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Abstract

Cancer survivors have substantially greater risk of cardiovascular morbidity and mortality
compared to the general population, including a 52% greater risk of heart failure and a 22%
greater risk of stroke in some reports. The rates of development ofcctisgase, even without
i mmedi ately fatal endpoints, are similarly wo
disease events and the incident development or exacerbation of chronic disease remains critical
in the care of cancer survivors. This i€ewmore true today with the increasingly rapid pace of
progress in oncology specifically, the introduction of immune checkpoint inhibitors.

One of the primary concerns addressed in the present dissertation is neurotoxicity,
experienced by many cancer survivors as a consequence of both the burden of cancer and due to
adverse oftarget effects of anttancer treatment. This neurotoxicity cannifiest in a variety of
ways, including cognitive decline, cerebral pathologies like encephalitis or reversible cerebral
vasoconstriction syndrome, or in severe cases, stroke or intracranial hemorrhage. Despite the
serious and harmful nature of these tdiesi, investigations into overall brain health in cancer
survivors are limited compared to the research dedicated to other organ systems.

Therefore, in this dissertation, we present a series of four studies aimed at investigating
cerebral and cerebrovascular health in cancer survivorship. Our first investigation was a
systematic review and mesamalysis examining the associations betweenldeal
cerebrovascular regulatory functions (cerebrovascular reactivity, cerebral autoregulation) and
one systemic vascular characteristic (arterial stiffness) with cerebral small vessel disease.
Subsequently, we aimed to determine if there were impaigmecerebrovascular reactivity in
cancer survivors compared to canfree controls. We then combined evidence from the first

two studies to form a base of evidence suggesting that cancer survivors were likely to be at risk



for cerebral small vessel disease. This led to our last two studies focused on a novel class of anti
cancer treatment, called immune checkpoint inhibitors (ICI). Our third study uses Mendelian
randomization and human genetic information to explore rekttipa between exposure to ICI

treatment and the risk of developing cerebral small vessel disease. Finally, our fourth study
expands on the pr evi owalRNAsagdendng of fascalar tiseug s wi t h
from patients who did or did not receiM@l treatment. This patient tisswerived information is

combined with genomic and epigenetic analyses to investigate biological processes and

pathways linking ICI exposure to cerebral small vessel disease, and to subsequently identify
possible therapeligtoptions. It is our hope that this dissertation may provide insight into the
cerebrovascular complications that exist in cancer survivorship, as well as their potential causes

and consequences.



Brain health throughout cancer survivorship: the impacts ofcaniter therapy on
cerebrovascular regulation and pathology

by

Britton Charles Scheuermann

B.S.,Miami University, 2018
M.S., University ofToledg 2021

A DISSERTATION

submitted in partial fulfillment of the requirements for the degree

DOCTOR OF PHILOSOPHY

Department of Kinesiology
College of Health and Human Sciences

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2025

Approved by: Approved by:

Co-Major Professor Co-Major Professot
Thomas J. Barstow Carl J. Ade



Copyright

© Britton Scheuermang025.



Abstract

Cancer survivors have substantially greater risk of cardiovascular morbidity and mortality
compared to the general population, including a 52% greater risk of heart failure and a 22%
greater risk of stroke in some reports. The rates of development ofcctisgase, even without
i mmedi ately fatal endpoints, are similarly wo
disease events and the incident development or exacerbation of chronic disease remains critical
in the care of cancer survivors. This i€ewmore true today with the increasingly rapid pace of
progress in oncology specifically, the introduction of immune checkpoint inhibitors.

One of the primary concerns addressed in the present dissertation is neurotoxicity,
experienced by many cancer survivors as a consequence of both the burden of cancer and due to
adverse oftarget effects of anttancer treatment. This neurotoxicity cannifiest in a variety of
ways, including cognitive decline, cerebral pathologies like encephalitis or reversible cerebral
vasoconstriction syndrome, or in severe cases, stroke or intracranial hemorrhage. Despite the
serious and harmful nature of these tdiesi, investigations into overall brain health in cancer
survivors are limited compared to the research dedicated to other organ systems.

