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Abstract

Physicalactivity, sex, and obesity: the effects on adingins
Brittany Intzandt, Ph.D.
Concordia University, 2022

During agingvasculardeclinesoccur causing cerebral atrophy, and functional
deteriorations. When this decline is faster tharettpected ageelated decline, a heightened
risk of developing dementia can occur. Understandingtrisk factors contribute most to
cerebral healtlacrosghe lifespan prior to the onset of vascular changes is of upmost importance.
Potential mettors of theagingvascular systenmclude noamodifiable outcomes such as sex

and modifiable factors like physical activity level (PA) and body mass index (BMI).

This thesigncludesone systematic review and three original studies imyastg the
effectiveness of PA to enhance cerebelth In manuscript one we conducted a systematic
review of cognitive or exercigaterventions in healthy older aduttgat collectednagnetic
resonance imaging (MRI) scarWe identified that cognitive training was associated with white
matter microstructure improvements, exercise training with macrostructural enhancements, and
both demonstrated changes to the blood oxygen level dependet sidicating changes to
hemodynamics, neuronadsourcesor efficiency. However, the underlying mechanisms for
enhanced cerebral health were unclear given the heterogeneity of intervengasgsrements,
and samples in terms of age and health statusahuscript two, we investigated very healthy
older adults with no underlying comorbidities comprehend the relationship between
cardiovascular fitness and cerebral hemodynamics. We revealed paradoxical findings of greater
cardiovascular fitness associateith decreased cerebrovascular reactivity, but preserved
structure. In a normal aging sample, the relationship between sexPBlHnd structural
outcomes was examined. Females with greater BMI had enhanced structural outcomes, and
regardless of BMI, lgher PA was beneficial to cerebral health. In contrast, overweight males
had the greatest volumetrics and PA did not have much influence on these relationships. The
final manuscript incorporated a larger age range of individuals, showing an overall ilbénefic

effect of PA on cerebral blood flow (CBF), but males and females demonstrated unique



relationships wittCBF, and the intensity of PA reported, which was further influenced by

whether they were middle aged or older.

Therefore, our studies contributedor understanding of the beneficial effects of PA on

brain health, and how these effects are influenced by sex, age, and obesity.



Acknowledgements

First andforemost,| have to thank my incredible supervisors for their dedicatiexer
endingsupport,nsight, and the immengmtiencehey have consistently had with roeer the
pastalmost six years. Louis, you took me on as an incredibiyema st er 6 s shtaddent w
to look at brain health in normal aging participants and were the breath of fresh air that | needed
in the research game at the time. After years of reading your regaaiston as it was hot off
the press | swear), | felt so incredibly lucky dramored when you agreed to take me on as a
PhD. Your ability to see the bigger picture, providing me with unique leadership opportunities
early on in your lab, and overall enthusiasm for science, research and your students alike are
values | hope to be able instill in my own research program in years to co@laudine, words
cannot even begin to express my appreciation and respect for you, not only as a supervisor but
also asaresearcheand an individualYour patience and diligence in teachimyself am other
lab mates while explaining difficult subject matter continuously (and usually very simple
mat erial that you exp]l adsaoneethingadhatevil forevemstick vath e r , a
me The endless wisdom, counsel and insight were table dtakegsuccessrou are truly an
inspiration to all females in STEM research. Thank you to both of you for everything, | would

not be the researcher | am today without your support and dedication to my thesis.

| must also express my deep appreciation éardst of my doctoral committee: Dr Karen
Li and Dr Christophe Grova for your patienessistancegand valuable input at each stage of this

program.

To my family, thank you for your undying support and belief in me since day one, not
just duringmy PhD but throughout this entiracademic adventure. Never once did you question
my motivation or ability to complete this chapter of my life. Thank you for your ability to listen
to me nerd out and talk science over the years and always ask and make merfaetdikearch
was important, even when it felt liket ~wa s nMom and dad tinank you for making me the
woman | amthat is capable, and strong enough, to githis immense challenge artd
persevere. Without yowonstant push and beliefinrhdondt t hi nk | woul d have
point. Thank you for also supplying constant mental and physical health support (including
access to multiple dogs, who were really my therapy dogs), and at times, financial. figmort

thank you for making me laughhen | felt at my lowestand always checking in with me

\



especially when | was in the throes of writing tAie.my grandparents, you gave up so much for
my parents anche,to provideuswith the opportunity to seek and advance in higitrcation.
Without everything that you experiencadd opportunities you gave upwvould not be where |

am today and would not have achieved what | have.

To my lab mates, thank you for always being a safe place where | could let loose about
IT issues, questioning completing a PhD (or at least one that required ldamir@nd using
MATLAB), and forjust growing up together over the past two to six y€eens.constant support
for entering data, aiding in data collection, helping to interpret cognitive tests, and many early
morning CIHR data collection is something | will forever be gratefullfbave learned not only
aboutLinux, bash script, cognitiveesting, French (merci!) and countless registration and Python

tutorials Especially Julia you talked me off so many IT and Linux ledgeBanke.

To all my friends, especially Tin&erri, Christine and Carolingou guys are central
pillars to my abilityto complete thishesis andlo so successfully. Your confidence in my ability
to get to the end, and the countless phone calls, walks, number of complains you liséeeed to

things that | will never forget in this journey.

Curtis, we started our adventwery soon after | started this whd¥D. Words cannot
express how grateful | am to you for sticking with me throughout ibaihg myunwavering
mental and emotional suppo¥tour support, jokes, and food (especially chicken wings) helped
me get throul to the end, particularly the last year. The countless flights, trains, and car rides
during the first five years kept me sane, so thank you for not only committing to a PhD student,
but one who lived over 500 km away from you. | cannot wait to startekiepart of our life and

adventures together.

Vi



Contribution of authors

This thesis was authored and written by myself, under ttseipgervision of my
supervisors Drs Claudine Gauthier and Louis Bhdregether, we created the study designs,
developd methodologies employédtere applicableconducted analysesiterpreted altesults,
and wrote the manuscripfBhe thesis consists ohe systematic review and thresginal
studies, theontributionsof each of the cauthors is listed in detail belo

Chapter 1: Grand introduction
Writing: Brittany Intzandt
Editing: Louis Bherer, Claudin&authier

Chapter 2: Comparing the effect of cognitive vs. exercise training on brain MRI outcomes

in healthy older adults: a Systematic Review
Published inNeuroscience and Biobehavioral Reviel@®l: 10.1016/j.neubiorev.2021.07.003

Authors: Brittany Intzandt, TudorVrinceany JuliaHuck, ThomasVincent,Dr. Manuel
MontercOdassoClaudine J5authier CJLouis Bherer L.(2021)

ConceptualizationBrittany Intzandt, Claudine Gauthier, Louis Bherer

Data extractionBrittany Intzandt, Tudor Vrinceanu, Louis Bherer

Data analysisBrittany Intzandt, Tudor Vrinceanu, Julia Huck, Claud&euthierand Louis

Bherer

MethodologyBrittany Intzandt, Tudor Vrinceanu, Julia Huck, Claud@euthier,and Louis

Bherer

Data interpretation:Brittany Intzandt, Tudor Vrinceanu, Thomas VincetigudineGauthier,

and Louis Bherer
Writing: Brittany Intzandt

Editing: Brittany Inzardt, Tudor Vrinceanu, Julia Huck, Manuel Monté&daasso, Thomas

Vincent, Chudine Gaithier, Louis Bherer

vii



Reviewing:Brittany Intzandt, Tudor Vrinceanu, Julia Huck, ManhinteroOdasso, Thomas

Vincent,ClaudineGauthier Louis Bherer

Chapter 3: Higher cardiovascular fithess level is associated with lower cerebrovascular

reactivity and perfusion in healthy older adults
Published in Journal of Cerebral Blood Flow and Metasol DOI: 10.117/0271678X29862873

Authors: Brittany Intzandt*, Dalia Sabra, Catherine Foster, Laurence DesjeCu@pgau,
Richard D Hoge, Christopher J Steele, Louis Bherer and Claudine J Gauthier (2019).

ConceptualizationBrittany Intzandt, Richard D Hoge, Claudine Gauthier, Louis Bherer

Data analysisBrittany Intzandt, Dalia Sabra, Catherine Foster Julia Huck, Clahuaé¢hier,

and Louis Bherer

Data interpretation:Brittany Intzandt, Claudin&authier,and Louis Bherer

Writing: Brittany Intzandt
Editing: Brittany Intzandt, Dalia Sabra, Catherine Foster, Louis Bherer, Claudine Gauthier

Chapter 4: SexSpecific relationships underly the interactions between obesity and physical
activity on gray and white matter volume in asample of cognitively unimpaired older
adults.

Under Revievat GeroScience

Authors: Brittany Intzandt*, Safa Sanami, Julia, PREVENRD Research Group, Sylvia
Villeneuve, Louis Bherer and Claudine J Gauthier.

ConceptualizationBrittany Intzandt, Louis Bheremnd Claudine Gauthier

Data analysisBrittany IntzandtSafa Sanami, Julia Huck, PREVEMID Research Group

Data interpretationBrittany IntzandtSylvia Villeneuve Louis Bhererand Claudine Gauthier

Writing: Brittany Intzandt

Editing: Brittany IntzandtPREVENT-AD Research Group, Sylvia VilleneuMsyuis Bherer,

Claudine Gauthier

viii



Chapter 5Sex differences in the beneficial effects of physical activity on cerebral blood flow
in aging

In preparation for submission fdeurolmage
Authors: Brittany Intzandt*, Safa Sanami, Louis Bherer and Claudine Gauthier.

ConceptualizationBrittany Intzandt, Louis Bherer and Claudine Gauthier

Data analysisBrittany Intzandt and Safa Sanami

Data interpretation:Brittany Intzandt, Louis Bherer and Claudine Gauthier

Writing: Brittany Intzandt

Editing: Brittany Intzandt, Louis Bherer and Claudine Gauthier
Chapter 6: Grand Introduction

Writing: Brittany Intzandt

Editing: Brittany Intzandt, Louis Bherer and Claudine Gauthier



1 Contents

LIST OF FIQUIES......eeiiiiiiteee ettt ettt e e e e e e e e e ee e ix
LISt Of TaDIES ...ttt et e e e e e e e e s et e e e e e e e e e e e e e e e e e e e Xi
1 General INtrOOUCTION. ........uuiiiieiiiii et eenr e e e e st e e e e e e e e e e ees 1
1.1 EXECULIVE SUMIMAIY .. .uuiiieiii e e e e eeii et ieeee e e e e e e e e e e e et ettt mmme e e e e eeeeaeetaanan e s emmnnnnes 1
1.2 Structural OULCOMES IN AQING. .. uuuueieeeeie e e e e eeeceeeieas e e e e e e e e e e e e e e e e e eeareneeeeaaesaeeeeeeennnnn 3
1.2.1 Grey Matter Volume and Decline with AQing...........ccuvvvvveiiiiccmeeeeeeieiiiinn, 3
1.2.2  White Matter Volume and AgQING...........ouuuuuiiiiiiiiieeeeeiiiiiiee e e e e e e eeneenae e 6
1.2.3  White Matter Hyperintensities and Le8B IN AQING..............evvvuviuiiiiiiceceennnnnnnns 8

1.3 Cerebral HEMOAYNAMICS..........uuiiiiiiiiiieiiieeeiiiiie et e e e e e eeemr e e e e e e e e e e e e e e anane 9
1.3.1 Cerebral Blood Flow: Physiological Underpinnings..............ccccccvvimmmnnnnnnnnne 9
1.3.2 Cerebral Blood Flow Measurement Technique: Arterial Spin Labeling....... 10
1.3.3 Cerebral Blood Flov and AgQiNG.........coooiiiiiiiiiiieeee e e 13
1.3.4 Cerebrovascular Reactivity and AQiNg.........cccccuuurimmmmiimmmiiiiiiieeeeeeeeeeeeeeeeas 17

1.4 Physical Activity andOther EssentiaExercisePhysiologyBackground................... 20
1.4.1  PRYSICAI ACHVITY. ..ot ittt e e e e e e e e e e e e e e e e e e amnnas 20
1.4.2  Other important definitioNS............oooiiiiiiiiiie s 21

1.5 PhysicalActivity and Brain Health............ccccooooiiiiiiiccciiii e 22
1.5.1 Physical Activity and Cerebral StruCture............cccoeoiiiiiieeciiiciiece e 23
1.5.2 Physical activity and CerebrBllemodynamics............cccccoeeeeiiiiiieeeiiiee e 30

1.5.3 Sex Differences in the Relationships Among Cerebral Outcomes and Physical
Activity 32

1.6 Obesity and Braifdealth iNAQING...........uuuuiiiiiiiiiiiiiieeeiiieeeee e 35
1.6.1  Structural outcomes and Obesity IN AQING.........ccoeiiiviririmrmrieeeeeeeeee 36
1.6.2 Cerebral Hemodynamics and ODesSity............oooviiiiiiemn e 39



1.7 Interaction of Obesity and PhySIGRELIVILY ...........ouvvvuiiiiiiiii e 41

1.8 Gaps in the Literature and the Framewakthis ThesSiS..........ccccovvvvviiviivieemnennennnn 43
1.8.1 Chapter 1 RAtiONAIE.........ccouviviiiiiiiiiee e errmre e e e e e e e e e e aaaeeen 43
1.8.2 Chapter 2 RAtiONAIE..........ccuviiuiiiiiiiieeee e eremrrs e e e e e e e e aaaaeee 44
1.8.3 Chapter 3 RAIONAIE. ........eeiiiiiiiiiiie e 44
1.8.4 Chapter 4 RAONAIE. ........ceiiiiiiiiiiii e 45

2 Manuscript 1: Comparing the effect of Cognitive vs Exercise Training on Brain MRI
outcomes in healthy older adults: a SystematiC REVIEW............cvviiiiiiceeiiiiiiiiiiccieeeeeeeee 46

2.1 PIEfACE. ... e e e 46

2.2 ADSIIACL. ...ttt e n e e e e 47

pZ8C B 1 1170 To [8 [ox 1 o] o T PO P O POPPPPPPP 48

2.4 MEENOGS. ... et 52
N R Y= T 1(0) ¢ I (= (=T | =SS 52
2.4.2  Inclusion and eXcluSiON CrtEria..........ccuuvrriieeiiieeeiee e 53
2.4.3  SEIECHON CIItEITAL ... eiiiiei ittt rceer et e e e e e e 54
2.4.4  Visualizing Of RESUILS......uuuiiiiiiiiiiiiii e 55

2.5 RESUILS. e ettt e e e e e e e amr e e e e e e e e e e e e e e a e 56
2.5.1  COgNitive TraiNING.....cceeeeeieiiiiaeitrees s e e eeenssbeseeseeeeeeeeeeeeeeeeeaan 56
2.52  EXEICISE TraINING .....uuuuuiiiiiiiiiiiiiietieeeriieee et e et e e e e e e e e e e e s st e e e e e e e e e e e e e e e s e s e nnes 60
2.5.3 Comparison of Cognitive and Exercise Interventions...............ceeuvvvimeeennnnnd) 64

2.6 DISCUSSION....ciiiiieieee et i e eeee e e e enenas bbbt bbb e e e ettt e e e e e s ammnneeeeeaaaaaeaeesd 65
P2 T YU [ 01 0 = Y PSPPI 65
2.6.2 The relationship between behavioural and MRI outcomes..............cccc.vueee. 71
2.6.3 Comparison of CT and ET Studies...........cooieiiiiiiiiiccciiii et 71

2.7 LIMITALIONS ...ttt e e e e e e e e ammr ettt e e e e e e e e e e e e e e mn e 72

Xi



2.8 Conclusion: Future Directions and RecommendatiQns...........ccovveneeeieeeeneenneennnn. 73

3 Manuscript 2: Higher cardiovascular fitness level is associated with lower cerebrovascular

reactivity and perfusion in healthy older adultS...............cooviiiiieemiii 98
Bl PIEIACE. ... et as a8
I Y ¢ L i - Tox PP PP PPPPPPPPPP 99
TR T | 11 {0 o (BTt i o] o N PP PP PP PP PP PPPPPPPPPP 100
I |V =11 [0 o £ PPP PP P P PPPPPPPPPPP 102

I O A = 14 1 od] o = g | £ PRSP PP PP 102
3.4.2  MRI ACQUISITION.....ciiiiiiieeieiii e eeee e e e e e e e e e emans 103
4.3 VO2PCAK....cii ittt 104
3.4.4  Data ANAIYSIS.....cccceeiiiieieeee e ————— e e e e e anan 105
3.4.5  Statistical ANAlYSIS.....ccccoiiiiiiiiiieeeeeeee e —————————— 108
3.5 RESUILS. . e e e e e e 109
3.5.1 Younger versus older adults................ooovriiimeei i 109
3.5.2 VOgpeak, brain structure and hemodynamics in.GM.............ccccvvvvieemrnnnns 109
3.6  VOgpeak, structure and hemodynamiCs...............uuuvuimiimmmiiiiiiiiiiiieieeeeee e 110
3.6.1 Region of INnterest ANAlYSIS..........cooiiiiiiiiiiiere e 111
3.6.2  Finite IMpulSe RESPONSE.......ccoiiiiiiiiiiii e 112
T A B =T od B K11 (o] [OOSR TTPRTPP 113
3.7.1  AQE-QroUP COMPAIISONS ....uuuurririiiiiiiieieeeiaamreeteeetaaaaaeaaaaasssaasammmeeeaeaaaaaaaaanaes 113
3.7.2 Regional relationships between M§@ak, structure and hemodynamics....... 114
3.7.3 Physiological uderpinnings of BOLBCVR and fitness associatian............. 115
3.7.4 Chemosensitivity and autoregulatiQn...............couvuiiiieeeiieeeeeeiiiee e 116
3.8 LIMIEALIONS. ... e et e e e e e e e e et e e e e nn 118
3.9 CONCIUSIONS. ...ttt emr ettt e e e e e e e e e e e e e e e immne e e e e e e e 119

Xii



4  Manuscript3: SexSpecific Relationships Underly the Interactions between Obesity and

Physical Activity on Gray and White Matter Volume in a Sample of Cognitively Unimpaired

OlAEI AUUIES......eeeeeeeee e me e e e e e e e e e e ens 121
A1 PIrEIACE. ... e 121
4.2 ADSIIACE ...ttt e e e e e e e e e e e ammne e e e e 123
4.3 INETOTUCTION. ...ttt ettt e e e e emee et e ettt e e e e e e e e e e e e e e s s ammme e e e e e e e e e 125
s V1= 1 0o o £SO PP PP PR PPPPPI 127

o R == 1 1 [ 0 Y= 1 | £ PP 127
4.4.2 Physical Health OUICOMES.........ocoeiiiiiiiieeieeeee e 128
4.4.3 Cardiovascular fitness and physical activity measutes...............cccvvveeeee.. 129
4.4.4 MR ACQUISILIONS.....oeeiitiiiiiiie i e e e e e e eeeeies s e e e e e e e e e e e e e e e s aeeeseeeeeaeaaaaeeeaeeeesnnnnens 129
445  Data ANAIYSIS......ccooiiiieeeiiiii o a e e e e e anan 130
4.4.6 Statistical anNalYSES.........cooiiiiiiiiiiicmr e 131
A5 RESUILS.....eiiieiiiiiiii e 132
4.5.1 Grey matter volume regions of iNterest............cooooiciiimmmn e 132
4.5.2  White matter volume regions Of INErest.............eeviiviiiiiceeiiiiiiiieeeieeeeeeeeeee 140
4.6 DISCUSSION.....utiiiiiiiiiiiii ettt mmne e e e e e e enea bbb e e 143
4.6.1 SexSpecific Relationships in BMI and Structural Outcomes...................... 144

4.6.2 Sex Specific Relationships with Physical activity and Macrostructural outcomes

146
4.63 Interaction of BMI and PA on Macrostructural Health.......................ocee. 147
A7 LIMIEALIONS ....eeeiieieie et eeenn e 148
4.8 CONCIUSION......uiiiiiiiiiii it eeea e 149
4.9 Supplematary Material.............ooouiiiiiiiiieee e 155
4.9. 1 FEMAIES. ...ttt 155
4.9.2  MAIES ...ttt e e e e e e e e s amat et e e e e e e e e aaas 156



4.10 WMV RegioNSOf INTEIEST......ccce et e 158
4.10.1 FOMAIES. .. ..ttt ettt e e e et a e e e e e e e e e e nnne e 158
O O Y = 1 PO PERRP 158

5 Manuscriptd: Sex differences in the beneficial effects of physical activity on cerebral blood

L[0T AT g I= To 1T PP PPPPPPP PP 162
5.1 PrEIACE. ... i e 162
ST Y o L - (o PP PP PP PPPPPPPPPPPN 164
5.3 INTOTUCTION. ...ttt ettt e e e e e e e e e e e e e e e e e nmmne e e e e e e e 165
5.4 MEENOUS. ..ottt amne e e e 167

STt R - 1 1 [or] = | £ P 167
5.4.2 Physical Health OUICOMES.........uuuiiiiiiiie e eeee e 168
5.4.3 Physical Activity Measurement..............uuuuiiiiiiiiecerieiiiiiee e e e e e e sneera e 168
5.4.4  MRI ACQUISITIONS. ....uuuuiiiiiiiiie e e e e e e e ceesie s s s e e e e e e e e e e e e e e e e e aeeesaaeeeeeeaeaeeeeeeeeesennanns 168
5.4.5  Data ANAIYSIS.....ccccceiiiiiieeeeit e e e e e e anana 169
5.4.6  Statistical ANAlYSIS......cccoiiiiiiiiiiiieieeeeee e 172
5.5 RESUILS...ceeiieiiiiei e 173
5.5.1 Overall SeX DIffEr&NCES.......uuviiiiiiiiiiiii e 173
5.5.2 Sex by Age Group DIfferencCes..........oooiiiiiiiiimmmi e 174
5.5.3  MaleS: AQE OULCOMES.....uuuiiiiiiiiiiiiiiii ettt e e e e 177
554 Females: Age OUICOMES......cooiiiiiiiiiiiiiiiicme e e 180
5.6 DISCUSSION....ceiiiiiiieiei ettt e s e e 183
5.6.1 Males, Perfusion and Physical ACHIVILY..........ccccuvuiiiiiiiieeee e 183
5.6.2 Females, Perfusion and Physical ACtIVItY............c.oueiiiiiiiieemreeiiice e, 185
LIMIEALIONS ...t eeena et ettt e e e e e e e s amr e e e e e e e e e e e e e e a s 187
5.1 CONCIUSION. ...ttt 188

Xiv



B GENEIAl DISCUSSIONL. . e neen ettt eee e e e e e e e e e e e emen e e eenns 189
6.1  Contributions Of thiS thESIS. ... ce e 190

6.1.1 Current state of the literature, gaps aedeloping the thesis framework: a

reflection on the SYSteMALIC FEVIEM..........ciiiiiiiiiiii e 190

6.1.2 Cardiovascular fitness, cerebral hemodynamicd,avery healthy group of older
adults 191

6.1.3 Involving sexspecific analyses on the relationship between cerebral volumetrics

and physical activity in a large sample of normal aging individuals........................ 193

6.1.4 Extending sesspecific findings to address a largage range and the role of

intensity of physical activity on cerebral blood flow in normally aging individuals...194

S U | (] (=3 D1 (=Ted (0] ¢ F- TR 195
T G ONCIUSION. e e e e a ettt e ———— e 199
B R B I BN CES . e et ————————————— 200

XV



List of Figures

Chapter 1 Introduction

Figure B 1: Grey matter changes in different regions due to aging..........cccceeeeeeeeeeecnnnnnn. 5
Figure © 2: Structural decline across the lifespan according to tissue.type...................... 8
Figure B 3: Visual taggimg in PCASL SEQUENCES..........uuururiiiirrirrieeasnsrrnrenrereeeerereesesseensees 11
Figure B 4: Patterns of cerebral blood flow decline across the lifespan........................ 14
Figure ® 5: Underlying mechanisms leading to cerebovascular damage in.aging.......... 15

Figure © 6: Decline of cerebral blood flow and cerebrovascular reactivity across age gi®ups

Figure © 7: Effects of physical activity on cerebral health..................ccoveeeiiiiiiiiiinnn. 27
Figure B 8; Meta-analysiseffect of physical activity on white matter volume in aging.....28
Figure B 9: Presence of white mattéperintensities in young healthy adults.................. 29
Figure B 10: Sex differences on cerebral blood flow due to physical activity.................. 35
Figure © 11:Cerebral blood flow in females withbesity................ooeeecccieen e 40

Figure B 12:High versus lowphysical activity on cognitive health over time in aging.....42

Chapter 2 Manuscript 1

Figure D 1: PRISMAFIOW CRaAI......oooiiiiiiiii e 53
Figure @ 2: Cerebral changes after cognitive interventions...............cccccvvvieeeveeeeeeeeeeennnn. 59
Figure @ 3: Cerebral Changes after exerdisEerventions.............cccovvvvvvviiieemeeeeeeeeeeeeiiiins 63

Chapter 3 Manuscript 2

Figure 3 1: Voxelwiserelationshipdbetween strcutural and hemodynamics Wippeak 109
Figure 3 2 : Voxelwiseresults in older adultsetween stuctural and hemodynamics with, VO

Figure 3 3: Associations betwesdlitness, structure and hemodynamics in the Ba&L¥R . 112

Figure 3 4: Time course of the BOLD response to hypercapnia...........ccceeeevevieeevvnnnee. 113

Chapter 4 Manuscript 3

Figure 6 1 Relationshipbetween BMI infemales and GMV ROIs................ccoevvvvvieeen.. 134
Figure & 2A:G: Rdationships between GMV ROIs antbderatePA in females................ 136
Figure 4 3: BMI and moderate PMteraction on GMV in females.............ccccccooiiieeennen. 138
Figure & 4A:D: Relationshipdetween BMI inmales and GMV ROIS............ccccvviiiiennn. 139

iX



Figure 4 5: Interaction with BMI and PA IMales..............ouvvuiiiiiiiiieceiiiiesee e 140

Figure 6 6A:C: Relationships between WMV ROIs and PA in females......................... 141
Figure 6 7A:B: Relationships Between BMI imales and WMV ROIS...........cccccceeerinnee. 142
Figure 4 8: Relationships between WMV ROIs aR@\ in males...........cccccoiiiiiiiiiicaneennn 143
Figure £ 10A-E: Significant relationships betwe&stal PA and GMV ROIn females....... 155
Figure 6 11:Interaction with BMI andotal PAIn females..........cccccceviiiiiiiiicceccicieeeeen 156
Figure & 12A-B: Significant relationships betweéntal PA and GMV ROI in males........ 157
Figure 4 13: Interaction with BMI and total PA imales............ccvvvvviiiiiiiiceciiiiiiiieeeeeenn 157
Figure 4 14 Significant relationships between WMV ROls aothl PA in females............ 158

Chapter 4 Manuscript 4

Figure ® 17 Sex interactions in older aged aduletween CBF and PA...........ccccccoeee. 176
Figure ® 2- Sex interactions in middiaged adlt between CBF and PA.............ccccce..... 177
Figure ® 3: SignificantCBF ROIsfor middle-agedmales and PA.............ccccceeieeiiiiieeennnn, 178
Figure ® 4: SignificantROI CBF forolder-agedmales...............ooovviiiiiiiiceeeeeiiiinn, 180
Figure ® 57 Significant relationships CBROI and PA inolder agedfemales................... 182



List of Tables

Chapter 2 Manuscript 1

Table 21: Cochranaisk Of DIaS8SSESSMENL.........cccueiiiiiiiiiiiie e 76
Table 22: Basicstudy characteristics ofognitivetrainingstudies...............oooooeiiciienee e 78
Table 23: Basicstudy characteristics oéxercisetrainingStudies. ............cccvvvvveeeeeeieeeciveennne. 83
Table 24: SIMPIe MRITESUILS........oooieeeee et e e e e e e e e e e eeeen s 96

Chapter 3 Manuscript 2

Table 31: Participant demographics separated by age group............ccccvvvvicceeeeeevennnnnnns 120

Chapter 4 Manuscript 3

Table 41: Sexspecific demMOGraphiCS........uu i 132
Table 42: Significant regressions between BMI and GMV ROl in females.................... 151
Table 43: Significant regressions betweewderate PA and GMV ROls females............ 151
Table 44: Regression interactions GMV ROIs betweroderate PA BMI irfemales.......... 152
Table 45: Regressions between BMI and GMV ROl in males..............eevviiiiccmeeeennnnnns 152
Table 46: Regression interactions in GMV ROIs betwasoderate PA and BMI imales...153
Table 47: Moderate ZPA and WMV ROiegressionmesults infemales.............cccceeeeeeennnee. 153
Table 48: ZBMI and WMV ROIregressiomesults inmales............cc.c.ouvvvvvviiicceeeeeevenvnnnnns 154
Table 49: Moderate ZPA and WMV RQEgressiomesults inmales...........ccccccvvviiiiiiennee. 154
Table 410: Significant regressions betwetetal PA and GMV ROls ifiemales.................. 160
Table 411: Regressiotinteractions in GMV ROI betwedotal PA and BMI infemales....... 160
Table 412: Significant regressions betwetetal PA and GMV ROIls imales..................... 160
Table 413: Regression interactions in GMV ROIs betwéetal PA and BMI fomales....... 161
Table 414: Total PA and WMV ROtegressionmesults infemales............cccevveieevviiieecennnee. 161

Chapter 5 Manuscript 4

Table 51: Demographics dfemales anthales.............ccoooooiiiiiiccciii e, 173
Table 52: Significant differences between middiged males and oldaged males........... 175
Table 53: Significant differences between middiged and oldeaged females.................. 181

Xi



1 General Introduction

1.1 Executive Summary

By the year 2050, it is estimated that the number of individuals over the age of 65 will
double globallyUnited Nations, 2020)xnd in Canada, over 25% of the population will be
comprised of older adults by 208Bohnert, Chagnon, Dion, & Statistics Canada, 20Thjs
will present a significant burden to health care systems, caregivers, and aged individuals alike
given that aging is associated with an assortment of declines to codinée& Aging-

Associated Cognitive Decline Working Party:, 19%dhctional(Hébert, 1997)and mental
health(Han et al., 2019jor many individuals. In fact, more than 100 nailideaths worldwide
occur annually due to agelated disease, and in aging Canadians, cerebral diseases, stroke and
dementia, account for two of the five leading causes of {€athada, 2021 Moreover, almost

30% of those over the age of 65 years live the remainder of their life in an unhealthy state
(Bushnik, Tjepkema, & Martel, 2018} his concept can be understood with the health adjusted
life expectancy, which refers to the number of years that an individual can be expected to live
given current mortality and morbidity conditions in the populaf(®erthelot, 2002)Normal

aging is the biological aging process as experienced by the general population, which may be
healthy or include common conditio(esg., hypertensiorgnd pathologie¢e.g., dementia)n
contrast, healthy aging, is the portion of the lifestet isfree of pathological condition&owe

& Kahn, 1987) The benefits of maximizing healthy aging are obvious, but the lifestyle
components that most effectively contribute to it remain unc¥esr.external factors like

physical activity (PA), dietpsychosocial factors, and genetics, to name a few, are more likely to
be the cause of many of the agéated conditions, rather than age its€lfough aging does

come with an assortment of burdens, the primary outcome of interest for the purpose of this
thesis will be the changes that occur in the brain, as it is the central organ associated with

dementia.

It is well documented that alongside aging,-agjated cognitive decline occufisevy &
Aging-Associated Cognitive Decline Working Party, 1994hich can, in some cases, lead to
dementig TuckerDrob, 2019) Cerebral decline, whether ageated or dementieelated, is

associated with an assortment of cerebral changes that can lead to the behavioral manifestation of
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cognitive decline. These cerebral deteriorations include but are not limited to, the atrophy
structural tissue, the expansion of ventricular and cerebral spinal fluid, reduction to cerebral
blood flow and other vascular parameters, as well as the development of vascular lesions, loss of
neuronal bodies and dendritic spirfesidenberger, 2014Raz & Rodrigue, 2006)Yet, the

pattern of ageelated cerebral decline is fairly distinct from the degeneration associated with
dementia in terms of the regions that are most influenced in(eachtemporal versus frontal

versus hippocampal regions), the components of cerebral health that are most affected (e.g.,
structural versus neurofibrillary tangles and plaques), and the rate of decline. However, the work
in this thesis focuses on healtblder adults who are cognitively unimpaired at the time of data

acquisitions and is aimed at understanding healthy and normal aging.

Notably, cerebral aging, even in the absence of dementia, is well documented to be
heterogenous in nature, in terms of what occurs during aging across indiyidwesrDrob,
2019) These heterogeneities are driven by interindividual differencesahdtecnormodifiable
outcomes | i ke an individual 6s sex, as well as
many of which were highlighted in a recent Lancet Commission gap#@ngston et al., 2020a)
Here, it was identified that there are twelve important risk factors throughout the lifespan that
can increase risk of cognitive decline. However, for the purposes of this thesis, the focus will be
PA and obesity, as well as sex, given the well documented vascular association (@f eaah,
2022; Livingston et al., 2020a)

To date, he effects of sexgbesity,and PA on cerebral outcomes in healthy aging
populations have yet to be fully elucidated. Given that they have been identified as crucial risk
factors for the development of dementia, there is an urgent need to further exgseréattors
and their interactions on cerebral health. Thus, in this thesis, we aimed to address these key gaps
in the literature by examining individuals with differing PA levels and in a range of common
body mass indices [BMI] (indirect measure of obgswhile completing sexlisaggregated
analyses in the latter chapters. Here, we also examined cerebral health by employing two unique
magnetic resonance imaging (MRI) techniques that can measure common cerebral declines
associated with aging. In partiem) the use of white, and gray matter volume were investigated
given the well documented atrophy that occurs across the lifespan. Moreover, as the key themes

examined (i .e., sex, PA, and obesity) are hea
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cerebral blood flow was also investigated. Psetmittinuous arterial spin labeling (pCASL) is
capable of quantifying cerebral blood flow (CBF) through identifying the amount of blood
reaching a specific cerebral tissue, per unit of time. When the pG&&@lence is paired with a
vasodilatory stimulus, like carbon dioxide, a metric called cerebrovascular reactivity (CVR), a
measure of vascular reserve, can also be quantified. Thus, thegadgurg metrics are the

primary dependent variables of this tises

The body of this thesis is comprised of four manuscripts. The first of these manuscripts is
a systematic review of the literature investigating two common lifestyle interventions, exercise
and cognitive training, to further comprehend the componemsrebral health that can be
influenced by these interventions during aging. This manuscript explores interventional studies
that employ MRI before and after each intervention, regardless of the technique utilized. The
second manuscript builds on key fings from manuscript one, where we investigate the
relationship between cardiovascular fitness, volumetric outcomes, in particular gray matter
volume, and cerebral hemodynamics as assessed with CBF and CVR in a very healthy aging
sample. Manuscript three @wores the sespecific relationships between volumetric outcomes,
BMI, PA, and their interaction. Finally, manuscript four examines thespexific relationships
between PA and CBF across a wider age range, to understand whether the impact of PA differs

in a middle and older age sample of both sexes.

1.2 Structural Outcomes in Aging

1.2.1 Grey Matter Volume and Decline with Aging

During aging, cerebral structural declines occur, including grey matter atfGplewn,
Rosas, & Salat, 2011¢Gray matter is composed of neuronal cell bodies and unmyelinated axons.
The atrophy that occurs is due to a loss of these cell bodies and axonsutan tessue loss.
(Morrison & Hof, 1997) In particular, the shrinkage of large neurons has been discovered as the
most rele#ant component of atrophferry, DeTeresa, & Hansen, 198@¥ well as
microvascular regression leading to neuronal (Bsddle, Sonntag, & Lichtenwalner, 2003)
Bulk gray matter volume (GMV) can lggiantified by acquiring a Fiveighted scan using a
Magnetic Resonance Imaging (MRI) machine, and then employing-based morphometry

(VBM) (Ashburner & Friston, 2000Briefly, VBM is a neuroimaging technique that allows for
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segmetation of the brain into GM, white matter (WM) and cerebrospinal fluid (CSF) based on
statistical differences between an individual compared to the expected volume of a template
tissue. Thus, this technique provides a statistical map for each voxeleandassifies it into

GM, WM, or CSF according to the highest tissue probability, allowing for a more standardized
comparison between participants or individuals. Once in a common space, it is possible to
identify regions of atrophy as lower GM or WM tigsprobability as compared to the template,

indicating a chance in contrast from a higher CSF contribution.

Much work over the past thirty years has consistently identified that both iR cross
sectional life span work and in longitudinal studies, totalhovalume and regional volumes
significantly decline with advancing age. Early work by Raz and colledfazset al., 997;

Raz, GunningDixon, Head, Dupuis, & Acker, 199&)entified a linear decline in GMV in a

sample of individuals from 18 to 77, and that these reductions were most prominent in the
prefrontal cortex but were also present in the inferior temporas@pekior parietal cortices. In a
larger, later study, it was identified that GMV does atrophy with age, but that changes before 50
were small, followed by a period of linear decline afte([38Carli et al., 2005)Conversely,

Chen and colleagues revealed that gray matter declines at a rate of 0.85% (of total intracranial
volume) per year across the lifespan beginning in the twenties (@0Hdn et al., 2011)

Though many studies have reported a different ratedaiihgeandwhenthe decline occurs across

the lifespan, depending on the study design and the specific location in the brain.

Early work by Resnick and colleagues demonstrated a pattern of regional decline where
the frontal and parietal lobes atrophied tinest over time compared to temporal and occipital
regions(Resnick, Pham, Kraut, Zonderman, & Davatzikos, 200Bgse findings were
longitudinally replicated in a much larger sample, where Crivello and colleagues also identified
that a higher ratef decline was present in the superior, middle, and inferior frontal gyri, the
superior and inferior parietal gyri as well as the middle and superior occipital gyri as can be seen
in figure 1(Crivello, TzouricMazoyer, Tzourio, & Mazoyer, 2014Qver their fomyear
investigation, it was identified that a loss of overall GMV occurred at a Iragaof 0.8% per
year after the age of 65. In comparison, decline to hippocampal volume was accelerated with a
2.8% decline per year, 35 times the rate of the decline in global GMV. This suggests that the

heterogeneity in global rates of decline and witnendecline occurred could in part be explained
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by differences in atrophy rate between regions. More evidence for regions of the brain to have
different critical age windows of decline was eloquently demonstrated by Fjell and colleagues
(Fjell et al., 2009)More specifically, they identified that a linear decline occurred with age in

the amygdala, putamen, thalamus, and cerebellar cortex whereas the hippocampus demonstrated
an initial weak ageorrelation and thearound midlife, starting at 50, there were accelerated
declines, which was then followed by a linear-agjated decline stabilizing around 60 years old.
Finally, total brain volume and the cerebral cortex demonstrated a stronger decline with age after
the age of 60, compared to the preceding yégedl et al., 2009)

% per year

Figure 16 1: Figure taken from Crivello et al., 2014, demonstrating the heterogeneity in the annual GMV
decline depending upon the region of interest.

Notably, these declines to GM have also been associated dutttiens to cognitive
health, where significant GM atrophy has been identified in the medial temporéPlellatier et
al., 2017; Susanto, Pua, Zhou, & Al zhei meros
Mortel, Thomas, van Wingen, & Al zhei merodés Dis
hippocampugChen et al., 2021; van de Mel et al., 2021)parietal(Susanto et al., 2015; Wu,
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Peng, Hong, & Zhang, 202Xfyontal(Wu et al., 2021)and cingulate cortic§Susanto et al.,

2015; Wu et al., 2021 those with dementia. These relationships between GM atrophy and
cognition have been extended to healthy agingyiddals as well, who demonstrate reductions
GMV in the frontal and temporal lobes, which experience the greatest atrophy, followed by the
hippocampugBourisly et al., 2015; Lemaitre et al., 201®otably, work in healthy older adults
revealed that a decline to hippocampal volume was significantly associated with a reduction to
memory performance over a feyear sparfKramer et al., 20070thers foud that when total

GMV was reduced there was a significant decline to processing speed as well as episodic
memory(Arvanitakis et al., 2016)Moreover,a metaanalysis revealed that those with greater
prefrontal cortices volume had significantly better executive funcfiénan & Raz, 2014)

Taken together, these results implicate the relationship between structural and cognitive decline,
revealing the importance studying these structural outcomes in aging to further uncover the

potential for future cognitive decline in these domains in aging.

Overall, the literature convincingly shows that global, as well as regional GM atrophy
occurs in aging, though the meclsans underlying this atrophy are not fully understood. There
are likely an assortment of exogenous factors however, including lifestyle and modifiable
factors. These lifestyle and modifiable factors can either accentuate, or attenuate the GM atrophy
seenjncluding, but not limited to obesity, as well as physical activity. Both of which will be

discussed in future sections (physical activigection 1.7.1, and obesitysection 1.81).

1.2.2 White Matter Volume and Aging

Changes in WM have also been observeafjing, yet it does not occur until later life,
generally observed above the age ofl6@mper,1994)(See Figure 2 demonstrating the change
in WM across the lifespafirimia, 2021). It is hypothesized that WM atrophy occurs because of
an increase in perivascular spaces and a reduction in myelinated fib@aizeRuge, Ulrich,
Brihlmann, & Meier, 1992)causing WM fiber deterioration to occur. Thus, in aging, the length
of myelinated axons and overall WMV are redu@eell, Westlye, Amlien, & Walhovd, 2011)

WM has been found to remain quite consistent from adoles¢8atd, Kaye, &
Janowsky, 1999; Walhovd et al., 20@fiil around midlife, with a nonlinear decline above the

age of 50 (see Figure 2 taken fr@immia, 2021) correlating with the expansion of CSF
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(Jernigan et al., 1991Though, 1 is worth noting that frontal regions continue to myelinate until
around 30 years old, which could partially explain why WM atrophy appears later in life, as WM
maturation plateaus later on in adulthood. It has been hypothesized that WM damage occurs due
to oxidative stres@/Neber, 1994and in some cases, stroK&grtesz et al., 1988farly work by

Salat and colleagues found that healthy young older adults (ages 64 to 76) have significantly
greater WMVcompared to their older adults (84 to 95 years old), particularly within the
prefrontal corteXSalat et al., 1999Dther follow up verk confirmed that in fact the prefrontal

WM, as well as the inferior parietal regions were most affected by &gamet al., 2005)0ther

work has indicated that in addition to this frontaftex vulnerability, the temporéBartzokis et

al., 2001; Raz et al., 200&hd parietal corticedResnick et al., 2003)Iso exhibit atrophy, while

the occipital cortex remains relatively spa(Baz et al., 2005)nterestingly, it hadeen

observed that there is a disproportionately greater decline to WMV than GMV (as demonstrated
by a larger gray to white matter ratio) in healthy older adults compared to healthy younger older
adults(Salat et al., 1999)t was concluded that this was likely due to a decrease in WMV, rather
than increasing GMV, as in aging, increasing neuronal density is not co(Moamson & Hof,

1997) This relationship between age and WMV decline across the lifespan can be visualized in
figure 2 where WMV demonstratesamewhat inverted U shape, suggesting the bulk

volumetric declines in WM do not begin until the microstructure (as indicated by fractional
anisotropy (FA) and mean diffusivity (MD) measured with diffusion MRI) has already
significantly declined.

