass et al., 2001; Buchsbaum et al., 2005). Specifically, the TCC participants who
showed greater increases of functional activation in bilateral DLPFC, especially in the
left SFG, during task-switching gained better task-switching improvement on the IED
test. Previous rs-fMRI studies have shown that TCC-related training has benefits on
enhancing functional connectivity between the prefrontal and temporal regions with
improvements of memory function, category fluency, and task-switching ability for
older adults (Li et al., 2014; Tao et al., 2016). Study Two of this dissertation provided
direct evidence in support of the effects of TCC exercise training on enhancing
prefrontal activation with improvement of task-switching ability for older adults, using
task-fMRI. During TCC exercise training, the participants were required to maintain
attention for shifting through a series of movements, memorize actions, and coordinate
body postures. Indeed, practicing TCC exercise helps older adults improve multiple
cognitive abilities, including task-switching, attention, working memory, memory, and
learning (Tao et al., 2016; Taylor-Piliae et al., 2010; Wayne et al., 2014; Zheng et al.,
2015). According to the findings of Study Two, TCC exercise training-induced
task-switching improvement was positively associated with individual abilities to
modulate prefrontal activation during task-switching. Furthermore, it was intriguing to
know whether, in addition to causing changes in brain functional activation, TCC
exercise training would enhance the WM integrity of whole brain tracts and specific
task-switching related WM tracts, or whether the individual WM integrities of these

tracts at baseline would influence the TCC effects on task-switching ability. Therefore,

158

doi:10.6342/NTU201900503



Study Three was designed to investigate these research questions.

White matter integrity at baseline was predictive of task-switching improvement
after TCC exercise intervention

In Study Three, the findings showed that the cognitively intact middle-aged and
older adults who had higher baseline WM integrity of the whole brain tracts and specific
prefronto-parietal/occipital and prefronto-striatal-thalamo-prefrontal loop fiber groups
showed greater task-switching improvement on the IED test after the 12-week TCC
intervention. These improvements suggest that an individual’s baseline WM integrity
level can influence TCC training-induced cognitive effects. de Lange and colleagues
(2016) also found the influences of baseline WM integrity on training effects on
cognitive function. They showed that higher baseline WM integrity of the anterior
corpus callosum, left anterior thalamic radiation, and right inferior fronto-occipital
fasciculus was associated with better memory improvements after 10 weeks of memory
training. To our knowledge, Study Three was the first RCT to demonstrate that the WM
integrity of whole brain tracts and specific WM tracts was predictive of TCC exercise
training-induced task-switching effects. In addition, the contributions of the WM
integrity of the prefronto-parietal/occipital and prefronto-striatal-thalamo-prefrontal
loop fiber groups to TCC training-induced task-switching effects were further revealed.
The results showed that the WM integrity of the prefronto-striatal-thalamo-prefrontal
loop fiber group was the major independent WM integrity contributor to task-switching
improvement after the TCC training. The prefronto-striatal-thalamo-prefrontal loop WM
tracts connect the prefrontal regions with the striatum and thalamus (Alexander et al.,
1986) and play a critical role in adapting cognitive and motor behavioral performance

(Bennett et al., 2011; Seghete et al., 2013; Serbruyns et al., 2016; Song et al., 2012;
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Ystad et al., 2011). Previous studies revealed that in both young and older adults, higher
WM integrity of the specific prefronto-striatal-thalamo-prefrontal loop WM tracts was
associated with better task-switching performance (Seghete et al., 2013; Serbruyns et al.,
2016; Ystad et al., 2011) and better motor learning ability (Bennett et al., 2011; Song et
al., 2012). Thus, it was also speculated that TCC participants who had higher baseline
WM integrity of the prefronto-striatal-thalamo-prefrontal loop fiber group might also
have higher motor learning ability to learn a series of TCC movements more accurately
and fluently and thus gain greater TCC effects on task-switching. However, this
speculation needs to be explored in the future.

The contributions of the increased prefrontal activation and the baseline WM
integrity of prefronto-parietal/occipital and prefronto-striatal-thalamo-prefrontal loop
fiber groups to TCC training-induced task-switching improvements were found in Study
Two and Study Three, respectively. It was interesting to know whether the observed
relationships between the baseline WM integrity and the task-switching improvements
could be better accounted for (i.e., mediated) by the changes in functional activation.
Following the criterion of mediation analysis (Baron and Kenny, 1986), all three
variables should be correlated with each other before being entered into a mediation
model. Using the same participants in Study Three (n = 38; the TCC group, n = 19; the
control group, n = 19), the results of partial correlation analyses revealed that in the
TCC group, greater functional activation in the left MFG was associated with greater
reductions of the number of errors on the IED test (r = -0.533, p = 0.034; Figure 5.1A &
B) after controlling for age, gender, and years of education, and that higher baseline
GFA values of the prefronto-parietal/occipital (r = -0.782, p < 0.001) and
prefronto-striatal-thalamo-prefrontal loop fiber groups (r =-0.792, p < 0.001) were

correlated with greater reductions of the number of errors on the IED test. However,
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these GFA values of the prefronto-parietal/occipital (r = 0.314, p = 0.236; Figure 5.1A)
and prefronto-striatal-thalamo-prefrontal loop fiber groups (r = 0.390, p = 0.136; Figure
5.1B) were not correlated with the changes in functional activation in the left middle
frontal gyrus. Therefore, the criteria of doing mediation analysis were not met. It was
speculated that perhaps due to our relatively small sample size, the statistical power for

running mediation analysis to answer this question was not sufficient.