Therefore, in this dissertation, we present a series of four studies aimed at investigating
cerebral and cerebrovascular health in cancer survivorship. Our first investigation was a
systematic review and mesamalysis examining the associations betweenldeal
cerebrovascular regulatory functions (cerebrovascular reactivity, cerebral autoregulation) and
one systemic vascular characteristic (arterial stiffness) with cerebral small vessel disease.
Subsequently, we aimed to determine if there were impaigmecerebrovascular reactivity in
cancer survivors compared to canfree controls. We then combined evidence from the first

two studies to form a base of evidence suggesting that cancer survivors were likely to be at risk



for cerebral small vessel disease. This led to our last two studies focused on a novel class of anti
cancer treatment, called immune checkpoint inhibitors (ICI). Our third study uses Mendelian
randomization and human genetic information to explore rekttipa between exposure to ICI

treatment and the risk of developing cerebral small vessel disease. Finally, our fourth study
expands on the pr evi owalRNAsagdendng of fascalar tiseug s wi t h
from patients who did or did not receiM@l treatment. This patient tisswerived information is

combined with genomic and epigenetic analyses to investigate biological processes and

pathways linking ICI exposure to cerebral small vessel disease, and to subsequently identify
possible therapeligtoptions. It is our hope that this dissertation may provide insight into the
cerebrovascular complications that exist in cancer survivorship, as well as their potential causes

and consequences.



Table of Contents

LIST Of FIQUIES....eeeieeeeiee et e e e e e e e e e errm s s s e e e e e e e e e e e e e e eeesannnaaaeeeaeeeeeeeenesnnnnns Xiii
IS o) 1= o] = PR PPPPUPPPPP PPN XX
ACKNOWIEAGEIMENTS...... ottt s e e e e e e e e e e e e e ennea s e e e e aeeeeeeas XXiii
[ =To [ o3 11 o] o WU XXV
[ 1= = o = SO PPPPRRPPP XXV
Chapter 1 Physiology and Medicine in the Chronic Disease.............cccceevivicemevevvvnnnnnnnnn. 1
Cancer Survivorship and ChroniC DISEASE.........cuviiiiiiiiiiieeiieieee e 2
Novel Anti-Cancer Therapies: Addressing Benefits and Harms..............ccccvieeevvvinnnnen. 3
The Goals of the Present DiSSertation..........cccccccveieiieeeiiiiiiieeeeeeeeeeessseeee e 4
RETEIEINCES. ...ttt e ettt e e e e e e e aan 7

Chapter 2 Associations of Cerebrovascular Regulation and Arterial Stiffness with Cerebral

Small Vessel Disease: A Systematic Review and M@@ysSIS.............ccccoevviiiiiiccene 9
Y 011 = Vo USRS 9
] (0o [T 1o ] o TR PP 11
1Y 11 Lo o £ P PPPPPPPRRR 13

SEAICH STrATEQY. .. . uueeiitiiiie ittt e e e e nnee e 13

ENGIDIlity Criteria.......oo ot e e e e e e e e e s e e e e e e e as 13

EXPOSUIEe MOAANTIES......uueeiiiieie e eeee e e e e e e e e nnne e 14
OULCOMIES. ...ttt e ettt e e ettt mmme e e et e e e e ee b e e e e e e ammmeeeesbn e e e eeenennns 16

Literature Screening and Data EXIraCtiON...........ooooviiiiiiiiecciiiieeeeeeeeee e 17

RiSK Of BIaS ASSESSIMEIL.....ceiiiiiiiiiiiiiiiiime e eeeeeeers s e e e e e e e e ememsnn s e e e e e e e eeeeeeeeeeeannneees 18