Nonethegss, there are still associations between WMV and cognitive decline in aging,
particularly, declines to processing speed are associated with decreased WM volumetrics
(Madden et al., 2004thers have identified that greater WMV in each of the four cortical lobes
was associated with significant improvement on tagitching performance during the Stroop
test(Hirsiger et al., 2017Moreover, the relationship between prefrontal WM integrity on fluid
intelligence(Persson et al., 201,&8s well as parietal and frontal WMV on verbal memory
(Leong et al., 201Mave been identified as well. Together, these studies reveal the importance
of WMV integrity on cognitive outcomes in older adults and the globality that WMV seems

have on memory, executive function, and processing speed.
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Figure 10 2: Structural decline across the lifespan differing by tissue type, taken from Irimia, 2021,
demonstrating the unique declinesimuctural outcomes across the lifespan, where GMV declines earlier and
at a faster rate than WMV, though it appears as though WMV declines quickly aftérkseable.

1.2.3 White Matter Hyperintensities and Lesions in Aging

WM lesions (WML) and hyperintertges (WMH) are common, clinically silent
abnormalities that show up as hyperintense signals emelghted imaging and fluid attenuated
inversion recovery (FLAIR) maps. They are located in WM and vary in size. It is hypothesized
that WMH and lesions (WMHL)eflect demyelination, increased water content, microvascular
disease, and reduction in vessel endothe(idazekas et al., 1993; Fernando et al., 2004;
Oppenheimer et al., 1995; Smith, Snowdon, & Markesbery, 2000 and hyperintensities
(WMHL) are thought to be due to vascular changes and ischemic events that occur during aging
and continue to increase in prevalence with age. It is estimated that anywhere from 60 to 100%
of individuals over the age of 65 have at leasts®MHL, though volume and number vary
greatly between individualgle Leeuw et al., 2002; Wardlaw, Smith, & Dichgans, 200Rjch
of the variability associated with WMH is due to the chronological age of the individuals
includedin the study(de Leeuw et al., 2002; Jernigan et al., 1991; Melazzini et al., 20@1)
vascular sk factors that are associated with their presence, such as hyperf{dadieeuw et
al., 2002; Firbank et al., 200@&hd obesityHan et al., 2021)
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There are two types of WMHL, artdese are categorized according to their location
within the brain. Periventricular WMHL are those which are observed in the white matter
adjacent to the ventricles. It is hypothesized that the periventricular space is particularly
susceptible to WMH as itharea is a blood supply watershed regR®owbotham & Little,
1965) thus making it more sensitive to ischemic damage due to low perfusion. Conversely, deep
WMHL appear first in the frontal lobes, and then pregreithin parietal and occipital lobes
(Galluzzi, Lanni, Pantoni, Filippi, & Frisoni, 20Q8%enerally, the temporal lobe is spared from
WMHL, though it has been observed to be ctid in the most severe cag€sueter & Schulz,
2012) A metaanalysis of prospective longitudinal studies found that WMHL was asstciate
with a twofold increase in the risk of developing dementia, and three times the risk of
experiencing a strok@ebette & Markus, 2010Dther work has identified that WMHL are
associated with longitudinal cortical thinning, particularly within the middle frontal c@Riexi
et al., D21)and others have extended this to include greater WMHL independently predicting an
atrophy rate per annum of 0.03% for the whole brain and 0.25% for hippocampal, regardless of
cognitive statugFiford et al., 2021)

Importantly, work has revealed that greater WMHL is associated with significant
reductions to executive functions in healthy older adults, and over-gdautimeline, greater
development of WMHL was associated with even further decline to executive functioning from
baselingKramer et al., 2007)0thers have linked greater burden of WMHL to declines in
processing speed, immediate and delayed recall, and overall cofpnittéen( Al z hei mer 6s
Di sease Neuroimaging I nitiati ve -Dixon Baidkkman, 2020 ;
Cheng, & Alexopoulos, 2009)

Given that WMHL can occur in the absence of symptoms early on, they are thought to be
an early sign of agingelated structural changes. As such, it is crucial to understand their

development, and whether thase partially reversible through lifestyle interventions.

1.3 Cerebral Hemodynamics

1.3.1 Cerebral Blood Flow: Physiological Underpinnings
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Cerebral perfusion allows for the brain to receive glucose and oxygen to maintain
adenosine triphosphate (ATP) productiod &mreplenish ATP stores during neuronal activity.
The brain has limited metabolic stores, and thus to meet its energy needs, which are 20% of
oxygen consumption at rest (a significant proportion given that the brain is only about 2% of
total body weigh{Clarke & Sokoloff, 1999)relies on consistent cerebral blood flow (CBF)
(Williams & Leggett, 1989)Importantly, though the brain requires constant perfusion to
maintain neuronal ntabolism, it is unable to cope with large surges in volume of blood supply
due to the sensitivity of the cerebral vasculature, thus making the vasculature particularly
vulnerable to changes that occur in CBB.achieve this, under normal physiological dibions
CBF and neuronal activity are tightly coupled through neurovascular coupling. This ensures that
when neuronal activity increases, the metabolic needs of the neurons are met through increased
CBF via vasodilatiorfLipecz et al., 2019; Tarantini, Tran, Gordon, Ungvari, & C$is2@17)
Neurovascular coupling occurs in a coordinated manner, ensuring that CBF is increasing in a

regionspecific manner, to meet local demand.

1.3.2 Cerebral Blood Flow Measurement Technique: Arterial Spin Labeling

CBF is the amount of blood flow thatdglivered to the brain in units of ml/100g of
tissue/minute, indicating the volume of flow per gram of brain tissue (generally GM) per unit of
time. In order to quantify CBF, it is necessary to utilize some form of tracer that can diffuse from
the vasculture to the parenchyma, prior to venous washout. There are multiple techniques to
guantify CBF in this way, but only one method, arterial spin labeling (ASL), utilizes arterial
water as an endogenous tra@esop & Detre, 196; Detre, Leigh, Williams, & Koretsky, 1992;
Detre et al., 19949nd thus does not require the injection of exogenous tracers that could
potentially be harmfuBorogovac & Asllani, 2012)As ASL is noninvasive, it is also safe for
repeated use and therefore is a prime candidate to quantify CBF in longitudinal studies
(Borogovac & Asllani, 2012)Other benefits of ASL include the fact that it provides an absolute
guantification of CBF and can be expressed in physiologically meaningful omhit90g/min)
rather than just a percent change. It is also preferable to transcranial Doppler (TCD), which is
another nofinvasive technique but measures flow velocity in large arteries rather than tissue
perfusion, thereby affording limited local inforrm@t unrelated to the microvascular health most
likely to be affected by PA.
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Generally speaking, ASL sequences take advantage of the magnetic properties of arterial
bl ood water and are able to o6l abel 6 daokds. oxyge
The molecules then reach the capillaries and diffuse into tissue causing a change in signal. Since
we are interested in measuring the labeled water once it is in tissue, there is thus a time delay that
occurs between the labeling at the carotit$ the time that the images are acquired in the brain.

This time is referred to as the post labeling delay (PLD). A control image is also acquired, where
no label has been applied at the carotids. Acquisition of these labeled and control images is
repeatechumerous times to obtain a time series of images. Avgag subtraction, or the

difference between the control and labeled images is then completed, creating a perfusion
weighted image which represents the amount of CBF supplying each specific vexejse

3). Perfusion maps are created through the application of a kinetic model to obtain values of flow

in each voxe(Alsop et al., 2015Chappell et al., 2013)

Figure 16 3: the image on the left depicts a contimkge being collected, the image on the right indicates the
labeling plane, at the level of the carotids and again the image collected in the brain after the label has been
applied. Image adapted from Feéret al., 2013

Several implementations of ASL halween developed, which are categorized according
to how the labeling is achievéDai, Garcia, de Bazelaire, & Alsop, 2008; Garcia, Duhamel, &
Alsop, 2005; Wu, Fernandexeara, Detre, Wehrli, & Wang, 200For the prposes of this
thesis, we will focus on pseugmntinuous ASL since this is the recommended implementation
(Alsop et al., 2015and since this is the sequence used throughout alestBdiefly, pseude
continuous ASL (pCASL) causes the inflowing of blood to be continuously labeled, rather than
labeled at a single time point as in pulsed ASL implementations. The PLD is an important
parameter to be set, and consideration of the popnlaging investigated is imperative to

inform the choice of PLDAs PLD is the time between the blood being labeled at the carotid and
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the time until the image is acquired in the parenchyma, the velocity at which the labeled blood
reaches the parenchymafg@rred to as the arterial transit time), should determine the PLD. This
time will vary depending on the participant due to arterial transit time differences in aging and
diseasdLiu et al., 2012; Maclntosh et al., 201%hus, those who are older would require a

longer PLD, as their arterial transit time would be longer compared to a younger adult, given the
vascular changes that occur that can cause a reduction in the flow of blood, including
arteriosclerosis, arteristhickening, and arterial inflammation (sggmmermanRypma,

Gratton, & Fabiani, 2021fpr a more indepth review). Moreover, other factors may be at play,
including presence of pathology and increased tortuosity of the carotids, causing blood to travel
at a different rate, which will affect the arteriednsit time, and thus the PLD chosen. However,
since these factors are not typically known, a compromise PLD is usually chosen and used for all
participants, based on prior studies in groups of similar ages or vascular health status.

This can lead to annerous decision if a study is investigating individuals across the
lifespan, or those with presence of disease compared to those without for example. Choosing the
PLD is a balance between waiting a sufficiently long period of time so that the majahty of
labeled blood flow is able to reach the parenchyma allowing for the greatest amount of signal to
be measure(Buxton et al., 1998)ut not so long that much of the labeled blood has already left
that region of themaged parenchyma. Therefore, the chosen PLD, when a single PLD sequence
is employed, is of utmost importance as it can lead to an apparent over or under estimation of

perfusion in those individuals due to differing arterial transit times.

The advent of mlti-delay PLD pCASL, provided the ability to use multiple unique PLD
durations in the same acquisition, therefore overcoming the restrictive nature of choosing a
single compromise PLDMulti-delay PLD sequences tend to be composed of PLDs ranging in
lengh from short (~200 ms) to very |l ong (~3000m
the arterial transit time and thus provide a more accurate quantification of CBF with a kinetic
model fit. A pitfall of multtPLD pCASL sequences is that they reéqua very specific sequence
that is not available at many centres or on all scanners. Also, a sufficient number-obfahs|
pairs must be acquired at each PLD, or the signal to noise ratio could be significantly reduced,

preventing accurate quantifioan.
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Taken together, pCASL quantification of CBF is a valuable tool forineasive
assessment of cerebrovascular health. While some challenges exist, it represents the best
available tool to investigate the effects of PA and obesity on cerebrovasealtr and

hemodynamics.

1.3.3 Cerebral Blood Flow and Aging

Across the lifespan, CBF has been consistently shown to decline, which is particularly
evident in aging. This was documented as early as 1952 by Fazekd&&tekas, Alman, &
Bessman, 1952nd followed up in 1956 by Ke{|Kety, 1956) Since then, CBF has been
consistently shown to increase throughout adolescence, and then plateau in adulthood until
around middle age where the decline in cerebral perfusion begins (see Figure 4 from Zhang and
colleagues 2017 for a visual representai@imang, Gordon, & Goldberg, 2017#&)deed, CBF
declinesare hypothesized to occur earlier than structural dedldek Torre, 2000; Farkas &
Luiten, 2001) making it a promising early marker of cerebral agifige reduction of CBF
across the lifespan has been demonstrated to occur at differing annual ratesaamdibe exact
mechanisms related to this CBF reduction during aging are thought to be due to decreased
elasticity of the vascular system, changes to the cerebral blood vessel density, fibrinogenesis, and
degeneration of pericytédbarkas & Luiten, 2001)The current working hypothesis for this
decline to CBF within the aging years is in fact due to a lifetimelbflaedamagédde la Torre,
2018) which isaccentuated by vascular risk factors, like hyperten®angen et al., 2014; van

Dalen et al., 2021 )causing a vicious cycle of further reductions to perfu@iena Torre, 2000)

Overall damage of the cerebrovasculature is reported to be caused by, but not limited to
arterial inflammation, arterial stiffening, arterial weakening, reduced cerebrovasadtvity,
a leaky blood brain barrier, loss of the microvasculature and increased tortuosity of micro vessels
(see(Zzimmerman et al., 202Tpr an indepth review of these factors). Moreover, as can be seen
in Figure 5, taken from Zimmerman and colleagues, the age of onset of each factor, the time
course, as well as the likelihood of its pretiem and reversibility are clearly indicated in the
study. For example, the range of events begins around early adulthood with arterial inflammation
and stiffening, which are reversible, followed by arterial weakening and decreased vascular
reactivity whid are occurring in midife, coinciding with the beginning of perfusion decline,
and are not reversible or likely, respectively.
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Figure 16 4 Decline of CBF across the lifespan where it begins an acceleliatst decline around middle
age. Figure taken from Zhang and colleag(#312).

Different rates of decline have been reported in the literature. For example, Chen and
colleagues identified that CBF declines at a rate of 0.38% per year, which resulguctzon
of almost 27% over a Agear adult lifespafChen et al., 2011)0ther work has identified that
the decline is higher at 0.45% de€liper yeafParkes, Rashid, Chard, & Tofts, 2004a)
Regardlesst is apparent that the reduction in CBF due to aging is dependent on the region of
interest(Chen et al., 2011; Claus et al., 1998; Leenders et al., 1990; Parkes et al., P0éda)
regional differences extend to what structure is being investigated. For example, WM perfusion
appears to be more maintained with less than 0.3% decline per year, when accounting for the
agerelated volume decline. Moreover, the amount of perfusiaheach tissue type receives is
different, for example GM tissue receives more CBF, which on average a normal amount in
young individuals is approximately 50 mL/100 g of gray matter tissue/ minute and in older adults
is approximately 40 mL/100 gm of Gissue/minut€De Vis et al., 2015)compared to WM,
which only receives 20 mL/100 g of white matter tissue/mi{@tkkes & Whitfield, 2009) The
physiological mechanism underpinning this significant difference in CBF between tissue types
lies in the fact that GM is comprised of more blood vessels, whereas WM has significantly less
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densiy of blood vessel§Gross, Spsito, Pettersen, & Fenstermacher, 1986; Kubikova, Kochova,
Tom8gek, Witt e andmd&e diviogageriesth& Brd &ry long and thus lower

perfusion pressure (Torkvik, 1984), and overall blood flow.

Onset Preventability Reversibility Time course
Arterial inflammation ~20 Partial Yes ~Likely exponential
Arterial stiffening ~30 Partial Yes, up to critical ~Likely exponential
zone
Arterial weakening ~40 Partial No Not strongly related to age (in

cerebral arteries)

Decreased vascular ~35-60 Likely Likely Possibly sigmoidal
reactivity
Leaky blood—brain barrier ~40 Partial Likely Context dependent
Loss of microvasculature ~50 Likely Likely Microvascular density increases

before decreasing to floor

Tortuosity of small vessels ~50 Unknown Unknown Unknown

Figure 10 5: A listing of underlying mechanisms leading to cerebrovascular damage that is present in aging,
as well as indicating the age of onset in general for this occurrence, the preventability of this outcome from
occurring, if this outcome ieversible and what is the time course of each component to manifest. Table
adapted from Zimmerman et al., 2021.

Regionally specific declines to CBF during aging have been reported in numerods cross
sectional designs, where the frontal, parietal and teshpegions have all been identified to
have significantly decreased CBF in older adults compared to younger(&hdtset al., 2011;
De Vis et al., 2015; Parkes et al., 20044pre specificallythe inferior(Leoni, Oliveira, Pontes
Neto, Santos, & Leite, 201, 7/niddle(Leoni et al., 2017; Parkes et al., 2004a; Zhang et al.,
2017a)and superior frontadyri (Leoni et al., 2017; Parkes et al., 20Q4njddle temporal
(Zhang et al., 2017a3uperior temporal gyryseoniet al., 2017; Zhang et al., 2017pje and
post central gyr{Leoni et al., 2017; Parkes et al., 20Q4a3ula, putamen, inferior parietal gyrus
(Leoni et al., 2017; Parkes et al., 2004a; Zhang et al., 2@hdagingulate gyriLeoni et al.,
2017; Liu et al., 2012; Zhang et al., 201Aaye been reported to demonstrate significantly
reduced perfusion pattern in healthy older adults compared to younger healthy adults. Other
work has found that there is significant cerebral perfusion decline within the medial temporal
lobes(Asllani, Habeck, et al., 2008an area associated with atrophy in demgitaodworth et
al., 2022) Though it is important to note that aging is not alwaye@ated with hypoperfusion.
In fact, a few studies have identified patterns of hyperperfusion in older adults, compared to
younger adults in the lateral and medial temporal lobes as well as the anterior cingulate cortices

(Lee et al., 2009; Preibisch et al., 2011; Zhang et al., 20THa$e hyperpansed regions are
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thought to be a compensatory mechanism in aging, whereby increased neuronal activity and

recruitment is occurring in the face of other neurophysiological de¢lCedene et al., 2006)

Notably, though crossectional studies have demonstrated both regions with
hypoperfusion and those with hyperperfusion, only reductions to CBF have been found in
longitudinal prospective studies within participants. Globally speaking, overyeearperod it
was found that there was a 1.9% reduction in CBF from age approximately 69 to age 71, and this
was associated with the progression of WMH volume over the same time (héaioét al.,
n.d.). Others have found that there is a CBF reduction of 0.66 mL/100 g of GM tissue/min on a
yearly basis in hetly older adultgStaffaroni et al., 2019while in those with hypertension,
this decline was acceleratexld rate of 1.6 mL/100g GM tissue/ min annu@ign Dalen et al.,
2021) Camargo and colleagues identified that over an approximatedrgeriod, CBF was
significantly declined, but specifically within théateral hippocampi and the left fusiform gyrus
by almost 1 mL/100 g/mit Camar go, Wang, & Al zhei mer 6s Di se.
2021) Furthermore, there are indications that cross sectional studiesastideate ageelated
perfusion decline and that longitudinal changes occur at a faster rate thas dédscribed in the
crosssectional literature. This could be due to participant bias, whereby those older adults that

are unusually healthy are included in these esessional estimatggian et al.2021).

CBF decline has been identified as a potential marker for the accelerated cognitive
declineexperienced in some, whereby baseline global CBF has predicted future cognitive
impairment or declin€De Vis et al., 2018n particular within the processing speed domains,
reasoning as well as working and episodic e years later. Others have identified that there
was no relationship between CBF and memory, but that a significant decline to CBF was
associated with a reduction in attent{@atchlove, Macpherson, et al., 2018his discrepancy
in findings for CBF and memory could be driven in part, by the presence of amyloid beta
accumulation, as Bangen and colleagues found that in their otedraasthy older adults, those
with presence of amyloid beta demonstrated a relationship between CBF and memory, yet those
without amyloid beta, did not possess that relation@gmgen et al., 2017However, it is also
likely that the lack of results in Catchlove et al., 2018 was driven by a lack of power and
averaging of multiple memory domains inteeomemory composite score which could be

missing subtle associations in more specific domains of memory like verbal or working
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(Catchlove Macpherson, et al., 2018or example, a much larger study with over 2500
participants have recently confirmed that lower CBF is related to lower verbal memory, working

memory and speed in a healthy aging populafidoonen et al., 2021)

1.3.4 Cerebrovascular Reactivity and Aging

Another promising biomarker of cerebral physiology in aging is cerebrovascular
reactivity (CVR). CVR is a measure of the vasodilatory or constrictive reactithe cerebral
blood vessels in response to a stimulus. The more the vascular system is able to vasodilate, the
more blood can be perfused through that tissue and the greater the hemodynamic response to the
vasodilatory challenge will be. Thus, it isgothesized that greater CVR is related to enhanced
cerebrovascular heal{Mandell et al., 2008)Vasodilatory challenges include the injection of
acetazolamidéinoue, Tanaka, Hata, Eara, 20143)an individual holding their breath for a
specific time period, and hypercapnic gas manipulations, as carbon dioxigerfizes a
dilation of blood vessels. For the purposes of this dissertation, the use of hypercapnia will be the

focusof any discussion relating to CVR, unless otherwise specified.

The inhalation of C@causes a rapid onset of vasodilation and is considered to be a
purely vascular challenge, allowing for the measure of the vascular health, without theoretical
contaminat signal from other neurophysiological outcomes, like oxidative metabolism. End
tidal CQy is measured at rest and during the hypercapnic manipulation which can be completed
during a blooebxygen level dependent (BOLD) signal acquisition, an arteriallapaling scan,
or both, depending upon the overall research question being investigated. A larger change in the
end tidal CQ s representative of a greater challenge to the vascular system. In a normal, healthy
vascular system, an increase inZ0€xads to a progressive increase of blood flow in most areas
of the brain(Battist-rCharbonney, Fisher, & Duffin, 2011; Sobczyk et al., 20Pfh)ysiologically
speaking, CQis thought to act through the nitric oxide pathway, increasing arterial diameter
(ladecola, 2017; Pelligrino et al., 200@hd lading to an almost 25% increase to GM CBF for a
5mmHg CQ changgGauthier & Hoge, 2012)}urthermore, GM has almost 3 times greater
reactivity than WM(Liu et al., 2012; Rostrup et al., 200@llowing the same trend as CBF due

to the abundance of blood vessels within@h.

In recent years, CVR has become more widely used and is thought to be a potentially

vital clinical marker{Donahue et al., 2014ndeed, it has been identified to be a endynamic
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measure of cerebral hemodynamics, as it is shown to decline earlier in the course of aging than
even CBHDe Vis et al., 2015Gauthieret al., 2013; Jeffrson et al., 2018; Lu et al., 2011It)

has been hypothesized that impaired CVR is related to microvascular dysfunction and has been

i mplicated in many neurovascul(Suretall,i2B@r der s s u
Yezhuvath et al., 2012jnild cognitive impairmentKim et al., 2021; Sur et al., 2028nd

stroke.During normal aging, CVR has been demonstrated by numerous groups to be

significantly reduced compared to young ad(lis Vis et al., 2015; Gauthier & Hoge, 2012;

Gauthier et al., 2013Lu et al., 201). The extensive decline in aging to CVR can be seen in

Figure 6 and can also be visualized to show the more prominent decline to CVR across the
lifespan compared to CB(Eu et al., 2011)Furthemore, Gauthier and colleagues (2012)

identified that within the left frontal lobe, younger adults had 0.24 % change in BOLD signal per
mmHg increase of CQwhereas the older adults had a 0.18% change in BOLD signal per

mmHg increase of C{Gauthier et a).2013) These same trends were extended to the right

frontal lobe, as well as the parietal, and global gray matter (Q&Rthier et al., 2013)n

another study, when age and CVR were entered into a linear model, it was folordylAatR

in the tempral lobe was decline@Catchlove, Macpherson, et al., 20Ji8k only region that

was not significant ifGauthier, Desjardin€répeau, Madjar, Bherer, & Hoge,1Z). However,

when the sample was broken up into a younger age, those 21 to 44 and an older age range, 55 to
75, they found cohort specific declines in the older group to the cingulum, dsétaind
temporal regions. 1toés important to note that
was 18 to 30 years of age, thus it is possible that more regions were significantly different
between young and old, because overall younger partisipeould theoretically have healthier
vascular systems, and enhanced vasodilatory resp@baethier et al., 2013)n a sample more

similar to Gauthier et al., 2013, with an age range of 20 to 33, it was revealed that CVR was also
significantly declind in whole brain gray matter CVR, frontal lobes, temporal and occipital

lobes, albeit not within the parietal lof2e Vis et al., 2015Notably, global CVR has also been
shown b decrease in aYear longitudinal design by Peng and colleagieng et al., 2018ahn

this study, the annual rate of change to CVR %Wa3024 % change in BOLD signal/ mmHg

increase in C@ year. Thus, identifying the regionality and the rate of CVR declines in aging is
imperative, as regions with loweactivity are thought to be the harbingers of lower perfusion,

and could explain some of the aggated cognitive decline that is reported in aging. Reduced
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CVR could be an early indication of regions that are unable to increase perfusion as easily in

regonse to rising demand, eventually leading to itergn hypoperfusion and hypoxic damage.
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Figure 18 6: A) Decline of CBF and CVR in individuals from different age groups demonstrating the earlier
and faser decline of CVR compared to CBF. B) Areas demonstrating CVR decline in aging. Taken from Lu
and colleagues (2011)
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Taken together, it is apparent that cerebral hemodynamic declines occur during aging,
whether measured with CBF, CVR or a combination ofilfeurthermore, the evidence seems to
indicate that CVR is a more sensitive marker of cerebrovascular decline, though it can be a more

difficult marker to collect as tolerance to €€an be difficult in older adults

1.4 Physical Activity and other essentiakxercise physiology background

1.4.1 Physical Activity

Physical activity (PA) can be defined as any bodily movement, recreational or for
employment, produced by skeletal muscle, that results in the expenditure of (@espgrsen,
Powell, & Christenson, 1985[PA can be expressed as a rate, where the amount of energy, in
kilocalories per unit of time, expended by an individual is a continuous variable ranging from
low to high. Those activities theequire a greater amount of muscle mass to complete a bodily
movement require more energy. Also determining the amount of energy expended is the amount
of time that each activity is completed for, the frequency of said activity and thus muscular
contractons, as well as the intensity of said actiifyaylor, Buskirk, &Henschel, 1955)

1.4.1.1 Metabolic Equivalents

Another common unit of energy cost of PA is the metabolic equivalent (MET) which was
created to allow for a practical and simple quantification of PA. More specifically, a MET is
defined by a resting metabolic @atvhich is the amount of oxygen that an individual consumes
at rest, sitting quietly in a chair, corresponding to approximately 3.5fkdfin. Activities
requiring more muscle mass will therefore require further oxygen to sustain said activity, and
those with higher intensity will also require a greater amount of oxygen to successfully continue

with that activity.

An expert fitness committee identified three major categories of intensity to be used
(Bouchard et al., 1983More specifically, light activities were defined as those that only caused
a slight increase in breathing above normal and minimal perspiration, like digtergng,
whereas moderate referred to those that result in obvious perspiration and breathing considered
above normal, such as brisk walking, and finally, heavy activities are those that cause high level
of perspiration and breathing, like those inducgdumning. These three categories were created
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to allow for a more standardized explanation for individuals when inquiring about their PA,
allowing clinicians and researchers to specify if a brisk walk would qualify as a light to heavy
activity basedonanndi vi dual 6s expl anation of physical
compendium of PAAinsworth et al., 2011)was developed listing all common household

activities, recreational activities, and providilg METSs for each activity at each category of
intensity. METs are the continuous outcome that will be used to quantify PA for the remainder of

this dissertation, unless otherwise indicated.

1.4.2 Other important definitions

1.4.2.1 Exercise and Cardiovascular Fithess

Although similar to PAgexercise and PA are not synonymous, though they tend to be
grouped togethdiCaspersen et al., 1985; Taylor et al., 198Xercise is structuredlgmned,
purposeful and repetitive participation in activities that enhance or maintain physical fitness as
the primary objective. In this sense, exercise can be considered a subcomponent of PA.
Conversely, physical fitrss is a set of attributes that pemgknetically have or that can be
achieved, generally by participating in exercise that continues to challenge the specific
physiological system being train@@ate, 1988 For example, there are multiple components of
physical fitness, such as cardiovascular fitness, which refers to how well the muscular,
circulatory, and respiratory systems are able to provide fuel during sustained exercise and to
reduce or eliminatéhe products of exercise after supplying the energy necg€anyin,

Pangrazi, & Franks, 2000; Corbin, Reimann, Walsh, & Krebs, 19H&re are also other
componentssuch as muscular strength, muscular endurance, body composition and flexibility,
which are all equally important components of physical fithess, but are beyond the scope of this
dissertation. Thus, for the remainder of this dissertation, the focus phasical fithess

outcome will be that which is pertaining to cardiovascular fitness.

Cardiovascular fitness can be quantified through the employment graded exercise test that
measures maximal oxygen uptake during this test, om&X, which isconsidered to be the
gold standard for measuring cardiovascular fitness. There are numerous protocols that can be
utilized t o me a sxmax,eepandingiupod age, cochorladitiés spurpose of the

test, as well as physical abilities. For examptame protocols can involve the use of a cycle
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ergometer and others utilize one that requires a treadmill. Generally speaking, in the aging
literature, due to safety and balance issues, an upright cycle ergometer tends to be the method of
choice. Protocal will generally differ in the amount of load that is present at the beginning of the
test, how long a participant cycles at each specific work stage, the rate that they must cycle at
(revolutions per minute), as well the amount of load increased eaehBtaing this time, a

mask covering the participantdés nose and mout
that measures breath by breath data. This is to specifically measure the amount of oxygen inhaled
and the volume of carbon dioxide theiexhaled providing the ability to quantify the maximal

oxygen utilization during the test in units of ml of oxygen per minute in absolute terms and can

be corrected for body weight to allow for a more relative measure in ml of oxygen per kg of

body weigh per minute. The higher this number i s,
cardiovascular system is thought to be as they are able to utilize more oxygen at greater levels of
cardiovascular stress. Typically, for a test to be considered maximal, thetervesus

physiological criteria that must be met, including, but not limited to: plateau in the volume of
oxygen consumed despite increasing workload (Taylor et al., 1955), respiratory exchange ratio
(O2/ICO) > 1.15(Howley, Bassett, & Welch, 1995ncreased blood lactate levels (> 8.0

mMol/L), within 10 beats of heart rate max, and a rating of perceived exertion > 17 out of 20
(where higher numbers are associated with greater exertion). Given altthega, particularly

the plateau in oxygen consumption despite increased workload, and the extreme fatigue required
for a full maximal test, it has been identified that in older adults, a full maximal test may not be
practically attainabl¢Huggett, Connelly, & Overend, 2003 the place of a true mawal test

that has specific physiological requirements that cannot always be metpaak@an be

utilized. It is the highest volume of oxygen consumed throughout the test, and is not limited by a
physiologically rigorous guideline, therefore making it snogalistic to use in a sample of

normal older adults, who generally do not have experience with pushing to their maximal

cardiorespiratory levels.

1.5 Physical activity and Brain Health

In 2020, a Lancet dementia commission identified that an importarfaggk for
dementia and other late life diseases is physieativity (Livingston et al., 2020aMore
specifically, this committee recommended that petdhat encourage PA across the life course

should be developed, and that PA should be particularly maintained or initiated during midlife
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and late life. In the seminal review by Colcombe and Krgi@elcombe et al., 2004 was

identified that exercise enhances overall cerebral health and function, as vegih#®e. Since

this review, there has been an explosion of interest in investigating PA and exercise on cerebral
health across the lifespan, with a focus on aging, given the well documented cerebral alterations
and declines that occur in older adultsfdat, there has been a sufficient number of studies in
humans since then to allow for a metaalysis of longitudinal observational studies that ranged

in length from 1 to 21 years showing that participating in exercise was associated with a
reduction in he risk of developing dementfhivingston et al., 2017)Others have found that
moderate to vigorous intensity PA, and not just overall PA, agsociated with a reduced risk of
developing dementia over 25 years when completed at least weekly during (Zioldfieeva et

al., 2018) Furthermore, another study fourt at least 2.5 hours of moderate to vigorous PA
was associated with a reduced risk 10 years later of dementia diagnosis, though not at the 28
years follow upg(Sabia et al., 2017)n fact, it has also been found that physinattivity has

positive correlations with motity rates in AD(Baranowski, Bott, & MacPherson, 2Q1&urin,
Verreault, Lindsay, MacPherson, & Rockwood, 20@Emonstrating not only the importance of
just participating in moderate to vigorous PA for reduction of risk of dementia/AD, but an effect

of overall PA on mortality.

An assortment of physiogical mechanisms has been identified that could be underlying
the protective effects of PA, though specific mechanisms will be further discussed in the
subsequent sections as they relate specifically to structural and hemodynamic changes since the
proposd mechanisms for the benefits of PA seem to be slightly different for structural and
hemodynamic outcomes. Nonetheless, it has been generally hypothesized that PA, and in
particular exercise, is able to increase metabolites and myokines associated witlamus
contraction, which are capable of crossing the blood brain barriecaanahodulate the function
of neuronal and glial celiDi Liegro, Schiera, Proia, & Di Liegro, 201%loreover, PAreduces
inflammation not only peripherally, but also in the central nervous system, where exercise
specifically, was able to reduce neuroinflammatory markers, decrease neuronal cell death and
attenuate the production of microglia cytokines, alongsideiwdieduction in a beta and

amyloid peptides.

1.5.1 Physical Activity and Cerebral Structure
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1.5.1.1 Gray Matter Volume and Physical Activity in Aging

Much of the early work exploring PA, and exercise, on brain health was completed in
cross sectional studies, investigg individuals with varying levels of cardiovascular fithess and
GMV globally, as well as in relations to specific regions known to atrophy during cognitive
aging, like the hippocampus. For example, seminal work by Kramer and colleagues indicated
that arobic exercise could improve executive control procg¢Gasner et al., 1999From
here, it was found that those with higher cardiovascular fithess, compared to theittlower f
counterparts, had significantly enhanced GMV within prefrontal and temporal réBiams et
al., 2008;Colcombe et al., 2003s well as larger hippocamlpvolume(Colcambe et al., 2003;
Erickson et al., 2011 Moreover, in a study of Master Athletes (those individuals who have
participated in lifelong exercise training and in sports competitively) it was revealed that
compared to their inactive counterparts, Mastdietes had significant increased GMV in the
right parietal lobe, occipital lobe and the cerebel({iseng, Uh, Rossetti, Cullum, Diaz
Arrastia, et al., 2013)hey also found tht a higher maximal oxygen uptake (Mfax) was
significantly related to increased GMV within the parietal lobe. Likely indicating that, as all the
aged individuals in this study had significantly reduced parietal GMV compared to young adults,
that highercardiovascular fithess might attenuate some of theelgeed decline in this area.
Greater VQpeak was identified to be associated with increased GMV within the superior
temporal gyrus in a group of very healthy older adults, who were free of any chiretaisolic
or vascular conditions and were not on any medicafiotzandt et al., 2020)hus, even in a
sample of older adults that would be considered to be those with enhanced cerebrovascular
health, and thus structural integrity, greatedmarascular fithess was associated with even
further enhanced GMV.

Studies investigating the cressctional association between PA and GMV also
identified that those that sekported higher volumes of PA consistently demonstrated increased
GMV within the frontal corteXFloel et al., 2010; McEwen et al., 2015; Rovio et al., 2@ha)
within the hippocamp(Brown et al., 2014; Demirakca et al., 2014; Killgore, Olson, & Weber,
2013) Other work extended these positive findings between PA and GMV to the inferior parietal
lobe, inferior temporal region, caudate, and thempeta(Papenberg et al., 2016 a study that
PA measured by more objective outcomes, such as accelerometers which measures the actual

amount of movement drthe intensity of that movement (i.e., walking versus running) in a large
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sample of the UK BioBank participants, greater amounts of PA were associated with increased
global GMV, but only in those older than 60 years of age, not in those between 5Cetr&98fy
age(Hamer, Sharma, & Batty, 2018)hough it is unclear if there were any differences between
these two age groups in terms of cardiovasculkrfaistors, sex, education, amount of time spent
in PA, and the intensity of PA, as it was not reported. Particularly given that the Lancet
Commission paper indicates the opposite should be the case, whereby, it should be those in
midlife who benefit morerbm PA, rather than what was found by Hamer and colleagtes,

the underlying mechanism for these age group differences is unclear though conversely to the
lancet commission paper again it has been reported that PA could be more beneficial or
seeminglyso, to those who are less healthy at baseline, and therefore have more room to gain.
For example, the relationship with PA and GMV, particularly within the hippocampus, is
stronger in those with mild cognitive impairmé¢htakizako et al., 20153nd early AD(Burns et

al., 2008)compared to cognitively healthy older adults. Suggesting that PA might appear more

influential on GM integrity once tissue loss has become discernible.

Studies focusing on the relationship between PA and GMV, but from a longitudinal
perspective, have also found similar findings to the esestional literature, albeit not
necessarily as consistentlyorrexample, it was identified that those individuals completing more
than 72 blocks of walking in a oveeek time span in their regular activity, had larger GMV in
the frontal lobes, temporal lobes as well as the hippocampal regions at the 9 year follow up
(Erickson et al., 2011 Boraxbekk and colleagues (2016) identified that baseline PA was
associated with enhanced GM integrity within the bilateral posterior cingulate cortices at the 10
year follow up(Boraxbekk, Salami, Wahlin, & Nyberg, 201&thers have found that if PA is
increased during atb-6-year longitudinal asessment, it was associated with a larger increase in
GMV within the left inferior orbital cortex and the precunéRsiji et al., 2016) These results
have also been extended to the hippocampus, wherein Fraser and colleagues identified that in
middle aged individuals, for every increase in 10 METSs per week, an increase of 0.33% for
hippocampal volume was identified 12 ygater(Fraser, Walsh, Shaw, Anstey, & Cherbuin,
2022) This result was also found in older adults, though, not to the same extent, where the
benefits started as a 0.05% larger hippocampal volume, but this benefit was reduced by 0.005%
per year. Others found that PA was not associated with GMV changeaBay2ar follow up

(Binnewies et al., 2021)hough importantly the age range for this study was 18 to 65 years old,
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also suggesting that the effect that PA has on the GM is not evident until sufficient tissue loss has
occurred, as is the case in aging. Another group identified that total energy expenditure was not
associated with GMV in females in the frontal lobe 8 years after fallpwbut there was a

relationship present for males. Yet for the temporal lobe, batesand females demonstrated

no association between temporal GMV and energy expendituie et al., 2012) Thus,

indicating that results are likely heavily influendagdthe age of participants and sex differences,

which are likely influencing the association with PA and GMV in the long term.

More recent research has revealed that the reported PA intensity also influences GMV.
For example, Northey and colleagues diffei@ed the METs associated with light, moderate
and vigorous PA and observed that only moderate PA shared a positive relationship with GMV
in the dorsolateral prefrontal cortex. A recent study also identified that after controlling for the
amount of timespent in light intensity PA, the association between the total brain volume and
moderate to vigorous PA was no longer signifig@partano et al., 2019phdicating that in this
sample there rght not be further benefit from participating in higher amounts of physical
activity. Though, a caveat to this interpretation is the fact that almost 50% of their sample met
current guidelines, when in the general population this tends to be closer tf #%%
population. Thus, it is possible that these participants were already engaging in large amounts of
activity, and it is likely that there is a ceiling effect, or a dose response effect of the amount of
PA on brain health, in healthy aging populations

The physiological mechanisms underlying these associations between PA and GMV have
been investigated for decades, but the precise underlying mechanisms have yet to be fully
elucidated. However, it is hypothesized that it is through afediated increasa brain
derived neurotrophic factor (BDNF) and CBF, as well as a reduction to oxidative stress and
amyloid accumulation (sg€abral et al., 2019; Chieffi et al., 2017; Lista & Sorrentino, 2010;
Umegaki, Sakurai, & Arai, 2021)Moreover, a welkestablished marker of neurodegeneration,
neurofilament light chain, has very recently been identified to be significantly lower in the
peripheral blood of physically active participants, indicating PA likely has a role in reducing
neurodegeneratiofiRaffin et al., 2022)Figure 7 taken from Umegaki et al., provides a
schematic outline of the overall hypothesized changes and cascades of effects throughout the
cerebral systerfliUmegakiet al., 2021)
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Figure 10 7: A schematic demonstrating the effects that PA has on cerebral health and how it is hypothesized
to cause a cascad# positive consequences associated with eventual enheogeitive function. Taken from
Umegaki et al., 2021

1.5.1.2 White Matter Volume and Physical Activity in Aging

A growing interest inv the relationship of WMV and PA in aging, which has generally
shown beneficial effects or null relationsh{gsatirk, Suri, Smith, Ebmeier, & Sexton, 2021)
For example, work by Gu and colleagues (2020) identified that in a large sample of older adults,
over the age of 65, WMV was positively related to (@A et al., 2020)More specifically, in
this study those who were meeting both the modetigtrous PA guidelines (>150 minutes per
week of moderate to vigorous PA), and those meeting the guidelines for lightZZ@min per
week of light PA) both had higher WMV compared to those not meeting the guidelines, showing
the effect of PA to be independent of intensity. Though it is worth noting, that although the light
PA guidelines were associated with enhanced WMV, théeewere achieving the PA
guidelines with moderate to vigorous PA showed greater benefits to WMV. These results are
also consistent with data from MA showing increased WM integrity within the cuneus,

precuneus and stdyyral regions as compared to inactivatols(Tseng, Uh, Rossetti, Cullum,
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Diaz-Arrastia, et al., 2013)n fact, a metanalysis demonstrated that an overall small mean
effect size was present for studies invgsing the effects of PA on WM volume in aging,

though it's important to note that only five papers were included in thisanatgsig(Sexton et

al., 2016) three of which did not report any significant relationship between PA and WMV
(Burns et al., 2008; Tseng, Uh, Rossetti, Cullum, Baastia, et al., 2013)See Figure 8 for

plot of effect sizes). Alongside these other studies demonstrating null results, a recent study
utilizing the WK Biobank also identified a lack of relationship between WMV and PA in a large
sample of over 7000 participar{natirk et al., 2021)Though, it is worth noting that in the

study by Anaturk et al., 2021, the specificity ofiaties, intensity, duration, and even frequency
were not appropriately captured. The overall study asked if participants went to the gym or a
sports club and only differentiated their sample based on whether they went weekly, or if they
went less than wééy, without any information about activities performed in other contexts than

a gym. Thus, it is impossible to determine a dose response relationship from this data.

Thus, taken together, the evidence for PA having positive effects on WMV in aging is not
as strong as with GMV. Given that GMV declines earlier than WMV, it is possible that for some
studies the lack of a relationship is due to the WM decline not being robust enough yet to
observe a difference between those who are PA and those who areaqugth beyond the scope
of this thesis, investigations of microstructure are likely to provide a more sensitive marker of the

effect of PA on WMV given the earlier decline of microstructural markers of WM integrity.

Study name Statistics for each study Std diff in means
Std diff Lower Upper and 95% Cl
in means limit limit p-Value
Benedict et al 2013 0.290 0.071 0.508 0.009 -
Bugg and Head 2011 0.183 -0.379 0.746 0.523 —r—
Burns et al 2008 0.081 -0.421 0.584 0.751 —
Gow et al 2012 0.197 0.047 0.347 0.010 -]
Tseng et al 2013b 0.421 -0.550 1.393 0.395
0.220 0.103 0.336 0.000 0

-2.00 -1.00 0.00 1.00 2.00

Figure 18 8: Meta-analysis by Sexton and colleag({2816) indicating that the overadfffectof PA on WMV
in aging was considered to be small in the studies that met their guidelines for inclusion.
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1.5.1.3 White Matter Hyperintensities and Bfsical Activity in Ading

It is well documented that WMH number and volume significantly increase with aging,
but it has also been established, that WMH may already be present in young anehgeddle
adults (see Figure 9)GarnierCrussard et al., 2020though not to the same extent as in older
adults. Thus, given that the appearance of WMH lesions tends to o@uopylobal WM
atrophy, it is not surprising that the relationship between WMH and PA in aging has been an area
of interest for quite some time since WMH volume and number may be sensitive to the effects of

PA in a crucial part of life and before widespdedamage has occurred.

lume
volume (cm’)

r T T T ! T T T T T 1
20 30 40 50 60 60 85 70 75 80 85

Age (years) Age (years)

Figure 10 9: image demonstrating the presence of WMH existing in the brain of young healthy adults. Taken
from GarnierCrussard et al., 2020).