Implications for clinical intervention

There are three major implications that can be drawn from the three studies in this
dissertation. First, for middle-aged adults to be able to modulate functional activations
in the left prefrontal regions efficiently during task-switching, early intervention
emphasizing various task difficulty levels is suggested for middle-aged adults to
improve their cognitive flexibility. Second, TCC exercises could be offered to
middle-aged and older adults not only to improve their task-switching ability but also to
enhance their prefrontal activity modulation during task-switching. Third, the WM
integrity of the prefronto-parietal/occipital and prefronto-striatal-thalamo-striatal WM
tracts is crucial in influencing TCC training-induced task-switching behavioral
improvement. Therefore, maintenance of the structural integrity of WM is crucial in
middle-aged and older adults. Overall, the results of this dissertation provide insights
into the neural mechanisms of task-switching across the lifespan and the neural
mechanisms of task-switching improvement after TCC training in middle-aged and

older adults.
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(A) Prefronto-parietal/occipital fiber group

ABOLD in
L MFG
r=0.314 r=-0.533
p=0.236 FNEREEs
GFA value T /\IEDgrors
p< 0.001*

(B) Prefronto-striatal-thalamo-prefrontal loop fiber group

ABOLD in
L MFG
r=0.390 r=-0.533
GFA value = -0.792 AlEDerrors
p< 0.001*

Figure 5.1 Relationship of baseline WM integrity of the prefronto-parietal/

occipital, prefronto-striatal-thalamo-prefrontal loop fiber groups with prefrontal

activation in the left middle gyrus and with the task-switching improvements after

TCC training in the TCC group.

Abbreviations: A= post — pre; BOLD, blood-oxygenation-level dependent; GFA,

generalized fractional anisotropy; IEDerors, the number of errors on the Intra-Extra

Dimensional Set Shift test; L MFG, left middle frontal gyrus; “p < 0.05.
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Appendix 3. Subject’s Basic Information Survey
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Appendix 4. Edinburgh Handedness Inventory
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41 ke * Oldfield RC. (1971). Neuropsychologia, 9(1), 97-113.
Isaacs K. L. et al. (2006). Neurology, 66, 1855-1858.
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Appendix 5. Waterloo Footedness Questionnaire-revised
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Appendix 6. Color Trails Tests-Parts 1 and 2
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( %P D'Elia LF et al. (1996) Color Trails Test. USA: Psychological Assessment
Resources )
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Appendix 7. Montreal Cognitive Assessment
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Appendix 8. Mini-Mental State Examination

B % <& % (MMSE)
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1. &4 (22):1 4 % IV-1.
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4. TR (Lr)i(g2r > i%=BF) no

IV-4.
/1
V- ‘?FP/‘)&’*Z‘ f’t?};‘bJ(J’ 347\)
=z (%) £ - ERRETAE S V-1.
/3
VI~ t*%#* (1A): R4 %
FF = Fé‘j'{_ =) B L_Fril—@?‘.—;_ =37 =B B X|-1.
A
A 130

(;#p Folstein et al. (1975). "Mini-mental state". A practical method for grading the
cognitive state of patients for the clinician. J Psychiatr Res, 12(3), 189-198.)
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Appendix 9. Instrumental Activities of Daily Living
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d1 ke ¢ Lawton, M. P.,and Brody, E. (1969) Gerontologist , 9(3),179-186.
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Appendix 10. Clinical Dementia Rating
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Appendix 11. Geriatric Depression Scale-15
LA ERE 4
(Geriatric Depression Scale 15-item short-form)
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(3#p Sheikh and Yesavage (1986), Geriatric Depression Scale (GDS): Recent
evidence and development of a shorter version. Clinical Gerontologist; 5: 165-173.)
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Appendix 12. Physical Activity Scale for the Elderly
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#p : Washburn et al. (1993) J Clin Epidemiol, 46: 153-162.
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Appendix 13. Eyes Opened One-Leg Stance Test
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Appendix 14. Four Square Step Test