StatiStiCal ANAIYSIS......cooi it —————— 18

PrIMary ANGIYSES.......cco oot e e e e amnn s 18
SECONAAIY ANAIYSES.....ciiiiiiee e aeer e 20
SENSILIVILY ANBIYSES....coiiiiiiiee e e e aeer e 20
RESUIES. ..o e e e e e e et e e e e e e et et raee e e e e e e e et e e eeettbnrtn e 22
Systematic Review and Qualitative SYNthesiS...........coeiiiiiiiieemr e, 22
Cerebrovascular Reactivity and Cerebral Small Vessel Disease................ccceeee. 22
Cerebral Autoregulation and Cerebral Small Vessel Disease.........ccccccccvvveeeeeennn. 24

viii



Arterial Stiffness and Cerebral Small Vessel DiSeAaSEe......co.vvveeeee e 26

MELEEANAIYSES. ...ttt e e e e e e e e e ettt eeee e e e e e e e e e et ee et a—aan—————eeeaenrnnrnnaaa 28
Cerebrovascular Reactivity and Cerebral Small Vessel Disease..........cc..ccoceeee. 29
Cerebral Autoregulation and Cerebral Small Vessel Disease...........c.cccccvveeeennnn.. 33
Arterial Stiffness and Cerebral Small Vessel Disease...........cccvvvvvvieemiiiiiniinnnnnnn. 33

SeCONAArY ANAIYSES......cccvviiiiiiiiiiii it s e e e e e e e s smemrsnsss s s e e e e eeeaasneessssnnnnneeeeeees B2

Risk of Bias Assessment and GRADE Rating of Primary Outcomes.......................44

[ o U 7] o] o 1SS URRRPPPPPPIY 45

CerebrovascCular REACHVILY...........uuuuuiiiii s ceeeiiiiiis s s s e e e e e e e e e e e s eeeesa s s e e e e e e e e aeeeeeeeeeannnnas 47

Cerebral AUtOreguUIAtIQN...........ccoeeeiiiiiie e s 48

Arterial STINESS.....ceiieeeeeeee e rrrr e e e e e e e e e e e e e areer e e e e eaeeeaaees 49

] o] To= 1o ] o I S PP PP PP PPPPPPPPPPPPPP 51

I (00 1Y IR 1 =0 o F PP 52

(@] o 11 5] o] o 1= S TTTPRPPP 53

] (=] €= o =SSR 54
Chapter 3 Cerebral Macreand Microvascular Regulation in Cancer Survivorship.......... 93
Y 013 = Lo SOOI 93
0T [T 1o ] 1R PR 95
1YY 1 Voo USSR 97

STUAY CONOI. ...ttt e et e e e e e e e e e e e e s amme e e e e e e e e e e e e e e aaan 97

EXPerimental DESIONL.....cccocii e eeeeeeeeeeeeeee e 97

Cerebral HEMOAYNAMICS.........uuiiiiiiei e ceeeic et eeee e e e e e e e e e e e e e 98
Transcranial Doppler URrasound............oooooiiimmmneeeiiiiee e e 98
Nearinfrared SPECIIOSCOMY.......ciiiiiiiiiiiiitttirees st eeeeessbbe e e e eeeeeaeaeeeas Q9

Assessment of Microvascular PUlsatility..................iiiiiicceeiiiiiiiiiiiee e 99

Cerebrovascular REACHIVILY...........uuuiiiiiiiiiiiie e e e et e e e e e eara e e e e eesans 100

COGNITIVE ASSESSIMENLS. ....uuiiiiiiiiiiiiiiii e e eeeet ettt et e e e e e e e e e e s s s s s rmmne e e e e e e e e e s s sabb bbb seennnns 101

StAtISHICAl ANAIYSES. ... ..ttt 101

RESUIES. ..t errer e e e e e e et ettt e ettt nne e e e et e e et e ettt b ann s 103

Cerebrovascular Reactivity and Pulsatility.............ccooiiiiiiiemiiiiii e eeeeeeee 103