Work by Gu et al., 2020, there was an association between low PA and greater WMH
volume after correcting for BMI and other comorbidities, including those that were vascular in
nature, like APOE status and hypertengiGn etal., 2020) Interestingly, old older adults (70 to
89 years of age) appear to benefit from PA compared to their inactive count@fparthetti et
al., 2020) More specifically, Franchetti and colleagues identified (2020) that these older adults
with high PA levels had significantly lower WMH volumes than those woith PA levels, and
in fact, had a volume of WMH similar to the young older adult group (50 to 69 years
old)(Franchetti et al., 2020However, there were no significant differences between the young
older group with low levels of PA versus high levels of PA. These differences in WMH were
found in the frontal regions, tem@bilobe, and parietal lobe but not for the occipital lobe

(Franchetti eal., 2020) Since the frontal lobe is particularly vulnerable to WMH during aging,
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PA may be a way to reduce or attenuate development of WMH. Numerous other studies have
identified the importance of higher PA levels being associated with less WMhkheslu

compared to those individuals who have low PA le(@Blgzynska et al., 2014phnson,

Bahrani, Powell, Jicha, & Gold, 2020; Raichlen, Klimentidis, Bharadwaj, & Alexander,.2020)

Finally, longitudinalwork identified that those in their 70s who were completing more
PA at baseline were less likely to experience WMH at follgpa8 years lateiGow et al., 2012)
Moreover, reduced PA was associated with increased periventricular and deep WMH in a
cognitively stable group 7 years after PA was meagitedewils et al., 2007Dthers found
that a 20 year follow up was not statistically significahen demographic and vascular risk
factors were incorporatg@Rovio et al., 2010)Finally, other studies have identified that aba
(Willey et al., 2011)and25year followrup (Carmelli et al., 1999)here was no association
between WMH at follow up and baseline PA. Though it is worth noting that in these studies, PA
and WMH were measured at different time points, wherein PA was measured at baseline and
WMH at the followup and it is unclear if the participants in these studies had increased,
maintained, or decreased PA in the time period, though the latter is more likely as PA typically
decreases across aging. This was confirmed in recent work, where Moon and colleagues
identified that baseline PA and WMH were not related at baseline, but those individuals who
decreased their PA during the three year follow up had a more rapid progression of WMH
lesions than those who maintained their PA, and those who increased, deeiestsat
progression of WMH during this three year follow (Moon et al., 2018)Taken together, this
work suggests that the complexity of the relationships between WMH and PA is depgratent

the age groups involved as well as when outcome measures were investigated.

1.5.2 Physical activity and Cerebral hemodynamics

1.5.2.1 Cerebral Blood Flow and Physical Activity in Aging

Given the positive relationship that PA and exercise has with vascular ltaalth,
expected that these positive benefits extend to the cerebrovasculature. A number of studies have
identified that with increased PA, there is also greater CBF in older adults. Some of the earliest
and most convincing work comes from a study involWhdy and the relationship with CBF

compared to age matched inactive individ@lsomas et al., 2013howing that the MA had
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significantly greater CBF within the posterior cingulate cortex and the precuneus. These regions
are known to decline with aging and in Al zhei
almost 17% higer in the MA compared to their inactive counterparts, and was higher than in
younger adults, though the authors do note that the overall CBF within GM was significantly
reduced in MA compared to younger adults. This indicates that perhaps PA and exercise
preserve CBF within these regions, offsetting the overall aging effects. Others have also found
that older MA have significantly greater CBF than those who are inactive, though Tarumi and
colleagues identified this to be within the occipitoparietal regf@asumi et al., 2015More
intriguingly is the fact that in work by Alfini ancblleagues, they identified that after 10 days of
cessation of exercise, MA had significantly decreased perfusion within the hippocampus,
indicating what could be a robust influence of PA on CBF in an otherwise healthy aging
population(Alfini et al., 2016)

Within healthy aging, and in individuals that are not considered to be MA, Tarumi and
colleagues identified that in those with overall higher CVF thereawsssitive relationship
between CVF and CBF within the occipital parietal regions. Other work revealed that within the
parietal, frontal, and global regions, CBF was significantly enhanced in those with higher CVF.
Notably, CBF within the hippocampus welevated by 10 to 12% in younger and midaltgd
adults 15, 40- and 6Gminutes post exercig&teventon et al., 2020n this work, they also
looked at CVR at the same time as CBF and revealed that there were no changes in CVR after
exercise. The authors hypothesizedt this could indicate that exercise induced metabolic
adaptive changes within the hippocampus, rather than a mechanical vascular change, as there
were no changes to CViterestingly, in our own work, we did not identify that CVF was
significantly associated with global GM CBF in a sample of very healthy older aduitsandt
et al., 2020) Though, it is interesting to note that work by Dougherty and colleagues revealed
that CVF was related to CBF in healthy aging, dmly in females. Thus,sain our work we did
not complete a segisaggregated analysis, but rather investigated the relationship with sex as a
covariate, it cannot be said whether our lack of relationship was driven by the males in our
sample. Other work has also revealed anrsez@ssociation between CBF and CVF, particularly
within the hippocampulivo et al., 2021)Thus, the findings regard taCVF and CBF are
somewhat paradoxicahd could reflect other physiological changes associated with greater

fitness. For example, it was hypothesized by Furby and colleagues that those with greater CVF
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have enhanced gas exchange at the level of the capillary bed because of greater vessel surfa
leading to shorter diffusion distances that have to be traveled and thus reduce the perfusion
necessary as there would be more efficient nutrient exchanges oc¢buhy, Warnert,

Marley, Bailey, & Wise, 2020)

1.5.2.2 Cerebrovascular Reactivity and Physical Activity in Aging

If CVR is taken to be a better measure of vascular health, then those with greater PA
should have enhanced CVR as PA is known to have posifeets on vascular health. Yet,
when we investigate this in older adults who are more fit, we found an inverse relationship
between CVF, as measured with ¥@ak, and CVR measured during an M&&uthier et al.,
2013; Intzandt et al., 2020; Thomas et2013) For example, Thomas and colleagues found
that MA had significantly lower CVR, compared to their inactive counterparts, globally and
especially within the temporal and parietal cortiCBsomas et al., 2013Dther work identified
that greater CVR was associated with decreasegh®&dl within frontal regions in agup of
very healthy older adults, whereas increasedpe@k was associated with increased CVR in
perivascular watershed regiof@3authier et al., 2013finally, we have found that greater CVF
was associated with lower CVR within parietainporal and frontal cortices, yet within these
regions CBF was also low, indicating that these CVR findings were not due to pre dilation
((Intzandt et al., 2020Q) see chapter 2 for a more-depth description). To date, there are few
studies thahave investigated the effects of CVF on CVR measured with MRI, likely due to the
inherent complexity and cost associated with attempting to quantify CVR in an MRI.

1.5.3 Sex Differences in the Relationships Among Cerebral Outcomes and Physical
Activity

It is possible that some of these discrepancies in associations between cerebral outcomes
and PA in aging are driven by sex differences, particularly aseoific differences have been
reported to influence the effects of PA on brain health and cogRnna, Davis, Falck,

Nagamatsu, & LitAmbrose, 2017)More specifically, it habeen consistently identified that
males and females diverge in total brain volyReigrok et al., 2014)GMV (Lotze et al.,
2019) WMV (Shiino et al., 2017)resence and amount of WMH lesidRatem et al., 2018pas
well as CBHAanerud, Borghammer, Rodell, Jénsdottir, & Gjedde, 20Differences in the
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amount of PA completed by each g&aplan, Newsom, McFarland, & Lu, 2008s well as
CVF (Al-Mallah et al., 2016)

1.5.3.1 Gray Matter Volume and Physical Activity: Sex Differences

There is limited research investigeyg the effect of sex on the relationship between PA
and structural outcomes. Yet, there is work to demonstrate that in females, PA is associated with
significantly greater GMV within the dorsolateral prefrontal cortex and temporal cortices,
whereas the n@s with greater PA demonstrated more temporal lobe G@AstellsSanchez et
al., 2021) Barha and colleagues showed a similar association in females between PA and GMV
within the dorsolateral prefrontal cortéBarha et al., 2020Here, it was identified that an
increased amount of walking over ayi€ar period was associated with this enhanced GM within
the dorsadteral prefrontal cortex in females only. This positive relationship between GMV and
PA in females was extended to the hippocan{asma, Chuang, Harris, Tan, & Carlson,
2015) Only one study to date, identified that PA was more beneficial to GMV in males within
the parahippocampy€asaletto et al., 2020)hich appeared to be driven, in part, by
inflammatory markrs associated with exercise. Finally, a recent study revealed that there were
no sexrelated differences between GMV and f@onneaud et al., 202ZJaken together, it
appears that perhaps femalgsnerally, might experience more beneficial effects of PA on
GMV than males, though more in depth work is necessary to include other lifestyle factors, as

well as immune outcomes.

1.5.3.2 White Matter Volume and Physical Activity: Sex Differences

To date, onlyone study has been conducted investigating differences between males and
females PA levels on WMV. The FINGER study, a large randomized controlled trial to
investigate the effects of multidomain interventions including diet and PA on brain health,
identified that neither males nor females demonstrated a significant relationship between CVF
and WMV (Pentikainen et al., 2017)

1.5.3.3 White Matter Hyperintensities and Lesions and Physical Activity: Sex Differences

Few studies have been completed in regard to sex differences anchsbigsdetween
PA and WMH lesions. However, in a 6 month long aerobic exercise RCT, it was found that
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males had significantly less WMH burden after the intervention than females, even though
baseline WMH burden was similar, potentially indicating that@amase intervention was more
effective at reducing the progression of WMH in mg[@so et al., 2019)Conversely, work by
Vesperman and colleagues revealed that CVF was moedidiahto females in attenuating age
related WMH lesiongVesperman et al2018) Finally, one group identified that in fact neither
males nor females experienced beneficial effects on WMH lesions due to CVHMVEIs
Johnson et al., 2020)

It is important to note that for all macrostructural studies to date, much of the
heterogeneity and discrepancies in results betwmales and females reported could be driven
by an assortment of factors, but most notably due to the physical construct utilized, i.e., PA
versus CVF versus exercise interventions. Unfortunately, due to the lack of research in this area
it was not possile to provide a holistic overview of each construct of physical health in relation
to exercise, thus much work is needed in this area to parse the unique contributions PA, CVF and

exercise interventions have on cerebral structure in males versus females.

1.5.3.4 Cerebral Blood Flow and Physical Activity: Sex Differences

To date, only one study has investigated the interactive effects of sex on CBF and PA in
older adults. More specifically, they found that there were perfusion differences in the precuneus
and poterior cingulate cortex, whereby an increase in PA in females was associated with greater
perfusion in these regions, compared to males who demonstrated no assqGatmredud et
al., 2022) (See figure 10). It is important to note that in this work there were nsegific

differences in the levels of PA reported.
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Figure 16 10 Gonneaud and colleagues demonstrating females experiencing greater perfusion than males
with increasing PA, in the precuneus and posterior cingulate gyrus.

1.6 Obesity and Brain health in aging

Obesity is associated with a cascade of negative consequences, including to cerebral
outcomes especially when combined with increased vascular risk and in aging. For example, a
large metaanalysis that incorporated over 1.3 million participants demondttiaée greater
body mass index (BMI), an indirect marker of obesity, was associated with a greater risk of
dementia 20 years latéivimaki et al., 2018) Furthermore, some data indicates that midlife

obesity may be more detrimental to brain health as compared toydhedder aggFitzpatrick
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et al., 2009; Ronan et al., 2016&Jthough this finding has been inconsistent (Beelditizi,
Peters, & Beckett, @) for an in depth review).

There is not one underlying mechanism of action for the negative consequences of
obesity in general on brain health. Yet leptin has become a particular focus of the relationship
between obesity and the brain. Briefly, irm@l concentrations, leptin has beneficial effects in
the body, acting as a satiety hormone, promotor of fat oxidation, and is capable of freely crossing
the blood brain barrigiForny-Germano, De Felice, & Vieira, 2019)nce in the brain, the
effects of leptin include neurogenesis, neuroprotection and is associated with enhanced memory
(Arnoldussen, Kiliaan, & Gustafson, 201#owever, in individuals with obesity, leptin
resistance has been identified within the b(&ikelis, Wiesner, Lambert, & Esler, 2007;

Izquierdo, Crujeiras, Casanueva, & Carreira, 20a83y the blood brain barrier becomes less
permeable to leptiMantzoros, 1999)Thus, the protective effects that were observed when
leptin was present in normal concentration are diminished.ig hist one proposed mechanism
for the relationship between obesity and diminished brain health, for mdepth discussions
see(Arnoldussen et al., 2014; Gardgarcia, Michaud, Jurado, Dagher, & Morys, 2022;

Stillman, Weinstein, Marsland, Gianaros, & Erickson, 2017)

1.6.1 Structural outcomes and Obesity in Aging

1.6.1.1 Gray matter Vdume and Obesity in Aging

Early work by Pannacciculi and colleagues (2006) identified that obese individuals had
significantly decreased GMV within post central gyrus, frontal regions and putamen compared to
their normal weight counterpar@@annacciulli, Le, Chen, Reiman, & Krakoff, 200#pllow up
work revealed that these inverse relationship between BMI and GMV are present in frontal
(Dake et al., 2021; Raiji et al., 2009; Walther, Bilid Glisky, & Ryan, 2010)occipital(Dake et
al., 2021) and subcortical regior{Pake et al., 2021; Raji et al., 2009; Walther et al., 2020)
recent metanalysis confirmed these results revealing that increased BMI was associated with
significantly decreased GW) putatively driven predominantly by the obese group rather than
the overweight groufHan et al., 2021)0Other work has also shown thatreased BMI is
associated with decreased GMV in the hippocaiRpji et al., 2009; Walther et al., 2010)
which is of particular importance as hippocampal GMV has adefihed relationship with
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episodic and relational memory outconaesl has been implicated in the risk of developing
cognitive decline in healthy older adu{tSorbach et al., 2017)mportantly, cognition has been

found to be influenced by the relationship between GMV and obesity. For example, it was
revealed that the® with higher BMI had lower GMV within the orbitofrontal region, and that

this regional GMV was associated with better executive functioning, memory in the cerebellar
regions, while visuomotor speed was associated with fusiform gyrus G¥alther et al.,

2010). Thus, there is now convincing evidence of the negative consequences of obesity on GMV,
and that these effects on GMV have a downstream impact on cognition.

However, it is important to note that in the work by Pannacciculi it was not only observed
that there is an inverse relationship among GMV and BMI, but they also found that there were
significant podive (Huanget al., 2019passociation between GMV and increasing BMI within
numerous frontal, cerebellar and subcortical reg{®asnacciulli et al., 2007These same
observations of greater GMV with higher BMI have also been revealed in other work, where
Taki and colleagues idafied while increased BMI was associated with GM atrophy in some
regions, yet other regions revealed positive associations with GMV andTBiilet al., 2008)
Interestingly, these results were only observed in their male participants, whereas there appeared
to be no relationship between GMV and BMI within the females. Thesssnific
relationships among GMV and BMI were confirmed in other recent work, where only males
experienced a significant decline to GM with increasing BMI (Huang et al., 2019; Arnoldussen
et al., 2019), but no relationship in females. Here, they also identified that there was a BMI x sex
interaction, where males had significartigreasedGMV in the anterior cingulate cortex. To
date, it is unclear the underlying mechanism for the appaesrdifferences in the relationship
between GMV and obesity, although work by Horstmann et al., revealed that, in females only,
leptin influenced the relationship between GMV and obékltrstmann et al., 2011§iven that
females produce more leptin based on their fat distribution, it is possible that females are more
leptin-responsive within the braifovejoy, Sainsbury, & Group, 2009 ore specifically, as
they possess greater leptin due to increased body fat, it could be seemingly protective for
females, knowing the role that leptin has on brain héabliny-Germano et al., 2019)
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1.6.1.2 White matter volume and Obesity in Aging

Those with greater BMI have been found to have significantly increased WMV
throughout the braincenpared to those with lower BMI. More specifically, Haltia et al, 2007
investigated the relationship between obese and normal weight individuals and they identified
that those with obesity has significantly increased WMV within the temporal lobe, cenebellu
and brainstenfHaltia et al., 2007) Others also found this relationptbut in females only,
where Increased BMI was associated with greater WMV glolp@ligcoll et al., 2016)but also
in frontal (Driscoll et al., 2016; Walther et al., 201@mporalDriscoll & al., 2016; Walther et
al., 2010) parietal(Walther et al., 2010and occipital regionf/Nalther et al., 2010Notably
however, a few studies also revealed no relationship between BMI and (Vébétte &

Markus, 2010; Gunstad et al., 2008; Soreca et al.,)200@se lack of associations with obesity

and WMV, were also extended to cognitive functions, where executive function and memory did
not relate to WMV in those with obesifWalther et al., 2010)Taken together, it appears there

is a paucity of worknvestigating WMV and obesity outcomes, though in females at least,

obesity may have positive effects on WMV. More in depth andstgk studies are required to

make any definitive conclusions.

1.6.1.3 White matter hyperintensities and Obesity in Aging

Studies probing the associations between WMH, and BMI have revealed inconsistent
results, and the results found are likely influenced byrskated analyses. For example, work by
Windham and colleagues (2017), without investigatingsgecific relationshipsewvealed that
increased BMI was associated with decreased presence of WMH lesions (2017), and increasing
BMI across the approximate five year follow up period did not relate to a greater number of
lesions preser{tVindham et al., 2016} ive studies in females have revealed three contradictory
findings. In one study, those females with increased BMI at the age of 70 had significantly
greateWMH burden at age 85 than those with lower BiUstafson, Steen, & Skoog, 2004)

Two other studies revealed no associatiarfemales between BMI and WMgAIgarni et al.,

2021; Arnoldussen, Gugsan, Leijsen, de Leeuw, & Kiliaan, 2019; Lampe et al., 20489 the
womends health initiative study revealed an
(Driscoll et al., 2016) These varying results could be related to differences in sample sizes, age

ranges included, and prevalence of cardiovascular risk factors. Finally, one study to date has
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explicitly investigated these relationships in males, whererAica al., identified that only

males had a positive relationship with BMI and WNiqarni et al., 2021)

Taken together, the relationships that exist between obesity and structural outcomes have
high heterogeneity which seem to be heavily influenced by sex, however more work egiployin

sexspecific analyses are necessary to parse apart these relationships

1.6.2 Cerebral Hemodynamics and Obesity

1.6.2.1 Cerebral Blood Flow and Obesity In Aging

A handful of studies to date have begun to investigate the effects of obesity on cerebral
hemodynamics wit fairly consistent results being reported. More specificalépdset al, found
in a sample of middiaged individuals (mean age 53.5) that those with increasing BMI had
decreased perfusion within the brainst@gtépes etl., 2021). These results were confirmed in
other areas by other groups including global @Wight et al., 2021)parahippocampal and
temporal region§Amen, Wu, George, & Newberg, 2020; Dake et al., 2021; Maclintosh et al.,
2020) frontal lobegDake et al., 2021; Maclnsh et al., 202Q)parietal lobegAmen et al., 2020;
Macintosh et al., 202(3s well as the posterior cingulate cortex and the precAeusn et al.,
2020) Interestingly, one group quantified this relationship and fabatfor every 1 kg/m
increase in BMI there was a 1.45 ml/100g of GM/ min reduction to perfusion. Interestingly,
when Dake et al., 2021 extracted CBF from their ROIls in the frontal and occipital areas that
demonstrated these inverse relationships betB&#rand perfusion, and identified that those
with lower CBF, had decreased performance on cognitive tasks involving memory and reasoning
(Dake et al., 2021 However, work by Clark and colleagues revealed that after correcting for the
false discovery rate, the model relating BMbgperfusion was no longer significant in their
middle aged and older adult samf¥ark et al., 2019)Of all of these previously mentioned
studies inveggating relationships between BMI and perfusion, only Knight and colleagues
completed a sedisaggregated analyses and found that sex did not influence the relationship
between obesity and perfusiitnight et al., 2021)Though it is unclear if sedisaggregated
analyses were employed, or if sex was added as a potential outstetistecal model.
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Figure 10 11 Brain regions demonstrating increased CBF in females with obesity (in red) and those regions
that demonstrated a significant decline of perfusion in those with obesifgnmade only sample. Taken from
Silvah et al., 2020. Red areas are those with increased CBF in the females with obesity and blue are regions
that were associated with decreased CBF in females.

In work that investigated the relationship between obesityparfdsion in females only,
Silvah and colleagues confirmed that there are some regions with a lower CBF with increased
BMI, particularly within the frontal regions, temporal regions such as the superior and medial
gyri and much of the parietal lob&Silvah et al., 2020)However, they also demonstrated
significantly greater CBF within the dorsolateral prefrontal cortex, throughout the frontal lobe,
amygdala, hippocampi, sepor temporal gyri, occipitdbbe,and limbic lobes (see Figure 11).
Thus, it is possible that if previous work had investigateespexific relationships between
these outcomes, regions demonstrating positive relationships would have been ideuntifred. F

work is necessary to further investigate this possibility.

Overall, the studies investigating the relationships between obesity and structural
outcomes provide a mixed picture, with some positive and some negative regional relationships,
which may le greatly affected by sex. Conversely the literature in perfusion seemingly indicates
that those with obesity have significantly declined perfusion throughout the brain, though it is
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possible that females demonstrate hyperperfusion patterns with incrBd4ling certain regions

of the brain. Further studies are needed to confirm these findings.

Importantly, obesity is not simply defined just by excess fat, but the type and location of
adipose tissue also impact its deleterious effects. Briefly, it is kribat adipose tissue that is
stored in the femoral regions tends to be comprised of subcutaneous adipose tissue, which is not
as harmful to the overall vascular system as fat that is stored more in the abdominal regions,
which also tends to be compriseithoore visceral adipose tissue. Visceral adipose tissue is
consistently documented to have more inflammatory and toxic consequences for tf@Hzody
& den Hartigh, 202Q)as well as the braifDebette et al., 2010%iven that males tend to
possess a greater amount of visceral fat than fer@tesier, Moss, Cann, & Goldberg, 1984)
whereas females tend to have more subcutaneous fat storage, it is important that future work
investigate sexspecific relationships of obesity on brain health. It is likely that fat type, through
its influence on inflammation, rather than the ovefallis an important contributor to these

brairnobesity relationships.

1.7 Interaction of Obesity and Physical activity

For decades, PA has known to protect against the negative consequences of obesity on
overall health, including reducing the risk of mattalwhere those individuals with obesity who
have higher PA, have significantly reduced risk of death compared to their inactive obese
counterpartgTarp et al., 2021)PA has also been found to be a mediator of the relationship
between cognition and obesity, whereby those with obesity ba@ipcognitive outcomes, but
this relationship was attenuated by greater(Pére, Elias, Robbins, Budge, & Elias, 2008)
Participants reporting a higher level of PA but who were overweight had a significantly lower
risk of cogrition declining over a thregear time span, based on the results of the-Miantal
State Exam, which is a test of global cognitive functioning, where lower scores indicate worse
cognition. These findings were in comparison to older adults who were narnnadlerweight at
baselingPitrou, Vasiliadis, & Hudon, 202Z}ee Figure 12). Conversely, in those reporting low
PA, there was no association with BMI three years lateércagnitive decline, except in those
underweight at baseline.
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Figure 18 12: Graphical depiction of the association between those with low PA (upper graph) and those with
high PA (lower graph), from baseline (T1) to a three year follow up (T2). Results indicated that individuals
with high PA at baseline and who were overweigltlmse had less decline to global cognition at follow up
than their underweight or normal weight counterparts. In those with low levels of PA, there were no
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differences between normal weight, overweight or obese individuals, however those who wereghtderwei
experienced a significant decline to global cognition at the three year follow up. Figure adapted from Pitrou et
al., 2022.

To date, only one study has explicitly investigated the mediating role that PA might have
on the relationship between obesitydacerebral health in aging. More specifically, recent work
by Knight and colleagues revealed that those older adults that were considered to be overweight
and obese, but had higher levels of PA, compared to their inactive counterparts, had significantly
higher CBF. Given that obesity and exercise share some mechanistic effects on inflammation for
example but have different effects on vascular health and endocrine components, this lack of
work on the interaction between obesity and exercise representsea raportunity for the
field on brain physiology and studies of aging. Future studies are urgently needed to
systematically investigate the effects of obesity and exercise, and how they interact to affect
brain health in aging. And crucially, these stgdsbould investigate these effects in-sex
disaggregated data to understand how male and female physiology may be differently impacted
across the lifespan.

1.8 Gaps in the Literature and the Framework for this Thesis

Overall, there has been an abundance okwahlighting the importance of physical
activity and exercise for brain health in aging. Yet, there are still many unanswered questions
related to their physiological effects on the brain, how these effects may differ in males and
females, and how thesdfects combine and interact with obesity. This thesis addresses these

important gaps in the literature.

1.8.1 Chapter 1 Rationale

It is becoming well established that exercise training in older adults has positive effects
on brain health and cognitig€olcombe et al., 2006; Herold, Torpel, Schega, & Miiller, 2019;
Intzandt et al., 2021 But the effects of exercise training on cerebral outcomes that can be
measured nemvasively using MRI in aging have not been systematically compared to another
commonly utilized norpharmacological intervention, cognitive training,. To address this gap in
knowledge, manuscript one of this thesis is a systematic review that investigates, details, and
compares all studies to date that included an exercise and/otiv®g@ining intervention in

cognitively healthy older adults and employed MRI outcomes prior to and after the intervention
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measure changes due to the intervention. This provided the theoretical framework for subsequent
chapters in the thesis to furthemeprehend how exercise and physical activity influence brain
health in different samples of cognitively healthy older adults. Of note, this review highlighted

an important heterogeneity in the results of studies seeking to quantify the effects of exercise.
However, as several crucial factors were typically not taken into account, such as sex and
obesity. Therefore, this study lay the groundwork for the original scientific work of this thesis
seeking to identify the specific relationships between cerebtedimes and influential factors

like sex or obesity and how PA can influence these interactions. The aim of this work is to
broaden the extant research to aid in the design offibactous forms of exercise interventions
depending upon important paranrtstéke sex or obesity to maintain or enhance cerebral health

into aging

1.8.2 Chapter 2 Rationale

It was noted that based on the systematic review, that much work had been completed in
individuals who were highly fit and had been for the entirety of theirt &ides, known as
Master Athletes, or in those who had numerous comorbidities. It was of interest to investigate a
sample of very healthy older adults with no-psasting conditions, unmedicated, and active but
not at the Master Athlete level, to furtherderstand the role that cardiovascular fithess has on
cerebral health in the absence of other factors or conditions that could also have an influential
role on brain health. To address these questions, Chapter two compares cerebral health outcomes

in heathy older and younger adults.

1.8.3 Chapter 3 Rationale

Another gap that was identified in the literature was the potential fespseific
differences in the relationship between cerebral health and PA. In addition to these direct effects
of sex, the addedfilmence of other outcomes known to have detrimental consequences for brain
health and known to show sspecific differences, in particular obesity, was not systematically
addressed in the literature. Obesity was of importance as the incidence of air@sityes to
risein Canada, where 63.1% of the population over the age of 18 is considered to be overweight
or obese, a number which rose by almost 2% in a-§eaetime periodGovernment of Canada,
2019) With a global pandemic occurring since the lastsiad Canada census it is likely that
given reduced access and ability to participate i([P& et al., 2021; Knell, Robertson, Dooley,
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Burford, & Mendez, 2020Q) reduction in the number of daily activitigenell etal., 2020)

greater amounts and poorer food int@Bennett, Young, Butler, & Coe, 202Dverweight and

obesity levels have continued to rise significantly since. Thidiglgk the importancef

understanohg if there are sexspecific differences due to varying BMI on brain health in older

adults, and whether PA can mitigate these relationships in both males and females. This question

is the underlying rationale of Chaptéree of this thesis.

1.8.4 Chapter 4 Rationale

There is an increasing recognition that midlife is a crucial time, rather than just older age,
for factors like obesity and PA to impact cerebral health. However, no study to date has
comprehensively investigatehe sexspecific relationships between PA and cerebral blood
across theniddle and oldelifespan. Therefore, we sought to address these limitations in Chapter
four by investigating the effects of PA on brain health over a larger agegaogepassing both
midlife and older age. This will contribute to our understanding of whether there are stronger
relationships between PA and cerebral health at certain age ranges, and if these differ for males

versus females.
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2 Manuscript 1: Comparing the effectof Cognitive vs Exercise
Training on Brain MRI outcomesin healthy older adults: a

Systematic Review

This manuscript was published in Neuroscience and Biobehavioral Reviews
(DOI:10.1016/j.neubiorev.2021.07.008tzardt et al., 2021) Brittany Intzandt, Tudor
Vrinceanu, Julia Huck, Thomas Vincent, Manuel Mor®aasso, Claudine J Gauthier and
Louis Bherer.

2.1 Preface

It has been established that part of-egjated cerebral declines can be reduced ot
pharmacological lifestyle strategies. A primary lifestyle intervention for the enhancement of
cerebral health in aging is exercise training, as exeneisgositive effects on brain health and
cognition in older adultéColcombe et al., 2006; Intzandt et al., 2024 other conmon strategy
to enhance cerebral functioning in aging with demonstrated positive results is cognitive training
(Belleville & Bherer, 2012a; Butler et al., 2018p date, the majority of cognitive training
studies have yielded positive results, mostly involving cerebral structural enhancements, in
particular volumetrics and microstructural chan@fgslleville & Bherer, 2012a; Ten Brinke,
Davis, Barha, & LivAmbrose, 2017)Exercise training has also been associated with significant
improvements in volumetrics, and functional chan@scombe et al., 2004; Halloway, Wilbur,
Schoeny, & Arfanakis, 2017; Sexton et al., 20165 clear that both cognitive and exercise
training in isolation are capable of improving cerebral structure and function in healthy older
adults. However, it is not well studied, or understood if one modality is superior to the other for
enhancing overall cerebral health, or specific health markersdikimetrics or CBFStudies
directly comparing theseonpharmacological imrventions wouldreate a more depth
knowledge basef the relative impact of each training modality on brain healthcanttl form
the framework in the design aftlire traing programs to maximize their cerebral benefits in
aging.

Therefore, manuscript one presents a systematic review of the literature comparing the
effects of exercise training and cognitive training interventions on cerebral health as measured
with MRI. The overall aim was to describe, detail, and synthesize the current literature that

involved cognitive trainingr exercise training that employed all forms of MRI sequences
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including, but not limited to, volumetrics, microstructure, connectivity, restatg,sthange to

the bloodoxygen level dependent signal, as well as cerebral hemodynamics.

2.2 Abstract

Aging is associated with cognitive decline. Importantly cognition and cerebral health is
enhanced with interventions like cogniti{@T) andexercise trainingdET). However, effects of
CT and ET interventions on brain magnetic resonance imaging outcomes have never been
compared systematically. Here, the primary objective was to critically and systematically
compare CT to ET in healthy older dtduon brain MRI outcomes. A total of 38 studies were
included in the final review. Although results were mixed, patterns were identified: CT showed
improvements in white matter microstructure, while ET demonstrated macrostructural
enhancements, and botardonstrated changes to tdsksed BOLD signal changes. Importantly,
beneficial effects for cognitive and cerebral outcomes were observed by almost all, regardless of
intervention type. Overall, it is suggested that future work include more than one MBineut
and reportll results including null. To better understand the MRI changes associated with CT or
ET, more studies explicitly comparing interventions within the same ddirairresistance vs.

aerobic) and between domaie. CT vs. ET) are needed
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2.3 Introduction

The population of older adults is increasing worldwi@ehnert et al., @15). According
to the United Nations, it is projected that
comprised of older adults by 2080nited Nations, 2020)This presents health care systems and
societies with important challenges due to declines in health that occur during the aging process.
For example, the aging vascular system undergoes a cascade of changestthalyreftects
the cerebrovascular system, leading to decreases in cerebral peffssiani et al., 09; Chen
et al., 2011; Parkes et al., 2004; Zhang et al., 2@iv¥n that continuous blood flow is
necessary to maintain structural integrity and neuronal ac{ritye ci Es ka &, Si |l ver,
decreased perfusion has been related to declines in cogmiBovis et al., 2018; Staffaroni et
al., 2019; Xekardaki et al., 201%)Joreover, aging not only impacts cerebral perfusion, but also
causes structurghljondi et al., 2019; Lockhart & DeCarli, 2014hd functional changes
(Sugiura, 2016)which are also related to cognitive decl{d§ondi et al., 2019; Lockhart &
DeCarli, 2014)These declines in cognitive functioning tend to be observed most prominently
within executive functions, likely due to the fact that the frontal regions of the &m@ivery
susceptible to low cerebral perfusion and are affected early in the course ofGayitenas et
al., 2011; Moscovitch & Winocur, 1992a; West, 1998¢clines in executive functioning can
impact working memory, divided attention, episodic memory and processing Epaieeiza et
al., 2016) The declines in executive functions have also been shown to predict memorg decl
(Carlson et al., 2009jurther dobal cognitive declin¢Clark et al., 2012)futurefunctional
decline(Johnson et al., 20073and even increased mortal{gross et al., 2016)

It is now established that part of aggated cognitive ddine and dementia can be
reduced, or delayed, through Rpharmacological lifestyle interventions, such as cognitive
stimulation, physical exercise, social networking, and control of vascular risk factors, to name a
few (Livingston et al., 2020b; Monter@dasso, Ismail, & Livingston, 202Mlowever, theresi
still a relative lack of knowledge drowlifestyle factors protect against cognitive decline and
impact the underlying cerebral structure and function. Among all lifestyle activities known to
protect again cognitive decline, the strong evidence isvior faf physical exercise, and cognitive
stimulation(Daffner, 2010) Those two types of interventions tend to be easier to isolate and
study in a randomized cantled trial format. Moreover, the primary mechanism of action for

these two types of lifestyle interventions have been suggested to be through the enhancement of
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neuroplasticity. Neuroplasticity refers to the process by which the brain adapts to thieaimpac

age or agingelated chronic diseases such as dementia, through changes in structure, physiology,
connectivity and functiofZilles, 1992) Therefore, comparing side by side their impact on MRI
outcomes reflecting neuroplasticity would help clarify if, and potegti@hat, common

mechanisms are at work.

CT has been utilized for the enhancement of cognitive functioning, with a large extant
literature investigating this subject in older adults alone. CT involves guided practice and
feedback that is cognitively challgimg, including increasing the difficulty as the program
progresses, for an individual on standardized tasks that involve specific cognitive domains such
as executive functions, attention, language or merf\adenzuela & Sachdev, 2009hile
there are currently no standardized pritespwhich guide a CT program, there are numerous
aspects that are possible to be manipulated to enhance the learning experience of the participants
(Schubert et al., 2014kirst, the type of parameters that can be modified in a CT program
depend on the cognitive function trained. For example, a gp&eiiing program aimed at
improving working memory, like the-back,(i.e., single domain) has fewer parameters that can
be altered to personalize the training program rather than a general cognitive training program
(i.e., multi domain) which targetsuttiple cognitive functions in the same progréarg.,
memory, processing speed, etc.). Despite this, the difficulty of CT can be increased by
augmenting the cognitive load or shortening the practice reaction time window. The trained
modality can be manipated or combined. For example, certain CT programs like dual tasking,
are combining multiple modalitigse., auditory, visual, motor) as part of the training program.
Indeed, the dosage and duration of the CT can also play a role with very short progtam
being as efficient and potentially very long ones reaching a plateau. Finally, the efficiency of a
CT program can be assessed by observing an improved performance in the trained task, a task
that is slightly differen{neartransfer) or significantlgifferent(far-transfer) than the trained
task(Noack et al., 2014; Schubert et al., 2014)

To date, inconsistencies lmain outcomes measurading magnetic resonance imaging
(MRI) have been reported for structural and functional changes after CT in healthy older adults.
Thus far, it seems that there are more changes documented within structural as compared to

functional outcomes. However, it is generally assumed that CT ibleapi@mproving both
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structural and functional outcomes in ag{ten Brinke et al., 2017Jurthermore, positive
macrostructural changes reported in the literature following CT involve grey matter volume,
corticalthickness, and enhanced white matter inte@Bslleville & Bherer, 2012)CT-related
functional changes include a decrease in activation in certain areas, posited to indicate a change
in neural efficiencyBelleville & Bherer, 2012)However, these findings are not always

reproduced, likely due to the heterogeneous nature of the intervelitiensength of

intervention; interventional sessions per week; MRI secgensed), making the interpretation

of these findings difficult.

ET has also become widely investigated, with several-anedlyses published in the past
few yearqFalck et al., 2019; SansaiNadal et al., 2019; Sherrington et al., QDET refers to
utilizing a group of muscles maintained for a period of time with the intent of improving
cardiovascular fitness and/or muscular strength, endurance or power in a planned or structured
program(Casperseet al., 1985)It should be noted that ET programs tend to be guided by the
FITT principles(Garber et al., 2011¢haracterized by their frequengyumber of weekly
sessions); intensitff.e., % of maximum heart rate or % of heart rate reserve);(timmutes or
hours per session per week) and type of traifiieg aerobic; rastance or flexibility) Seminal
work by Colcombe and colleagug®)04) revealed that ET was capable of enhancing functional
brain outcomegColcombe et al., 2004More specifically, participants in the ET group showed
a significantly increased BOLD signal during a Flanker task in attentional areas of the brain and
decreased agtation in the anterior cingulate cortex compared to those in a control group.
Importantly, ET has been shown to have beneficial effects on structure as well, where it has been
illustrated to prevent decline of, and in some cases increase white mattee (®ést, Chiu,

Hsu, Nagamatsu, & Lidmbrose, 2015; Bolandzadeh et al., 20@6lcombe et al., 2006)
Notably, at a time of forced confinement, like during the COXtEDpandemic, several papers
have identified thémportance of physical exercise for psychological, cognitive and physical
health has resurfaced as paramount from a preventive health pers@ecimar et al., 2020;
Besnier et al., 2020; Letie& Furtado, 2020)It is important to note however, that much like
CT, regardless of MRI outcome, the results of ET studies have shown limited reproducibility,
again likely explained by the high heterogeneity of the training protocols and type @heutc

used to assess changes.
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Magnetic resonance imagifigIRI1) is now wildly employed to assess aggdated
cerebral changes in structure and function. MRI is a versatile imaging technique that is able to
measure numerous outcomes that are affected by,agiolg as grey and white matter volume,
connectivity between structures, indicators of myelin integrity, and cerebral blood flow. As
individuals age, overall global cerebral volume is reduced, with the most pronounced reductions
taking place in the frontand temporal lobeeCarli et al., 2005)in addition to volume, agg
has also been associated with a reduced integrity of the white matter tracts, often observed in
frontal areagPark & ReuteiLorenz, 2009; Salat, 201IJhese tract alterations are caused by
microstructural white matter changes, in particular decreases to fractional anisotropy, and
increases to mean diffusivity, as well as declines to other measures of diffusivity, also often
observed in frontal regior(®be et al., 20Q; Hsu et al., 2010; Ota et al., 2006; Salat et al., 2005)
These frontal regions also demonstrate the fastest reductions in cerebral blo@hfitano et
al., 1984; Zhang et al., 201&)ut declines in perfusion have also been consistently identified in
the temporal and parietlmbes as wel{Chen et al., 2011; Gauthier et al., 2013; Parkes et al.,
2004)

Several studies have completed systematic reviews investigating the effects of ET on
brain structure and functions in healthy older adiisloway et al., 2017; Sexton et,&2016)
and one has been published for CT in healthy older adettBrinke et al., 2017}t is evident
that CT and ET are capable of enhancing brain structure and function in healthy older adults, yet
it is currently not well studied if either modality of lifestyle intervention is superior to the other
for improving these outcomes, as only one study to date has compared the effects of ET to a CT
intervention with MRI as the primary outcorft@hapman, Aslan, Spence, Keebler, et al., 2016)
More specifically, they found a significant increase in CBF after the CT intervention, whereas
the ET group did not demonstrate a statisticatiyificant changeTherefore, more studies
directly comparing these lifestyle interventions would allow for further understanding of the
relative impact of each training modality on brain health and provide more information about
what future training progras should focus on to maximize their cerebral benefits in aByng.
furtherstudyingCT and ET interventions in isolation, with the useadvanced MRI techniques
(Tardif et al., 2016)we @n gain a better understanding of their underlying mechanisms of action
in isolation.Moreover, although the investigation of other lifestyle interventions that are relevant

to cognitive health in aging are warranted, CT and ET have been the most ektestsdied in
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the aging literature, providing a more robust body of literature. Other preventive lifestyle factors
known to have a protective effect for cerebral health, such as diet or social networking, tend to
often be conducted alongside CT or ET, arglless often isolated and studied in relation to MRI
outcomes. Thus, the present review also focused on ET and CT because they can be similar in
terms of theoretical framework and experimental approach, meaning that they can be
administered in the formf@ training program. Moreover, the present review hopes to identify
specific training components that might be more succeasfredicting MRI enhancements.
Thus, allowing us to detect specific training components that might be more effective at
improving cognition and perhaps reducing the risk of developingelgted cognitive decline.
Therefore, the purpose of this systematic review is to compare dutsaféported in
intervention studies involving CT or ET on brain health measured with Ni&kE, we aim to
describe the literature encompassingdET studies from different aspects of MRI including
macrostructural, such as volumetric outcomes of gnelyvehite matter, as well as
microstructural, such as diffusion weighted imaging, and functional outcaséastaskrelated
BOLD changes, resting state functional connectivity or perfusion differeflcasbeing said,
although interventions including ambination of both CRndET do have their merit, it is
important to first understand how each intervention, in isolation, is potentially improving

cerebrovascular health and cognition in older adults.

2.4 Methods

2.4.1 Search Strategies
A systematic computdrsased search of PubMeldlledline, PsycINFO and EMBASE
databases was conducted from JuRe2017,until June 12th, 2020 he search included articles
that were written in English and included either a CT intervention or ET intervention. CT
interventions werenicluded if they involved any of the followir{ghcluding a combination
thereof): executive function, attention, working memory or set shifting. The ET intervention
could be any type of intervention that included any form of physical activity such as aerobic,
resistance training, dance, yoga and coldd be a combination of these types of physical
activity.
Search ter ms i n,ddldarigogiabind d & ® e ricaaedradliis@® tr ai ni

Aresi st anftet termgtiniemigdauni mgofunction trainingdc
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includng MESH terms, used can be found in supplementary material Figure 1. Unique search
terms were used for each database with the consultation of an academic librarian. We also
supplemented database searches with reference lists found in other reviewthase papers

that were included in the review. Dates of inclusion of papers were limited to those published on
or before June 12 2020. Data was then extracted into covidence.org, a systematic review

software for screening, as well as to complete théh@oe bias component.