= E R

4%

1. #*w iR ’ﬁr@:r#“tf

2. ;ﬁ%;é‘ﬁ:&" M1, =% > 5 ¥ FZJ’F%—xpéﬁlziP@
1-2—3—4—1—-4—3—>2—1 "8 B # &

3. HFX pé"‘kﬁf‘»fﬁfﬁ C B ITAREARSF > L2 T U IR > S EYE T T
fe - ’févlb BEBE > B PR Ei'_'p_gl__ EL i

4. i-‘r%—— X r'f‘vé‘ "F‘Fﬁ)‘ﬁ%"‘kéﬁjﬁ

5. /F’Jpéﬁ =N ’B"ﬁ’»‘fh‘m* P FIEARY T if’]ﬁ#i\;&\—ii@f%ﬁﬁ%ﬁ’ Al

fi;?f /EJH‘;‘" EN

v 4l BB 4 "F B RE 1520354515453 5251 B E 6 > & (T4%
Ped®dF > 22 F ORI R A LS IR F - RLBERE B EEREE
—F,— Tom A B LER o

L8l REXFH DR - LA BoE "2, Akt n Bl 1, pF

2 . Start --—-4---=p»
%‘il‘\—_?l% . Ei#g# ‘E%ﬁii Finish «--t-- -

Le 4 |3

P . L%

‘_._ I

ELRL t4 8
p ¥ (20YY/MM/DD) /
* - sec Sec
B
EEN sec Sec
=

(;¥p Dite etal., Arch Phys Med Rehabil 2002; 83: 1566-1571.)

[R72): & B A Bpeif B > B2 X RIEEY Bhend if

213

doi:10.6342/NTU201900503



Appendix 15. Muscle Strength of Knee Extensors
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Appendix 16. Six-Minute Walk Test
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Appendix 17. List of Abbreviations

6MWT Six-Minute Walk Test
AD axial diffusivity
ADHD attention deficit hyperactive disorder
AG angular gyrus
ALFF amplitude of low frequency fluctuations
Ant anterior
BMI body mass index
BOLD blood-oxygen-level dependent
CANTAB Cambridge Neuropsychological Test Automated Battery
CF callosal fibers
CFoLprc callosal fibers connecting dorsolateral prefrontal cortices
CFipL callosal fibers connecting inferior parietal lobules
CForc callosal fibers connecting orbitofrontal gyri
CFspL callosal fibers connecting superior parietal lobules
CFvLprc callosal fibers connecting ventrolateral prefrontal cortices
CON control
CTT-1 Color Trails Test-part 1
CTT-2 Color Trails Test-part 2
DLPFC dorsolateral prefrontal cortex
DSI diffusion spectrum imaging
DTI diffusion tensor imaging
EPI echo planar images
Error error rate
FA fractional anisotropy
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fALFF
fMRI
FOV
FSST
FWE
GDS-15
GFA
GLM
HAROLD
HRF
HRmax
IED
IEDerrors
IFGo
IFGt
IFOF
ILF
IPG

ITI

ITT

L

MA
MD
MFG

MNI

fractional amplitude of low frequency fluctuations
functional magnetic resonance imaging

field of view

Four Square Step Test

family-wise error

Geriatric Depression Scale 15-item short-form
generalized fractional anisotropy

general linear model

Hemispheric Asymmetry Reduction in Older Adults

hemodynamic responses function
maximal heart rate
Intra/Extra-dimensional set shift

the number of total errors of IED test
inferior frontal gyrus pars opercularis
inferior frontal gyrus pars triangularis
inferior fronto-occipital fasciculus
inferior longitudinal fasciculus
inferior parietal gyrus

inter-trial interval

intention-to-treat

left

middle-aged adults

mean diffusivity

middle frontal gyrus

Montreal Neurological Institute
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MoCA
MOFG
MPRAGE
MRI
MTR
OA

ODF
OLST
PASE
PDF

PFC
PFSpLerc
PFSvLprc
R

RCT

RD

RM ANCOVA

RM ANOVA

RO

ROIs

rs-fMRI

RT

SD

SFG

SLF

Montreal Cognitive Assessment

middle orbital frontal gyrus
Magnetization-Prepared Rapid Acquisition Gradient Echo
magnetic resonance imaging

magnetization transfer ratio

older adults

orientation distribution function

one-legged stance test

Physical Activity Scale for the Elderly

probability density function

prefrontal cortex

prefronto-striatal tracts connecting DLPFC-striatum
prefronto-striatal tracts connecting VLPFC-striatum
right

randomized controlled trial

radial diffusivity

repeated measures analysis of covariance

repeated measures analysis of variance

rolandic operculum

regions of interest

resting-state functional magnetic resonance imaging
reaction time

standard deviation

superior frontal gyrus

superior longitudinal fasciculus
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SMA

SMFG

SMG

SPL

SPM

SST

TBAA

TCC

TE

T™T

TMT-B

TR

WM

YA

supplementary motor area
superiomedial frontal gyrus
supramarginal gyrus

superior parietal lobule
Statistical Parametric Mapping
study-specific template
tract-based automatic analysis
Tai Chi Chuan

echo time

Trail Making Test

Trail Making Test-B
repetition time

white matter

young adults
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