COgGNITIVE ASSESSIMENLS. ....uuiiiiiiiiiiiiiiie e e eeeet ettt et e e e e e e e e e e e s s s s s armmne e e e e e e e s e s s abbbbbbeaenenns 107



(DI e U 1] (o] o FETT TR 110

Cerebrovascular Reactivity and Pulsatility.............ccccoviiiieeeri e 110
Cognitive Function in Cancer SUrvivorship.........cccooooiiiiiiccc e 112
[0 71 = o 1RSSR 112
(@] [ 11 5] o] o - SRR 113
RETEIENCES. ... e 114

Chapter 4 The Effects of Breast Cancer and Immune Checkpoint Inhibition on Cerebral Small

Vessel Disease Burden: A Mendelian Randomization Analysis..........cccoeeiiivieeeennes 123
N 013 1= o OSSP PPPPP 123
0o [ [ 1o ] o AU 125
1YL V0T U 127

Overview of Mendelian RandomizatiQn................uuuvuuuiiccneeeeeieiiiiiinee e s eeeeeeennens 127

Exposure Instrumental Variables..............oooooiiiiiieeei e 129

Breast Cancer and SUDLYPES.......ccoooiiiiiiiii e 129
Genetic Instrument for PI/PD-L1 Signaling INhibitioN................ooeeiiiiceen e 129
Validation of GenetiC INStTUMENTS..........cuiuiiiiiiii e errn s 131

Primary Outcome Variables..............oooiiiiiiiieeee e 131

PhenomeNide Associations of Immune Checkpoint Inhibition.....................cccee. 132

StAtISTICAl ANAIYSES. ... ..ttt ettt nnne s 132
RESUIES. ..ttt et e e e e e e e eeemr s e e e e e e e e e e e e e et e ee e ettt nnneeaeeee e et eeernnnnnnn s 134

Effect of Breast Cancer on Cerebral Small Vessel Disease..........cccccvvvieeevvveenenne. 134

Effect of Inmune Checkpoint Inhibition on Cerebral Small Vessel Disease........... 134

Validation of the GenetiC INSITUMENT.............uueiiiii e 134
Effect 0N CSVD OUICOMES.......uuiiiiiiei e s ceeees e e e e eeeeeeetnnme e e e e eeeeeeeeenennnnnns 136

PhenomeNide Associations of Immune Checkpoint Inhibition.....................cccee. 136
D o U 1] o] o TSRS 139

Strengths and LIMItAtiONS.........ueeiiiiiiiiiii e 141

[@0] o Tod 11153 (0] 1= 142
RETEIENCES. ... ettt e e e e 143



Chapter 5 Circulatory Links between Immune Checkpoint Inhibitors and Cerebral Small Vessel

Disease: Integration of Single Cell RN&equencing and Multiomic Mendelian

¥z T a0 (0] 4 1122 (o 4 IS PPPPPRPPRPPRPN 154
Y 0111 =T SRR 154
0o [ [ 1o ] o AT 156
1Y 11 L0 o KPP PPPPRR 158

Ethics Statement and Study OVEIVIEW............ccuuuiiiiiimeeiiiiii e 158

SCRNArseq Analysis of Patient TISSUE..........ooviiiiiiiiieeee e 158

(D22 1 = 101U | of =T PP PPPR PRI 158
D= 1= W o] o Lot 171 | o TSSO 161
StatiStCAl ANAIYSIS.......oeeeeeeieee e 161
Pathway Enrichment Analysis of Differentially Expressed Genes................coeoeeee. 163
Endothelial CellBased Multiomic Associations With CSVD.........ccccccccveviiiiiicccnennnn. 163
Gene EXPresSion EXPOSUIES. ....cooii i i e e eieeeeeeeeeee et mmme e 163
Methylation EXPOSUIES........cooiiiiiiieie i ieeee e e eea e e e e e e e ean 164
CSVD OUICOMES.... .ttt reen e e e ettt e e e e e e e ta sa e e e 164
Mendelian randOmMIZAtION..........coooiiiiiiiiiiirre e e e e e e e e aeeeaaeas 165
MR statistiCal @NalYSIS.........cooeeiiiiiiiiei e 167