)

s 1493 Studies Imported
= for Screening
(S}
=
T —_— 133 Duplicates
ﬁ Removed
. 1360 Studies Screened
o)} )
c —_— 1218 Studies Irrelevant
3
o
|5}
w .
142 Full Text Studies
— Screened for Eligibility
> 61 ET Studies Excluded Due to: 43 CT Studies Excluded Due to:
% « 20 Conference Proceedings/Abstracts + 9 Conference Proceedings/Abstracts
=) 9 Study Design » 7 Study Design
o8| * 9 meanage <55 yo *« 6 meanage < 55yo0
» 8 patient population used * 6 patient population used
« 6 lacking inclusion criteria -— = | - 7 lacking inclusion criteria
+ 6 lack of MRI pre and post * 5lack of MRI pre and post
* 3 Review + 0 Review
* 0 Duplicates + 2 Duplicates
« 0 no healthy control sample * 1 no healthy control sample
v

38 Studies Included
(ET =26, CT = 12)

Included

Figure 20 1 PRISVIA Chart demonstrating the literature search and inclusion/exclusion for the systematic
review(Shamseer et al., 2015)

2.4.2 Inclusion and exclusion criteria
The PRISMA(Preferred Reporting Items for Systematic Reviews and -etdyses)
guidelines were followe{lShamseer et al., 201%Articles were included if they investigated the

effects of cognitive training, aerobic training, resistance training, or other exercise interventions
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on the cognitive function dfealthy older adult®0 55 years of age) with n
impairment. As many studies included participants 55 years old and over, we set this age criteria

to be more inclusiveAll studies were also required to include MRI acquisitions before tied a

the intervention. Study designs included were randomized controlledRi@lsST 6 s) and quas
experimental studies.

We excluded studies with participants who had known neurological or motor disorders,
such as Al zhei mer 6s diesreta,s eParMiilnds oCodgsnidiisveea sle
multiple sclerosis. Those with cardiovascular risk factors were incl{gdgd diabetes,
hypertension), but studies with patients suffering from coronary artery disease and heart failure
were excludedexcluded stuigs are listed in figuré). Other studies excluded were if: the mean
age of participants was below 55; it was another review;-aredy/ses; abstract for conferences
(i.e.,conference proceeding); dissertations; or there was no healthy control group that
participated in some form of nantervention, whether that be a passive or active control group.

Finally, it was determined that an intervention could not include a combination of
exercise and cognitive interventions in one intervention group. The ratimnahis was that the
investigation of ET interventions and CT interventions in isolation of each other would provide a
more accurate inference for understanding the underlying mechanisms leading to brain
enhancements in each intervention. For exanplgituations where the ET intervention stated
explicitly that they manipulated a cognitive load associated with th@gT,dance movement
interventions) then they were excluded as this training would be considered a combination of ET
and CT. Howeverfia study compared the two interventions to each other, without combining
them, then they were included. This had an exception in terms of ET, where those studies that
included a combination of E(E.g., aerobic plus resistance training, or resistangartgaplus
balance and flexibility) were still included.

2.4.3 Selection Criteria

Two authorgBI and TV) independently screened articles initially by title and abstract for
articles that did not meet the inclusion criteria. The full texts of the remainingsstuelie then
also screened for eligibility. Disagreements were resolved through discussion, and if necessary,

included one of our expert authgsee Figure 1). Risk of bias in individual studies was also
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assessed independently by the two reviewers usengutitelines outlined in the Cochrane
Handbook (Higgins & Green, 2008)hich is reported in Table. 1

The two authors independently extracted the following in&tiom from all included full
text journal articles; participant demographigample size; mean age, % female, type of
population, education, MOCA, MMSE), interventiflangth, type, frequency, duration, intensity,
adherence rate, dropouts), conftgpe,adherence rate), physical function outcome measure
(reported change), cognitive function measireported change), structural outcon@squence
used, echo time [TE], repetition time [TR], slice thickness, resolution if available otherwise field
of view [FOV] and matrix to calculate resolution, volume of slices, flip angle, sofsate
preprocess and processing of Jasructural chages(if present, location, type of change),
functional outcomeésequence used, TE, TR, Slice thickness, resoluti&Gi©d and matrix
volume of slices, flip angle, software to preprocess and processing of data), functional changes
(if present, locationrad type of change), physical function outcome related to imaging measure,
and cognitive function outcome related to imaging measure. Any discrepancies in the data
extraction(e.g., number of participants for a particular study or type of MRI scanner) were
discussed and solved amongst the authors. The primary outcome of interest were the results from
MRI, including structural and functional changes. Secondary outcomes included behavioural
results of cognitive outcomes within the domains of executive funatidrattention. Other
secondary outcomes included results of exercise training improvéineenyGpeak, muscle
strength, etc.).

2.4.4 Visualizing of Results

MRI regions of interest that were reported to be investigated by each study were
individually recordedThemulti-level bootstrap analysis of stable clusi@ASC) atlagBellec
et al., 2010Wwas chosen as the standardized brain image to graph results on. Macrostructural and
functional data were plotted on different imagas were all the regions for ET and CT studies.
Regions for each study were then coded as 1 for increases displayed in red; 2 for decreases
which are in blue; and 3 for no change to regions, as shown in yellow. For regions that had
disagreements amongusgies, for example one study observed an increase in hippocampal
volume, but another demonstrated no change, theselhereoded as a combination of the

colors for increase and no change, with the appropriate weighengf 2 found increases and 1
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no change, it would be weighted heavier towards the increase [red] coloOmlejhose

regions that were reported to have one othineeconditions(e.g.,increase, decrease, no

change) were parcellated and cetoded systematically for both typesioferventions in
macrostructural and functional outcomes. The reported changes, or lack thereof, were recorded
as the within group change from baseline to follow up in the intervention groups. This was
completed because only a minority of studies stagiltyicompared the interventienelated MRI
change relative to the control group-house scripts were created to plot on a standardized brain
using Nilearn in Python @edregosa et al., 2011)

2.5 Results

A total of 1493 studies were imported for screening, with 133 being duplicates. Thus,
1360 studies were screened, with 142 of these considered f@Xudicreening. The final
number of papers included in this review is 38 studiegire 1shows a flowbart of the studies
excluded and rationale for exclusion, as well as those included. Table 2 includes the basic
characteristics of all studi¢Supplementary Table 1 presents basic characteristics of MRl [i.e.,
TR, TE, etc.]), and a simplified version df @esults is presented in TableB Cochrane Risk
Assessment was completed for all studies incl&eg Table 1), however due to lack of
information for many components of this, we were unable to assess whether studies had high or
low risk of specific Imses. Figure 2 and 3 show macrostruct(@pbnd functionalb) changes in
the intervention groups, respectively for Gifure 2) and ET(figure 3), on a standardized brain
using the BASC atlagBellec et al., 2010)

2.5.1 Cognitive Training

Of the 38 studies included in this paper, a total of 12 were CT interventions. Table 2
shows the details of the interventions. The results are categorized into the following sections: 1)
structural outcomes; 2) functional outcomes; 3)alation between imaging and secondary
outcomes. These studies ranged in length of intervention from 2 to 24 weeks, with a range of
frequenciegl to 5 times per week) and time per ses§dnto 120 minutes) in those that
reported these valug8 studie$. Figure 2 provides visualization of the changes reported in the

intervention groupwhere studies reported increases, decreases or no change after each
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intervention in the specific regions of interest, particularly within frontal, parietal and

hippocamphregions.

2.5.1.1 Structural outcomes

A total of eight of the twelve cognitive training studies included structural outcomes,
where five reported significant changes and two did not report correlational analyses between the
cognitive outcomes and imagin@diampstead et al., 2012; Lévdén et al., 200¥erall, the
majority of the CT stdies found that their contrdji.e., norrintervention groups) demonstrated a
change, in particular, an increase in mean diffusiiitip) over time, within the frontabccipital
fasciculus, inferior and superior longitudinal fasciculus and uncinate fasc{de Lange et al.,

2017, 2018)as well as the genu of the corpus collos(lrivdén et al., 2010furthermore,

these studies demonstrated a relative decrease to MD which was related to the CT interventions
(de Lange et al., 2017, 2018; Lévdén et al., 20aBhough these changes were reported in
different areas of the brain for each study, suggesting widespread decreaseihd®saw
decreases of fractional anisotrof$yA) (Chapman et al., 2015; de Lange et al., 2017, 2018;
Lévdén et al., 2010)hich was explaineds amagerelated declinén white matter
microstructure Three of the studies demonstrated an increase in FA due to the intervent
(Chapman et al., 2015; de Lange et al., 2018; Lévdén et al.,, ApHajfically in the white

matter tracts adjacent to the default mode and central executive ndi@lmaoman etlg 2015)

and in the areas where a change in MD was identified in the control gdeupange et al.,

2017, 2018; Lovdeén et al., 2010) should be notd that de Lange and colleagy617) found

that only the controlécompared to the memory training group), had significant decreases in FA,
and increases in MD, and radial diffusiv(gD) throughout the brain including the corticospinal
tract, corpus dlosum, superior longitudinal fasciculus and the anterior thalamic radiation,

following a 18week intervention(de Lange et al., 2017)

2.5.1.2 Functional outcomes

Eight of the tudies measured functional MRI outcomes before and after the
interventionsSpecifically, five studies investigated tastated BOLD changes, one study
investigated cerebral blood flof€BF) (Chapman et al., 201@nd another functional
connectivity (Chapman et al., 2015J he inscanner tasks that were completed included a 3
back task(Heinzel et al., 2014, 201,73 visuospatial working memory task that had two load
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conditions (Brehmer et al., 2011and an object location association memory {etmpstead

et al., 2020) Of those investigating tasklated BOLD changgdable 3;Figure 2§, four
demonstratedecreasedOLD signal after the interventional period, ranging from two
(Hampstead et al., 202®) four weeks(Heinzel et al 2014, 2017and up to five weeks

(Brehmer et al., 201 1yvithin the frontal and parietal regior{8rehmer et al., 2011; Heinzel et

al., 2014, 2017)as well as decreases within hippocampal regi@rehmer et al., 2019nd the
occipital lobe (Hampstead et al., 20). In contrast, the other two studies and that by Hampstead
et al.(2020) demonstrated increased BOLD signal during a face/scene delayed matching task
(Adnan et al., 20173 multisource interference taglith two conditiongKim, Chey, & Lee,

2017) and the object location association memory tdsmpstead et al., 2020) some of the
same area@rontal, parietal and hippocampal) as well as temp@raEimpstead et al., 2020 only)
after their two (Hampstead et al., 202Gjve (Adnan et al., 2017and eightiweek(Kim et al.,
2017)interventions. Chapman and colleagues also found aftemae&R ntervention, that there
was overall improved connectivity within the default mode network and the central executive
network(Chapman et al., 2015¥loreover, Chapman and colleagues found that the CBF in their
cognitive group increased 7.9% from {testing to tle halfway poin{6-weeks) and remained at
this level until postesting. They also completed a voxéke analysis and found that there was

a significant increase in the cognitive group compared to the control group in the left middle

temporal, superior naal and inferior frontal gyrus.
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Figure 20 2. Standardized brain demonstrating regions where CT studies reported macrostructural and

functional changes within the CT groups afteritiiervention. Increases in regions within the intervention

group are identified in red, where the lightest color represents that one study investigated this region out of all

12 CT studies and found a signi f repgresents a graatermameref. The
the 12 studies observing an increase in this region, up to 3 studies which is the most intense, or darkest of all

the colors. This same pattern occurred for studies demonstrating decreases, as represented in blue and studies
observing no changes as indicated in yellow. For studies that demonstrated differential findings, for example 1
study found an increase and another 1 decrease, the colors for these two intensities were overlaid to provide a
combination of those colors. Theaximum number of studies reporting the same direction of changes per

region was 3, thus, this was set as our threshold. a) Macrostructural regions. b) Functional regions.

2.5.1.3 Relationship between imaging and cognitive performances

Nine of the twelve studidacluded statistical analyses to investigate the potential
relationship between imaging outcomes and cognitive measures. Microstructural improvements
were related to the cognitive outcomes for de Lange and colleagues in multiple ddeles,

Lange et al., 2016, 2018, 20Where negative relationships existed between MD and memory
improvementgde Lange et al., 2016, 201wijthin the corpus callosum, inferior frontxcipital
fasciculus and anterior thalamic radiat{oie Lang et al., 2017)Conversely, those older adults

with a frontal FA above the mean FA for young adults were found to have the largest increase in
memory performance compared to those older adults with FA below thigdeviehnge et al.,
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2016) In their 2018 paper they found MD at fiest had a positive relationship with memory,
whereas at every time point onwards, they shared an inverse relationship, indicating a change in
microstucture or behaviofde Lange et al., 2018Yet, others who attempted to relate their

cerebral and cognitive outcomes did not find any relationships. For example, Lévdén and
colleagues found no correlations between changes in FA or MD with changes in working
memory, episodic memory or perceptual spgg&ydén et al., 2010)This lack of relationship

between microstructural and cognitive outcomes was also reported by anothendengpafter

a 2week training intervention, healthy oldetudts demonstrated no relationship between MRI
outcome and cognitive outcom@$ampstead et al., 2012)

The few groups who repoddunctional changes with cognitive improvements did have
positive findings. In particular, Chapman and colleagues demonstrated that the mean changes in
their test of strategic learning and similarities outcomes were correlated with mean changes
between goups for CBF in the temporal lobe, anterior and posterior cingulate as well as the
superior medial frontal gyrU€hapman et al., 2015Finally, performance was related to
widespread activity decreases throughout the frontal, parietal, temporal, subcorticetiaitell
lobes during the working memory condition, where those who had the IB@Q&g: signal
decreases in memory and attention related areas, tended to be those who gained the most from

training.

2.5.2 Exercise Training

Of the 38 studies included this review, 26 employed a form of exercise training. In
general, these studies varied in lendtbm six to 135 weeks), range of frequendiesime per
week to daily) and length per sess{@0 to 90 minutes) in those that reported these vafiess.
Figure 3 for a visualization of the imaging results in the interventional groups of inc(eades
decreasefblue), no chang@reen) or a combination of such, after ET in macrostructural and

functional outcomes, which appeared to be spread quite glabadlyghout the brain.

2.5.2.1 Structural Outcomes

Seminal work by Colcombe and colleag(2806) reported increased grey matter volume
in some frontal and temporal regions as well as the anterior cingulate cortex following an aerobic
intervention as can be visuadd in Figure 3a(Colcombe et al., 2006Ywo other studies

observed significant increases to grey matter volume within some of these same regions,
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particularly the frontal(Ji et al., 2017; Muller et al., 201, Qarietal and cerebellar regiofts Ji

et al.,2017)as well agparahippocampal regiorsitller et al., 2017)As seen in Figure 3a, the

increased hippcampal volume was confirmed by numerous stugié=emeyer et al., 2016;

Muller et al., 2017; Niemann, Godde, & Voelckeehage, 2014; Rehfeld et al., 2017; Rosano et

al., 2010) yet others observed no change to the hippocanidasss, Dlzel, Goerke, Becke,

Sobieray, et al., 20155exton et al., 2020Moreover, when comparing their resistance training

group tocontrog r ou p , M¢l | er 6 s s (inucdnyrastftoatheinagerobicgroup) f f er er
(Muller et al., 2017)

Several groups also investigated changes in white matter volume, lesion load and
microstructureWhite matter lesion volumeas significantly less compared to a control group
after a 12 month intervention, but only in those who trained two times per week, not the group
who trained once weekliBolandzadeh et al., 2015his same study found that ttveice-
weekly resistance training group showed a significant decrease in white matter cortical atrophy
(the white matter immediately below the cortical grey matter area) atytearZollowup
compared to those in the control group, with no differences hgawveen the once weekly and
control(Best et al., 2015)Colcombe and colleaguesalfound a significant increase in overall
white matter volume in their exercise group compared to cor{Colsombe et al., 2006
recent study, found that their aerobic group did not have worsening white matter hyperintensity
grade after the interventip but that their health education group had an 18.8% worsening of
white matter hyperintensities grad&haaban et al., 2019 terms of changes in
microstructurepnegroup found that when there was a significant increase in fitness after the
intervention, MD within the hippocampus was decredBéeemeyer et al., 2017Moreover,
two groups found no change after thEil intervention for any of the diffusion outcomes
(Sexton et al., 2020; Voss et al., 2013)

Finally, one group used more complex MRI outcomes to investigate changes after their
24-month interventiorfShaaban et al., 201,9h particular thedentification of cerebral blood
vessel tortuosity, length of venules and microbleeds identified by suscepii®igited images.
They observed that those in the aerobic intervention had a significant increase in the percentage
of straight venous lengtinom baseline to 24 months, and the tortuosity ratio declined from
baseline to followup by 33.2% compared to the control group. However, this was not

statistically different. It was also found that both the aerobic group and the control group over the
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two-year intervention had a significant increase in microbleed count, but it was not statistically

different between the two groups.

2.5.2.2 Functional outcomes

Five groups investigated functional connectivity, four of which fomedeased
connectivitywithin thedefault mode and central executive netved&hao et al., 2020;
McGregor et al., 2018; Voss, 2010; Voss et al., 20b3nother study by Voss and colleagues,
they did not find a significant change within the default mode network, or any of the other three
networks investigatefl/oss, Sutterer, et al., 2019)he four studies that investigated task
related BOLD signal changes all usetying inscanner tasks: a number Stroop hybrid task
(Wu et al., 2018)a Flanker taskvoelckerRehage, Godde, & Staudinger, 201igit-Symbol
Verification task(Motes et al., 2018&nd a semantic verbal fluency tgdlocera, Crosson,
Mammino, & McGregor, 2017)0f these four, two found increased BOLD signal activation
within frontal (VoelckerRehage et al., 2011; M.. Wu et al., 2018)and one in parietal and
thalamic areas after coordination train(MpelckerRehage et al., 2011pn the other hand,
VoelckerRehage and colleagues found that their aerobic training group demonstrated decreased
BOLD signal change within frontal and temporal regions, a finding that was also observed by
Nocera et al(2017) using a different tagkemant verbal fluencyjNocera et al., 2017These
discrepancies, as well as lack of BOt#zk related chang®otes et al., 2018)an be visualized
in Figure 3b.

Some studies investigated changes in more fundamental physiologicadyaald
propertiesA 6-week daily Wii exercise program demonstrated a decrease in amplitude low
frequency fluctuationfALFF) and regional homogeneity within the precuneus cortex, whereas
increases were found in subcortical struct{lie=t al., 2017)Finally, after a 12veek aerobic
intervention Maass and colleagues found that there was a significant increase in cerebral blood
flow and volume within the hippocampus compared to the control Magss, Diuzel, Goerke,
Becke, Sobieray, et al., 2015; Maass et al., 20@6)he four studies that investigated perfusion
changegChapman et al., 2015; Flodin, Jonasson, Riklund, Nyberg, & Boraxbekk, 2017; Maass,
Duzel, Goerke, Becke, Sobieray, et al., 2015; Motes et al., 200di8)onegroup reported

changes to perfusion, specifically a within group analysis found increasesing cerebral
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blood flow and cerebral bloogblumewithin the hippocampus after ET as indicated in red in
Figure 3b(Maass, Dlzel, Goerke, Becke, Sobieray, et al., 20bass et al., 2016)

26800000600

a&w&,m» DR s 85

000800

PRPLLPOOAR
BRAB/B/OOAO 6

Figure 20 3: Standardized bria demonstrating regions where ET studies reported macrostructural and

functional changes after the ET group intervention. Increases within regions within the intervention group are
identified in red, where the lightest color represents that one studstigaed this region out of all 26 ET

studies and found a significant increase. The col or
studies observing an increase in this region, up to 3 studies which is the most intense, or datkbst of al

colors. This same pattern occurred for studies demonstrating decreases, as represented in blue and studies
observing no changes as indicated in yellow. If studies that demonstrated differential findings, for example 1

study found an increase and ahet 1 decrease, the colors for these two intensities were overlaid to provide a
combination of those colors. The maximum number of studies reporting the same direction of changes per

region was 3, thus, this was set as our threshold. a) Macrostructuiahsed) Functional regions.

2.5.2.3 Relationship between imaging and secondary outcomes

Out of the 26 studiesn ET, 13 reported the relationship between the imaging outcome
and changes to fitness or a physical activity improvement. Specifically, groups fougcettar
fitness after the intervention was associated with increased prefrontal and tempQrakBE At
al., 2013) lower MD (Kleemeyer et al., 2017and increased connectivity between the default
mode network and the fintal pole(Flodin et al., 2017)Yet, another group found that the

changes in connectivity were not related to changes in fi{fhes®/O>max) but were associated
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with percentage of time spent in higher heart rate zones. Rosano and colleagues found that those
who attended a greater number of sessions over two years had a significantly increased
hippocampal voluméRosancet al., 2017)Whereas, another study discovered that a
maintenance in gait speed was associated with decreased white mattelBeseomdzadeh et

al., 2015) In terms of functional outcomes and fitness, highepr\i&x was fand to be related

to decreased BOLD activation throughout frontal and temporal lobes, during a Flanker task, in
the aerobic group, whereas in the control group there was increased activation related to
decreased Vénax(Niemann et al., 2014 onversely, others found thatreased V@maxwas
related to greater BOLD activity during a semantic verbal memory task, within frontal regions
(Nocera et al., 2017} lodin and colleagug2017) found thaBOLD signal variabilitywas
negatively correlated with Vénax, as was the ALF{Flodin et al., 2017)Finally, anoher

group, reporting in two articles, found no significant relationships between hippocampal
subfields and baland®liller et al., 2017; Rehfeld et al., 201Whereas Sexton and colleagues
found that the change in fithess was not associated with hippocampal volumes, glob@l ¢1A,

RD (Sexton et al., 2020)

2.5.3 Comparison of Cognitive and Exercise Interventions

One study, reported in two articlé&Shapman, Aslan, Spence, Keebler, F, et al., 2016;
Motes et al., 2018ompared a cognitive to an aerobic imtertion and a wailisted group
(Motes et al., 2018)Specifically, in their 2016 article, Chapman and colleagues reported that the
cognitive training group increased global cerebral blood flow by 7.9% at the halfway hilagk o
intervention(6-weeks) and maintained this CBF increase at the end of the intervention within
frontal areas, whereas those in the aerobic group did not significantly increase their CBF,
although the percent change was not repd@dpman, Aslan, Spence, Keebler, F, et al.,
2016) Neither group demonstrated significant changes to cerebrovascular reactivity after the
interventions. In their followup studythey found no significant tasielated BOLD signal
change after either intervention, however when investigating the redictiemelated
coefficients during the task, they found those in the cognitive training had faster reaction times
that were associad with less BOLD signal change, whereas the aerobic and whstirggoup

demonstrated a decrease in the association between the reaction time and BOLD signal change.
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2.6 Discussion

2.6.1 Summary

We aimed to investigate the effect that two different lifestyle interventions, CT and ET,
have on the cerebral structure and function of healthy older adults. In general, the literature thus
far can be viewed with cautious optimism. The results of thisweglemonstrate a mixed picture
of howand, in some casa$some forms of lifestyle interventions influence brain structure and
function as can be seenin Figures2and3.6s i mportant to note howeyv
significant heterogeneity in thenflings among studies, which could partially reflect the
variability in outcomes utilize@e.g., resting state fMRI versus perfusion versus vbaskd
morphometry), with little overlap between studies for imaging technique employed, especially
for CT versis ET.Nevertheless, it was possible to identify some patterns across studies, such as
improvements to white matter microstructure after CT interventions, macrostructural
enhancements post ET studies and both forms of interventions associated with chtreges |
BOLD signal.Generally, although the studies reported in this review differed greatly on several
parameters, CT studies tended to be shorter in length than ET, ranging from 2 to 24 weeks with 5
to 36 sessions which were 25 to 60 minutes in length session. Conversely, ET studies were
conducted over a 6 to feek intervention period, ranging from once a week to weekly sessions
that were from 10 minutes to 90 minutes in length per session.

2.6.1.1 Effects of CT on Structural outcomes

Notably, only two CTstudies investigated the effects on structural outcanhese
neither found a significant change to grey matter volume, or white matter v{fHamgpstead et
al., 2012; Heinzel et al., 2014hterestingly, of the twelve CT studies included in this review,
the majority reported that T1 sequences were acqforaggistration purposes onfddnan et
al., 2017; Brehmer et al., 201Chapman et al., 2015; Chapman, Aslan, Spence, Keebler, F, et
a., 2016; Hampstead et al., 2020; Heinzel et al., 2017; Kim et al., 2017; Loévdén et al., 2010)
Thereforethe images necessary to investigate volumetric outcomes are being collected but
volumetric results are not being reported. This could potenballgue to null findings, or to the
data not being analyzed. More studies reporting volumetric findings, null or otherwise, are

needed to conclude whether CT has the potential to change tissue macrostructure.
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Fourdiffusion-weighted imagingdDWI) studiesreported positive outcomes in the
interventional groupsompared to individuals in control groups. More specifically, increased
fractional anisotropyFA) for the interventional group was repor{€&hapman et al., 2015;
Lovdén et al., 2010Wwith decreased FA in the control groge Lange et al., 2016, 2018, 2017)
Thesestudies demonstrate the normal trends of agiry mterventional periods within the
controls and that during this time, CT interventions likely maintain or improve DWI outcomes.
In other words, the CT intervention is seemingly able to ward off@gésd brain decline in
white matter tracts or at legamaintain their integrity, which was perhaps most eloquently
revealed by de Lange and colleag(as Lange et al., 2018 this studyperiods of restvere
intersperseth between interventional perigdshereFA and MD were observed to be improved
in theintervention group as compared to the control greupch showed a timeependent
decrease in FA and increase in MD) during the interventional periods and the opposite during
rest periodsThus, exhibiting the potential specificity of CT on white mattarastructural

integrity.

2.6.1.2 Effects of CT on Functional Outcomes

The functional outcomes for CT are seemingly more promising in terms of beneficial
changes. These enhancements were seen as changes in the BOLD signal, although the
directionality of change waaconsistent across studies. For example, Hampstead et al., 2020
demonstrated aimcreaseto BOLD signal activation during an episodic memory task within the
prefrontal areadVhereas, during working memory tasks BOLD signal activation was reported to
deaeasein the dorsolateral prefrontal cortd®rehmer et al., 2011; Heinzel et al., 2014, 2017)
Some groups observatcreasedBOLD signal during attentional tasks, within frontal and
parietal areagAdnan et al., 2017; Kim et al., 2017he differences in directionality of the
signal changes could be due to tyyge ofcognitive task(i.e., working memory versus episodic
memory versus attentional) or the varying number of intervention sessions completed for each
study; leading to the delgabf increased resourcgmtentially associated with increased BOLD
signal) or increased efficiengpotentially associated with decreased BOLD signal). Conversely,
the answer could lie within the nature of the BOLD signal, which is known to be physailpgi
ambiguous, ancepresents a change from an unknown baséBaethier & Fan, 2018)Thus, it

is not possible to interpret these changes in terms of underlying neural resources &ioectHis
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to be a possibility, studies need to inclatleer vascular or metabolic outcomes that are known
to determine subcomponents of the BOLD signal, such as CBF or the cerebral metabolic rate of
oxygen consumptio(Gauthier & Fan, 2018; Tardif et al., 2016)

Importantly, one grougdisseminated in two studies) investigated resting CBR@unth
that perfusion was increased after CT within the frontal lobe and cingulate @int@xman et
al., 20152016) They also demonstrated incredganctional connectivity within the default
mode and central executive netw@@hapman et al., 2015n extension of this studMotes et
al., 2018) reported BOLD signal increases after a digit span verification test inTtlgecp
within the prefrontal cortex, a region demonstrating increased resting CBF in their earlier study
(Chapman, Aslan, Spence, Keebler, F, et al., 200i&refore, one could postulate that increases
in resting CBF and BOLD signal in the same region indicates that these changes could be due to
a combination of vascular or metabolic proper{gstentially including, but not limited to
neuronakesources). Interestingly, resting CBF was increased but not CVR, consistent with the
recruitment of more resourcése., BOLD signal is increased, but not vasodilatory potential per
se). Thus, it is possible to conclude in this case, that there axertikee resourceversus
increased efficiency) recruited after this form of CT, indicating the utility of groups using
multiplefunctional sequences in one stydg., BOLD, CBF and CVR).

Although half of the CT studies did find functional changes, diidenot report changes
However, the studies not reporting changes tended to have a shorter length of intervention and
the number of total sessions, with the exceptiobdeidénand colleagues, yet it is not clear how
many weekshe 101 sessions were comid in(Lévdén et al., 2010)A potential explanation
for lack of functional BOLD signal changes is that there were no transfer effects following CT,

only improvements on the trained task, indicating a learning effect only.

2.6.1.3 Effects of ET on Structural outcomes

Notably, ET studies reported a greater number of changes to structural outcomes than
CT. All the studies that reported structural improvements were at least 16 weeks in length,
except for Ji et al., 2017 whose intervention lervgtis only 6 weeks, but walily, potentially
demonstrating that for structural changes to occur, a specific volume of ET is ré@inaedet
al., 2020; Ji et al., 2017; Kleemeyer et al., 2017; Miller et al., 2017; Niemann et al., 2014;
ReHeld et al., 2017, 2017; ten Brinke et al., 2018)is is further confirmed by studies

Page p7



observing no changes to hippocampal voluieass, Duzel, Goerke, Becke, Sobieray, et al.,
2015; Sexton et al., 202@rey or white matter volume as well as DWI outcorf@exton et al.,
2020)after 12week, three times weekly, interventions. This could be extended to the lack of
volumetric changes reported in CT studies, as CT interventions tended to be shorter in length and
overall volume of interventiorfvolume = length of intervention [total numbafrweeks] x

frequency of sessions [times / week] x length of each session [minutes / session]). This remains
to be demonstrated conclusively however since not all studies reported the necessary outcomes
for dosage to be calculated and accountedtf@ also possible that studies that did not report
changegincluding CT) are, in part, due to the standard MRI techniques employed with 3T MR,
which may not have been sensitive enough to detect small ch@@migesievel) that are

occurring duringshorter time periods. Thus, it is possible that larger changes to structure need to
occur before it can be detected using MRI volumetry at the voxel size typically used. Finally,
changes to grey matter volume, or lack thereof, should be interpreted wtitingas it is not
physiologically specific and can represent an array of changes at thif.lkeveingiogenesis,
gliogenesis, neurogenegiardif et al., 2016; Tardif et al., 2017)

Importantly, a decreased presence of white matter lesions and atrophy, compared to a
control group over a twgear time period was also obsen(Bwlandzadeh et al., 2018pthers
employing ET for two years found that the aerobic group maintained their white matter
hyperintensity gradings, but those in the control group demonstrated a 20% grading deterioration
(Shaaban et al., 2019)hose investigating changes to DWI outcomes after a 26 week ET
intervention, found MD was significantly decreased in the hippocan(gmey matter structure)
after the interventiofKleemeyer et al., 2016)vhich might be driven by different physiological
processes than the decreases to MD found in white matter aft&eCadthers, found no changes
to DWI outcomes after their 3®&eek intervention, again possibly indicating that there is a
minimal volume of ET necessary to induce char(@exton et al., 2020 aken together, ralts
from the above studies demonstrate that ET is capable of maintaining cerebral white matter
structure, potentially through the prevention of-agjated vascular decline in the white matter.

Surprisingly, the majority of ET studies did not report meaguwhite matter
microstructural outcomes. It is well documented that cerebral white matter is vulnerable to
vascular changes, such as changing cerebral bloodBalrani et al., 2017; Giezendanner et

al., 2016; Pantoni Leonardo, Garcia Julio H., & Gutierrez Jorge A., 1B@Ghermore, a recent
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review(Badiji et al., 2019)identified that white matter changes were consistently associated with
arterial stiffness. Thus, presenting a unique opportunity to those investigating ET to target
plasticity within white matter microstructure in response to the vascular chéreggedecreased
arterial stiffness) that tend to occur after exer(8&sals, Nagy, & Moreau, 2019) is likely that

if studies investigated white matter, improvements after ET would be found alongside CBF
increases. This is fther highlighted by novel work demonstratiig promoted cerebral small

vein integrity(Shaaban et al., 201,9yhich, the authors speculate may suggest that ET promote
endothelial functioning and an increase of nitric oxide through the maintenance of shear stress
and CBF, thereby contributing to maintain the Heaftvessels. Thus, it would be valuable for
future studies to assess white matter outcomes, including DWI, to clarify if ET can enhance
white matter micro and macrostructure given that ET interventions seem to enhance vasculature

at the micro and macrouels.

2.6.1.4 Effects of ET on Functional Outcomes

Four of the exercise studies investigated-tas&ted BOLD signal changes. Much like
the taskrelated BOLD changes after CT training, the results were heterogeneous, likely due to
the differing inscanner task.e., response inhibition; processing speed; verbal ability and/or
executive control). However, one group found intriguing results demonstrating that the change to
the BOLD signal and the corresponding brain location could be dependent on the mode of ET
(i.e., aerobic versus coordinative trainifigpelckerRehage et al., 2011¥$pecifically, the
aerobic group showetkcreasedOLD activation compared to the controls, witfiiantal
(superior and middle) and temporal regions, whereas those in coordination training demonstrated
increasedactivation within frontalinferior) and parietal regions. These directions of BOLD
signal findings in specific regions was replicated by later wbek, found decreased BOLD
signal in the temporal regions after aerobic training, and increased BOLD signal in the frontal
(inferior) regions after coordinative exercisifiocera et al., 2017Yhough not compared in the
same study, the middle frontal gyrus demaitstit these same trends, with decreased BOLD
signal activity after aerobic training in one gro(\ppelckerRehage et al., 201but increased
BOLD signal activity following a Tai Chi intervention, which is a form of coordinative exercise

(Wu et al., 2018)Therefore, it would be useful for future work to not only compare to a control
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group, but among exercise training modalities to identify how each type of exercise can
influence the brain and if this isgionspecific.

Of the four studies that included perfusion, only one found significant changes after the
intervention(Maass, Dizel, Goerke, Becke, Sohieret al., 2015; Maass et al., 201A¢robic
ET (the intervention used in all four of these studies), is employed to, primarily, improve the
cardiovascular system and is thought to have generally beneficial vascular effects. Given this
known enhancenm to the peripheral vasculature, it has been hypothesized that these benefits
should also extend to the cerebral vasculatBieenes & Corkery, 2018)hus, the lack of
results in changes to perfusion is quite surprising yet, can be explained by a few rationales.
Firstly, perfusion changeuld be taking place earlier on in the course of the interventions.
However, Chapman and colleag2616) acquired an MRI halfway through their intervention
and did not find a statistically different change in perfusion for the ET compared to the CT,
although if there was any changihin the ET group, this was not indicaté@@hapman, Aslan,
Spence, Keebler, F, et al., 2018hese results reveal that ET ntigiot induce enhancements to
perfusion but could still be associated with a maintenance effect, preventing decline to CBF.
However, no study to date has measured perfusion changes after ET that has been longer than 12
weeks, making it difficult to concludéonly maintenance occurs, or if changes to the
cerebrovascular system require more time to transpire. Conversely, previous work has indicated
that macrostructural changes can occur without alterations to functional oui¢ineeset al.,

2011) introducing the possibility that ET is perhaps capable of causing structural changes more

so than perfusion changes. Finally, it could be that given the low SNRodASd it s6 gener
low spatial resolution, it is not able to appropriately capture subtle changes that occur within 12
weeks of an ET intervention.

This low SNR of ASL can be overcome with the use of contrast agents such as
gadolinium. Maass and colleagues used this approach to investigate cerebral blood flow and
cerebral blood volume in the hippocaniidiaassDuizel, Goerke, Becke, Sobieray, et al., 2015)
They subdivided their sample into old and younger older adults and found that those who were
considered younger had increased hippocampal perfusion after the intervention, whereas those
who were older had decrease in perfusion compared to baseline. Thus, this final study might

indicate thathe effect of ET on the vasculature may be dependent ortag@ossible that from
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a biological standpoint, older adults have decreased ability to initiate thieiplassponse, such

as angiogenesis for example, initiated by exercise.

2.6.2 The relationship between behavioural and MRI outcomes

Roughly half of the CT studies demonstrated associations between cognitive
improvement and changes to imaging outcomes. Thigestiglthat the changes between the two
are not linearly linked due to one outcome potentially having a plateau at some point, and the
other outcome continuing to change. On the other hand, it is possible that perhaps training
protocols need to be longerander to detect a direct association between the two. It could also
be the case, as it was with ET for structural enhancements, that the relationship between
cognitive and MRI outcomes is modality dependent. Import&tigpman et a(2016)found
that ircreased CBF was related to increased cognition after their CT intervention, thus providing
a window into an underlying physiological mechanisrh@ivCT improves cognition in healthy
aging. Moreover, one group found that individuals with higher FA pritr@cCT intervention
were those who had greater improvements in memory at the end of the intervention, indicating
that more resources to begin with might allow for greater improvements to cogdéibange
et al., 2016)Contrary to this, 10 of the 12 ET studies that reported relationships between the
fithess outcome and MR, indicated a change in fithess was related to a change in an imaging
outcome. Suggesting that if an interventhas a sufficient dose to change fitness, it could be
that the dose of the intervention is then also enough to cause these cerebral enhancements.

2.6.3 Comparison of CT and ET Studies

Given the heterogeneity of the length and design of the CT and ET sagiwesl| as the
varying MRI outcomes that were measured before and after the interventions, it is difficult to
make any solid conclusions when comparing the two. In particular, there were few overlapping
MRI outcomes reported for the two forms of intervens. Yet, of those that were, it seems that
both CT and ET interventions are capable of influencing the BOLD signal during e lasd
outcome, specifically within the frontal, parietal and temporal lobes, with both demonstrating
increases and decreade the signal, respectively. Perfusion changes and enhancements to the
white matter microstructun@ere observed predominantly @ interventions, with only one
study reporting these types of outcomes for the ET interventions. Conversely, ET stul#ids ten

to report more enhancements to connectivity and macrostruotucaimege.g., grey and white
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matter integrity), although it is unclear if this is due to lack of investigation from the CT studies
or reporting bias. Future studies should aim to explicompare ET to CT in the same study

with MRI at pre and post intervention to identify if there are potential synergistic effects on
cerebral health in older adults.

2.7 Limitations

The studies included in this systematic review wagaly heterogenous, in many aspects
previously discusseout also in the moderators that were included as covarfatasitation to
this review is that moderators could not be formaihgluated. It should be noted that in many
instances, moderators such as sex, age, and cognitive status, were included as covariates in
statistical models. In order to further disentangle these relationships between lifestyle
interventions and brain outca®, it is imperative that future work attempt to disaggregate this
data a prior{i.e., males versus females; younger versus old older adults) to identify what other
factors could be influencing the effects that ET or CT has on cerebral health.

Furthermoe, while we included studies that had a control group present, whether they
were active or passivihe nature of the control group could influence resule dse of active
only control groups is superior to passive only, as it allows to control foted\entional
confounding factorge.g., social interaction, time exposure, etc.) and better isolates the effect of
the intervention itself. Seven of the CT studies had acbwrols(with three of them being
from the same study), whereas all but troethe ET studie®adan active control, making it
unclear for the CT studies if the improvements were due to the intervention itself, or due to
social interaction. However, some of the CT studies in this review were better able to capture the
natural deche associated with aging through the use of passive control groups. In turn, this
allowed for a more nuanced examination of maintenance versus increased resources due to the
intervention. Studies including only an active control group were maybe legs ahlgture this
difference. ThuskT studies should also include a passive group, or even within the active
groups, to plot what the actual decline is when they are not in a true intervention. This is
particularly relevant for variables such as CBF whécknown to decline by 0.35% per year
over the lifespan, whereas GMV declines approximately 0.85% anriGdlgn et al., 2011)

Of note, only one stud§Chapman., 2016; Motes et al., 201@yectly compared a CT
intervention to an ET intervention, both of the sametlgngne per session, and number of
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sessions. Future work should aim to replicate this form of study design to attempt to disentangle
specifically the underlying mechanisms for improving cerebral heékhch type of

intervention.

2.8 Conclusion: Future Directions and Recommendations

In conclusion, our systematic review provides evidence to support that participation in
CT or ET intervention provides benefits to cerebral health in aging, which tend to extend to
behaviouraktognitive outcomes. These observations suggest that CT and ET interventions are
promising means to enhance and maintain cognition, and to prevent cognitive decline associated
with aging. Yet, there are potential approaches that would advance this siedyahuch more
effectively by probing the mechanisms behind the improvement of cerebral health after either a
CT or ET intervention.

From a structural standpoint this review shows that: i) CT interventions either do not see
changes to structure unlessytlage at least 10 weeks in length; ii) they are not reporting
volumetric changes as they are either not being measured or not being reported due to null
results. If the latter is the case, it is suggested that these results are reported despite keing null,
enable a better understanding of the impact of CT on brain health. For example, if it is true that
CT does not find volumetric changes but does find changes to FA and MD, based on their
mechanisms of change, it would be indicative that either neuponetss remodeling or
myelination were occurring, rather than neurogenesis for example. Furthermore, it is suggested
that studies begin to use measures that are more sensitive to microstructural changes, such as
myelination. Thus, sequences such as quaivi T1 outcomes, fractional anisotropy and
magnetization transfer should be employed to further investigate the microstructure of white
matter, where more subtle changes might be occurring over shorter periods of time. On the other
hand, volumetric charmeg occurred in many of the ET studies. The underlying mechanisms of
plasticity that are associated with volumetric char{@esdif et al., 2016%uch as angiogenesis,
synapbgenesis, and neurogenesis, have all unsurprisingly been associated with ET interventions
in animals Although insufficient evidence exists at this point, this review would suggest, that
based on the studies presented here in older adults, aerobic traigiidoe more capable of
enhancing grey matter volume, whereas resistance training seems to have a greater effect on

white matter volume. Others have also suggested that there are modality unique alterations to
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cerebral outcomedMonteroOdasso et al., 2018; Stillman, Esteliaornejo, Brown, Bender, &
Erickson, 20203 ue to the potentially different underlying physiological mechanisms induced by
each ET typésee Herold et al., 2019; Voss et al., 2011 fedepth reviews)However, there is
currently insufficient evidence to assess these effects. Future work should compare unique ET
modalities with multimodal imaging across thiégdspan to investigate if this is the case.

In terms of functional changes, it seems as though BOLD changes can occur within as
little as four weeks, though the underlying meaning of these changes are ambiguous unless
studies measure other vascular oates as well, such as CBGauthier & Fan, 2018)n fact, it
is suggested that calibrated fMRI be employed, as it presents a unique opportunity to disentangle
if changes that are occurringeanore metabolic or vascular in natu@alibrated fMRI is a
technique able to separate the BOLD signal into its vascular and metabeticrspbnents,
allowing a better appreciation of whether the changes observed after an intervention are more
linked tochanges in the vasculature, or neuronal resources and metabolic efficiency.