Identifying Potential Pharmacological Interventions.............ccuuvvvvieeeeiiviiviiiieeeeee. 167
RESUIES. ..ttt et e e e e e e e eeemr s e e e e e e e e e e e e e et e ee e ettt nnneeaeeee e et eeernnnnnnn s 169

ICI-induced Differences in scRN#eq of Patient TiSSUE..............coevvvviviiiemneeeeeeeennns 169

Overview of patient CONOIL..............ouuuiii e 169
Differentially expressed genes and enriched pathways............cccccooiiaacnnnnn. 169

Gene Expression Levels Associated With CSVD...........uueeiiiiiiiieeciiiiiiiiiiieeeeeeee 172

Methylation Levels Associated With CSVD..............ooviiiiiiicccieeecre e 174

Integrated Evidence from Multiomic ANAlYSES.........coouuiiiiiiiiiiieemeeii e 176

Pharmacdranscriptomic Enrichment...............cooiiiiieeni e 176
3 o U 7] o) o 180

Strengths and LIMItatiONS .........oi i e reeee e e 183

(@] o Tod 8150 o 1= SRR 184
] (=] €= o= 185

Xi



Appendix A- Supplementary Materials for Chapter.2.............ooovvviiviiccceeieeeeeei 201

Supplementary TabIES........coooiiiiiieeeee e 201
SUPPIEMENTArY FIQUIES......coeii e eeea et e e e e e eeeee e e 207
Appendix B- Supplementary Materials for Chapter.4..............eeeevviiiieeciiiiiiiiiiiiieeeeeeeenn 221
Strengthening Reporting of Observational Studies in Epidemidlddgndelian
Randomization (STROBIMR) GUIAEINES..........uceiiiiiiiiieeiiiieeeiccc e eeeeeeeeeeeeeee e 221
Supplementary MethOUS. ......... e 224
Core Assumptions of Mendelian Randomization...............eeevvviieemiiiiniiiiiiiiiieeeeeeennn 224
Details on Genetic Variant Identification Methads..........ccccccooiiiiieec, 225
Supplementary TabIES.........cooiiiiiiieeee e 226
SUPPIEMENTAIY FIQUIES. ....ceiiiiiiiiiiiee e e e 231
Supplementary REFEIENCES. ........uviiiiiiii e e 238
Appendix C- Supplementary Materials for Chapter.5...........cccccoiiiiiiiecciciciieee e, 239
Strengthening Reporting of Observational Studies in Epidemidlddgndelian
Randomization (STROBIMR) Guidelines...........cccuuiiiiiiiiiiieeeiiiiiiiieeeeeeeee e 239
Supplementary MethOdS. ...........uuuiiiiiiii e 242
Details on Genetic Variant Identification Methads..........ccccccoiiiiieec, 242
Core Assumptions of Mendelian Randomization...................uvvveeeeeeeeeeeeveeiiiiiennn. 243
Supplementary TabIES.... ..o 245
SUPPIEMENTAIY FIQUIES.....ceiiiiiiiiiiiee e 255
Supplementary REfEIENCES.........ccoiiiiiii e e e e e e e eneas 265

Xii



List of Figures

Figure 21. Individual study results from studies reporting cerebrovascular reactivity as a
continuous exposure measure. Forest plot illustrating the individual effect sizes reported for
each study containing continuous cerebrovascular reactivity inorekaticSVD burden.