Moreover, as many of the changes observed following ET seem to be localized in the
hippocampi, future studies should pay particular attention to the structure of the hippo@smpus,
well as its vascular measures to identify which component is cha@@nis it more cerebral
blood volume, or cerebral blood flow, et(Eyickson et al., 2009; Maass, Dizel, Goerke, Becke,
Sobieray, et al., 2015; Voss, Soto, et al., 20B9)furthering this understanding, we will be able
to uncover the underlying mechanism and better understapthe hippocampus and memory
improve after ET interventions. Furthermore, this could extend to the Alzheimer Disease and
Dementia literature to ge us an indication as to why ET seems to be able to slow the disease
related cognitive decline once it is already pre¢Bherer, Erickson, & LitAmbrose, 2013)In
the same token, it is also suggested that future work attempt not only region of interest analyses
(as is the case with the hippocampbut should also employ voxeise/whole brain
approaches, to investigate the effects of ET on the whole brain.

Furthermore, work by Chen et §011) indicates the importance of studies collecting
andreportingon more than one form of MRI outcomeduding nonsignificant outcomesThis
would provide the literature with a more robust bodgata(i.e., GMV, connectivity, and
perfusion).Moreover,in order to better assess reliability of findings, future studies should aim at
better reporting desigmutcomes, interventions, and statistical analyses, according to the

Cochrane Coll aborationdés tool for assessing
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Overall, the heterogeneity in the implementation of the interventions and outcome
measures renders interpretation of the resolisewhat tentative. However, given the positive
outcomes that generally were identified by each form of intervention, a combination of both CT
and ET would likely be ideal to target specific pathways that are impacted in aging, but also to
enhance globdirain health. It is imperative to first better understand how CT and ET, in
isolation, are potentially improving cerebrovascular health and cognition in older adults to be

able to efficiently couple the magnitude of their enhancements.
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Table2-1 Cochrane Risk of Bias Assessment

Study Random Sequence Allocation Blinding Blinding Blinding Incomplete Selective
Generation Concealment  Participant trainers assessors Outcome data  Reporting
Best et al., 2015 ? ? ? ? ? - -
Bolandzadeh et al., 2015 - - ? ? - + -
Brehmer et al., 2011 - - ? ? ? ? -
Chao et al., 2020 + + + ? 2 2 _
Chapman et al., 2016 - ? - - ? - -
Chapman et al., 2015 ? ? ? ? ? - -
Colcombe et al., 2006 - + ? ? ? ? -
de Lange et al., 2016 + ? ? ? ? + T
Hampstead et al., 2012 - - - - - - -
Hampstead et al., 2020 - - - - - + T
Heinzel et al., 2017 + + + + + 2 -
Heinzel et al., 2014 + + ? 2 ? + -
Ji et al., 2017 + ? ? ? ? - -
Kleemeyer et al., 2016 ? ? ? ? ? - -
Lovdénet al., 2010 + + ? ? ? - -
Maass et al., 2016 - - ? ? 2 - +
Maass et al., 2015 - - ? ? 2 - +
Muller et al., 2017 - ? ? 2 2 + +
Niemann et al., 2014 + ? 2 2 2 + -
Flodin et al., 2017 ? ? ? ? ? - -
Norcera et al., 2017 ? ? ? ? ? - -
Motes et al., 2018 ? ? ? ? ? - -

Page [/6



de Lange et al., 2017 + ? ? 2 +
Adnan et al., 2017 ? ? - - -
Kim et al., 2017 ? ? ? ? -
de Lange et al., 2018 + ? 2 2 -
McGregor et al., 2018 ? ? ? ? -
Rosano et al., 2017 ? ? + + +
Sexton et al., 2020 - - - - -
Shaaban et al., 2019 - - - - +
ten Brinke et al., 2015 - - + ? -
\Voelcker Rehage et al., 2011 + ? ? ? +
Voss et al., 2013 ? ? ? ? _
Voss et al., 2010 ? ? ? ? _
Voss et al., 2019 ? ? ? ? _
Rehfeld et al., 2017 + ? ? 2 R
Wu et al., 2018 ? ? ? ? -

+ = high risk of bias was present;= low risk of bias; ? = risk of bias could not be assessed due to lack of information
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Table2-2a Basic Study Characteristics of Cognitive Training Studies

Participants Intervention Control Physical Function Outcome Cognitive Function Outcome
Study
Chapman et Sample Size 18 Intervention Length12 wks Type:Wait Listed Control Outcome:NA Strategic Reasoning
al., 2015 Mean age61.8(3.3) Type StrategyBased TrainincSample Sizel9 ChangeNA -Test of strategic learning
% Female55 --> Verbal and written Mean age64.0(3.6) Executive Function
Educationminimumhigh  Frequency3x/wk % Female74 -Daneman and Carpenter
school Duration:60 min Education:3.5(1.2) -TMTB-A
MoCA: 27.9(1.4) Intensity:apply strategies as MoCA: 28.2(1.4) -Similarities
MMSE: NR well at home MMSE: NR Immediate memory
Dropouts 0 Dropouts NR -California Verbal Learning Test
Adherence RatNR Adherence RateNR Attention
-Delis Kaplan Executive function
-Color Word Interference
-Backward Digit Span
Changey Strategic R
Similarities
de Lange et al. Sample Size57 Intervention Length10 wks
2018 Mean age72.8(2.6) active; 10 weeks rest; repeat
% Female49 Type:Memory Training
Education:15.4(3.6) 1 Computerized Training
MoCA: NR Frequencyix/wk, 8 home
MMSE: 28.6(1.3) assignments, at least 4 mustType: Active Control
done Sample Sizel8 Outcome:
Duration:NR Mean age73.5(2.9) - verbal recollection
Intensity:Increase difficulty % Female61 - Wechsler digit span
Dropout:NR Education:16.2(2.7) - Rey-O complex figure test
Adherence Raté39-74% MoCA: 28.2(1.5) - pairedwords test
Sample Size50 Intervention Length10 wks MMSE: NR -CVLT learning and recall trials
Mean age73.5(3.2) rest; 10 weeks activerepeat Dropouts NR Outcome:NA Changey after actiwv
% Female68 Type:Memory Training Adherence RateNR ChangeNR further during second active phase
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Education:14.2(2.6) 1 Computerized Training

MoCA: NR Frequencyix/wk, 8 home
MMSE: 28.8(1.1) assignments, at least 4 must
done
Duration:NR
Intensity:Increase difficulty
Dropout:NR
Adherence Raté89-74%
de Lange et al. Sample Size76 Intervention Length10 wks
2016 Mean age73.6(3.0) active; 10 weeks rest; repeat
% Female76 Type:Memory training’
Education:15(2.7) Computerized Training
MoCA: NR Frequencyix/wk and eight
MMSE: 28.8(1.2) weekly home assignmen(at
least four completed)
Duration:NR

Intensity:word list increased
by 5 words each week

Dropouts:9
Adherence Ratel4%
Sample Sizel8 Intervention Length10 wks
Mean Age:73.5(2.9) rest; 10 weeks activerepeat
% Female61.1 Type:Memory Training Type:Passive
Education:16.2(2.7) (1 Computerized Training  Sample Size49
MoCA: NR Frequencyilx/wk and eight Mean Age:73.4(3.2)
MMSE: 28.2(1.5) weekly home assignmentat % Femdée: 67.3
least four completed) Education:14.2(2.6)
Duration:NR MoCA: NR
Intensity:word list increased MMSE: 28.8(1.1)
by 5 wordseach week Dropouts:1 Outcome:
Dropouts 0 AdherenceNR Outcome:NA -verbal recollection
Adherence Ratel0% ChangeNR Changey after memor
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de Lange et al. Sample Size44 Intervention Length10 wks

2017 Mean age73.3(2.7) active; 10 weeks rest; repeat
% Female53 Type:Memory Training
Education:15.7(3.1) 1 Computerized Training
MoCA: NR Frequency1x/wk
MMSE: 28.8(1.3) Duration:NR

Intensity:word list increased
by 5 words each week

Dropouts:13 Type: Pagsive
Adherence Ratef4% Sample Size49 Outcome:
- - Mean Age:73.4(3.2) OutcomeNA .
Sample Sizel8 Intervention Length10 wks % Female67.3 7Chan oNR -verbal recollection
Mean Age:73.5(2.9) rest; 10 weeks active; repeatmnm.z(zﬁ) ~nange Changey after memor
% Female61.1 Type:Memory Training MR
Education:16.2(2.7 Computerized Trainin e
MR 0 Fregueﬁcylx/wk ? mmse 28.8(1.1)
M: 28.2(1.5) Duration:NR Dropouts:1
- — L AdherenceNR
Intensity:word list increased
by 5 words each week
Dropouts 0
Adherence Ratef0%
Lévdénet al., Sample Sizel2 Intervention Length24 weeksType: Passive Control Outcome:NA Outcome:
2010 Mean age68.9(2.7) Type: Working memory Sample Sizel3 ChangeNR Working Memory
% Female58.3 (1 Computerized training Mean age69.7(3.5) Episodic Memory
Education NR Frequency101 sessions over% Female30.8 Perceptual Speed
MoCA: NR 180 days EducationNR Changea | | y after t
MMSE: NR Duration:60 min MoCA: NR
Intensity:not adjusted MMSE: NR
Dropouts:NR Dropouts NR
Adherence RatNR Adherence RateNA
Heinzel et al., Sample Sizel9 Intervention Length4 weeks Type:Younger Control Outcome:NA Outcome
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2014

Mean age66.0(3.7)
% Female68

Education 15.6(3.3)
MoCA: NR
MMSE: NR

Type:Working memory Sample Sizel8

1 Computerized training Mean age24.1(2.4)
Frequency3x/wk % Female55.6
Duration:45 min Education:16.4(1.9)
Intensity:increased accordincMoCA: NR

to performance MMSE: NR

Dropouts:NR Dropouts NR
Adherence RateNIR Adherence RateNA

ChangeNR

Short term memory

-digit span forwards and backwards
Processing Speed

-digit symbol substitution

Executive function

-Verbal fluency

-Stroop task

Abstract Reasoning

-Raven's Standard Progressive Matri
-Figural Relations of German
intelligence

Changey digit span
symbol; figural relations

% Female73
Education:17.3(1.8)
MoCA: NR

MMSE: NR

behavior Mean Age:69.4(5.2)

1 verbal and written % Female53.8
Frequency13 sessions and 2Education: 17.1(2.3)

hr at home MoCA: NR
Duration:43 hours MMSE: NR
Intensity:progressively Dropouts:4 across both
challenging situations groups

Heinzel et al.,, Sample Sizel8 Intervention Length4 weeks Type:No contact control Qutcome:NA Outcome:
2017 Mean age65.8(3.0) Type:Working memory Sample Sizel6 ChangeNR -N-back task
% Female61 Computerized training MeanAge: 65.0(3.7) -Transfertask
Education:15.4(2.8) Frequency3x/wk % Females68.8 Change:
MoCA: NR Duration:45 min Education:16.3(3.6) - § performance for 1 throughi3ack
MMSE: 29.2(1.2) Intensity:increased accordincMoCA: - § dual task performance
to performance MMSE: 29.1(0.99) -7 d-task tost
Dropouts:NR Dropouts:NR
Adherence Rat\R Adherence RateNR
Adnan etal. Sample Sizell Intervention LengthS weeks Type:Educational control QOutcome:NA Outcome:
2017 Mean age65.9(5.2) Type goaldirected attention Sample sizel3 ChangeNR - face/scene delayed matching task i

scanner
- selective attention

Changez
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Dropouts:4 across both groufAdherence RateNIR

Adherence RateNIR

Brehmer et al., Sample Sizel2 Intervention LengthS weeks Type Control(low level Outcome:NA Outcome
2011 Mean age63.6 Type:working memory, practice); same as ChangeNR -Digit span
% FemaleNR computerized training intervention did not increas - PASAT
EducationNR Frequencyonce daily(5x/wk) difficulty - Stroop
MoCA: NR Duration:25 minintensity:  Sample Sizell - RAVEN
MMSE: NR individually adjusted Mean ageNR In scanner
increased or decreased base% Female: NR -spatial delayed task
on performance Type of Pop: NR Change:
Dropouts:1 Education: NR gy digit span back
Adherence Ratet00% MoCA: NR - In Scannerz
MMSE: NR
Dropouts:0
Adherence Ratet00%
Hampstead et Sample Sizeill Intervention Length2 weeks Type:Active control OutcomeNA Outcome:
al., 2012 Mean age73.2(7.7) Type:Mnemonic strategy ~ Sample Sizel0 ChangeNR - encoding
% FemaleNR Computerized Training  Mean age72.5(6.8) - retrieval
Education:16.1(3.4) Frequency5 sessions over 2 % FemaleNR Changez
MoCA: NR weeks Education:16.4(2.0)
MMSE: 28.2(1.5) Duration:60 to 90 min MoCA: NR
Intensity:new sets introducecMMSE: 27.2(2.2)
Dropouts:1 Dropouts:0
Adherence Rat\R Adherence RateNIR
Kim et al., Sample Sizel4 Intervention Length8 wks  Type:No contact control  Qutcome:NA Outcome:

2017 Mean age71.6(3.9)
% Female93
Education6.3(4.0)
MoCA: NR
MMSE: NR

Type Multi-Domain Training Sample Sizel3

Frequency3x/wk
Duration:60 min

Intensity:adjusted difficulty

Dropouts:NR
Adherence RateNIR

ChangeNR

Mean age71.3(3.2)
% Femalel100

Education:7.3(3.9)
MoCA: NR
MMSE NR
Adherence RatéNIR

Processing speed

-Stroop wordreading and color namin
Cognitive Control

-CTT-2

-Stroop colotword interference
Memory

-immediate and delayed recall
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Dropouts:NR -recognition on verbal paired
association for Korean Wechsler
Memory Scale
Attention
-Digit span forward and backward
- Digit symbol substitution
Dementia Rating Scal2 In Scanner
-multi source interference task
Change:

-y cognitive cont
and Dementia rating scale

Hampstead et
al., 2020

Note NR = Not Reported; NA = Not Applicable; \& maximal/peak oxygen uptake; 3x/wk = 3 training sessions per week; min = minutes; MoCA = Montreal Cog
Assessment; MMSE = Minne nt a | Status Exam; § = increase for that outcome; Z = decr
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Table2-2b Basic Study Characteristics for Exercise Training Studies

Study Participant Intervention Control Physical Function Outcome Cognitive Function Outcome

Motes et al., Sample Sizel9 Intervention Lengthl2 weeksType Waitlisted control ~ Primary Qutcome: Primary Outcome:

2018 Mean age62.9(3.3) Type: aerobic(cycle SampleSize:15 VOzpea Digit Symbol Verification TasKwhile
% Female71.4 ergometer) Mean Age:63.8(3.4) in scanner)
Educationminimum high  Frequency3x/week % Female73.3 ChangeNR
school Duration:60 min Type of PopHealthy ChangeNR
MoCA: 27.8(1.4) Intensity:50-75% max heart Educationminimum high

rate school
MMSE: NR Dropouts:5 MoCA: 28.4(1.2)
Adherence>90% MMSE: NR
Dropouts:NR
AdherenceNA

Chapman et Sample Sizel8 Intervention Lengthl12 weeksType: Wait-listed control ~ Primary Qutcome: Outcome

al., 2016 Mean age64.0(4.3) Type aerobic(cycle Sample Size20 VOear Executive Function
% Female7?2 ergometer) Mean Age:64.0(3.6) pes - WAIS-III Similarities
Educationminimum high  Frequency3x/week % Female75 ChangeNR - Daneman Carpenter

school
MoCA: 27.8(1.5)
MMSE: NR

Duration:60 min
Intensity:50-75% of VOmax

Dropouts:0
Adherence>90%

Education:minimum high
school
MoCA: 28.4(1.4)

MMSE: NR

Dropouts:NR
AdherenceNA

-Delis-Kaplan Executive Function
System Sorting Test
Semantic verbal fluency

Phonemic verbal fluency

Working Memory

- California verbal learning test
- Wechsler Memory Scaleogical
memory subtest

- Trails B

ChangeUnclear
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\Voss et al.,

Sample Size35

Intervention Length52 weeksType: Flexibility training

Primary OutcomeComposite

Outcome:

Mean age68.1(4.3)
% Female60

Education:15.3(2.3)
MoCA: NR
MMSE: 28.3(0.95)

Frequency2x/wk
Duratiort 90 min

Intensity:more demanding ar
complex moves and beats pe
min

Dropouts:6

test)

Changey
and vestibular

somat ose

2013 Mean age65.17(4.4) Type:aerobic Adherence Rate€30.9% score of VQpeak and the Short term memory
0 o . i .
é)dFemgleig.i o Frequency3x/wk ,\S/lamglz Slzfz . Rockport Xmile test Lorvx:(ard c(J;g(;jl.t s.pan
Education16.1(3.0) Duration:10 min and increa&ﬁe‘fn Ieéol (4.5) Changey f or aero E ac W_ar Igit slpan
MoCA: NR to 40 min in increments of 5 A remae xectgt:ve C(l:-ntro 1ask
. . -spatial working memory tas
MMSE: 55.1(1.8) [modified ™" Education:16.2(3.1) - ,
. Intensity:50-60% max HRR uMoCA: NR - Wisconsin card sorting task
mini] t k 7 then 605% aft
o week 7 then 5U570 aller  \MSE: 55.2(1.8) [modified Change 7
Dropouts:NR .
mini]
790,
Adherence79% DronoutsNR
Adherence81%
\Voss et al., Sample Size30 Intervention Length52 weeksType: Flexibility and BalancPrimary Qutcome: Outcome
2010 Mean age65.4(5.2) Type:aerobic Sample Size35 VOmear Short term memory
o . ] pea } -
% Fem_ale.73 Frequency3x/wk Mean Age:65.8(5.2) i forward d|g|_t span
Education:15.9(2.8) Duration:50 min % Female71% Changey f or aer o_packward digit span
MoCA: NR Intensity 50-75% max HR Education:15.9(2.7) Execgtwe co_ntrol
MMSE: 55.2(1.4) . MoCA: NR -spatial working memory task
Dropouts:0 Wi . d sorting task
) isconsin card sorting tas
Adherence Ratér6 % MMSE: 54.8(1.9) ch .
Dropouts:NR ~hangez
Adherence Rate80%
Rehfeld et al., Dance: Intervention Length?24 weeksType: See below Primary OutcomePostural OutcomeNR
2017 Sample Size20 Type:Dance Adherence Rate control(sensory organization ChanaeNA
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Adherence Ratez70%

Multimodal Intervention Length24 weeksType: See above Primary OutcomePostural OutcomeNR
Sample Sizel8 'Fl'yge:MuInrzno/dil exercise Adherence Rate control(sensory organization ChanaeN/A
Mean age68.7(2.7) Frequency2x/iw tesy)
. Duration:90 min A
% Femaled4 | v Not cl Changey somat ose
Education:16.3(1.4) @' '80t clear vestibular
MoCA: NR Dropouts:
MMSE: 28.8(0.79) Adherence Ratex70%
McGregor et Sample Sizel8 Intervention Lengthl2 weeksType:Balance Training Primary Outcomeestimated OutcomeNR
al., 2018 Mean ageNR Type:Aerobic Sample Size28 VOzmax(YMCA submaximal) ChanaeN/A
% Females6 FrequencySx/wk Mean ageNR Changesignificanty
EducationNR Duration:20 min and worked
MoCA: 26.8(1.6) to 45 min % Females63.2
MMSE: NR Intensity. 50-75% of KarvonerEducationNR
method MoCA: 26.8(1.6)
Dropouts:6
MMSE: NR
Adherence RateNIR
Dropouts 9
Adherence Rat\lR
Wu et al., 2018Sample Sizel6 Intervention Lengthl2 wks Type:Passive control Primary Outcome: Outcome:

Mean age64.9(2.8)
% Female81

Education:13.8(2.4)
MoCA: 28.3(1.5)
MMSE: NR

Type Tai-Chi Chaun

Frequency3x/wk
Duration:60 min

Intensity:65.4% max HR
Dropouts:0

Adherence RateNlR

Dropouts 4
Sample Sizel5

Mean Agei64.9(3.2)
% Female100

Education:13.4(2.6)
MoCA: 28.4(1.5)

Muscle strength; 6 MWT

Changey muscl e sChangeZ
6MWT

Intra/ExtraDimensional Set Shift

errors
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MMSE: NR
Dropouts:NR

Adherence RateNIR

Kleemeyer et

Sample Size25

Intervention Length26 weeksType:low intensitySample Primary Qutcome:

Outcome:

Coordination Training

Sample Size31
Mean Age:71.1(4.6)

% Femaleb3

Education:12.1(3.6)

Intervention Length52 weeksean Age:69.3(3.3)

Type CoordinativeFrequency% Feémale54.5

3x/wk
Duration:60 min

Intensity:NA
Dropouts:15

Education:12.1(2.3)
Dropouts:16

Adherence RateNIR

Primary Outcome:

-submaximal VOmax

Changey Yfar aerobic

al., 2016 Mean age66.1(4.2) Type:aerobic Size:27 -VOzmax Perceptual Speed
% Female60% Frequency? to 3 x/wk Mean Age:65.9(4.6) Changez Executive Control
Education:11.0(1.6) Duration:257 50 min % Female63 Episodic Memory
o 0 o .
MoCA: NR Inte:|3|:y.8(t}h110: sz Education:11.1(1.7) \Ijeaslcj)n:ng
ventilatory thresho . ocabulary
MMSE: 29.2(1.3) b _ | MoCA: NR ch NR
ropouts:not clear MMSE: 28.9(1.4) ange
Adherence Rate€94.2% Dropouts:NR
Adherence Rate92%
\Voelcker- Aerobic Training Intervention Length52 weeks
sg:fge etal, Sample Size33 Type aerobic
Mean age68.5(3.1) Frequency3x/wk
% Eemale70.1 Durat|9n:60 min _
Intensity:HR above aerobic
Education:13 (30) threshold
MoCA: NR Dropouts:16 Type: Relaxation and
MMSE: NR Adherence RateNR Stretching
Sample Size27 Outcome:

Executive control
Perceptual speed
Changeb ot h

exercise
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MoCA: NR
MMSE: NR

Adherence RateNR

Rosano et al., Sample Sizel0
2017 Mean age74.9(4.4)

Intervention Length24 monthType: Health education
Sample Size16

Primary Outcomegait speed QutcomeNR

and body mass index

Type: multi-modal exercise ChangeNA
% Female70% . Mean Age:76.8(6.1)
- ] Frequency187 sessions ChangeNR
Education:12 had high . . % Female87.5
hool of | Duration:10- 30 min Ed ion5 had high sch
schootoriess Intensity:aerobic: RPE 144; Education'> had high schoc
MoCA: NR ) or less
MMSE: NR strength: 15 to 16
- Dropouts:NR MoCA: NR
Adherence Rate67% MMSE: NR
Dropouts:NR
Adherence Rate91%
Nocera et al., Sample Sizel6 Intervention Lengthl2 weeksType:Balance Training PrimaryOutcomeestimated Qutcome:

2017 Mean age69.7
% Female63
Education:16.1(2.8)
MoCA: 28.2(1.2)
MMSE: NR

Type:aerobic Sample Sizel4d

Frequency3x/wk Mean Age:72.1(6.4)
Duration:20-45 min % Female42.9

Intensity:50-75% of max HRFEducation:15.5(3.2)
MoCA: 27.6(1.1)

VO;max (YMCA submaximal)

Changey Vntax

Executive Function/Memory
- Letter & semantic fluency

-Hopkins verbal learning
-forward & reverse digit span

Dropouts 1 _ Changetrend for increase; #iscanner
Adherence RateNIR MMSE: NR verbal fluency §
Dropouts:1
Adherence RateNIR
Muller et al.  Dance Group Intervention Length72 weeks
2017 Outcome:

Sample Sizel2

Mean age68.3(3.9)
% Female50

Education:15.5(2.1)

Type: Aerobic
Frequency1- 2x/wk Sports Group

Duration:90 min

Intensity:increasing

OutcomePhysical working

capacity 130 test

Changez

Verbal short and longterm memory
attention battery test

Changebot h groups ¢
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MoCA: 28.3(1.1)
MMSE: NR

coordination and time pressu
increase

Dropouts:total study 8
Adherence RateZ0%

Sports Group

Sample sizel0
Mean age68.6(2.8)

% Female40

MOoCA: 29.1(0.6)

Intervention Length72 weeks

Type:Multimodal
Frequencyt to 2x/wk
Duration:90 min

Intensity: Adapted based on
HR

al., 2015

Sample Sizel2
Mean age73.8(3.7)
% Female100

EducationNR
MoCA: 21.4(3.6)
MMSE: 26.7(2.6)

MMSE: NR
Dropouts:total study 8
Adherence Ratef0%
ten Brinke et  Resistance Intervention Length26 wks

Type:Resistance
Frequency2x/wk
Duration:60 min

Intensity:increased when 2 s
of 6-8 reps were completed
with proper form and without
discomfort

Dropouts:2
Adherence Rat&54%

Type Balance and Tone
Training
Sample Sizel3

Aerobic

Sample Sizel4
Mean age76.1(3.4)

Intervention Length26 wks

Type:Aerobic

Mean Age:75.5(3.9) Outcome NA
% Female100
ChangeNA

Education:12.1(2.3)

Outcome:
-Rey auditory verbal learning test

ChangeReport in relation to MRI
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% Female100

EducationNR
MoCA: 21.9(3.1)
MMSE: 27.5(1.5)

Frequency2x/wk

Duration:60 min
Intensity:40-80% HRR

Dropouts4
Adherence Rat€80%

MOCA: 23.0(2.7)

MMSE: 27.2(1.9)
Dropouts:NR

Adherence Rat69%

Bolandzadeh el1x-wk

al., 2015 Sample Size22
Mean age69.6(2.6)
% Female100
EducationNR
MoCA: 25.8(2.9)
MMSE: 28.9(1.0)

Intervention Length52 wks
Type Resistance training
Frequencyilx/wk Duration60
minutes

Intensity:increased using the
seveRnrepetition maximum
method

Dropouts:4
Adherence Ratef1%

Type:Balance training
Sample Sizel5

2x-wk
Sample Sizel7

Mean Age:69.2(3.1)
% Female100

EducationNR
MoCA: 25.6(2.9)
MMSE: 28.8(1.1)

Intervention Length52 wks
Type Resistance training
Frequency2x/wk
Duration:60 minutes
Intensity:increased using the
seveRnrepetition maximum
method

Dropouts:4
Adherence Ratef0%

Mean Age:69.3(2.8)
% Female100

EducationNR
MoCA: 24.4(3.5)

MMSE: 28.7(1.3)
Dropouts:3

Adherence Rate62%

Outcome:

- quadriceps strength

Changey
control

power

2

Outcome:

Executive function
« -Stroop task

ChangeReport in relation to MRI

Best et al., 2011x/wk RT

Intervention Length52 wks

Sample Size29; 10 at 2 yeeType Resistance training

Mean age69.5(2.7)
% Female100

EducationNR

Freqguencyi1x/wk Duration60
minutes

Intensity:increased using the
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MoCA: NR
MMSE: 28.5(1.3)

sevenrepetition maximum
method

Dropouts:3

Adherence Rater0% Type:Balance training

Sample Sizel5

2x/wk RT

Sample Size21; 9 at 2 yearType Resistance training

Mean age69.4(3.0)
% Female100

Mean Age:70.0(3.3)
% Femalel100

Intervention Length52 wks

Outcome:

Frequency2x/wk EducationNR _ quadriceps strength
Duration:60 minutes MoCA: NR

Outcome:
Executive function
-Stroop task

EducationNR Intensity:increased using the 1S+ 28 812 Changey power 2X.-TMTAandB
' sevenrepetition maximum R control -backward digit span
MoCA: NR hod Dropouts:3 -digit symbol substitutin test
MMSE: 28.6(1.5) metho
Dropouts:5 Adherence Rate62% Changey execut i(xendf
Adherence Rate71% 2x/wk) and memory2x/wk)
Colcombe et Sample Size59 (total; half Intervention Length24 wks Type: Stretching and toningPrimary Outcome: Outcome:NA
al., 2006 in intervention) Type:aerobic Sample Size: -VOzpeak ChangeNA
Mean age65.5 Frequency3x/wk Mean Age66.9 -
. . Changey f or aero
% Female53 Duration:60 min % Female57
Education:13.5 Intensity:40-70% HRR Education:14
MoCA: NR
— Dropouts:NR MoCA: NR
MMSE: 29 (1.2)
Adherence Rate*85% MMSE: 29.4(1.4)
Dropouts:NR
Adherence Rate*85%
Flodinetal., Sample Size22 Intervention Length24 weeksType: Stretching and ToninPrimary Qutcome: Qutcome:
2017 Mean age68.4(2.6) Type aerobic Sample Size25 -VOzpeak Verbal episodic memory

% Female59

Education:13.8(3.7)
MoCA: NR

Mean Age:69.2(3.0)
% Females56

Education:13.8(5.0)

Frequency3x/wk
Duration:30 to 60 min

Intensity:40-80% max HR
Dropouts:NR

Changey f or

ae

ro

Executive Function
Working Memory
Processing Speed

ChangeNR
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Adherence Ratd\NR MoCA: NR

MMSE: NR

Dropouts:NR
Adherence RateNIR

Jietal., 2017 Sample Sizel2
Mean age67(6.4)
% Female4?2
Education:17.2(2.1)
MoCA: NR
MMSE: NR

Intervention Length6 weeks Type:Wait-list control Outcome:
Type:exercise with Wii Sample Sizel2 NA
Frequencydaily Mean Age:73.0(8.0) ChanaeNR

Duration:30 min

Intensity:NR
Dropouts:NR

Adherence RateNR

% Females58.3
Educdion: 16.3(2.6)

MoCA: NR
MMSE: NR

Dropouts:NR
Adherence RateNIR

Outcome:

Memory

-Hopkins Verbal Learning tesevised
-Immediate and delayed story recall
Processing Speed

WAIS-III Digit symbol substitution
Trails A

Working Memory

Digit Span

Executive Function

Trails B

Stroop Colour and word test

Changey Digit symbo

Maass et al., Sample Size21
2015 Mean age68.8(4.5)
% Female52

EducationNR
MoCA: NR
MMSE: 28.95(0.92)

Intervention Lengthl2 wks Type:progressive muscle Outcome:
Type:aerobic relaxation aerobic threshold V©
Frequency3x/wk
Duration:40 min
Intensity:65-85 % of Karvone
heart rateDropouts:NR

Sample Sizel9 Changey inm VO

Mean Age67.9(4.1)
% Female58

Education:

Adherence RateNR MoCA: NR

MMSE: 29.0(0.9)
Dropouts:NR

Adherence RateNIR

Outcome:
Verbal learning memory

- REY-O complex

Changeonly report in relation to MRI

Maass et al., Sample Size21

Intervention Length12 wks Type:progressive muscle Outcome:

Outcome:
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2016 Meanage:68.8(4.5)
% Female52
EducationNR
MoCA: NR
MMSE: 28.95(0.92)

Type:aerobic relaxation aerobic threshold VO

Frequency3x/wk
Duration:40 min
Intensity:65-85 % of Karvone
heart rate

Dropouts:NR
Adherence RateNIR

Sample Sizei9 Changey i n VO

Mean Age67.9(4.1)
% Female58

EducationNR
MoCA: NR
MMSE: 29.0(0.9)
Dropouts:NR

Adherence RateNIR

Verbal Learning Memory

-REY-O complex

Changeonly report in relation to MRI

Niemann et al.,Coordination Training
2014 Sample Sizel9
Mean age69.6(5.1)
% Female68
Education:11.9(3.4)
MoCA: NR
MMSE: NR

Intervention Length52 weeks
Type: Coordination training

Frequency3x/wk
Duration:45-60 min
Intensity:different exercise
. Type: Stretching and
equipment;

relaxation
Dropouts:16 excluded across

.. Sample Size49
groups due to missing more

o Mean age68.8(2.6
than 33% of training mgiaﬂ 20
% Female

Education:12.2(2.1)

Primary Outcome:
-VOzpeak

Adherence RateNIR

Aerobic Training

Sample Sizel7

Mean age68.8(2.6)
% Female71

Education:11.2(2.1)
MoCA: NR
MMSE: NR

Intervention Length52 weeksDropouts:16 excluded acro<hangey i n VO
Type:aerobic training
Frequency3x/wk
Duration45-60 min
Intensity:60% of VOmax
Dropouts:16 excluded across
groups due to missing more
than 33% of training

3 groups due to missing mc
than 33% of training

Adherence RatNIR

Adherence RateNR

Outcome:NA

ChangeNA
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Chao et al.,
2020

Treadmill

Sample Size9

Mean age71.2(1.4)
% Female56

Education:13.8(0.7)

Intervention Length16 weeks
Type: Treadmill training
Frequency3x /wk
Duration:50 min
Intensity:55-69% of age

i Type NR
MOCA:NR gredmed-x: ) gﬁgle Sized
MMSE: NR Dropouts: Mean age67.7(1.1) Outcome:Cognitive Abilities Screenin
' Adherence Rat684% fg‘ T OutcomeNR Instrument
- % Female55.6
Dance Intervention Length16 weeksEducation6.4(1.1) ChangeNR Changey f or dance
Sample Sizel0 Type:Dance trainin control
Mean age68.3(1.3) Frequency3x /wk ’ Dropouts NR
iean agens. 3. _q_y . Adherence RateNR
% Femaleb60 Duration:50 min -
o 0
Education:11 (1.1) Inten_5|ty.5569 % of age
predicted MHR
MoCA: NR Dropouts:NR
MMSE:NR Adherence Rat€90%
Sexton et al., Sample Size23 Intervention Lengthl2 weeksType No contact Outcome VO, max QOutcome:
2020 Mean age65.5(4.0) Type:aerobic Sample Size23 Changey i nfor\a@obic Ex.e(.:utlve Function
% Female65 -Digit Span

Education:3.0(1.1)
MoCA: NR
MMSE: NR

Mean age67.7(6.0)
% Female61

Education:3.5(1.2)

Frequency3x/wk

Duration:30 min
Intensity:55-85% max HR

: MoCA: NR

Dropouts:2
Adherence Rate89.2% MMSE: NR
Dropouts 2

Adherence RatNIR

-letter and category fluency
-TMT B

-one and two back
Memory

- Hopkins Verbal Learning
-Rey O Figure

Processing Speed

-TMT A

-digit coding

-CANTAB

Changez
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Note NR = Not Reported; NA = Not Applicable; V@& maximal/peak oxygen uptake; 3x/wk = 3 training sessions per week; min = minutes; MoCA = Montreal Cog

Assessment; MMSE =Mimme nt al Status Exam; y = increase for that out come; Z = decr
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Table2-3 Simple MRI Results

Study GMV

WM DWI BOLD CBF

Connectivity

COGNITIVE TRAINING

Chapman et al., 2015

de Lange et al., 2017

N
<

de Lange et al., 2018

N
<
O
Py

FA

<

Lovdén et al., 2010

N

MD
yFA

Heinzel et al., 2014 z

Heinzel et al., 2017

de Lange et al., 2016

Adnan et al., 2017

<>

Brehmer et al., 2011

Hampstead et al., 2012 z

Chapman et al., 2016

Kim et al., 2017

Hampstead et al., 2020

EXERCISE TRAINING

Motes et al., 2018

L)
N

Chapman et al., 2016

Voss et al., 2013

L)

Voss et al., 2010

L)

Rehfeld et al., 2017

<

McGregor et al., 2018

<

Wu et al., 2018

Kleemeyer et al., 2016

<

MD

<

Voelcker-Rehage et al., 2011

Zaer ol

ycoor di

Rosano et al., 2017 %

Norcera et al., 2017

Muller et al., 2017 %

ten Brinke et al., 2015

Bolandzadehet al., 2015

Best et al., 2015
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Colcombe et al., 2006 v

Flodin et al., 2017 z z
Jietal., 2017 i
Maass et al., 2015 z ¥

Maass et al., 2016

Niemann et al., 2014 Y

Chao et al., 2020 y
Sexton et al., 2020 z z z

Shaaban et al., 2019 Z WMH g

Voss et al., 2019 z

Simple table demonstrating if studiggparated into CT and ET) observed changes to magnetic resonance imaging outcomes after each intervention. A |
represents that this outcome was not measured i n t latostcomefterdng interiegtion; d e
Afzo dictates no change observed after the i nter v e-wdightedimaging;\BOED =dloody
oxygenated level dependent signal; CBF=cerebral blood flow; MD= mean diffusivity; ®®8iat diffusivity; AD: axial diffusivity; FA = fractionahnisotropy

WML= white matter lesions

Page p7



3 Manuscript 2: Higher cardiovascular fitness level is associated
with lower cerebrovascular reactivity and perfusion in healthy

older adults

This manuscript was published in Journal of Cerebral Blood Flow and Metal{BliBm
10.1177/0271678X198628{Mtzandt et al., 202Q) Brittany Intzandt, Dalia Sabra, Catherine
Foster, Laurence Desjardi&épeau, Richard D Hoge, Christopher de®4, Louis Bherer, and
Claudine J Gauthier.
3.1 Preface

During aging, there are significant changes in the vascular system that can negatively
affect the cerebrovascular system. Importantly, given the positive effect that cardiovascular
fithess has been fournid have on the peripheral vascular system, it was hypothesized that these
results would extend to the cerebrovascular system. Indeed, those individuals with higher
cardiovascular fitness have been found to have enhanced GMV as well as CBF. However, recent
work has suggested that perhaps CBF is not a sensitive enough marker of cerebrovascular health
in isolation and that more dynamic components of cerebral hemodynamics in aging, like CVR,
could be valuable. CVR, as a marker of vascular reserve ratheutieion, is known to decline
earlier than CBF in aging and disease, and thus could be an effective biomarker of
cerebrovascular health. Therefore, it would be hypothesized that increased cardiovascular fitness
would be associated with greater CVR, as é#ssumed to represent the health of the cerebral
vasculature, yet this is not always reported. For example, some have reported the inverse
association in Master Athleteds, with higher
no difference.Thecurrent study presented in Chapter 3, aimed to address in a sample of non
Master Athletes, but healthy older adults, if in fact cerebral hemodynamics, in particular CVR,
were positively related to cardiovascular fitness. To investigate this, we inclsdetpée of
younger adults, as well as healthy older adults to identifyrelgéed differences in
cerebrovascular health, and to identify if they were influenced by cardiovascular fitness. All
participants underwent a peak oxygen uptake test on a cyclaetgyao assess \Leak as
well as an MRI where Tveighted scans to quantify GMV, and deaho pCASL scans were
acquired at rest and during exposure to a carbon dioxide breathing manipulation, to quantify
CBF and CVR respectively.
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3.2 Abstract

Aging is acompanied by vascular and structural changes in the brain, which include decreased
grey matter voluméGMYV), cerebral blood flow(CBF), and cerebrovascular reactiiGVR).

Enhanced fitness in aging has been related to preservation of GMV and CBF, and in some cases
CVR, although there are contradictory relationships reported between CVR and fitness. To gain
a better understanding of the complex interflagweerfitnessand GMV, CBF and CVR, the

present study assessed these factors concurrently. Data from fifty participants, aged 55 to 72, was
used to derive GMV, CBF, CVR and ¥feak. Results revealed that lower CVR was associated
with higher VQpeak throughout large a® of the cerebral cortex. Within these regions lower
fithess was associated with higher CBF and a faster hemodynamic response to hypercapnia.
Overall, our results indicate that the relationships between age, fithess, cerebral health and
cerebral hemodynaigs are complex, likely involving changes in chemosensitivity and
autoregulation in addition to changes in arterial stiffness. Future studies should collect other
physiological outcomes in parallel with quantitative imaging, such as measures of
chemosengsiity and autoregulation, to further understand the intricate effects of fitness on the

aging brain, and how this may bias quantitative measures of cerebral health.
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3.3 Introduction

Continuous and optimal blood flow is thought torteeessary for structural integrity and
normal neuronal activity in the brafnEr e c i Es k a .&uridg algingethe ,vascular8 9 )
systemundegoes a cascade of events that negatively affect the integrity of the cerebrovascular
system, leading to decreased perfusionweleer, it may be possible to reduce these deficits, and
in some instances, reverse them as a result of plaskétsticity refers to the capacity of the
brain to change its function, hemodynamics and microstructure in response to cognitive or
physiologcal challenge¢Kknaepen, Goekint, Heyman, & Meeusen, 2010; Kraft, 20b23ging,
there is some indication that physical activity may be capable of inducing beneficial plastic
changegErickson & Kramer, 2009; C. Sexton et al., 2016ytably,aerobic exercise has
become a subject of particular interest for maintaining and even enhancing cognition and brain
integrity (Erickson, Leckie, & Weinstein, 2014a;Erickson & Kramer, 2009; Ge@®sran et al.,
2018) It is likely that these effects are mediated by changes in cerebrovascittaghesn the
well-established positive influence of exercise on the cardiovascular system irfréepkgran
& McKelvie, 2008; Seals, Walker, Pierce, & Lesniewski, 200has been demonstrated that
more highly fit individuals have enhanced endothelial func{idshor et al., 2015and reduced
arterial stiffnresgMonahan, Tanaka, Dinenno, & Seals, 2001; Seals et al., 2068)of which
are impaired in agingMeyer et al., 2015; Pugh & Wei, 2001; Zieman, Melenovsky, & Kass,
2005) Of note, individuals who are more fAhighly
(VOgzpeak), which can be quantified in multiple ways. Specifically.M@éx is considerethe
gold standard measu(8altin & Strange, 1992However, reaching a true \é@ax is difficult to
attain for many older adults, thus utilizing Y§2ak is a more feasible opti@Hollenberg, Ngo,
Turner, & Tager, 1998; Huggett et al., 200bhese measurements will therefore be referred to

as VQpeakfor the remainder.

Given the positive relationship between the vascular system and exercise, there is an
increasing body of work investigating the relationship amongst agingpe&R, cerebral
structural integrity and hemodynamics. Magnetic Resonance ngn@gRI) is the method of
choice to study these relationships as it is a versatile technique which can be used to measure
several of these parameters, including grey matter vo{@W®/), cerebral blood flow(CBF)
and cerebrovascular reactivif@VR). In general, GMV and CBF are positively associated with

VOgzpeak in crossectionalThomas, Dennis, Bandettini, & Heidi, 2012; Tseng, Uh, Rossetti,
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Cullum, et al., 2013; Zimmerman et al., 20a#4dlongitudinal studie§Chapman et al., 2013;

Colcombe et al., 2003, 2006; Erickson let2010; Maass, Duzel, Goerke, Becke, Lovden, et al.,

2015) However, many of the existing studies showing this beneficial effect have used GMV as a
mar ker of WAstructur al integrityo. This is pro
gualitatve and physiologically nespecific(Tardif et al., 2016; Tardif et al., 201@)aking a

mechanistic interpretatioof these effects difficult.