OR, odds ratio; SE, standard error; IV, iNVEVBBIANCE............ccccvvvvviriiiieeniiiiiveeee 31

Figure 22. Odds ratio results from pooled studies reporting cerebrovascular reactivity as a
dichotomous exposure variable. Forest plot illustrating the effect sizes dichotomous
cerebrovascular reactivity in relation to cSVD burden. There was a bordsgmgcant
association between impaired cerebrovascular reactivity and a greater cSVD burden (OR:
2.26, 95% CI: 0.9%.14). OR, odds ratio; SE, standard error; IV, inve@@eance.......... 32

Figure 23. Individual study results from studies reporting cerebral autoregulation as a
dichotomous exposure measure. Forest plot illustrating the individual effect sizes reported
for each study containing dichotomous cerebral autoregulation in relation to c®D. bu
OR, odds ratio; SE, standard error; [V, iNVEVBBIANCE.............ccccvvviviriiiieenniineeeenee 35

Figure 24. Odds ratio results from pooled studies reporting arterial stiffness as a continuous
exposure variable. Forest plot illustrating the effect sizes for studies reporting continuous
arterial stiffness in relation to cSVD burden. Effect sizes grerted per i4SD increase.

The overall effect favored a greater presence of cSVD as arterial stiffness increases (OR:
1.24, 95% CI: 1.18..33). OR, odds ratio; SE, standard error; IV, inve@E@agance.......... 40

Figure 25. Odds ratio results from pooled studies reporting arterial stiffness as a dichotomous
exposure variable. Forest plot illustrating the effect sizes for studies reporting dichotomous
arterial stiffness in relation to cSVD burden. Effect sizesegperted per 5D increase.

The overall effect suggested a greater arterial stiffness was associated with a greater
presence of cSVD (OR: 1.86, 95% CI: :2.45). OR, odds ratio; SE, standard error; IV,
1)Y= 612V U= L (o =T PP PR R SPPPPPPR 41

Figure 26. Characterization of arterial stiffness and cerebrovascular regulation in relation to
cSVD. A: a) Cerebrovascular reactivity is an aspect of the chiequdation of cerebral
blood flow, where a healthy cerebrovascular system should demongieitie
relationship between cerebral blood flow and arterial carbon dioxide content (arterial CO2).

b) Cerebral autoregulation is the regulatory process by which the cerebral circulation

Xiii



maintains relatively stable perfusion through a range of arterial blood pressuregivo) In
measurements of arterial stiffness capture incremental-stregs relationships, describing
the overall impact that arterial structural and functional comgsrteve on arterial
elasticity, buffering of pulsatile pressures, etc. B: Examples of MRI images depicting the
five primary radiological markers of cSVD. Created with BioRender.com. MRI images
adapted from Table 1 from Bennett ef%lused under CC BY 4.0......c..cooeevvevreveennne 46

Figure 31. A comparison of microvascular pulsatility between caffiresr, healthy controls

(HC) and survivors of cancer (CS). The pulsatility index was derived fromimfeared

spectroscopy assessments of the prefrontal cortex microcirculation duesting baseline.

Figure 32. (Top-Left) Absolute middle cerebral artery cerebrovascular reactivity in response to a

rebreathing protocolTEp-Righ) Relative middle cerebral artery cerebrovascular reactivity
in response to a rebreathing protocBbttomLeft) Absolute microcirculatory
cerebrovascular reactivity in response to a rebreathing protBotto(rRigh Relative
microcirculatory cerebrovascular reactivity in response to a rebreathing protocol. See
Methods for details of calculation. HC, healthy controls; CS, cancer survivors......106

Figure 33. (Top-Left) Absolute middle cerebral artery vascular conductance in response to a

rebreathing protocolTpp-Righ) Relative middle cerebral artery vascular conductance in
response to a rebreathing protocBlottomLeft) Absolute microcirculatory vascular
conductance in response to a rebreathing protdgottdmRighf) Relative microcirculatory
vascular conductance in response to a rebreathing protocol. See Methods for details of

calculation. HC, healthy controls; CS, canCer SUIVIVOIS...............uuveeuimmeeeeeeeennnnnnns 108