More physiologically specific approaches have involved looking at the relationship
between CBF and V{peak.In crosssectional studies, it has been demonstrated that there is a
positive relationship between \deak and CBRETarumi et al., 2013; Thomas et al., 2013;
Zimmerman et al., 2014This also seems partly supported by intervention studies. For instance,
Chapman et al., 201&hapman et al., 2018)und that individuals who completed ad2ek
aerobic training program demonstrated significant increases in CBF compared to the passive
control goup. Yet, in a later study Chapman et(2016YChapman, Aslan, Spence, Keebksr,
al., 2016)found CBF to be unchanged after the same aerobic training program. Whileutdis co
be due to an insufficient exercise dose, it is possible that CBF is not a sensitive enough marker of
cerebrovascular health in isolation. This could be both due to its relatively limited-&igrase
ratio (Petcharunpaisan, Ramalho, & Castillo, 204 the fact that homeostaseeks to
maintain CBF to ensure adequate perfusion to maintain oxygen and glucose {éfillexy
Tzeng, Fisher, & Ainslie, 2014 here are indications that while CBF does steadily decrease
across the lifespafChen & Pike, 201Q)more dynamic aspects of hemodynamics, such as
cerebrovascular reactivifCVR) may change earlier than CBF in the course of agiag/is et
al., 2015; Gauthier et al., 2013; Jefferson et al., 2018)

CVR is measured as the hemodynamic resp@ingerms of CBF or bloo@xygerlevel
dependen(BOLD) change for example) to a vasodilatory challenge, such asdaypéa(Liu,
De Vis, & Lu, 2018) breathholds(Bright & Murphy, 2013)or acetazolamidénoue, Tanaka,
Hata, & Hara, 2014b)CVR is hypothesized to represent the health of the cerebral vasculature
(Mandell et al., 2008)f it is assumed that C&related local chemosensitivity is consistent
across age and disease groups, it could be treated as a vascular vasodilatory capacigrbiomark
Furthermore, if CVR is taken to be a marker of vascular health, it can be posited that those with
higherVOzpeaklevels would have greater CVR, as their vascular system would be more
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compliant and therefore have an increased ability to respond todila&sry stimulus.
Consistent with this hypothesis, it has been demonstrated that CVR is decreased in aging
(Gauthier et al., 2013; Lu et al., 201&)roke(Krainik, HundGeorgiadis, Zysset, & von
Cramon, 2005and carotid artery stenogidartkamp, Hendrikse, varedWorp, de Borst, &
Bokkers, 2012)Yet, the literature has found conflicting resulighin healthy populations,
where some have observed elevated CVR in relation to hi{Dgyeaklevels(Bailey et al.,
2013; Barnes, Taylor, Kluck, Johnson, & Joyner, 2013; Braz, Fluck, Liglhyr& Fisher,
2017; Tarumi et al., 201pyvhile others have found that lower CVR is related to increased
VOzpeak(Thomas et al., 2013and others have found no differerisgainik et al., 2005; Lu et
al., 2011; Mandell et al., 200B) aging. It is unclear, however, if this is due to differences in
measurement method, spatial localization of the measurement or an interesting physiological

interplay between multiple hemodynamic esys of brain health.

In summary, there is an assortment of negative consequences that can occur due to an
aging vascular system that causes deterioration of brain microstructure and hemodynamics.
Importantly, there is evidence that exercise is capabig@tgating some of these adverse -age
related complications/et, the fitness literature suggests that the effects of exercise on brain
hemodynamics may be complex, so a more comprehensive imaging approach is necessary to
understand the interplay betweee #ffects of aging andOopeakon cerebral hemodynamics.

The present study explores the relationship between agdwypeak cerebral hemodynamics
and GMV using a crossectional dataset employing a comprehensive imaging approach in

healthy younger and odd adults of varyiny Ozpeak

3.4 Methods

3.4.1 Participants

A total of 28 young adult§’ females, mean age 24 * 3 years) and 50 older g@ults
females, mean age 63 £ 5 years) participated in this study. Participants were recruited through
participant databases at the Centre de recher
Montr ®al and Laboratoire DOEtude de | a Sant®
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Inclusion criteria were comprised of being between 18 to 40 years for young adults and
55 to 75 ars for older adults; approval by a geriatrician to particifmtier adults), non
smoker(for at least five years), no evidence of cognitive impairment as determined through
cognitive tests conducted by a neuropsychologist, and ability to complgteathexygen
uptake tes(VO2peak) and MRI. Exclusion criteria included taking prescription medication that
could be vasoactivie.g., diuretics, calcium channel blockers, statins, thyroid replacement
hormones, etc.), presence of cardiac disease, hypedsnsaurological or psychiatric ilinesses,
diabetes, asthma, thyroid disorders, or excessive drirfkinge than two drinks per day).
Finally, a neuropsychologist completed the Mini Mental Status Examination, a global cognitive
screening tool for dementiparticipants with scores less than(@ét of 30) were excluded
(Kurlowicz & Wallace, 1999)

Al | procedures were approved by Comit® mix
Regroupement Neuroimagerie/Québec and were conducted according to the Declaration of

Helsinki. All participants provided written informed consent.

3.4.2 MRI acquisition

All acquisitions were completed on a Siemens TIM Trio 3T MRI syg&iemens
Medical Solutions, Erlangen, Germany). A&2annel head coil was used for all brain
acquisitions. An anatomical 1niIPRAGE acquisitior(TR/TE/flip angle= 300ms/3ms/90°,
256x24) matrix) was acquired for registration and GMV estimation. A fluid attenuation
inversion recoveryFLAIR) acquisition with parameters: TR/TE/flip andd600 ms/107
ms/120° with echo train length of 15, an inversion time of 2500 ms, 512 x 512 matrixifier an
plane resolution of 0.43 x 0.43 mm and 25 slices of 4.8 mm was used to estimate the presence
and severity of whitenatter lesions in older adults. A psewdmtinuous arterial spin labeling
(pCASL) acquisitio(Wu, Fernande&eara, Detre, Wehrli, & Wang, 20Q0providing
simultaneous BOLD contrast using cheégho readoutéTR/TE1/TE2/flip angle=
2000ms/10ms/30ms/90°, 4x4x7mm voxels, 64x64 matrix and 11 slicedapektielay=
900ms, tag duration £.5s, and a 100mm gap) was acquired during a hypercapnia challenge.

3.4.2.1 Aortic Exam

As described ifGauthier et al., 20155uring the MRI session a thora@ortic exam
was also acquired using simultaneous brachial pressure rec@vtbdgl 53,000, Welch Allyn,
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Skaneateles Falls, NY USA) using a@ément spine matrix coil. Black blood turbo spin echo
sagittal oblique images were acquired to visualiza@arth(TR/TE/flip angle: 700ms/6.5

ms/180°, 1.4 x 1.4 mm iplane resolution, 2 slices at 7.0 mm). A perpendicular plane to the
ascending and descending aorta was defined from these images. A cinequiticest velocity
encoded series was collec{ddR/TE/flip angle: 28.6ms/1.99ms/30°, 1.5 x 1.5 mm x 5.5 mm)
during 60 cardiac cycles in three segments, with velocity encoding of 180 cm/s. A series of cine
FLASH images were also acquired in the same pf@RéTE/flip angle: 59ms, 3.44ms, 15°; 1.2

x 1.2mm x6mm) over 60 cardiac cycles in 8 segments.

3.4.2.2 Hypercapnia

The hypercapnic manipulation used here has been described prey@astgier et al.,
2015;Gauthier et al., 2013)Briefly, it was completed with a computeontrolled gas system
with a consecutive gas delivery circ(Re s pi r act E GEN3, Thornhi || Re
Canada)Slessarev et al., 2007/nd tidal Qwas targeted to be 200mmHg throughout the
manipulation, while C@had a target of 45mmHg during thgpercapnia blocks and 40 mmHg
during normocapnia. More specificaltyyo hypercapnia blocksf two minutes each in duration,
were completed after, and followed by twonute blocks of breathing room air. Participants
breathed through a soft plastic m@¥kgaderm 3M Healthcare, St. Paul MN) that was secured
on their face with adhesive tape to ensure that no leaks were present. Participants completed the
breathing manipulation once prior to being in the scafineznsure comfort and tolerance to

procedurg and once during the MRI session.

3.4.3 VOg2peak

Participants completed a maximal oxygen consumptior{\t€tpeak) to approximate
their VOzpeak where a greater amount of oxygen consumed indicates enn&Degpeak
(Storer, Davis, & Caiozzo, 1990)he test was completed on a stationary cycle ergometer and
was monitored throughout by an electrocardiogram under medical sipento ensure
participant safety. Initial workload was set based on the body weight of the indi{Aduatt
(W) / kg) and then increased incrementally by 15 W every minute until voluntary exhaustion.

Oxygen uptake was determined using an automateesytbait averaged in 3fecond
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incrementgMoxus, AEI Technologies, Naperville, IL). The highest oxygen uptake over a 30

second period during the test was considered as thpeak(ml/kg/min).

3.4.4 Data Analysis

3.4.4.1 Grey Matter Volume

T1-weighted MPRAGE imagesweper e pr ocessed using SPMés Compu
Toolbox(CAT)12 (Ashburner & Fiston, 2000; Gaser &ahnke 2016; Penny, Friston,

Ashburner, & Kiebel, 2011ip calculate voxebased morphometryBM) after data were

segmented into grey matter, white matter and cerebrospina(@&H). VBM calculates the

difference between theolume estimated for tissue from an individual compared to the expected
volume of tissue from a template. This provided a statistical map for each voxel type which are

then classified into the structural category with the highest probability, allowingdityrsés

between participants.

The registration matrix was calculated as part of the VBM pipeline and was then applied
to the GMV, CBF and CVR magdescribed below) to bring them from native to MNI space.
Individual BOLD-CVR, resting CBF and CBEVR wereproduced for each participant. o
registration of these maps from native to native T1 space was performed usintneaongid
registration with ANTSAvants, Epstein, Grossman, & Gee, 2088 a bspline interpolation.
CAT12 (Ashburner & Friston, 2000; Gaser@ahnke 2016; Penny et al., 201jas used to
register from T1 to standard space using a uniformlimear registration with 12 degrees of
freedom and smoothing of the data employed a GaussiarofiBemm. An average grey matter

mask from each age group was also created to restrictwis@lanalyses to the grey matter.

3.4.4.2 CVR Analysis
Preprocessing of the BOL-BDVR have been described previously and was performed

using Neurolens@vww.neurolens.org(Gauthier et al., 2013All raw images were

preprocessed with motion correcttéand spatial smoothing with a 6mm Gaussian kernel. The

BOLD signal was extracted from the second echo series with a linear suacbditidn

(Gauthier et al., 201X authier & Hoge, 2012; Liu & Wong, 260 The BOLD fractional

change during hypercapnia was obtained by fitting a general linear model to the BOLD signal

and dividing the estimated effect si 1®99by t he
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(Glover, 1999¥or a singlegamma hemodynamic response function were used when fitting the
linear models, which also includedéar, quadratic, and third order polynomials representing
baseline signal and drifts. The BOLD percent change obtained was then divided by the average
endtidal CO, change during the hypercapnia manipulation to yield Bal\VR. CBFCVR was
calculated in th same way as BOLBGVR, but the CBF signal was isolated from the first series

of echoes using linear surround subtract{tiu & Wong, 2005)

3.4.4.3 Resting CBF analysis

Resting CBF was quantified using the first echo of the whole pCASL data time series,
using the first two minutesf the time series, before the beginnaidhe first hypercapnia block.
The average of the control images was used for each participant with modeling of the T1
recovery to obtain the fully recovered magnetiza{id@) using AFNI, FSL and khouse
scripts. CSF masks were created for ezlder adilt participant to use as CSF MO in the CBF
guantification. To do this, 10 voxels were chosen in the same axial slice for all older participants
where the lateral ventricles were clearly located, except for four participants where a more
superior, or infaor slice was required to clearly identify the ventricles from the pCASL scans.
All individual masks were visually inspected to ensure the ROIs were located in the ventricles.
For the younger adults, one participant was choseandbm,and the same mettavas used to
identify 10 voxels. A single CSF mask was used for all younger participants as this mask was
confirmed to be located in the ventricles in all participants upon visual inspection. However, this
was not possible with the older adults duetyvarn g anat omi cal structures
(Chappell, Groves, Whitcher, & Woolrich, 20a®plkit was then utilized to quantify CBF, with
the followingstandard parameters : labelling: cABCASL; bolus duration: constafi.5s), post
label delay: 0.9 s; calibration image: average of the control images; reference tissue type: CSF;
mask: CSF mask for each participant; C9F4.3s; TE: 10 ms; T2 : 750 ms; blood T2: 150 ms;
arterial transit tne: 1.3 s, T1: 1.3s, T1 blood: 1.65s, inversion efficiency: 0.85.

3.4.4.4 Vascular lesion guantification

The volume of white matter hyperintensit®gMH) in the brain was estimated in a
semtautomatic way as described(@authier et al., 2015Briefly, a single trained rater, who

was blinded to clinical information, visually identified WMH on the FLAIR images, whiatewe
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then delineated using Jim image analysis package, versigKiBapse Systems Ltd, Northants,
UK).

3.4.45 Pulse Wave Velocity Data

The aortic data was analyzed using the ARTFUN soft{tdeement et al., 2010yhere
pulse wave velocityPWV) was computed between the ascending and descending aogtéhes

cine phase contrast images for blood velocity and the cine images for aorta delineation. PWV
was calculated as described @authier et al., 2015 his data was included as a covariate, so

that any relationships that might be present betweemp®ak and the hemodynamic brain

outcomes were not due to differences in arterial stiffness in large arteries among the older adults
but rather to brakspecific properties.

3.4.4.6 Voxelwise analyses
Using FSLOs t oWwihkleroRidgvwag WdbsteniSmith, & Nichols, 2014)
permutatiorbased thresholttee cluser enhancemerfT FCE) (Smith & Nichols, 2009)using

10,000 permutations, was employed to test for spatial relationships bat@eeeakand

structural or hemodynamic outcomes. These analyses were restricted to GM using a group mask
of all GM voxels present in all participar(is. the intersection of all participants GM
segmentation mask in MNI space). A separate group GM mask wasideageunger and

older adults. Voxelvise general linear models were used to identify the relationship within GM
between: i) VQpeak and GMV; ii) V@peak and BOLECVR; iii) VO2peak and resting CBF;

and iv) VQpeak and CBFCVR data for young and older athilAge and sex were included for
both young and older adults as covariates. For the older adults we also includpd &

estimated absolute multivariate risk scoring with the Framingham cardiovascular risk factor, as
proposed bfB et al., 2008)to estimate general cardiovascular risk and future cardiovascular risk
as a confound.. Volume of WMH and PWV were also used as potential confounds in the older

adults to remow the potential effects of existing WM lesions and central arterial stiffness.

3.4.4.7 Regions of Interest

Voxels that exhibited a significant relationship between BEIVR and VQpeak were
extracted and binarized to be used as regions of in{&@&s} for furthe analysis. Specifically,
this ROI was then used to further investigate if2p€ak and GMV, resting CBF, or CBEVR
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were related to each other in these regions, in an attempt to disentangle the physiological
relationship amongst these factors in aging\@@dpeak This ROI was then multiplied by each
individual 6s VBM map to create individual ROI
individual ROl were then extracted for all maps using weighted average with FSLmeants to

correct for possible GM aiphy.

Finally, a finite impulse respongEIR) analysis was completed as reporte(@authier
et al., 2013}o estimate the temporal course of the BOLD response to hypercapnia in order to
identify whether dynamic aspects of the response could be linké@imeak Briefly, the
average time course for BOLD during hypercapnia was determined, where the temporal response
was measured starting 15 seconds prior to and after the end of each hypercapnic block. The
beginning of the upward phase of the response, as well asateaipivere identified manually
and the linear fit for the values between these two p(sidpe of the upward response) was
identified using a linear regression in the SPSS 20.0 softil&ve Armonk, New York, USA)
for each participant. The BOLD time ase was averaged within the BOKDVR VOzpeak ROI
for both young and older adults, these values were then extracted. With the exclusive intent of
facilitating visualization, the older adult group was then rank ordered according to their
VOgzpeak. Once rankrdered, they were subdivided into five bins based oppé@ak to further

visualize the relationship between response shap¥@ppokeak

3.4.5 Statistical Analysis

Statistical analysis of the behavioural data was completed using SPSS to identify if
relationships were present between@€ak and demographic data with correlational analyses.
A patrtial correlation was used to identify if there were relationships betwegpediand
values extracted from the significant CABOLD VOzpeak ROI, while accouimg for the
covariates described abofeg., age, sex, PWV, Framingham Risk Factors, white matter
hyperintensity volume). As the white matter hyperintensity volumes were found to be non
normal, it was necessary to log transform this data to allow fanpetric statistical analyses
with the data. All other data were found to be normally distributed. Finally, a partial correlation
analysis was also utilized to investigate potential relationships betwegresiOand the slope of
the BOLD upward response wieeage was included as a covari@mtistical significance was
set ©0600pH Dor all 0 U t -boc amelysis vwas usedWwhekeaplicable.p o s t
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3.5 Results

3.5.1 Younger versus older adults

A total of 50 older adults and 26 young adults participatedisrstndy, demographics for

both are listed in Table 1.

3.5.2 VOgzpeak, brain structure and hemodynamics in GM

The mean values over all GM for hemodynamic parameters in each participant versus

VOgpeak for both young and older adults are showfigare 1 It was bund that younger adults
had a significantly higher GMYp = 4.43x10°), BOLD-CVR (p = 1.4x10%) and resting CBRp

= 0.015) in whole GM than older adults. There were no differences between age groups-for CBF

CVR in whole GM(p = 0.315)Table 1).
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Figure3d 1: Results from voxeWise analysis for relationships between structural and hemodynamic
outcomes with VO2peakgcoregml/kg/min) for young adults (black dots) and older adults (blue dots). (a)
grey matter volume-gcore (mm3); (b) BOLBCVR (%BOLD/mmHg CO2) zscore; (c) resting CBF
(ml/100g/min) zscore and; (d): CVR CBF (ml/100g/min/mmHg COZXcore. Theegression line for each
group is plotted in their corresponding colours. *Indicates sagmif correlation (©0.05).
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3.5.2.1 Young Adults
Correlations found no significant relationships betw&€énpeak,and the mean extracted
values for GMV, BOLDCVR, resting CBF or CBIEVR in GM for young adultgp > 0.05).

3.5.2.2 Older Adults

A patrtial correlation irolder adults including all covariatés.g., age, sex, Framingham
Risk Factor score, WMH and PWYV) revealed a significant relationship betwegresOand: i)
all GMV (r = 0.294; p = 0.05); ii) BOLBCVR in GM (r =-0.428; p = 0.003); and iii) CBEVR
in GM (r =-0.361; p = 0.015). No significant correlation was found betweesp¥&k and
resting CBF in all GMp >0.05).

3.6 VO2peak, structure and hemodynamics

Voxel-wise analyses within the younger adults did not reveal any significant relationships
between V@peak and GMV or between \(@eak and the hemodynamic outcor(jes0.05)
within GM. In older adults, voxelise analyses within GM revealed a significant positive
relationship between GMV and \é@eak(r = 0.320; p = 0.025) and a significant negeti
association between BOLDVR and VQpeak(r =-0.392 ; p = 0.005). The positive relationship
between GMV and Vépeak was present within the superior temporal g¢ses Figure 2a).
The negative association between BOCVR and VQpeak was found in largeortions of
temporal, parietatortices,and smaller amounts of the frontal lol§sse Figure 2o No
relationship was found between Y§@ak and resting CBF or CBEVR (p>0.05).
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Figure3d 2: Voxelwise analyses results in older adults. Significant regions identified with thewseel
analysis between Vfeakz-score and GMV &score (a). This figure shows areas of the brain where there is a
positiveassociation between \(eak zscore andsMV z-score (red), indicating that in these areas, those
with higher fitness have significantly higher GMV compared to thoselauitbr fithess (p<0.05). Significant
regions identified with the voxalise analysis deveen VQpeak zscore and BOLBCVR zscore.

Areas of the brain where there is a negative association betwepeakCand BOLBCVR (blue), indicating

that in these areas, thas#h higher fithess have significantly reduced BOOYR compared to those with
lower fitness (p<0.05).

3.6.1 Region of Interest Analysis

To understand whether the relationship betweeppé@k and other structural or
hemodynamic parameters could help to explain the negative association betwpeak/and
BOLD-CVR, other parameters were aaged in the areas significantly negatively related
between BOLBCVR and VQpeak. Within these ROI a significant negative relationship was
identified between Vepeak and resting CBff =-0.328, p = 0.025), and \/peak and CBF
CVR (r =-0.322, p = 0.029)The relationships between all structural or hemodynamics
outcomes within these ROI withOopeakare shown in Figure 3.
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Figure30 3: Association between fitnesstructure and hemodynamics in the BOLOVR vs VO2peak

ROI. Relationships from theVR VO2peak zscore ROl in; (a): GMV &core; (b): Resting CBFgore; and
(c): CBF-CVR zscore. Graphs demonstrate thiationship between each of these parameters and fitness in
older adults. *Represents significant correlatior: (2.05)

3.6.2 Finite Impulse Response

Finally, to identify potential relationships betweé@®,peakand BOLD response
dynamics, a Finite Impulse ResporiBéR) analysis was run within the ROI derived from the
voxelwise analysis of CVR and \Wpeak. For visualization purposes, the BOLD time course to
hypercapnia in these areas for older adults considtethk ordering based on \¢@eak, then
creating five different bins according to their rank or@ee Figure 4a). The partial correlation
analysis revealed that there was a significant negative correlation betweeea@nd the
slope of the linear regssion(r =-0.441; p = 0.002). This relationship is shown in Figure 4b.
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Figure30 4: Time course of the BOLD response to hypercapnia. (a) Time course showing the percent
BOLD response thypercapnian BOLD-CVR VOgpeak ROI. Where the fitness level for older adults was
binned into five categories; Bin 1 representing the lowW€xipeak bin, and increasing until Bin 5, which
includes the data from those with the highest binnegb€€ék in thissample. (b) Linearegression of the
relationship between the slope of the upward portion of the response and fitness in older adults.

3.7 Discussion

This study investigated the relationship betwg&z»peak GMV and brain
hemodynamics in a population of hégitolder adults. This group showed the expected pattern
of reduced GMV, BOLBCVR and resting CBF as compared to healthy younger adults.-VVoxel
wise analyses over all GM demonstrated a significant positive relationship b&t@epeakand
GMV and a somewhaurprising significant inverse relationship between BAGTYR and
VOgzpeakin older adults in a number of GM regions throughout the cortex. A mategth
review of hemodynamics within these regions demonstrated that the relationship béByeen
and other Bmodynamic parameters also exhibited this inverse relationship. Specifically, there
was no relationship betwed®Oopeakand GMV, but a significant negative relationship between
VOzpeakand resting CBF, and betwe®®peakand CBFCVR. To determine whether these
relationships betweeviOpeakand BOLDCVR were confined to response amplitude or if it
was also present in response dynamics, we performed an analysis of the time course of the
BOLD response to hypercapnia. Thisabsis revealed a slower ranop towards a plateau in
those with higher Vgpeak, regardless of age as demonstrated in figure 4b. Together, these
results indicate that the relationship betw¥€&ypeakand hemodynamics in aging is more
complex than previolys thought and that BOLECVR in particular may be biased by

physiological mechanisms affected by exercise.

3.7.1 Age-group comparisons
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The impact of healthy aging on brain structure and hemodynamics is an active field of
research and the age group comparis@ntpned as part of this study are consistent with these
existing results. In comparison to young adults, older adults were found to haveGdeér:

(Braz et al., 2017; Farokhian, Yang, Beheshti, Matsuda, & Wu, 2017; Maillet & Rajah, 2013)
CVR (Catchlove, Parrish, et al., 2018; de Vis et al., 2015; Fluck et al., @aldhier et al.,
2013; Peng et al., 2018@nd resting CBkde Vis et al., 2015; Gauthier et al., 2013)

3.7.2 Regional relationships between V@peak, structure and hemodynamics

The main result from this study is the finding that BOCMR in GM is negatively
correlated withvOopeakin older adults. VoxeWise analysis revealed large sections of GM
including temporal, parietal and frontal regions were responsible for this negdditrenship.
Given that higher CVR is typically interpreted as being related to better cerebral(Mzaittell
et al., 2008)this reverse relationship was count#uitive. Interestingly, to date, only one other
published studyin addition to our own workGauthier et al., 201bhas also demonstrated a
negative relationship betwe&t©O,peakand BOLDCVR in older adult§Gauthier et al., 2015;
Thomas et al., 2013ppecifically, Thomas et g2013)(Thomas et al., 2013pund that Master
athletes had significantly lower BOLDVR compared to their sedentary counterparts over most
of cerebral cortex, including the parietal and temporal cortices. Notably, most studies
invesigating VO2peakand hemodynamics have used transcranial DogpeD) to identify a
positive relationship between CVR av@®.peak(Bailey etal., 2013; Barnes et al., 2013; Braz et
al., 2017;Tarumi et al., 2015)To the best of our knowledge, MRI studies have only identified a
negative relationship, perhaps reflecting the different vascular compartments and properties
imaged with both teatiques. TCD images flow velocity in major arteries, while the BOLD
signal reflects a mixture of blood flow, blood volume and oxidative metabolism arising from the
parenchyma and veins. Therefore, it is possible that changes in the venous system, such as
venous collagenosis, or related to the parenchymal vasculature leads to the®MLE&sults

measured using MRI.

The voxelwise analysis also revealed a positive relationship betW&espeakand
GMV within the superior temporal gyrus. This is consistenhwther studies pointing to a
general association betwe¥@,peakand GMV (Erickson et al., 2014and specifically within
the superior temporal gyr@gheng et al., 2018)However, as merdned previously, GMV
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should be interpreted with caution as it is qualitative, not physiologically specific, and may be
biased by differences in blood volung&ardif et al., 2016; Tardif et al., 2017)

Notably, the lack of relationship with other hemodynamic parameters could be
attributable to the fact that the present study involved a very healthy group of oldsr adul
Exclusion criteria were numerous, including but not limited to, taking most medication regularly,
suffering from chronic diseases, or cardiovascular risk factors. Moreover, the Framingham scores
for this group is low, with the avera@®.8) justbelow the score expected solely due to the
average age of the gro(®), indicating overall absence of cardiovascular risk factors within the
group. Furthermore, participants in this study hadp&@k values that were greater than tHé 50
percentile forheir age and sex, thus demonstrating higher than ave@geeaklevels
(Kaminsky, Imboden, Arena, & Myers, 201 Mherefore, it is possible that the relationship
betweervOzpeakand these other hemodynamic parameters is below the detection limit in this
healthy group of older adults, especially in the context of the limited SNR provided by ASL and
the stringent tresholding required by the numerous multiple comparisons performed ir voxel
wise analyses. Our findings suggest that CVR may be one of the first hemodynamic properties to
decline in aging and indicates that it may be more sensitive to-egjatgd changes the
cerebral vasculature, than CBF and GtMine with previous published wolksauthier et al.,

2013)

3.7.3 Physiological underpinnings of BOLD-CVR and fithess association

To better understand the physiological underpinnings of this negative relationship
betweervO2pe& and BOLD-CVR, a more irdepth investigation of the relationship between
VOzpeakand other hemodynamic parameters and GMV within these regions was performed. No
relationship between GMV andO.peakwas revealed, however resting CBF and €BRR had
significantly negative associations wiD-peak indicating that lower fit individuals had higher
CBF and CBFCVR. These findings are in opposition to those reported in the extant literature by
Tarumi et al(Tarumi et al., 2013)where enduranegained older adults showed a highé3FC
in the occipitoparietal area as compared to their sedentary counterparts. These results are difficult
to compare to those of the present stikdrstly, because the coordinates for the areas used in
Tarumi et al. are not available, so that any putaiixexlap between region and ROI used in the
present study is impossible to determine. Secondly, the endurance trained group had
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considerably higher Vépeak than this cohort. Zimmerman and colleagdeamerman et al.,
2014)also found higher global, frontal and parietal CBF in those with gre@gpeaklevels.
However, 39% of their participants were taking blood pressure medication, thus it could be that
medication impacted these results given the vasoactive nature ofrtbleselles. Future studies,

with both largeNVOopeakand cardiovascular health ranges, are therefore necessary to determine
whether nodinear effects in the link between CBF avi@.peakcan account for these

contradictions in the literature.

While hypergrfusion is not typically associated with aging, one area of research that has
identified a pattern of hyperperfusion in similar areas is the ARdEerature(Scarmeas,
Habeck, Stern, & Anderson, 2003; ThambiseBiyasorHeld, An, Kraut, & Resnick, 2010;
Wierenga et al., 2013pcarmeas and colleagy@e03) found that both yourand older
individuals with the APoE¥ gene demonstrated hyperperfused areas of the brain compared to
noncarriers(Scarmeas et al., 200Furthermorea longitudinal study in older adults found that
areas that were hyperperfused at baseline in carriers as compareec&mers, had
significantly lower CBF at the-8ear follow-up (Wierenga et al., 2013%iven the similarity in
the hyperperfusion pattern, it is possible that part of our results could be explained by putative
overrepresentation of APo# carriers in the low Vépeak participants. However, as we did not
measure APoExpression in our participants, we cannot assess whether this is the case. In
general however, one could speculate that these patterns of hyperperfusion iARakers
and in the less fit individuals included in this study could indicate that tkiests @ set of
physiological compensatory mechanisms which initially seem like preserved hemodynamics, but

that are in fact associated with poorer health or greater damage over time.

3.7.4 Chemosensitivity and autoregulation
In addition to the relationship between BOIOYR andVOzpeakalready discussed
(Figure 4A), we also identified a relationship between the slope of the upswing of the response to
hypercapnia antfOzpeak The slower BOLD response to hypercapnia in more ifiholder
adults could be indicative of a local desensitization te,©0to predilation (Halani, Kwinta,
Golestani, Khatamian, & Chen, 2018pwever thdatter is unlikely here as lower resting CBF

was found to be linked to high¥O2peakwithin these same regions. Further studies including

Page [L16



additional measurement of autoregulation and the respiratory response to exercise, for example,

could help untangléhe physiological underpinning of these response dynamics.

Overall, there are a few rationales that could explain our results of low BEQIBin
higher fit individuals. The first, hypothesized by Thomas and colleg@inesnas et al., 2013is
that perhaps higher fit individuals have decreased local sensitivity 10lR€ly, a lifetime ¢
increased exposure because of increased aerobic activity. This idea is consistent with studies
showing that endurance training reduces the ventilatory response at a given workload, indicating
a decrease in local chemosensitii§atayama et al., 1999; McConnell & Semple, 199@jric
oxide is the primary mechanismrspond to changing pH levels from €@ an attempt to
maintain homeostasis in the bréitaas, Brigitte, Biessmann, & Wildemann, 2002; White,
Vallance, & Markus, 2000)t is thus possible that highfit individuals could have lower levels
of nitric oxide in response to hypercapnia than lower fit individuals, which in turn would explain
the reduced blood flow response to hypercapnia. Moreover, it has also been proposed that
cerebral inflammation cdd lead to increased nitric oxide signalifigaas et al., 2002)hus
lower fit individuals could have increased nitric oxide due to the presence of inflammation. This
would also be consistent with the higher resting CBF observed in lower fit individuals. The
presence of inflammation is, howeyanlikely to be the main explanation for our results, given
the overall health of this cohottastly, nitric oxide and C&have an effect on cerebral
autoregulatior{White et al., 200Q)when present, it increases the ability of the cerebral blood
vessels to dilate or constrict in response to a sudden change in blood pressure, allowing for
sufficient blood to flow. For example, it has been found that those with ahgpertension,
have greater central chemosensitivity than those witthalenfant et al., 2017Moreover,
during exhauive exerciseerebral autoregulatiomas decreased compared to (€goh et al.,
2005) and was observed to be reduced in young master athletes compared to sedentary
counterpartgMikkel et al., 2011) It is therefore possible, given the interplay between CO
sensitivity(local versus central), nitric oxide presence and cerebral autoregulation, that in

combination this magccount for the reduced BOLOVR in higher fit individuals in aging.

The results of this and other studies have shown that quantitative techniques such as MRI
measurements of CVR and CBF may be biased by health components not typically taken into
accounin MRI studieg(e.qg., local or central chemosensitivity and cerebral autoregulation). This
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is problematic as it may lead to bias in group comparisons or longitudinal studies. Though we
were not able to test these additional parameters in the presentitshugiylights the need for
comprehensive studies that seek to measure all the components of the complex relationship
between cerebral hemodynamics &tbpeak These studies are necessary to make these
techniques truly quantitative and reveal the phygjimlal changes that occur in aging and

disease.

3.8 Limitations

Although we found that high&fO2peakis related to decreased BOLDVR in aging, it
is difficult to interpret our results in comparison to other studies due to the high level of
variability of BOLD-CVR in the aging literature. For example, some report 0.19%
BOLD/mmHg in line with our resultéBhogal et al., 2016)et another study has reported higher
levels at 0.28%Larissa et al., 201&nd lower levels at 0.13%eoni et al., 2017)This
indicates that there is physiological variability within individuals and betwstudies, and
potentially technical variabilityi.e., type of scanner, delivery of g@mount of CQinhaled).
Moreover, given that our CQ@hallenge was 5 mmHg, it could be that our data suffers from
worse SNR than what would be expected with a greater amount.aféli@red, such as 10
mmHg Therefore, more work is necessary to further comprehendimd®tdual variability,
and to implerant more robust study designs with a greater breadth of outcome measures and to

implement progressive hypercapnia in addition to block designs.

A limitation of the use of ASL for measuring CBF is that extensive coverage of the entire
brain is typically nopossible without advanced parallel imaging techniques. Given that the
original aim of this study at the time of data collection was more focused on executive functions
and the frontal lobes it was not possible to capture structural and hemodynamics of the
hippocampus. Therefore, while the hippocampus is a structure associat®®yptakrelated
changes, we are unable to test for associations between the hippocamyGs@eakhere.
Furthermore, the posabel delay chosen here is suboptimal for oldedtadso that lower
perfusion measured could be the result of slower transit time, rather than lower perfusion.
Moreover, given that blood flow velocity is likely increased during hypercapnia, and it is known
that labeling efficiency decreases as bloodeity increasegAslan et al., 201Q)here is a

potential for our CBF data dag hypercapnia to be underestimated as we assumusestent

Page [118



labeling efficiency which is likely not the case. Thus, future work aiming to disentangle the
relationships among aging, cognition ar@-peakshould optimize the acquisition, using a
multi-band acquisition approach for example, to capture both the entire cerebral cortex and the
hippocampus, and multiple pedsibel delays to better capture perfusion across ag¥@pokeak

Another limitation to this study is its cressctional design, which rkas it difficult to
draw clear conclusions about the relationships betWé=peak aging and brain healtkiVhile
large longitudinal cohorts exist, none have so far also included measurement of CVR and
VO2peak, likely because these techniques are chatigrigiimplement. On the other hand, ASL
acquisitions are becoming more common and future studies could attempt to use cohorts of older
adults for studying the relationship between physical activity, CBF and other measures of
vascular health. Dedicated lahglinal studies over several years including@d€ak, CBF and
CVR would however be necessary to truly understand these relatiorstiosigh VOmax is
considered the gold standard of cardiovascular fithess, there are some indications from the
literaturethat a true V@max may not be practically attainable in older adittisggett et al.,
2005) Thus, we used Vg&peak here. It is also noteworthy that there are inherent limitations to
using either as an outcome, as they can be influenced by genetics, pulmonary function, skeletal
muscle limitations, cardiac output, to name a {sae(Bassett & Howley, 2000pr in depth

review), which were not measured in this study.

3.9 Conclusions

Overall, this paper identified a negative relationship between BOVR andVOzpeak
in a very healthy older adult sample. Within
relationship, other hemodgmic outcomes also showed negative relationships\Witipeak
These negative relationships could be the result of changesise@€ltivity, or autoregulation.
In addition, our findings suggest that quantitative measures of CVR and CBF could be biased by
unknown physiological changes in these autoregulatory and chemosensitivity properties, and that
studies using these markers in aging and disease may underestimate their effects on cerebral
hemodynamics. Thus, to further understand and attempt to diskentia@gnodulatory effect that
VOopeakhas on hemodynamics in aging, more comprehensive studies of physiological outcomes

are necessary.
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Table3-1: Participant demographics separated by age group

Demographic

Young Adults (n=26)

Older Adults (n=50)

Sex(M/F) 19/7* 17/33*
Age(years) 23.7(2.9)* 63.4(4.9)*
Education(years) 16.7(1.4) 16.4(3.6)
VOpeak(ml/kg/min) 42.7(7.6)* 29.1(7.0)*
MMSE (out of 30) -- 28.8(0.9)
FraminghamRiskFactor Score -- 8.8(2.6)

Log WMH volume

0.367(0.162)

GreyMatter Volume(mn¥)

0.551(0.038)*

0.466(0.034)*

BOLD-CVR(%change/mmHEO,)

0.261(0.094)*

0.176(0.041)*

RestingCBF (ml/100g/min)

48.6(10.7)*

42.4(9.9)*

CBF-CVR(mI/100g/min/mmHEO,)

5.13(1.22)

4.63(2.35)

Note: independent samplesests were used to identify differences between young and older adults. *

Statistically different p < 0.05; all values reported are meatadard deviation)
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4 Manuscript 3: SexSpecific Relationships Underly the
Interactions between Obesity and Physical Activity on Gray and
Whit e Matter Volume in a Sample ofCognitively Unimpaired
Older adults

This manuscripis under review aBeroScienceBrittany Intzandt, Sia Sanami, Julia Huck,

PREVENT-AD Research group, Sylvia Villeneuve, Louis Bherer, and Claudine Gauthier

4.1 Preface

Obesityis on the risén aging populationand its presence has important vascular impacts,
including increased risk of diabetes, cardiovéacdisease, and early mortality. In the brain,
obesity has been associated with a reduction to GMV and WMV in aging populations, however
this has not always been a consistent finding. The relationship between obesity and volumetric
outcomes could be infnced by sespecific differences. For example Taki and colleagues
revealed that only males had significantly declined GMV with ob€§§aki et al., 2008)
Conversely, PA has been consistently shown to be associated with increased GMV in aging
(Domingos, Pégo, & Santos, 2021; Erickson et al., 2010; Papenberg et al, 2@ Hppears to
also be influenced by sex, where some report that femafefibmore from PA than males
(Varma et al., 2015)and others the opposif€asaletto et al., 2020Yet, to date, no study has
investigated the interaction obesity and PA on volumetrics in aging, since it is possible that
higher PA levels in individuals with greater BMI could be driving some of the positive
relationships, The effects of sex could also play an important role in these interactions given the

sexdependent effects associated with both obesity and PA.

In manuscript three, we attempted to disentangle these interactions in a sample of normal
cognitively unimpaired older adults which forms the baseline data from the PREXBENI&ta
set. A total of 34@articipants were included in this manuscript and BMI was measured. A PA
guestionnaire was also collected allowing us to quantify amount of weekly METs for mederate
vigorous PA as well as total, though the latter is only included in supplementary inéormat
given its overlap with intensitgpecific findings. Finally, all participants also completed an MRI

session, where an assortment of sequences were collec{@testeer, Poirier, Etienne, &
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Leoutsakos, 2016; Tremblayercier et al., 2021for more information. For the purposes of this
manuscript only the TWveghted sequence was used to quantify Givid WMV in regions that
are associated with age and cognitive related decline, to understand the effects of obesity and PA

on these outcomes.
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4.2 Abstract

BACKGROUND: During aging, different studies have found obesity tassociated with both
poorer or better brain structural integrity compared to their normal weight counterparts.
Conversely, those with greater physiaativity (PA) levels are consistently reported to have
enhanced cerebral structural outcomes. Thus,ritegiive effects of PA could alleviate the
negative effects of obesity and could partially explain why overweight and obese individuals
sometimes are reported to have enhanced cerebral heahltel&ex differences may also
contribute to some of thesed cr epanci es, as it is known that
influences cerebral health. Thereby, the influence of obesity and PA on structural integrity in
aging should be investigated with sdisaggregated analyses. Here, we aimed to examine
potentid sex differences in the relationships among PA, obesity, and cerebral structure in aging.

METHODS: The PREVENTAD dataset was utilized her247 female$62.6 years old 4.9)

and 93 male$62.8 years old 4.9 participated in this study. All participantinderwent a 3T
Magnetic resonandenaging MRI) acquisition, including a T-wveighted scan to quantify grey
mattervolume GMV) and white mattevolume WMV) All participants had their height and
weight measured to calculate body mass ir(@l). A PA questionnaire was used to quantify
weekly total Metabolic Equivalents. For each sex, BMI and PA outcomes were convered to z
scores. Polynomial regressions were used, controlling for age, education, Framingham
Cardiovascular Risk Factor scores and presehd®OE 4 alleles. The relationships between i)
BMI and GMV Regions ofnterest ROIs) and WMV ROIs; ii) Moderatgigorous PA and

GMV and WMV ROls; iii) the interaction of moderate PA with BMI on GMV and WMV ROls

were also explored.

RESULTS: Increased BMivas associated with higher GMV in frontal and temporal regions in
female, whereas males demonstrated an inverse U shape in frontal, temporal, and parietal
regions. In femalean inverse U relationshipas foundoetween moderate PA and GMV in

frontal and tenporal regionsMales demonstrated a positive linear relationship between
moderate PA in the hippocampi. Finally, females with higher PA levels demonstrated increased
GMV across the BMI spectrum, whereas male with high PA and greater BMI demonstrated the
lowest GMV.WMV ROls in temporal regions had a linear relationship with moderate PA in. In
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males, increased BMI was associated with lower WMV in frontal regions, they also showed a

positive relationship with moderate PA and WMV in the hippocampus.

CONCLUSION: Males and females have unique relationships among GMV, PA and BMI,
suggesting that sexggregated analyses may lead to biased ossigmificant results due to the
different relationships in both sexes. These results suggest that higher GMV is present i
overweight to obese females, and those females with greater PA levels have enhanced structural
integrity. Males demonstrated results unique to females, highlighting the importance creating
models for each sex separately. Future work should includeiotaging parameters, such as

perfusion, to identify if these differences areagzurring in the same regions as grey matter.
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4.3 Introduction

Obesity has a high incidence in individuals in midlife and into aging, with 39.9% of
middle age and older adult populations being overweight and 28.1% considered obese
(Governmat of Canada, 2019This has important health implications given that obesity is
associated with a higher incidence of diabetes, cardiovascular disease, certain types of cancers,
and increased risk of early mortal(tsiruby & Hu, 2015) Furthermore, a recent Lancet dementia
commission paper identified that greater body mass i(fleb), an indirect marker of obesity,
is one of the 12 of the most influesdtimodifiable factors in the risk of developing dementia
(Livingston et al., 2020aNotably, greater BMI earlier than 65 years old has been associated
with a1.6 increased relative risk of developing demefRidditizi et al., 2016)et, this
relationship is sometimes elusive, as some have found no relationship between BMI and

dementia riskAlbanese et al., 2015)

These paradoxical findings also exist in the documented relationship between BMI and
brain structure. For example, it has been identified that higher BMI may have deleterious impac
on the brain, including data showing an association between higher BMI and global grey matter
(GM) atrophy, as well as atrophy of frontal, temporal, and hippocampal(daasuléd et al.,

2016; Pannacciulli et al., 2007; Raji et al., 2009; Walther et al., 264dlpns associated with
agerelated cognitive declin@vioscovitch & Winocur, 1992b; R. West, 1996)owever, others

have identified that there is no relationship between BMI and GM vo{G&W®/) (Debette et

al., 2014) Converselypthers showed that obesity may be protective in some GM regions
indicated by a positive relationship between BMI and G{#danget al., 2019; Taki et al.,

2008) Given that obesity prevalence is generally higher in females than (Galeger, Gupta,
Moustafa, & Chao, 2021and that fat distribution differs between théehorr et al., 2018)

and over time in femald$sacco, Ennequin, & Boisseau, 2021; Rathnayake, Rathnayake, &
Lekamwasam, 2022}t is possible that some of these wadictory relationships reflect sex

related differences. This could arise due to sex distribution imbalance in some studies, the age
range included and how it relates to menopausal status, or the different ways sex is accounted for
in studieqi.e., sex a an outcome versus a covariate). For example, Taki and colleagues
identified that their results of negative and positive relationships in specific GMV regions with

BMI were driven exclusively by malg€3aki et al., 2008)which was later confirmed in a
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separate longitudinal study investigating BMI and Gi#AVnoldussen et al., 2019%inally,

Huang and colleagues found that both males and females had positive and negative relationships
with BMI and GMV, butonly males experienced atrophy of tueterior cingulate cortex with
increasing BMI(Huang et al., 2019)ndicating that sex differences with structusedin

outcomes could be region dependent.

Theevidence on the direction of relationship between BMI and white matter volume
(WMV) in aging is mixed, where some find that increased BMI is inversely associated with
WMV (Ho et al., 2011; Raji et al., 20Q®thers found no relationship between BMI and WMV
(Debette & Markus, 2010; Gunstad et al., 20@&) some report positive relationships
(Pannacciulli et al., 2007Taken together, the relationship between BMI and WM outcomes is
variable, likely sexdependent with mes more negatively affected by greater BMI and
potentially region specific.

Another important risk factor for late life disease, and more specifically dementia, is
physical inactivity(Hersi et al., 2017; Livingston et al., 2020Burthermore, greater PA is
consistently reported to be positively asated with structural outcomé€olcombe et al.,
2006;Hamer et al., 2018; Raichlen et al., 20BM)st research to date has simoavprotective
effect of PA with GMV within frontalArenazaUrquijo et al., 2017; Halloway, Arfanakis,

Wilbur, Schoeny, & Pressler, 2019; Rovio et al., 2080% hippocampal regio(Erickson,

Leckie, & Weinstein, 204b; K. I. Erickson et al., 2011; Halloway et al., 2019; Steffener et al.,
2016) Recent reviews have extensively covered the relationship between GMV and PA in aging
(Chieffi et al., 2017;Erickson et al., 2014b; Intzandt et al., 2021)

It has also been shown that the influence of PA on cerebral health is influenced by sex. In
some irstances, females benefit more from PA in terms of GMV than riiéema et al., 2015)
whereas Casaletto et &020 identified that males, but not females, have a positive relationship
between PA and GMV, patrticularly within the parahippocampal red(©asaletto et al., 2020)
The effect of sex on the relationship between PA and WMV, has not been extensively
investigated, though one study reported that females benefited from higher PA levels but not
males(Sanders et al., 2021)

Given tle generally negative effect of obesity on brain health in aging, and the positive

influence of PA, their interaction, alongside sex differences, could explain some of the
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contradictory effects observed in the literature. For example, in instances whsitg bas a
seemingly positive or null effect on GMV, it could partially be due to higher PA levels. It is
therefore important to investigate the specific effects of obesity on cerebral macrostructure
(GMV, WMV and WMH) and how PA might impact theseat@nships. We examined a group
of older cognitively unimpaired females and males from thesiamgptomatic Evaluation of

Novel or Experimental Treatments for Alzheimer's Dis€BRS&EVENT-AD) study across the

BMI spectrum(i.e., BMI = 18.6 to 39.9 kg/A) (Breitner et al., 2016)The PREVENTAD

dataset includesognitively normablder adults at baseline, that are at higher risk of developing
Al zhei mer 6s di sease due t o f amonlesircludehGMY/t ory o
WMV, WMH volume, PA as indicated by energy expenditure per week based oaptin
adapted version of the Global Physical Activity Questionr(&redenreich, Courneya, &

Bryant, 1998) Polynomial regressions were employed in males and females separately, to
investigate the relationship between GMV, WMV and WMH volume WiBMI; ii) PA; and

iii) the interaction of BMI and PA.

4.4 Methods

4.4.1 Participants

A total of 340 participant®47 females, average age of 62.6 years old for the whole
sample) from the Preymptomatic Evaluation of Novel or Experimental Treatments for
Alzheime's Diseas¢PREVENT-AD) study were included here. The data used in preparation of
this manuscript were obtained from the PREVERAD program data release 6.0. Briefly, the
primary goal of PREVENTAD is to investigate whether serial determination of ruibidal
bi omarkers of Al zhei merds di sesympomaiay be meas
individuals with a family history of dementia, to prospectively investigate disease progression
and to measure effects of any potentially preventative treatmentsaféhesed here is only
from the baseline timpoint in cognitively normal participants and is prior to any of the
participants beginning the interventional component of this study.

Participants had to be above the age of 60, or above 55 if their own ag@huad 5
years of symptom onset of their youngaHected firstdegree relative. They all had a parent or a

mi ni mum of two siblings diagnosed with Al zhei
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included having no MRI contraindications, fluentirench and/or English, no evidence of

cognitive impairment as determined by cognitive tests. Exclusion criteria included presence of
neurological or psychiatric disorders or excessive drinkimgre than two drinks per day on a

basis). The Montreal Cogive Assessmen{fMloCA) (Nasreddine et al., 2008hd theClinical

Dementia Rating Scal@lorris, 1993)were employed to screen for cognitive impairment, where

a score of O 26 out of 30 on the MoCA or grea
neuropsychological screening assessed by a trained neuropsychologist tomild ooagnitive
impairment All procedures were completed according to the Declaration of Helsinki and all
participants provided written and informed consent. (Begitner et al., 2016; Tremblayercier

et al., 2021for more irdepth information.

4.4.2 Physical Health Outcomes

For all participants height was measuredabking participants to stand with their back
against a wall and feet shoulder width apart, heels touching the wall. They were then asked to
take in two large breaths followed by two exhalations and look straight ahead. Height was
recorded to the nearesD@Q.m. Weight was measured with a standard clinical scale, and
participants were asked to remove excess clothing and shoes for the measurement. Weight was
recorded to the nearest 0.01 kg. Body mass i(l8bX) was calculated for all participants
according ¢ the standard equation of BMI(body weight [kg]/ height [f]). BMI Z-Scores
were calculated for each sex separately.

Participants with a BMI of 18.5 or lower were removed from the analysis as they were
considered underweight and therefore megyresent a frail or soon to be frail populat{or89%
of original female sample; 1.04% of original male sample). Given the reported relationship
between being underweight and increased risk of dem@ibanese et al., 201,7/these
participants may not be representative of a normal aging individual. Furthermore, those with
class 3 obesity, as defined by BMI of greater than 40 were also excluded. Given the standard
bore sizeof 60cm used in this study, only females of short stature could have class 3 obesity
while still being able to participate in the study, making this obesity sampleepogsentative of

the general populatiof2% of original female sample removed; 2.1%noginal male sample).
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The Framingham Risk Factor assessnfeitd Ag o st i n avaseemplogdd to take2 0 0 8 )
into account cardiovascular risk factors as a potential confound in statistical analysessgiv
link with increased risk of dement{&ong et al., 2020More specifically, sespecific estimates
are utilized, where higher risk is associated with greater points for each of the following: age,
high-densiy lipoprotein cholesterol, total cholesterol, systolic blood preqswated vs

untreated), smoking status and presence of diabetes.

4.4.3 Cardiovascular fitness and physical activity measures

All participants completed an adapted version of the Global Rilysativity
Questionnairg¢Friedenreich et al., 1998n extensive PA questionnaire which inquired about
the type ofactivities an individual participated in during the previous 12 maofetigs, skiing,
running, cycling, walking, etc.), how often each activity was completed for : the number of
months in a yedi.e. 1 to 12 months), the number of weeks out of a m@rgh 1 to 4 weeks),
the number of days the activity was completed on a weekly pasjsl to 7 days a week), the
intensity of each activitfe.g., ranked as light, moderate or intehspecific definitions were
provided for each intensity), as wellthg hours per session on a weekly basis. Rather than
collected on a paper form in person, the questionnaire was completed in an online form, with the
exact same questions as the original version. From here, the 2011 Compendium of Physical
Activities was réerenced for standardized metabolic equival@siiSTs) for each type of
activity. This allowed for an average of total weekly METSs to be calculated for each participant,
as well as to segregate activities by overall total METSs, referredTtotasZPA.Moreover,
those that are considered moderate to high intensity actiflises>3 METS), which will be
referred to asnoderate ZPA from here. It is important to note that as we were aiming to
investigate the effects of engaging in PA on brain headthg than the effects of PA vs no PA,
and the interaction between PA and BMI, we excluded individuals within the PA analysis that
reported engaging in no RR7.2% of females and 31% of males did not participate in any PA).

Sex disaggregated Z scores for kd& Ts and moderathigh intensity METs were created.

4.4.4 MRI Acquisitions

All acquisitions were completed on a 3T Siemens TIM Trio mact8remens Medical

Solutions, Erlangen, Germany). A-Ihannel head coil was used for acquisitigxrs.

Page [L29



anatomical 1 mfhmagnetizatiorprepared rapid gradient ecidPRAGE) sequenc@epetition
time [TR] = 2300 ms; echo time [TE] = 30 ms; flip an{fid\) = 9°; matrix size = 256 x 256)

was employed to quantify grey and white matter volume and for registpatrpnses. A fluid
attenuated inversion recovefiyLAIR) (TR = 5000 ms; TE = 388 ms; inversion tifid) = 1800
ms; resolution = 1 mm x 1mm; matrix size = 256 x 256), anwvé&@hted sequences were also
acquired(TR = 2500 ms; TE = 198 ms; resolution =DrBm x 0.64 mm; matrix size = 320 X
320), alongside the MPRAGE, to estimate the presence and severity of white matter lesions.

4.4.5 Data Analysis

4.45.1 Gray Matterand White Matter Volume Quantification

TheTtwei ght ed MPRAGE i mages weBE (MChagpell extr a
et al., 2009using standard parameters. All MPRAGE images were checked independently by
two researchers to ensure the skull and neck were fully removed frecaas. These images
were then further preprocessed (CaATIRp SPMds co
calculate voxebased morphometr{Ashburner & Friston, 2000; Gaser & Dahnk816), after
the data were segmented into grey and white matter and cerebrospin@ 8&d VBM
calculates the difference in gré@MV) or white mater volume(WMYV) of each individual
subject compared to the expected volume from a template. A statistical map is then created
classifying each voxel type into GMV, WMV or CSF according to the highest probability of

tissue type.

Registration matrices amwdarps were calculated to transform GM and WM maps from
native T1 space into common MNI space using alim@ar rigid registration with ANTS
(Avants, Epstein, Grossman, & Gee, 200@j b-spline interpolation. The CAT12 internal
template was then registered to the common MNI space template and the inverse matrices and
warps were applied to each participantds VBM
Data were smoothed with aaGssian filter of 8 mm. We also created an averagssesific

GM and WM mask to restrict voxglise analyses to the grey and white matter, respectively.

4.45.2 Region of interest analysis
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A hypothesis driven approach was taken to investigatssesific infllences of ZBMI
on regions in GM and WM that are known to decline in aging. More specifically, the LPBA40
atlas(Shattuck et al., 2008yas employed to extract GMV and WMV in regions of interest
(ROI) in all participants from the following bilateral regions: superior frontal gyri, medial frontal
gyri, inferior frontl gyri, superior parietal gyri, superior temporal gyri, medial temporal gyri and
hippocampi. Additionally, GMV was extracted from the insular region. Prior to ROI extraction,
the LPBA atlas was registered using ANTS, as described above, to the same ddiinspace
utilized throughout. This atlas was then mu
individual ROI 6s that were extracted using
FSLmeants to correct for any potential GM or WM atrophy in GM\Wa WMV ROl 6 s,
respectively. The GMV and WMV for each participant from each hemispheric region was
extracted to a spreadsheet and imported inRSRIdio(v.24) for further analysis.

4.4.6 Statistical analyses

Statistical analysis of the hypothesis driven data @anpleted in R and R studio to
identify potential relationships between ROIs in GMV and WMV with-§core of BMI; ii) Z
score of physical activity outcomes; iii) and the interaction-etdre of BMI with the Z score of
total physical activity and-8cre of moderate to intense physical activity. Each of these
relationships were investigated separately for males and female@nAgars), educatiofin
years) and Framingham Risk Factor total score were used as covariates in all analyses. An
independensamples-test was employed to investigated differences between males and females
for age, education, MoCA, BMI, systolic blood presg(8BP), diastolic blood pressufi@BP),
and Framingham total points. Differences in APOE status and smoking stagusivestigated
with a chisquare test. All relationships with each GMV and WMV ROI were investigated as a
l inear and quadratic r el &g&hambarssl®I2pVilkinson& t h e
Rogers, 1973)A p-value of 0.05 or less was considered significant. A Bayesian information
criterion was then used to compare the goodness of fit of each type of regression. The regression
with the lowest BIC value wab¢ best fif{Raftery, 1995)Given the large sample size of each
sex(n > 50), parametric tests were completed as normality assumptions with this sample should
not introduce issug&lliott & Woodward, 2007; Ghasemi & Zahediasl, 2012; Pallant, 20R&0)
correct for multiple comparisons in all analyses, a False Discovery Ratenplg/ed using the
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OFDResti mat RStudig to adjudt p \alueg forimultiple comparisghiirray &
Blume, 2021)

45 Results

A total of 229 older adult females and 93 older adult males participated siutis
Demographics for both sexes can be found in Table 1. Male had lower global cognitive scores as
assessed by the MoQA=-2.86; p = 0.004); greater ZBMit = 2.86; p = 0.0045); higher SRP
= 3.13; p = 0.0019) and higher DBP= 2.34; p = 0.020No differences were present between

the sexes for age, education, smoking status, total Framingham points or presence o4 APOE

alleles.

Table4-1: Sex Specific Demographics

Females(n = 229) Males (n = 93)
Age(years) 62.6 £4.9 62.8+4.9
Education (years) 152+£3.3 15.9 + 3.7
MoCA (out of 30) 282+14* 27.6+1.8
SBP (mmHg) 125.9+17.4* 134.8 +34.1
DBP (mmHg) 73.3+9.3* 75.9 £8.8
BMI (kg/n?) 26.1+4.1* 275+338
Smoker(current; ex;never) [%] 7, 44; 49 6; 47; 46
Total Framingham 11.3+3.5 13.5+2.8
APOE Statuq0; 1; 2) [%] 64; 33; 3 61; 37;2
BMI status (NW; OW: OB [%] 46; 36; 19 27: 53: 20
Moderate METs(weekly MET minutes) 1751.2 +1510.8 1708.6 + 1266.6

Note: all outcomes reported are in mean + standard deviation or in percentage; *denotes

significant differences between males and females with p < 0.05

4.5.1 Grey matter volume regions of interest

45.1.1 Females
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45.1.1.1 ZBMI Score

Results of both linear and quadratgressions demonstrating relationships between
ROl-average GMV and ZBMI can be found in Table 2. GMV in numerous ROIs had linear
relationships with ZBMI in femaleisee Figure 1). More specifically, linear relationships were
identified in the right supest temporal gyrugadjustedR? = 0.153; p = 1.16 x 19), the right
medial temporal gyrug@djustedR? = 0.151; p = 0.036), the left medial temporal gyrus
(adjustedR? = 0.162; p = 5.17 x 10 and the right insuléadjustedR? = 0.060; p = 0.024),
where ncreased BMI was associated with greater GMV in these ROlIs.
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Figure 40 1 Relationships Between ZBMI in Females and GMV ROtgehfationship in right superior temporal

gyrus; Bi in the left superior tempat gyrus; Ci right medial temporal gyrus; D left medial temporal gyrus; E

right insular gyrus. From the y axis to the first dashed vertical grey line are individuals considered healthy weight
(BMI = 18.61 24.99 kg/rf; those data points between theotdashed vertical grey line are those considered to be
overweightBMI = 25.01 29.99 kg/r); individuals to the right of the second vertical dashed line were those with
obesity(BMI = 30.07 39.99 kg/rf)

4.5.1.1.2 Moderate ZPA

The moderate to vigorous MEp&ysical activity zscore, Moderate ZPA, was associated
with a few GMV ROIgTable 3). More specifically, the linear component of the quadratic
regression was significant in the right medial frontal gyas§ustedR?>= 0.076; p = 0.012), and
the left supdor frontal gyrus(adjusted R?= 0.045; p = 0.038), indicating higher moderate PA

amounts corresponded to greater GMV. The left medial frontal gyrus had an inverse quadratic
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relationship, demonstrating an inverse U shémgjustedR? = 0.113; p = 0.0027xs did the left
superior temporal gyrugdjusted R?>= 0.150; p =0.036. Lastly, greater GMV in the left medial
temporal gyrus was associated with increased Moderate(Zdfésted R>= 0.128; p = 0.044)

(see Table 3; Figure 26).
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Figure 40 2A:G: Significant relationships between GMV ROIs and Moderate physical a¢i#A#)in

females. A: Quadratic relationship between moderate ZPA and the right middle frontal gyrus; B: quadratic
relationship between modse ZPA and the left middle frontal gyrus; C: quadratic relationship between
moderate ZPA and the right superior frontal gyrus; D: quadratic relationship between moderate ZPA and the
left superior frontal gyrus; E quadratic relationship between moderate il the right hippocampus; F:
guadratic relationship between moderate ZPA and the let superior temporal gyrus; G: linear relationship
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between moderate ZPA and the left medial temporal gyrus. From the y axis to the first dashed vertical grey
line are indviduals considered under the recommended PA guiddMESs minutes per week < 500); those
data points between the two dashed vertical grey line are those completing 501 to 3400 METs minutes per
week; and individuals to the right of the second verticahéd line were those completing excess of 6000
METs minutes per weekDenotes pvalue < 0.05

45.1.1.3 ZBMI and Moderate ZPA Interactions

An inverse quadratic relationship was identified between ZBMI and moderate ZPA in
two regions: the left medial frontal gys (adjusteeR?= 0.098; p = 0.047), and the left superior
temporal gyrugadjustedR? = 0.159; p = 0.007(see Figure 3 and table 4).
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Quadratic Interaction in Females Between ZBMI and Moderate ZPA
in L Middle Frontal Gyrus
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Figure 40 3 (top figure) significant interaction with ZBMI anmdoderate ZPA in the left middle frontal gyrus.
Bottom figure demonstrates the significant interaction of ZBMI with moderate ZPA in the left medial temporal
gyrus. For both figures the red line indicates those with the least amount of reported modetat gtéen

were those females reporting the median amount, and finally the blue line indicates those with higher levels of
PA. The number of weekly METs minutes are also indicated to provide the actual METs ranges completed for
each line. Moreover, the tweertical grey dotted lines provide the healthy weight raijdl: 18.67 24.99

kg/nt), the overweight range is in between the two vertical {B&4l: 25-29.99 kg/r) and those who were
considered to be obese to the right of the second verticgBMé& 30-39.99 kg/m). * Denotessignificant p

value < 0.05
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45.1.2 Males
45.1.2.1 ZBMI Score

Several GMV ROIls showed an inverse quadratic relatior{ghiprse U relationship)
between GMV and ZBMI in males, including bilateral superior frontal @ight: adjusteeR?=
0.053;p = 0.0292}eft: adjusteeR?= 0.090; p = 0.022), left superior parietal gy(adjusteeR?

= 0.0545; p = 0.040), and the left superior temporal gfadjgisted R>= 0.150; p = 0.028]see
Table 5 and Figure 4D).
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Figure 40 4A:D: Relationships Between ZBMI in Males and GMV ROIs;idverse quadratic relationship in

right superior frontal gyrus; B inverse quadratic relationship in the left superior frontal gyrus; i@verse
guadraticrelationship in the left superior parietal gyrus;iDinverse quadratic relationship left superior temporal
gyrus. From the y axis to the first dashed vertical grey line are individuals considered healthy(B#ight18.61
24.99 kg/ri; those data pointbetween the two dashed vertical grey line are those considered to be overweight

(BMI = 25.07 29.99 kg/r); individuals to the right of the second vertical dashed line were those with ofiidity
= 30.07 39.99 kg/m). * Denotessignificant pvalue < 0.(.

45.1.2.2 Moderate ZPA

There were no relationships between GMV ROIs and Moderate ZPA for rfyates.
0.05)
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4.5.1.2.3 Interaction for ZBMI and Moderate ZPA

An interaction between Total ZPA and ZBMI was identified in one region, the left
hippocampus, showingreegative interactiogadjusteeR?= 0.261 p = 0.017(see Table 6;
Figure 5).A Johnson Neymatest revealed that this interaction was driven by the healthy weight
males with the highest moderate PA levels having the greatest GMV in the left hippocampus

compared to the healthy weight males with the lowest weekly moderafe £A8.01).

Linear Intearction in Males Between ZBMI and Moderate ZPA
and L Hippocampal GMV

nand Healthy weight Overweight Dbese

GMV (mm?)

LAE |

2 ¥ 0 1 2
Moderate ZPA
inear - B = -0,0115; 5E = 0,0047; t-value = -2.44, p= 0.0 7

Figure 40 5: significant interaction with ZBMI and total ZPA in the left hippocampus. The red line indicates
those with théeast amount of reported total PA; the green were those males reporting the median amount,

and finally the blue line indicates those with higher levels of PA. The number of weekly METs minutes are also
indicated to provide the actual METs ranges complé&iedach line. Moreover, the two vertical grey dotted

lines provide the healthy weight ran@@MI: 18.67 24.99 kg/r), the overweight range is in between the two
vertical lines(BMI: 25-29.99 kg/r) and those who were considered to be obese tagihieof the second

vertical line(BMI: 30-39.99 kg/rf). * Denotessignificant pvalue < 0.05

4.5.2 White matter volume regions of interest

45.2.1 Females
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45.2.1.1 ZBMI Score

There were no ROI in the WMV that demonstrated a significant relationship with ZBMI
in femalegp > 005).

45.2.1.2 Moderate ZPA

Moderate ZPA demonstrated a positive linear relationship with the left middle frontal
gyrus(adjusted R>= 0.081; p = 0.049), the left medial temporal gyfagjusted R>= 0.103; p =

0.0139) and the left superior temporal dydjuste- R2= 0.049; p = 0.035)see Table 7; Figure
6A-C).

A Linear Relationship in Females Between Moderate ZPA and WMV B Linear Relatienship in Females B Mod ZPA and WMV
in L Middle Frontal Gyrus in L Medial Temporal Gyrus
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Figure 406 6A:C Significant relationships between WMV ROIs and Moderate ZPA in females. A: linear
relationship between moderate ZPA and the left middtedl gyrus; B: linear relationship between moderate
ZPA and the left medial temporal gyrus; C: linear relationship between moderate ZPA and the left superior
frontal gyrus. From the y axis to the first dashed vertical grey line are individuals considetedthe
recommended PA guidelin@dETs minutes per week < 500); those data points between the two dashed
vertical grey line are those completing 501 to 3400 METs minutes per week; and individuals to the right of the
second vertical dashed line were sieacompleting excess of 6000 METs minutes per w&sndteg-value

<0.05
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4.5.2.1.3 ZBMI and Moderate ZPA Interactions

There were no significant interactions between ZBMI and moderate ZPA in any white
matter ROIgp > 0.05).

45.2.2 Males
45.2.2.1 ZBMI Score

In males there wergignificantly inverse linear relationships between ZBMI and the right
medial frontal gyrugadjusted R?= 0.131; p = 0.041) and the left inferior frontal gyrus
(adjusted R?= 0.051; p = 0.020(see table 8 and figure 7B).

A Linear Relationship in Males B ZBMI and WMV B Linear Relationship in Males B ZBMI and WMV
in R Middle Frontal Gyrus in L Inferior Frontal Gyrus
Healthy weight COverweight Obese Healthy weight COverweight Obese
. . N
08
08
e e [
E E
=9 =
= =
= .
06 o
05
-2 A 0 1 2 3 -2 A 0 1
ZBMI ZBMI

linear - B = -0.0175; SE = 0.0084; t-value = -2.075 p = 0.041° fnear - B = -0.0222. SE = 0.0094; t-value = -2.37, p = 0.020°

Figure 40 7A:B Relationships Between ZBMI in Males and WMV ROIs;idverse linear relationship in right
middle frontal gyrus; B inverse linear relationship in the left inferior frontal gyrus. From the y axiteditst
dashed vertical grey line are individuals considered healthy wéi\t = 18.61 24.99 kg/rf those dots between
the two dashed vertical grey line are those considered to be overg@Mht 25.07 29.99 kg/rf); individuals to
the right of the scond vertical dashed line were those with obgBilyl = 30.07 39.99 kg/r). * Denotes
significant pvalue < 0.05.

4.5.2.2.2 Moderate ZPA

The linear component of the quadratic regression between moderate ZPA and right
hippocampal WMV demonstrated a significaratienship(adjusted R?= 0.085; p = 0.048)
(see figure 8 and table 9).
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Relationship in Males Between Moderate ZPA and WMV
in R Hippocampus

0604 500 METs 1700 METs 3000 METs
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fingar - B = 0,0142; SE = 0.0070; tvalue = 202, p = 0.048*

quadratic - B = -0.0064; S5E = 0.0055; t-value = -1.17, p= 0246

Figure 40 8 Significant relationships between WMV ROIs and Moderate ZPA in males the right hippocampus.
From the y axis to the firglashed vertical grey line are individuals considered under the recommended PA
guidelineg METs minutes per week < 500); those data points between the two dashed vertical grey line are
those completing 501 to 1700 METs minutes per week; and individuhesright of the second vertical

dashed line were those completing excess of 3000 METs minutes per week. *Denotes sigwdfiaart p

0.05.

4.5.2.2.3 ZBMI and Total ZPA Interactions

There were no interactions between ZBMI and ZPA moderate in any white matter ROIs

for the malegp > 0.05).

4.6 Discussion

We examined the sespecific relationships between cerebral macrostructural outcomes
(GMV and WMV), BMI and PA in older adults of moderate level of BMI26 kg/nf) and PA
(~1751 weekly METs minutes). In females, data demonstrated that with higher BMI, GMV
was increased in several regions showing a benefit of higher BMI. Conversely, in males, an
inverse U shape was revealed, indicating those males who were overweight had the largest GMV
in ROIs compared to the noainor obese individuals. For moderaieA, most regioné
females demonstrated an inverse U relationship with GMV suggesting a ceiling effects of PA for
females, whereas males had no relationships. The interaction in females between moderate to

vigorous FA and ZBMI revealed that those with the highest levels of moderate to vigorous PA
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across the BMI spectrum had significantly higher GMV in all significant ROIs compared to

those with the lowest amounts of PA. In opposition to females, the interaction hetR&eand

ZBMI indicates that normal weight males with the highest levels of PA have the greatest GMV
compared to those normal weight individuals completing the least amount of moderate PA.
Though, it is worth noting, that a pasbc power analysis of thiateraction revealed a power of

15%, thus, a much larger sample of males across the BMI and PA spectrum, and especially in the

obese category, which was sparse in this sample, is necessary to confirm these results.

In females there were no relationshigdvireen ZBMI, ZPA and WMV ROIs, except in a
few regions where higher moderate ZPA was associated with greater WMV. Conversely males
demonstrated a negative relationship between ZBMI and WMV regions, and a positive

relationship between moderate ZPA and WMV.

4.6.1 SexSpecific Relationships in BMI and Structural Outcomes

The results presented here in both males and females, separately, are consistent with the
existence of the obesity paradox, whereby weight beyond the normal range is found to be
protective for brai structure in agingPedditizi et al., 2016; Pegueroles et al., 20H)wever,
males and females may experience these benefits within a different weight range. In females, our
data is consistent with thdesity paradox as observed (Bedditizi et al., 2016; Taki et al.,

2008) with a positive relationship between BMI and GMV so that those with the highest BMI

had the largest GMV within temporal regions. On the other h#atd in males indicated an

optimal BMI range, with an inverse U relationship where overweight BMI is most protective for
GMV. This more closely resembles the original obesity parad(®Regueroles et al., 2018) is
therefore possible that some of these discreles in the literature reflect sex differences and are
biased by the distribution of both sex and weight ranges for each sex. For example, while Taki et
al. identified a similar linear relationship as ours in their mixed safijpld et al., 2008)only

2% of their sample were neidered obese, as opposed to approximately 20% in ours, making

detection of an inverse U relationship more challenging.

To date there have been very few studies investigating thepgsexfic relationships
between obesity and brain health, rather iniobag sex as a covariate, revealing a significant

gap to the current literature. The existing data is mixed, with some work suggesting that females
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are more likely to experience atrophy or cognitive decline as a consequence of obesity than
males(Hayden et al., 2006; Kim et al., 20Mhereas others found the opposite, where males
were more negatively affected by obegBgpeland et al., 2020pur esults of females

seemingly being protected by overweight on grey matter atrophy could be related to the fact that
obesity in isolation may not be uniquely detrimental to health. It may be that obesity contributes
to poor vascular and metabolic health tigb adipose tissue inflammatory signal{Kgpenen,

Hill, Cohen, & Sowers, 2021put not when obesity is not associated with chronic ladegr
inflammation. Therefore, taking these downstream effects into account through the Framingham
risk score in statistical analyses isolates the effects of obesity and shows that it is not in fact an
independent contributor to decreased structural braithhim this aging sample. Thus, it is

possible that as males develop cardiovascular risk factors earlier in life than fenealés
protective effects of estrogen in females),
here. Indeed, females in our sample had lower Framingham Risk Factor scores than males,
indicating a more limited number of cardiovascular risk facteusure research should more
carefully investigate the impact of cardiovascular risk factors in the relationship between BMI
and cerebral structure in males and females. In addition, exploring the role of inflammatory

markers may help understand furthexg sexspecific relationships in GMV.

Interestingly, no significant relationships were identified between ZBMI and WMV for
females, though males with greater BMI had lower WMV. Previous work has also found this
lack of relationshigDebette et al., 2014; Gunstad et al., 200B¢ly dueto the unspecific
nature of BMI as a marker of obesity. Central adiposity and visceral fat may be more likely to
demonstrate a relationship with WMV and WMH lesi¢bsbette & Markus, 2010Moreover,

a stronger relationship with GMV than WMV, has been somewhat consistently found, and been
hypothesized a greater sensitivity of GMV over WMV to the-fgrade chronic inflammation
associated with obesifachharajani & Granger, 200®lowever, obesity is consistently

reported to affect white matter microstruct(#éfaro et al., 2018; Dekkers, Jansen, & Lamb,

2019) indicating early changes to white matter sinée @documented that microstructure

declines about two decades before white matter macrostristior@, 2021) Taken together, it

is possible that our sample is too young to capture volume changes in white matter. Thus, future

work should not only investigate thexsdifferences in BMI on microstructure utilizing
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acquisitions like diffusion weighted imaging or magnetization transfer, but also explore these

relationships in a larger age range.

4.6.2 Sex Specific Relationships with Physical activity and Macrostructural oticomes

Females in this sample showed that with increased moderate ZPA and the GMV in the
left medial temporal gyrus was greater. Yet, other fraamtdtemporalregions demonstrated an
inverse U shape, indicating that there was likely a ceiling for modeigteous activity
possessing beneficial effects. However, it should be noted that few females in our sample
completed a high amount BfA andare likely not reresentative of the overall sample trends.
Conversely, total ZPAemonstrated only linear positive relationships with GMV ROIs. The
discrepancy between the two intensities of PA is especially notable in females, as it suggests the
presence of a dose resgerupper limit for the gains of moderate to vigorous activities on overall
brain health. In fact, previous work found that, although increasing PA was associated with
increased GMV, there was no additional benefit once activity guidelines we(gimed,

Nikolov, & Shoemaker, 2016Here, the ceiling effect of PA occurred above the recommended
guidelines of 500 MET minutes/we@kauer, Jackson, Martin, & Morrow, 201Qur data

suggests this ceiling may occur at around 3000 MET nsmsee week, corresponding to about

8.5 hours of moderate to vigorous RAterestingly, Wood et a(2016) found that master

athletes who were engaged in > 15 hours of weekly activity showed no significant differences in
WMH, or subcortical gray matter cqrared to active older adulfg/ood et al., 2016)indeed,

the data indicated diminishing returns, or a ceiling effect, on cortical decline, as the master
athletes had the same decline as the active older adults. Ouamebprevious studies therefore
strongly suggest the presence indicate that there could be diminishing returns of increasing
moderatevigorous PA past a certain dosage, with a ceiling effect in the preservation of GMV.

Males demonstrated a significant go& linear relationship in the left hippocampus for
moderate PA. This was not bilaterally evident, though the right hippocampus approached
significance, so is likely due to insufficient power. In any case, this finding in the hippocampus
confirms previousvork by Barha and colleagué2020) who revealed that only older males who
spent a greater amount of time walking in the previous 1 to 10 years had greater hippocampal

volume(Barha et al., 2020No other regions had a significant relationship with PA, in stark
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contrast to a recent paper showing that males are more likely to benefit frerathisame

amounts of PA as females for GMV, as a function of PA lowering inflammatory markers more in
males(Casaletto et al., 2020)he authors suggested that this may be attributable to differences

in immune function between males and females. Males tend to have a lower immune functioning
(Klein & Flanagan, 2016and may therefore benefit more from the immenéancing

properties of PA than females, who already have a more active immune §@sitetto et al.,

2020)

A comparison of the amount of PA reported by each sex can also shed light on potential
doseresponse effects and how this may interact with lsesur sample, females participated in
a greater amount of total and moderate to vigorous PA than males. Therefore, our sampling of
the doseesponse relationship is not identical between sexes, potentially explaining the lack of
relationship between PAd GMV across most regions in males. It is possible that males might
requiremorePA to see the effects detected in females, perhaps due to the higher number of

cardiovascular risk factors and lower immune function in males.

4.6.3 Interaction of BMI and PA on M acrostructural Health

Early work identified that fit obese males were no more likely to die of a cardiovascular
event compared to their lean and equally fit counterf@res etal., 1999) Thi s | ed t o t |
but fito hypothesis, whereby the positive eff
can attenuate the negative consequences associated with obesity. Other work has observed a
similar effect in cognitive &alth, where those who were obese but fit performed significantly
better on cognitive tests compared to their unfit obese counterparts. In fact, high fit obese
individuals demonstrated the same cognitive functioning as theiolbese fit counterparts
(Boidin et al., 202Q)To our knowledge, only one study to date has investigated thenpeese
these effects using neuroimaging. Knight and colleafGeigiht et al., D21)identified that,
regardless of sex, individuals who were overweight to obese had significantly decreased cerebral
blood flow, but that this reduction in blood flow was attenuated in theseveighindividuals
who reported higher levels of PA. intluals who were obese did not seemingly gain this
benefit to cerebral blood flow. These results by Knight et al. are somewhat in contrast to our

findings of high PA levels having beneficial effects regardless of BMI for females, but are
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consistent with or results in malé&night et al., 2021)As Knight et al did not completexse
disaggregated analyses, it may be that their results are biased by the relationship between obesity

and PA in the male portion of their sample.

4.7 Limitations

This study has a few limitations that should be noted when interpreting these results.
Firstly, the major limitation to this study is the use of gselported PA rather than a more
objective measure. However, the Global Physical Activity Questionnaire is comprehensive,
incorporating seasonality, numerous activities and was completed anonymouslylikeliype

reducing the extent of over reporting.

Secondly, the data utilized here were c®sstional and thus, cannot be used to
investigate the temporality of the relationships among PA, obesity, and macrostructural
outcomes. Future work employing lotglinal studies, including additional information about
past weight and PA patterns could provide more clarity on these interactions and sex
distinctions.

Thirdly, our sample contained a greater proportion of females and is thus not equivalently
powered or looking at these relationships in males. A future study utilizing sex and age matched

individuals is warranted.

Moreover, BMI is known to have important limitations as a marker of adiposity since is
not overly representative of where adipose tissg&i®d or the type of adipose tissue present in
individuals. For example, males possess more abdominal visceral fat compared to females
(Grauer et al., 1984yvhereas females are known to accumulate more sarmuts fat in the
femoral and gluteal regiorfKarastergiou, Smith, Greenberg, & Fried, 20M3ceral fat is
known to have more inflammatory and toxic consequences for the(6bdyt & den Hartigh,

2020) as well as the braifpebette & Markus, 2010 hus, future work should aim to include
markers of adiposity that can provide further insight into form of adipose tissue, from something
as simple as waist circumference to more advanced measures |lHenegpl xray

absorptiometry or a computed tomography scan to define the amount of subcutaneous versus
visceral fat tissue present in each area of the bedtably, it has recently been proposed it is

likely the number of years that an individual has bearweight/obese that is the critical
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el ementsye@aobédsi tryat her t l{Abdullaladtal. c2@ld)oaexamplé,i me p o
those who maintain a stable weight and BMI into aging have the lowest incidence of dementia
(Power et al., 2013pnd another group demonstrated that those who were overweight and had

great cardiovascular risk at midlifieut had significant weight decrease into later life, had the

highest risk of poor outcomes in late I{f&trandberg et al., 2009)hus, future studies should

aim to collect more data grears of obesity, and lifespan weight changes, to further understand

the influence of the timing of obesity.

Moreover, given the rolthose inflammatory marketsve in causing the cascade of
vascular changes due to obesity, future work should also igagsthe potential modulatory
role that inflammatory markers likely have on this interaction between BMI and PA. This is of
particular relevance given that there are known differences in inflammatory markers due to
sexual dimorphismgRathod et al., 2017pbesity(Cohen, Margalit, Shochat, Goldberg, &
Krause, 2021as previously stated, and P@amer et al., 2012)

Finally, the macrostructural outcomes investigated, have been shown to be sensitive but
physiologically ambiguous iisolation(Tardif et al., 2017)Future work should also employ
sequences that can investigate combinations of microstructural outcomes, such as-diffusion
weighted imaging or magriettransfer MRI sequences to better understand the underlying

changes in brain health related to obesity and PA.

4.8 Conclusion

Overall, we identified that males and females demonstrate distinct relationships among
GMV, WMV, BMI and PA.Overall, females demairated that increasing BMI was related to
greater GMV ROls, whereas males demonstrated that overweight individuals had the most GM
Females had an inverse U relationship between moderate to intense PA levels and GMV,
indicating saturation effect for theeficial effects of increasing moderate PA levels, whereas
males demonstrated no relationships with GMV ROIs and moderateif&y, across the BMI
spectrum, females with the higher levels of PA were found to have more GMV than those with
the least amourof PA. Males seemed to reveal the opposite relationship where greater PA was
associated with decreased GMV as BMI rose, though this should be interpreted with caution due
to the small number of obese mal€aken together, this work highlights the neednvestigate

females and males separately, rather than using sex as a covariate. Future work, in a larger

Page [L149



sample, employing more objective measures of PA and more accurate measure of adiposity and
body composition are necessary to validate these findiulghtionally, future studies should
examine inflammatory markers to further elucidate underlying mechanisms for the relationships

identified here, as aging, obesity and PA all have a unique influence on inflammation.
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Table4-2: Significant regressions between ZBMI and GMV ROI in females

LINEAR QUADRATIC
First Order Second Order Whole Model
Estimate(SE) p BIC Adjusted R | Estimate(SE) p Estimate(SE) p BIC Adjusted R
RSTG 0.0041(0.0019) 0.03® -1019.2 0.153 0.0050(0.0021) 0.0019 | -0.0014(0.0015) 0.354 -1014.6 0.153
RMTG 0.0038(0.0017) 0.0073 -1068.71 0.151 0.0053(0.0019) 0.0066 | -0.0021(0.0013) 0.113 -1065.8 0.173
LMTG 0.0042(0.0019) 0.0075 -1023.8 0.162 0.0049(0.0021) 0.020 -0.0012(0.0015) 0.456 -1018.9 0.161
Rinsula | 0.0056(0.0024) 0.0355 -896.27 0.060 0.0063(0.0028) 0.024 -0.0011(0.0019) 0.362 -891.1 0.057
Table4-3: Significant regressions betwebtoderate ZPA and GMV ROIs in Females
LINEAR QUADRATIC
First Order Second Order Whole Model
Estimate(SE) p BIC Adjusted R | Estimate(SE) p Estimate(SE) p BIC Adjusted R
RMFG | 0.0043(0.0017) 0.014 -706.3 0.067 0.0071(0.0025)  0.0122 | -0.0013(8.6 x10%) 0.124 -708.9 0.076
LMFG 0.0029(0.0016) 0.060 -739.8 0.082 0.0067(0.0025) 0.008 -0.0011(4.2 x 109 0.006 -742.2 0.113
LSFG 0.0032(0.0019) 0.086 -685.0 0.041 0.0057(0.0027) 0.049 -0.0011(9.4 x 10% 0.240 -688.4 0.045
LMTG 0.0045(0.0022) 0.044 -632.5 0.128 0.0050(0.0033) 0.129 -2.2 x 10*(0.0011) 0.840 -627.6 0.123
LSTG 0.0049(0.0021) 0.021 -649.7 0.154 0.0083(0.0031) 0.0078 -0.0016(0.0011) 0.035 -652.3 0.150
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Table4-4: Significant regression interactions GMV ROIs between Moderate ZPA ZBMI in Females

LINEAR QUADRATIC
First Order Second Order Whole Model
Estimate(SE) p BIC Adjusted R | Estimate(SE) p Estimate(SE) p BIC Adjusted R
LMFG 0.0012(0.0019) 0.508 -731.4 0.097 6.0 x 10*(0.0022) 0.765 -7.8x10*(3.9x 10% 0.035 -734.7 0.098
LSTG 0.0037(0.0023) 0.110 -656.0 0.153 0.0038(0.0026) 0.150 -0.0014(5.0 x 109 0.0153 -658.8 0.159
Table4-5: Significant regressions between ZBMI and GMV ROI in males
LINEAR QUADRATIC
First Order Second Order Whole Model
Estimate(SE) p BIC Adjusted R Estimate(SE) P Estimate(SE) p BIC Adjusted R
RSFG -3.2 x 10*(0.0027) 0.907 -386.8 0.008 0.0016(0.0028) 0.555 -0.0044(0.0020) 0.0292 -387.5 0.053
LSFG 0.0012(0.0026) 0.645 -393.9 0.041 00032(0.0027) 0.237 -0.0044(0.019) 0.022 -395.1 0.090
LSPG -0.0049(0.0026) 0.067 -391.1 0.016 -0.0030(0.0027) 0.261 -0.0040(0.0019) 0.040 -391.1 0.054
LSTG -0.0030(0.0032) 0.343 -358.1 0.110 -7.0x 10*(0.0033) 0.831 -0.0052(0.0023) 0.028 -359.0 0.150
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Table4-6: Significantregression interactions in GMV ROIs between Moderate ZPA and ZBMI in Males

ROI LINEAR QUADRATIC
First Order Second Order Whole Model
Estimate(SE) p BIC Adjusted R Estimate(SE) p Estimate(SE) ) BIC Adjusted R
LHippo -0.0115(0.0047) 0.018 -207.6 0.254 -0.0106(0.0046) 0.026 | -0.0036(0.0020) 0.080 -207.1 0.282
Table4-7: Moderate ZPA and WMV ROI Regression Results in Females
ROI LINEAR QUADRATIC
First Order Second Order Whole Model
Estimate(Std Error) p BIC Adjusted R | Estimate(Std Error) p Estimate(Std Error)  p BIC Adjusted R
LMFG 0.0099(0.0050) 0.049 -390.8 0.081 0.0126(0.0073) 0.088 -0.0015(0.0025) 0.545 -384.6 0.069
LMTG 0.0110(0.0044) 0.0139 -427.2 0.103 0.0144(0.0065) 0.0288 -0.0017(0.0022) 0.442 -419.5 0.095
LSTG 0.0093(0.0044) 0.0345 -428.0 0.049 0.0077(0.0064) 0.231 | 7.5x10%(0.0022) 0.731 -423.1 0.043
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Table4-8: ZBMI and WMV ROI Regressidtesults in Males

ROI LINEAR QUADRATIC
First Order Second Order Whole Model
Estimate(Std Error) p BIC Adjusted R | Estimate(Std Error) p Estimate(Std Error)  p BIC Adjusted R
RMFG -0.0175(0.0084) 0.041 -181.5 0.132 -00.0178(0.0090) 0.049 7.4 x10%(0.0063) 0.908 -177.1 0.121
LIFG -0.0222(0.0094) 0.020 -162.7 0.051 -0.023(0.0099) 0.023 0.0018(0.0070) 0.799 -158.3 0.406
Table4-9: Moderate ZPA and WMV ROI Regression Results in Males
ROI LINEAR QUADRATIC
First Order Second Order Whole Model
Estimate(Std Error) p BIC Adjusted R | Estimate(Std Error) p Estimate(Std Error)  p BIC Adjusted R
LHippo 0.0092(0.0056) 0.106  -190.9 0.079 0.0142(0.0070) 0.048 -0.0064(0.0055) 0.246 -1935 0.085
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4.9 Supplementary Material

49.1 Females

49.1.1 GMV ROQOIs
4.9.1.1.1 Total ZPA

Females demonstrated significant positive linear relationships between the total METs physical
activity Z-Score(Total ZPA) and GMVROIs(see table 3a for more information). More
specifically, the following regions were significantly associated with Total @ea figure 2a):

the bilateral medial frontal gy(right: adjustedR? = 0.063; p= 0.020eft: adjustedR? = 0.042; p

= 0.009)the left superior temporal gyr¢adjustedR?= 0.153; p = 0.019) and the left medial
temporal gyrugadjusted R?= 0.133; p = 0.030).