Figure 34. (Left) Comparisons between candeze, health controls (HC) and survivors of

cancer (CS) for three cognitive assessments. DCCS, Dimensional Card Change Sort; PSM,
Picture Sequence Memory Form A; PC, Pattern Comparison Processing Speed. Raw scores
from the tedt were adjusted for participant demographics and reportedesrés. Righi)
Correlation matrix for cognitive assessments and cerebral hemodynamics. CVR,
Cerebrovascular reactivity; CVC, Cerebrovascular conductance;, idk@yenated

L= i ToTe | (o] o 1o PRSPPI 109

Figure 41. An overview of the study design. In stage 1, we useestmaple Mendelian

Randomization (MR) to assess the causal associations of all breast cancer types, estrogen

Xiv



receptor positive (ER+) breast cancer, and estrogen receptor negatiyer@sRt cancer
with cerebral small vessel disease (CSVD) imaging markers. In stage 2, we identified a
genetic instrument designed to mimic the effects of immune checkpoint inhjlaitid used
this as the exposure for the same outcomes as stage 1. Figure adapted in part from
SCheuerMann €t &l...........c.ooiiiie et 128
Figure 42. Primary inverserariance weighted (IVW) results of the Mendelian randomization
analyses for the effect of any breast cancer type, estregeptor positive (ER+) breast
cancer, estrogereceptor negative (EfRbreast cancer, and tripfeegative (TN) breast
cancer on the four included markers of cerebral small vessel disease. 95% CI indicates that
the plotted error bars show the 95% confidence interval................ccccovccevvveveninnnnns 135
Figure 43. The effect of immune checkpoint inhibition on immune and inflammatory circulating
markers, compared between clinical data observed in a recerftstndyrom Mendelian
randomization analyses conducted with the genetic instrument designed in the present
study. Data reported by Julia etalvere estimated from figures using PlotDigitizer
(https://plotdigitizer.com/). Mendelian randomization results shown were conducted using
the inversevariance weighted (IVW) method. *p<0.05, #pP<0.10........ccvvvvviiiiiiinrnnn. 137
Figure 44. Primary inverseariance weighted (IVW) results of drigrget Mendelian
randomization analyses for immune checkpoint inhibition on imaging markers of cerebral
small vessel disease (CSVD). 95% CI indicates that the plotted error bars sh&#bsthe 9
confidence interval. Boldedyalues indicate statistically significant results (p<0.051.38
Figure 51. An overview schematic of the study design. ICI, immune checkpoint inhibitor;
CSVD, cerebral small vessel disease. Figure created with BioRender.................. 160
Figure 52. Cells from the singleell RNA-sequencing data were clustered according to standard
cell markers. The resulting clusters are presented using a uniform manifold projection and
approximation (UMAP) plot (A). For clarity, the location of the etadital cell cluster is
aTTo a1 1o a1 C=To I (= ) TSR UPRPRPR 170
Figure 53. (A) Volcano plot depiction of endothelial csjpecific genes that were upregulated
(green) or downregulated (red) after immune checkpoint inhibitor exposure. (B) Gene
Ontology Biological Process (GOBP) pathways significantly enriched when comparing
differentially expressed genes between control and immune checkpoint inaiptused

endothelial cells. (C) Enriched pathways were clustered using the ClueGO software plugin

XV



as part of the Cytoscape suite of programs. Significant clusters are shown (C); statistics are
reported in ApPendiX TabIe-C............ccoeiiiiiiiieieeee e 171

Figure 54. Gene expressiervel results of Mendelian randomization analyses with imaging
markers of cerebral small vessel disease outcomes. Panel A depicts results for white matter
hyperintensity (WMH) volume. Panel B depicts results for perivasculaeqpa/S)
burden, cerebral microbleeds (CMB), and smalsel stroke (SVS). Results are presented
for inverse variance weighted or Wald (if the instrument only had 1 variant) methods. 95%
Cl indicates that the plotted error bars show the 95% confidereant.................... 173