A Linear ionship in B Total PA and GMV B Linear ionshipin F B Total PA and GMV
in R Middle Frontal Gyrus in L Middle Frontal Gyrus

R

.
o
P

GMV (mm®)
=
GMV (mm?)

o
e
=

2 a 0 Z a
Total ZFA = Total ZPA =
linear - B = 0.0040 SE = 0.0017; tvalue =236, = 0.0157 linear - B = 0.00%; SE = 0.0016; t-vakve = 20.6;p = 0.0415

c Linear ionship in Females B Total PA and GMV D Linear Relationship in Females Between Total PA and GMV
in L Superior Temporal Gyrus

in L Medial Temporal Gyrus

GMV (mm®)
GMV (mm”)

o
P
[+4

2 4 [} 2
Total ZPA Total ZPA
T

e - B = 0.0044; SE = A.0021; tvake = 2.11p=00%7 * near - B = 0.0048; SE = 0.002Z; value = 2 20;p = 0.0285 *

Figure 48 9A-E: Significant relationships between Total ZPA and GMV RQlsignificant linear
relationship in the right middle frontal gyrus and Total ZPA,; B: significant linear relationship between left
middle frontal gyrus and Total ZPA, C: significant linear relationship between left superior temporal gyrus

and Total ZPAD: significant linear relationship between left medial temporal gyrus and Total ZPA. * denotes
significant pvalue < 0.05
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4.9.1.1.2 ZBMI by ZPA Total Interaction

A significant positively linear interaction was identified in the left superior parietal gyrus for
females(adjusted R?= 0.080; p = 0.037) between ZBMI and Total ZPZable 4a). No other

regions demonstrated a significant interac{ior» 0.05)(Table 4a; figure 4)

Linear Interaction in Females Between ZBMI and ZPA Total
in L Superior Parietal Gyrus

032  Healthy weight Overweight . Dbese
'\.J'_l.ll .
o - *
- ' oe '
£ * ™ " - '
3 T SO
s - . | J— 5
= 027 pr— R = < ' - |
% :H_,__.'.-'? phedee—— L Weekly METs Min
0241 7 e oLt Lo e 1 e
2405 - 9105
1 0 1 3
ZEMI

linear - B = 0.0021; SE = 0.0019; tvalue = 2.11p = 0,037

Figure 40 10: significant interaction vth ZBMI and Total ZPA in the left superior parietal gyrus. The red line
indicates those with the least amount of reported total PA; the green were those females reporting the median
amount, and finally the blue line indicates those with the higher lef/Bl&.oThe number of weekly METs

minutes are also indicated to provide the actual METs ranges completed for each line. Moreover, the two
vertical grey dotted lines provide the healthy weight rai@jl: 18.67 24.99 kg/r), the overweight range is

in between the two vertical lingBMI: 25-29.99 kg/r) and those who were considered to be obese to the

right of the second vertical lin@MI: 30-39.99 kg/rf). * denotes significant-palue < 0.05

4.9.2 Males

4.9.2.1 GMV ROIs
4.9.2.1.1 ZPA Total

There was a significant linear atlonship between the right hippocampus and Total ZPA in
males(adjusted R?= 0.302; p = 0.002) and significant inverse quadratic relationship with the
left hippocampusgadjusted R?= 0.285; p = 0.041(Table 6a; Figures 7). These were the
only two GMWV ROlIs that demonstrated a significant relationship with Total 4B&eFigure 7).
There were no significant relationships between ROIs and moderat@ZP®.05).
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A Quadratic Relationship in Males Between Total ZPA and R Hippocampal GMV g Quadratic Relationship in Males Between Total ZPA and L Hippocampal GMV

2 3 1 ] 1
Total ZPA

linear - B = 0.0161; SE = 0.0071; tvalue = 227, p = 0.027"

Quadratic - B = -0.0136; SE = 0.0085; tvalve = 2,09 p = 0.041

1

Total ZPA
linear - B = 0.0139; SE = 0.0067; tvalue = 2.06: p = 0.042"

Quadratic - B = -0,067; SE = 0.0043; t-vaue = -1,35: p=0.183

Figure 40 11A-B: Significant relationship between Total ZPA and GMV ROI in males; A : significant
guadratic relationship in the right hippocampus; B: significant quadratic relationship in the left hippocampus.
* denotes significantalue < 0.05

4.9.2.1.2 ZBMI and ZPA Total Interaction

For the interactins between Total ZPA and ZBMI, left hippocampus was found to have a
significant negative interactidiadjustedR?>= 0.261 p = 0.018)see Table 7a; Figure 8o
other ROIs demonstrated a significant interac{mm 0.05).

Linear Intearction in Males Between ZBMI and Total ZPA
and L Hippocampal GMV

nand Healthy weight Owerweight Obese
0.551 '
e
E 050
=
% Weekly METs Min
0.45
w . 104-1158
T ) 1180 2355
0.404 ‘
2358 - 5785
2 A 0 1 2 3
Total ZPA

lingar - B = <0,0119; 3E = 0,0049; t-value = -2 44, p = 0,018°

Figure 40 12 significant interaction with ZBMI and total ZPA in the left hippocampus. The red line indicates
those with the least amount of reported total PA; the green were those males reporting the median amount,
and finally the blue line indicates those with higher levels of PA. The number of weekly METs minutes are also
indicated to provide the actual METs ranges completed for each line. Moreover, the two vertical grey dotted
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lines provide the healthy weight ran@@MI: 18.67 24.99 kg/r), the overweight range is in between the two
vertical lines(BMI: 25-29.99 kg/rf) and those who were considered to be obese to the right of the second

vertical line(BMI: 30-39.99 kg/m). * denotes significant-palue < 0.05

4.10 WMV Reqionsof Interest

4.10.1 Females

4.10.1.1Total ZPA

Total ZPA revealed a significantly positive relationship with the WMV in the left medial
temporal gyrugadjusted R?= 0.096; p = 0.0253)Table 8a: figure 10). No other WMV regions

had a significant relationship wiffotal ZPA(p > 0.05).

Linear Relationship in Females Between Total ZPA and WMV
in L Middle Temporal Gyrus

WMV (mm®)

4

2
Total ZPA
brgas - B = 0.0100; SE = 0.0044; tvalus = 2.26; p = 0.0253°

Figure 46 13 Significant relationships between WMV ROIs and Total ZPA in females the left medial temporal
gyrus. * denote significant-palue < 0.05.

4.10.1.2ZBMI and Total ZPA Interactions

There were no significant interactions between ZBMI and Total ZPA or moderate in any white

matter ROIgp > 0.05).

4.10.2 Males

4.10.2.1Total ZPA
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No WMV ROIs were significantly associated with Total ZBA> 0.05)

4.10.2.2ZBMI and Total ZPA Interactions

There were no significanhieractions between ZBMI and ZPA moderate in any white matter

ROls for the maleép > 0.05).
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Table4-10: Significant regressions between Total ZPA and GMV ROIs in Females

LINEAR QUADRATIC
First Order Second Order Whole Model
Estimate(SE) p BIC Adjusted R | Estimate(SE) p Estimate(SE) p BIC Adjusted R
RMFG 0.0040(0.0017) 0.020 -708.2 0.063 0.0061(0.0024) 0.012 -0.0010(0.0008) 0.222 -704.7 0.058
LMFG 0.0032(0.0016) 0.0088 -742.9 0.042 0.0052(0.0021) 0.016 -0.0010 0.174 -739.8 0.091
LSTG 0.0048(0.0020) 0.019 -651.3 0.153 0.0076(0.0030) 0.0127 -0.0022(0.0017) 0.206 -647.1 0.157
LMTG 0.0048(0.0022)  0.030 -633.3 0.133 0.0050(0.0031) 0.106 -7.21 x 16° (0.0011) 0.946 -628.3 0.127
Table4-11: Significant regression interactions in GMV ROI between Total ZPA and ZBMI in Females
LINEAR QUADRATIC
First Order Second Order Whole Model
Estimate(SE) p BIC Adjusted R | Estimate(SE) p Estimate(SE) P BIC Adjusted R
LSPG 0.0039(0.0019)  0.037 -692.7 0.080 0.0045(0.0020) 0.025 6.3 x 10*(7.5 x 10% 0.401 -688.4 0.078
Table4-12: Significant regressions between Total ZPA and GMV ROls in Males
LINEAR QUADRATIC
First Order Second Order Whole Model
Estimate(SE) p BIC Adjusted R Estimate(SE) p Estimate(SE) p BIC Adjusted R
RHippo 0.0090(0.0056) 0.118 -191.2 0.175 0.0139(0.0067) 0.0425 | -0.0066(0.0049) 0.183 193.3 0.187
LHippo 0.0079(0.0061) 0.197 -235.7 0.249 0.0161(0.001) 0.0269 | -0.0136(0.0065) 0.041 -236.1 0.285
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Table4-13: Significant regression interactions in GMV ROls between Total ZPA and ZBMI for Males

LINEAR QUADRATIC
First Order Second Order Whole Model
Estimate(SE) p BIC Adjusted R Estimate(SE) p Estimate(SE) p BIC Adjusted R
LHippo -0.0119(0.0049) 0.018 -207.6 0.261 -0.0123(0.0048)  0.0126 | -0.0044(0.0022) 0.045 -206.1 0.302
Table4-14: Total ZPA and WMV ROI Regression Results in Females
ROI LINEAR QUADRATIC
FirstOrder Second Order Whole Model
Estimate(Std Error) p BIC Adjusted Estimate(Std p Estimate(Std Error) p BIC Adjusted R
R? Error)
LMTG 0.0100(0.0044) 0.0253 -426.1 0.096 0.0125(0.0062) 0.044 0.0013(0.0022) 0.531 -418.3 0.088
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5 Manuscript 4: Sex differences in the beneficial effects of physical

activity on cerebral blood flow in aging

Authors: Brittany Intzandt, Safa Sanami, Louis Bherer and Claudine J Gauthier

5.1 Preface

Age-related vascular decline also extends toctrebral vasculature, resulting in an
assortment of changes and declines, but one of the earliest changes quantifiable changes is a
reduction to CBF. This hypoperfusion occurs beginning in mid life and continues to decline well
into aging(Lu et al., 2011)Notably though, sex differences have been consistently implicated,
where females have greater CBF across the lifeghdtukonda et al., 2021; Rodriguez,
Warkentin Risberg, & Rosadini, 1988and the rate at which the CBF declines is also sex
dependenfChen et al., 2011; Lu et al., 201Qonversely, PA is an important factor in
maintaining or enhancing vascular health and tis has been identified to translate to CBF. For
example, those who participated in greater PA levels ofairayear time period had
significantly greater CBF at the follow {Rogers, Meyer, & Mortel, 1990and since then this
work has been replicated in cressctional studie@Boraxbekk et al., 2016; Zlatar et al., 2019)
Recent work has indicated that females might gain more benefit from PA on CBF than males in
aging(Gonneaud et al., 2022)owever given that midlife is a crucial stage for vascular decline,

this is an imperative time point to investigate as well.

Here, in manuscript four, we included a sample of almost 500 partisifsfam the human
connectome project, aging subsami@eokheimer et al., 2019; Harms et al., 2Q1@)ere
males ad females were separated, and further subsamples were created dependent upon age.
More specifically a middle aged (those less than 55 years) and an older aged group (55 or older)
were categorized for males and females separately. This dataset alsaditictudellection of a
PA questionnaire that was employed to gain information about PA participation in METs/ week
like in manuscript three, and further incorporated more information about intensity types (e.g.,
total METSs, walking METS, vigorous METSs, été& multi-band pCASL was also acquired in all
individuals to allow for quantification of CBF across the lifespan. Though of great interest to this

thesis, BMI was not included in this chapter, however it is noted that it will be in future versions
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of thismanuscript to further understand and hopefully extend the findings of manuscript three, in

a larger sample.
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5.2 Abstract

In aging, CBF is consistently observed to decline. Understanding the vascular changes and
risk factors that can influence CBFnermalaging, prior to any pathological changes is crucial.
One important factor may be sex since females have greater CBE #oedifespan and a
different rate of decline. Another factor that influences vascular health is physical activity (PA).
PA is beneficial for CBF in both males and females, though recent work has revealed that older
females may benefit more from the effef PA on CBF than older males and younger females.
Further bringing into question if there is an ideal window of opportunity to maximize the
beneficial impacts of PA on CBF. Here we examined how CBF, and PA relate according to sex
and if an individual vas in middle age (355 years) or older age (greater than 55 years). A total
of 496 participants aged 36 to 100 were included from the Human Connectome Lifespan Aging
study. PA was quantified based on the METs for each activity into Total PA, Walking PA,
Moderate PA, Moderatéigorous PA, and vigorous PA. Structural, white matter vascular lesion
and cerebral blood flow data were collected. Polynomial regressions were used to investigate the
relationship between CBF and each intensity of PA for males aralderseparately for midlife
and older age. Results revealed that middle aged males had an inverse U shape between CBF and
vigorous PA, whereas older aged males showed an inverse U relationship between moderate
vigorous and moderate PA and CBF. Finallyeoldged females demonstrated a linear
relationship between CBF and both Total PA and walking PA, yet middle aged females had no
relationships between CBF and any intensity of PA. Overall, this work shows a predominantly
positive relationship between PA a@8F across the lifespan, with males benefitting mainly in
midlife and females in older age. Therefore, this work highlights the importance of utilizing sex
disaggregated analysis to understand the relationship between CBF and PA. Future work should
incorporate sex hormones to further elucidate the potential mediation effect that sex hormones

have on the relationships between CBF and PA in pre tenpeisbpausal females.
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5.3 Introduction

Maintenance of cerebral health requires constant cerebral bloodGBR) to provide
tissue with sufficient oxygen, nutrients, energy metabolites, and for cellular waste and carbon
dioxide to be removed. Thus, chronic hypoperfusion is associated with a range of deleterious
vascular and metabolic consequengésge et al., 1999)ncluding damage to surrounding
tisste which can manifest as pathological conditions, such as cognitive impa(tmeét
Zhang, 2012; Sarti, Pantoni, Bartolini, & Inzitari, 2002y Al z hei me r(Gimuadli sease
& ladecola, 2006)Furthermore, CBF has been consistently observed to decline wiArage,
Egan, Meysami, Raji, & George, 2018; Chen et al., 201tiykhnda et al., 2021; Lu et al.,
2011) These ageelated hypoperfusion patterns are typically observed to occur within temporal
(Chen et al., 2011; Martin, Friston, Colebatch, & Frackowiak, 198dntal(Chen et al., 2011;
De Vis et al., 2018; Martin et al., 199parietal(Amen et al., 2018; Martin et al., 19%nd
parahippocampal regiotiBe Vis et al., 2018; Martin et al., 199iyhich are also regions known
to be associated with cognitive decline and AD. Therefore, understanding the vascular changes
that can potentiate or rescue C&tanges imormalaging, prior to any pathological
manifestations is a crucial step in harnessing all the preventative tools at our disposal to reduce

the development of pathological perfusion declines across the adult lifespan.

Sex differences have beerported in overall vascular hea({t@hrissobolis & Sobey,
2004) as well as cerebrovascular hedKlnause, Duckles, & Pelligrino, 2008females have
been shown to have greater CBF across the lifespan aftrrding for brain volume
differenceqJuttukonda et al., 2021furthermore, females and males differ in the rate at which
CBF declines across thigglspan(Chen et al., 2011; Lu et al., 2015ome of these CBF
differences aréikely linked to disparities in the cerebral vasculature between sexes, which are
hypothesized to be primarily influenced by sex hormdRebison, Gannon, Salinero, &
Zuloaga, 2019)In fact, these differences have been shown totleat approximate 11% higher
global CBF in females than in males throughout the lifegBaxriguez et al., 1988and in
younger adultsthis greater CBF in females has been reported to be as high §&Ub64 al.,
1982) Indeed, higher CBF has been consistently linked to estrogen, which is known to promote
vasodilation and overall vascular heg®elligrino et al., 2000; Skarsgard, Van Breemen, &
Laher, 1997)This is consistent with the observation that G8significantlydecreaseth post

menopausal femaleosmpared to prenenopauséliu, Lou, & Ma, 2016) Therefore, sexelated
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differences have a considerable influence on the trajectory of cerebral perfusion across the
lifespan and should be taken into consideration when investigating CBF modulation by lifestyle

factors.

Beyond sexrelated influences, a crucial factor in determining vascular health during
aging is physical activity (PA). In fact, the 2020 Lancet dementia commission identified that
physical inactivity is an important risk factor in the development of dem@miagston et al.,
2020b) Early work identified that over a foyear period, those individuals who participated in
PA showed significantly higher CBF over time compared to those who chose to remain
inactive after retiremer{Rogers et al., 1990Follow up studies have confirmed that consistent
participation in PA has multifactorial beneficial effects on cerebral func{Basies, 2015)ut
in particularan association with greater CBBailey et al., 2013)More specifically, increased
PA levels lave been associated with greater CBF in posterior cingulate ¢Bdexxbekk et al.,
2016)and frontal region§Zlatar et al., 2019)while others have found that after 10 days of
cessation of a PA program in Master Athletes, significant CBF declines occurred in temporal,
parietal, and hippocampal regiofdfini et al., 2016) PA is thought to help maintain or improve
brain vascularization, the health of vessels and metabolic pro¢ésssge et al., 2008;

Stewenton et al., 2020)'he underlying protective mechanisms of PA are thought to include
reduction of oxidative streg€olcombe & Kramer, 2003trhanges in hormonal responses
(Weuve et al., 2004nd the elevation of neurotrophic factéran Paag, Christie, Sejnowski, &
Gage, 1999)Notably, recent work has revealed that older females may benefit more from the
effect of PA on CBF than malé&onneaud et al., 2022Y¥oreover whenin the lifespan PA
occurs seems to be an important factor and numerous studies have identified that midlife PA
participation is more beneficial for cognition than later life than later lif¢Ravio et al., 2005;

Tolppanen et al., 2015)

Overall, the literature shows that there are reductions to CBF in aging due to vascular
changes, and that sexXfdrences are present throughout the lifespan, whereby females have
higher CBF, likely related to hormone levels. Moreover, PA has been observed to have a
beneficial role on CBF in aging, especially in females. Yet to date, it is unclear how PA levels
might influence CBF in males versus females across the lifespan, and if PA might have more

influential role on CBF in middle aged versus older age depending on sex. Here, we aimed to
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investigate how the relationship between PA and CBF changes depending indovidtials are

in middle age (36 to 55 years old) compared to older adult (older than 55 years) and how sex
influenced these relationships in a sample of almost 500 males and females between the ages of
36 and 100.

5.4 Methods

5.4.1 Participants

A total of 496 paicipants from the Human Connectome Project Aging Lifespan (HCP
A) dataset were used here (females n = 278, age 60.7 + 16.1 years). THedd@Ret is a
large, normative data set that includes a range of brain, biometric and cognitive data associated
with changes across the lifespan. More specifically participants were included if they were
bet ween the ages of 36 to 100 years old, and
health for their age, while having an absence of pathological causegmitivee decline, such as
stroke or clinical dementi@ookheimer et al., 2019; Harms et al., 20F3rticipantsvere
excluded from HCRA if they had been diagnosed or treated for neurological disorders (e.g.,
Parkinsonds disease, stroke), major psychiatr
and those who had severe depression requiring treatmelr# foonths or longer in the previous
five years(Bookheimer et al., 2019; Harms et al., 20B)rthermore, individals over the age
of 60 were screened using the Telephone Interview for Cognitive Status modifiedNIJICS

(Brandt, Specter, & Folstein, 198&nd participants with a score of 30 or greater were included.

An age specific MoCA threshold was used as exclusion criteria (e.g h#es8Q,
>19/30, 8689 >17/30 and 90+ 16/30). All participants were also assessed for their capacity to
give informed consent based @xppelbaum & Gutheil, 2007More information on exclusion
and inclusion criteria can be found(Bookheimer et al., 2019pata collection for all of the
following components were completed at four sétess the United States of America,
including: Massachusetts General Hospital, University of Califarihias Angeles, University
of Minnesota, and Washington University in St Louis. All data collection, including behavioral,
biological, cognitive, andmaging, had identical protocols at all four sites. All participants
provided informed written consent prior to the baseline data collection, according to local ethics
boards and the declaration of Helsinki. See Bookheimer et al., for a rrdeptimdescption of
methods (2019).
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5.4.2 Physical Health Outcomes

Data on current and history of smoking status, systolic blood pressure (SBP), diastolic

blood pressure (DBP) and current body mass index (BMI) as measured according to the standard

equation of BMI = (bodyveight [kg]/ height [m]) were collected.

5.4.3 Physical Activity Measurement

The international physical activity questionnaire (IPAQ) (condensed version) was utilized
to document the overal/l background of each
Activities were categorized into walking (METS), moderate (3 to 6 METS) modégaieus
(greater than 3.0 METS), vigorous METSs (greater than 6.0 METSs) and their overall, or total PA
participation levels. The IPAQ has been found to be a valid and redjab#tionnairévan

Poppel, Chinapaw, Mokkink, van Mechelen, & Terwee, 2010)

As the primary aim here was to investigate the effects of participating in PA on CBF,
rather than the effects of participating in PA versus nogpaation in PA, those individuals in
this study that did not report engaging in any overall PA were excluded from the final analysis

(14 females: 11 males)

5.4.4 MRI acquisitions

At all four sites, a Siemens 3T Prisma machine (Siemens Medical Solutions, Erlangen
Germany), with 3Zhannel head coils were utilized. The full imaging protocol can be found here
(Harms et al., 2018), however only a portion of sequences was used in this study. Moreover,
approximately 68 individuals were excluded since they did not p@¥SL scans available, and
16 individuals were excluded since they were missing eithevdighted or T2veighted images
or both.

5.4.4.1 Structural Scans

A multi-echo 0.8 mmT1 weighted magnetizatieprepared rapid gradient echo
(MPRAGE) sequence (repetitiomte [TR] = 2500 ms; inversion time [T1]; 2000 ms; echo time
[TE] = 1.8/3.6/5.4/7.2 ms; flip angle (FA) = 8°; matrix size = 320 x 300 x 208; field of view
[FOV] = 256 x 240 x 166 mm) was employed to collect anatomical information for registration
purposesad for partial volume correction of the final perfusion maps estimated with the

pseudecontinuous arterial spin labelling sequence (pCASL). A T2 weighted scan (TR = 3200
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ms; TE = 564 ms; turbo factor = 314; matrix size = 320 x 300 x 208; FOV = 256 x1BH x
mm) was used to estimate white matter lesions by FreeSurfer as described i(F&shh|
2012)

5.4.4.2 Pseudecontinuous Arterial Spin Labeling

A multi-band 2D echo planar imaging psetmmtinuous arterial spilabeling (pCASL)
sequence was collected to quantify cerebral blood flow (CBF) for all participants (TR = 3580
ms; TE = 19 ms; SMS acceleration factors = 6; total slices = 60; resolution = 3;5 mm
acquisition time = 5.5 minutes). Two equilibrium magnetoratMo) images were also acquired.
Since arterial transit time (ATT), the time taken for the labeled blood to travel from the labeling
site to the cerebral tissue being imaged, generally increases with age, a sequence with multiple
postlabeling delays was empled to allow for more accurate CBF quantification across the
lifespan. This sequence included five pladteling delays (PLDs): 200 ms (control/labeled pairs
=6); 700 ms (pairs = 6); 1200 ms (pairs = 6); 1700 ms (pairs = 10) and 2200 ms (pairs = 15) with

alabeling duration of 1500 ms throughout.

5.4.5 Data Analysis

5451 T1-w MPRAGE

Tlwei ghted MPRAGE i mages were processed usi
to remove the nobrain tissue from all participan(Smith, 2002, p. 200)ith a fractional
intensity threshold ranging from 0.15 to 0.3. All MPRAGE extracted images were independently
verified by two researchers to ensure the skull and neck were completely removed from the final
extracted images. These raw MPRAGE imageswereaspprocessed with SPMO6s
computational anatomy toolbox (CAT) 12 to segment the images into grey matter, white matter,
and cerebrospinal fluid (CSF) for each participant, compared to the expected volume of a
template(Ashburner & Friston, 2000; Gaser & DahnR@16G Penny et al., 2011}From here, a
statistical parametric map was created, classifgaxch voxel type into GMV, WMV or CSF
according to the highest probability of voxel type for past@lume correction (PVC) of CBF

maps to account for atrophy.

5452 T2-w
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The T2weighted images were all processed in the same way as-haridges, where
F S LEES tool was employed, and all extracted images were independently verified by two

independent researchers. These T2 images were then used for registrations purposes.

5.4.5.3 pCASL resting CBF
All pCASL time series also had FSL BET employed to each individuaihwelof the

whole time series. The time series was then motion corrected using the statistical parametric
mapping (SPM)12 run in Matlab/R2020&ghburner & Friston, 200%) The motion parameters

in the X, y, and directionswvere output for both rotation and translation to allow for visual
inspection of movement, where volumes with movement that was equal to or greater than 2 mm
were removed from the time series. The output motion parameters were also used in a general
linearmodel (GLM) to regress out the motion parameters from the time series. The first pair of
tag control volumes were removed to reduce risk of motion contamination unrepresentative of

the remaining volumes in the time series.

From here, the remainder of thaired tagcontrol volumes were surroussdibtracted.
CSF masks were also created for all participants to be used as the CSF MO in the final perfusion
guantification as competed {tzandt et al., 2020Briefly, 10 voxels were chosen in the sam
axial slice for all participants, where possible, in the slice that the lateral ventricles were clearly
present. In some cases, it was necessary to take a more superior or a more inferior slice to clearly
identify the ventricles. Two independent researshhen individually inspected all masks to
ensure that the extracted masks were located within the ventricles. Individual masks were
required to be created given the varying anatomical structures in our age range of participants.

We t hen utBASIL taokitd(Champell,6Gsoves, Whitcher, & Woolrich, 2008)
guantify and create perfusion maps in native pCASL space with the following standardized
parameters: labeling: cASL/pCASL; bolus duration: constant (1.5s), inversion times [PLDs +
labeling déay): 1.7s, 2.2s, 2.7s, 3.2s, 3.7s; repeats: 6, 6, 6, 10, 15; calibration image: MO
collected during pCASL sequence; reference tissue type: CSF; mask: CSF masks for each
participant;slice timing: 0.059s; slice band: 10; echo time: 19 ms; CSF T1: 4.3:s/50 ms
T1:1.3s; T1 bloodi.65 s ; inversion efficiency: 0.85.
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An in-house Matlab script was then employed which corrected for partial volume
di fferences in the perfusion maps wutilizing
maps producettom the TXw images. These T had previously been projected to native
pCASL space employing the inverse matrices utilized to get the perfusion maps from ASL to T1
space (discussed below). The partial volume correction employed incorporated the method
described by Asllani and colleagues (2008) in order to correct for voxel intensities corresponding
to GM, WM, and CSEAsllani, Borogovac, & Brown, 2008)

5.4.5.4 Regqistration

The registration pipeline began with a 3 degree of freedom translation of the mean and
extracted pCASL image to the native-Weightedimage, followed by a 6 degree of freedom
linear registration to the same nativewgighted image. The F& image was incorporated in
our registration pipeline prior to registration to thewimage as it was the only structural
image collected on the & day as the pCASL image. The-Wwlimage was collected on a
separate day. We then utilized a 6 degree of freedom linear registration fromheafi2e
space to the TWv native space. Finally, the native-Wlimage was registered to the standard
MNI space employing a uniform nelinear registration with 12 degrees of freedom. Matrices
and the warp were applied to the native pCASL perfusion weighted image to project them to a

standard MNI space. All registrations were completed utilizing ARBMaNts et al., 2008)

5.4.5.5 Region of interest analysis

A hypothesis driven approach was taken to investigate the sex and age specific
relationships between PA and regions of CBF that are kmowacline in aging, and that were
used in our previous work demonstrating-seecific PA relationships with structural outcomes
(Intzandt et al., 202Xubmitted to GeroScience). More specifically, the LPBA40 &Baattuck
et al., 2008was utilized to extract CBF in regions of interest in all participants the
following bilateral regions: superior frontal gyri, medial frontal gyri, inferior frontal gyri,
superior parietal gyri, superior temporal gyri, medial temporal gyri, insular cortices, and
hippocampi. Prior to ROI extraction, the LPBA atlas was teggsl using ANTS, as described
above, to the same common MNI space utilized throughout. This atlas was then multiplied by

each individual 6s perfusion map in order to
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weighted GM average for each panpient with FSLmeants to correct for any potential GM
atrophy(Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 20CBJ for each participant

from each hemispheric region was extracted to a spreadsheet and imported into R/RStudio (v.24)
for further analysis .

5.4.6 Statistical Analysis

Each sex was separated into two age groups, middle aged, defined as those participants
between the ages of 36 andy&ars old, and older aged, defined as those participants who were
above the age of 55 years. After all the CBF ROIs were extracted including global GM CBF the
hypothesis driven data was analyzed statistically in R and R stutBstsTwere used to test
group differences in age, education, SBP, DBP, BMI, volume of white matter hyperintensities,
MoCA score, PA outcomes (vigorous, modendtgprous, moderate, walking, total) between: i)
all males versus all females; ii) young males versus older males;unpyfemales versus older
females; iv) young males versus young females; and v) old males versus old females. In order to
examine if sex differences were present in the relationships between CBF ROIs and volume of
each intensity of PA, linear regressioreiraictions were utilized where the CBF ROI was the
dependent variable, intensity of PA was the independent variable, and sex was the interaction

term.

To further comprehend the sex and age specific relationships between CBF ROI and
intensities of PA, the tationships between CBF ROI and each of the four groups were
individually examined with quadratic regressions, as our previous work demonstrated some
regions revealed inverse quadratic relationships with PA and brain health (Intzandt et al., 2022
submitted. In all analyses, systolic blood pressure, education in years, age in years and volume
of white matter hyperintensities were included as covariates. All linear and quadratic
relationships wer e expl (Chrambikrs, 1992; Witkinsorh&Rogels,mé p a
1973) A p-value of 0.05 or less was considered to be significant a priori. If both a linear and
guadratic regression were significant, Bayesiaarmation criterion was used to compare the
goodness of fit of each regression, and that with the lowest BIC value was considered to be the
best regression f{Raftery, 1995)Given the large sample size of each of the four groups (>75),
parametric tests were always employed as normality assumptions with this sample have been
shown to be reliabléElliott & Woodward, 2007; Ghasemi & Zahediasl, 2012; Pallant, 20R®)
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investigate the presence of sex interactions between CBF and any of the PA intensities,

6emmeanso6

posthoc analyses correcting for multiple comparisons within thelpastc

and

6emtrendso

wer e

e mp atesyoerth i n
wi t h

Finally, to correct for multiple comparisons in all analyses, not just thehpodiests, a False

Di scovery

Rat e

wa s

values for multiple comparisorisurray & Blume, 2021)

5.5 Results

5.5.1 Overall Sex Differences

e mp | lionarg emplaysd imRstudio RdaeRjesspt | ma t

There were no significant differences between males and females as revedieskby t
for age(p > 0.05); BMI(p > 0.05); MoCA(p > 0.05); systolic blood pressui@> 0.05); white
matter hyperintensity volume (t = 1.73; p = 0.084), amount of vigoroug PAL.13; p = 0.26),
volume of time spent in walking PA (t = 1.72; ©087); total volume of PA (t=0.94; p =
0.35). Males had higher education {1=10; p = 0.0002) and diastolic blood pressure-@&.47;
p = 9.77 x 166) than females, while females participated in a greater amount of moderate PA (t
= 2.09; p = 0.037and had more CBF in gray matter (t= 3.86; p = 0.00013).

Table5-1: Demographics of Females and Males

Females (n = 278)

Males (n = 218)

Age (years) 60.7 + 14.9 (36.2 89.8) 60.2 +15.1 (36 89.8)
Education (years) 17.1+2.2 (8 21)* 17.9+2.0 (9 21)

BMI (kg/m?) 26.5+4.7 (18.7 39.7) 27.2 + 3.9 (18.6 38.4)
SBP (mmHQ) 130 £ 17 (85 183) 133 +17 (96 199)
DBP (mmHg) 80 £ 10 (411 113)** 85+ 10 (53 123)**

WMH Volume (mnv)

2056.8 + 2456.4 (4011421987.1)

2582.2 + 3302.6 (4131232206.5)

MoCA (out of 30)

26.3 £ 2.4 (19 30)

26.3 + 2.7 (19 30)

Vigorous PA (METS)

685.7+ 1073.8 (O 8640)

822.26+ 1442.8 (00 16800)

Moderate PA (METS)

533.4x 720.1 (OF 3840)*

416.0+ 493.0 (O 3360)*

Walking PA (METS)

1131.5+ 1619.1 (O° 13860)

909.0+ 1153.1 (O 8316)

Total PA (METSs)

2350.3+ 2443.7 (33 19728)

2147.3+ 1960.0 (49.5 20106)

Mod-Vig PA (METS)

1219.1+ 1451.0 (O° 8640)

1238.3+ 1622.4 (O 18720)
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CBF (ml/100g 67.1 £ 21.4(18.67 134.3)* 56.3 £19.7 (16.8 136.1)
GM/min)

**Statistically differences between all females and all males p < 0.05.iBMtly mass index;
SBP1 systolic blood pressure; B diastolic blood pressure; WMHwhite matter
hyperintensities; MOCA Montreal Cognitive Assessment; RAohysical activity; MoaVig i
moderatevigorous PA; CBHR cerebral blood flow

5.5.2 Sex by Age Group Differences

5.5.2.1 Older Males versus Older Females

T-testsidentified differences between older males and females for the following
outcomes: males had significantly greater years of education than femal@s8@,7= 0.004)
as well as DBP (t =3.33; p = 0.0010), whereas older females had greater moderéteR2/A3;
p = 0.022) and CBF in the right and left superior parietal gyrus (rightt = 2.89; p = 0.004; left t =
2.93; p = 0.0037)[See Table 1].

Linear interactions of sex with moderate PA were identified for global CBF in GM
(adjustedR? = 0.032, p = 0.03, Fig. 1A); the right superior parietal gyrus (adjus®éd 0.045;
p = 0.008, Fig. 1B) and the left hippocampus (adjui&d0.04; p = 0.019, Fig. 1C). A linear
sex interaction was also present between walking PA and the right inferior frontal gyrus
(adustedR? = 0.030; p = 0.048) [See Fig. 1D]. Pdsic analyses were employed to further
investigate which sex was responsible for the statistically significant relationship, while
correcting for covariates. The pdsdc analyses revealed no significant sg&raction with
moderate PA for global CBF (p = 0.158). Rbhet analyses identified a significant effect due to
males in the right superior parietal gyrus where older aged males had increased CBF in the
RSPG with greater amounts of moderate PA (estim&®116; p = 0.0395, Fig. 1B), which was
also observed for the left hippocampus CBF and moderate PA in males (estimate = 0:0058; p
0.028, Fig. 1C). Conversely, the pdstc analysis between walking PA and CBF in the RIFG
revealed that females with lagvolumes of walking PA had significant greater RIFG CBF
(estimate = 0.00278; p = 0.0414, Fig. 1D).
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Table5-2: Significant differences between middiged males and oldexged males

Middle-Aged Males

OlderAged Males

Age (years)

46.1+ 6.4 (3654) **

70.1+ 10.2 (55100)

Education (years)

17.9+ 2.0 (1221)

17.9+ 2.1 (921)

BMI (kg/m?) 27.8+ 4.1 (20.1i 38.4 26.8+ 3.6 (19.336.9)
SBP (mmHg) 129.4+ 14.3 (100169)** 136.4+ 138.1(96-177)
DBP (mmHg) 85.1+ 10.6 (61123) 84.3+10.7 (531 123)

WMH Volume (mnv)

1123.6+ 608.2 (470.5356.8)**

3667.6+ 4875.4 (413.232206.5)

MoCA (out of 30)

28.3+ 1.6 (2430)

26.0+ 2.6 (1830)

Vigorous PA (METS)

1012.6+ 1935.5(0-16800)

714.5+ 876.1 (Oi 3360)

Moderate PA (METS)

460.6+ 555.07 (O 3360)

400.2+ 439.2 (Oi 1960)

Walking PA (METS)

981.3+ 1288.2 (68316)

911.3% 1040.4 (96930)

Total PA (METS)

2454.6x 2441.4 (16€20106)

2020.8+ 1465.2 (49.5 8010)

Mod-Vig PA (METS)

1473.3+ 2155.7 (018720)

1117.5+ 1016.2 (84320)

CBF (ml/100g
GM/min)

61.7+18.0 (22.2130.7)**

51.9+ 20.1 (16.8 136.1)

**Statistically differences between middéged males and oldaged males p < 0.05. BNII

body massndex; SBP systolic blood pressure; DBPdiastolic blood pressure; WMHwhite
matter hyperintensities; MoCAMontreal Cognitive Assessment; RAhysical activity; Mod
Vig I moderatevigorous PA; CBH cerebral blood flow
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Figure50 17 Sex interactions in older aged adults and A) global CBF and moderate PA; B) Right Superior
Parietal Gyrus CBF and Moderate PA; C) Left Hippocampal CBF and Moderate PA; D) Right Inferior
Frontal Gyrus and Walking PACorrected pvalues for multiple comparisons (p < 0.05).

5.5.2.2 Middle-Aged Males versus MiddiAged Females

Significant differences in the middeged males and females were found, where males

had significantly higher education (:2.35; p = 0.019); systolic bloodgssure (t =3.03; p =

0.0028), diastolic blood pressure (8:29; p = 0.0012) and white matter hyperintensities-(t =

3.

7 8

p = 0.00020) .

CBF was

hi gher in

f emal

A linear sex interaction was identified between total PA andigihe superior temporal

gyrus CBF (r = 0.062; p = 0.0045, Fig. 2A); as well as with the bilateral superior parietal gyrus
CBF (right: adjustedR?= 0.117; p= 1.43 x 1@, Fig. 2B left: adjustedR?= 0.093; p = 9.7 x 10
-4, Fig. 2C ). Post hoc analysesealed that greater Total PA was associated with higher CBF in

es

the right superior temporal gyrus in both males and females, but males had a marginal advantage

over females by 0.00253 (p = 0.024[Bee Figure 2].
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Figure 50 2- Sex interactions in middieaged adults and A) Right Superior Temporal Gyrus CBF and Total
PA; B) Right Superior Parietal Gyrus CBF and Total PA; C) Left Superior Parietal Gyrus CBF and Total PA.
All interactions were statigally significant, even after multiple comparison corrections

5.5.3 Males: Age Outcomes

Overall, the middle aged and older aged males were statistically different for age (t =
20.8, p < 0.05), SBP (t2.96, p = 0.003) and volume of white matter hyperintss(t =-
5.04; p = 9.85 x1607). There were no statistical differences for global CBF, MoCA, DBP, or any
intensity of PA (p > 0.05). All CBF ROIs were statistically different between middle and older
aged males except bilateral medial temporal gyt skeerior temporal gyrus, right insula, and

bilateral hippocampi (p > 0.05). [see Table 2]

5.5.3.1 Middle AgedMales

There were no significant regressions between age and global CBF or CBF in any of the
regions for the middkaged sample of males (p > 0.05). Meldged males had an inverse

quadratic relationship with vigorous PA and CBF in the following regions: the left medial frontal
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gyrus (adjustedR? = 0.097; p = 0.024, Fig. 3A);the left inferior frontal gyrus (adjus®éd

0.085, p = 0.036, Fig. 3B), bilatd medial temporal gyriright: adjustedR®>=0.113; p = 0.013,

Fig. 3C;left adjustedR? = 0.111; p = 0.014, Fig. 3D) as well as the left superior temporal gyrus
(adjustedR? = 0.099; p = 0.022, Fig. 3E), indicating that the highest CBF was observed in the
range of 200B000 METs in these regions.[See Figure-EA

Figure 50 3: Significant Regions of Interest in CBF for Middlged Males and Vigorous PA: A) Left Medial
Frontal Gyrus; B) Left Inferior Frontal Gyrus; C) Left Medial Temporal Gyrus; D) Right Medial Temporal
Gyrus; E) Left Superior@mporal Gyrus. All relationships were statistically significant, even after multiple
comparison correctionf < 0.05)
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