Figure 55. Methylationlevel results of Mendelian randomization analyses with imaging
markers of cerebral small vessel disease outcomes. Results are presented for inverse
variance weighted or Wald (if the instrument only had 1 variant) methods. 95%icitesd
that the plotted error bars show the 95% confidence interval. WMH, white matter
hyperintensity volume; PVS, perivascular space burden; CMB, cerebral microbleeds; SVS,
SMAUl VESSEI SITOKE.... ..ttt e e e e e e e nnne e e 175

Figure 56. Integration of evidence across multiple omics levels. (A) Circle plot depicting genes
that were significantly associated with cerebral small vessel disease at the genomic (green)
and/or methylomic (blue) levels. (B) Protgimotein interactioomapping of the genes that
were significantly associated with cerebral small vessel disease in both omics and were
therefore considered fAirobusto. (C) Pathway
associated with cerebral small vessel diSease...............evvviiieeciiiiiiiiiiiiiiiieeee e 177

Appendix Figure Al. Flow chart of the selection process for eligible cerebrovascular reactivity
studies. CVR indicates cerebrovascular reactivity............ccooovuiiiiccceieeeiis 208
Appendix Figure A2. Flow chart of the selection process for eligible cerebral autoregulation
studies. CA indicates cerebral autoregulation................ccooeiieeeiiiiii e 209
Appendix Figure A3. Flow chart of the selection process for eligible arterial stiffness studies.
AS indicates arterial StiffNESS. .. ... i 210
Appendix Figure A4. Individual study results from longitudinal studies. Forest plot illustrating
the individual effect sizes reported for each longitudinal study. Three studies were included

for continuous arterial stiffness, while dichotomous cerebraNasceactivity and

XVi



dichotomous arterial stiffness only had one longitudinal study each. AS indicates arterial
stiffness, while CVR indicates cerebrovascular reactivity................ccevricceeeeennnnnns 211
Appendix Figure A5. Odds ratio results from secondary analyses of studies reporting arterial
stiffness as a continuous exposure variable in relation to white matter hyperintensities or
lacunes. Forest plot illustrating the effect sizes for studies regartintinuous arterial
stiffness in relation to the presence of white matter hyperintensity or lacunes. Effect sizes
are reported per-$D increase. The separate overall effects suggested an increasing arterial
stiffness was associated with a greater pres®f lacunes (OR: 1.28, 95% CI: 1-1@9)
and a greater burden of white matter hyperintensities (OR: 1.42, 95% CGL701L.8VMH,
white matter hyperintensities; OR, odds ratio; SE, standard error; 1V, irvatis@ce.. 212
Appendix Figure A6. Individual study results from continuous arterial stiffness studies that
differentiated by region within a cSVD subtype. Forest plot illustrating the individual effect
sizes reported for studies that divided the presence of lacunestriotly lobar or deep
lacunestop pane) and studies that divided white matter hyperintensity burden into
periventricular regions or deep regiobsitom pangl CMBs, cerebral microbleeds;
PVWMH, periventricular white matter hyperintensities; DWMH, deep white matter
hyperintensities; OR, odds ratio; SE, standard error; IV, inw@agance..................... 213
Appendix Figure A7. Odds ratio results from secondary analyses of only the studies that
assessed arterial stiffness as cartgidoral pulse wave velocity. Forest plot illustrating the
effect sizes for studies reporting carefisinoral pulse wave velocigfPWV) in relation to
cSVD burden. Effect sizes are reported p&fiincrease. The separate overall effects
suggested an increasing arterial stiffness was associated with a greater presence of cSVD
(OR: 1.23, 95% CI: 1.09.39). OR, odds ratio; SE, stiard error; IV, invers@ariance214
Appendix Figure A8. Odds ratio results from secondary analyses comparing the studies that
assessed central artery stiffness with the studies that assessed carotid artery stiffness. Forest
plot illustrating the effect sizes for studies reporting central artery stiffnedstastddies
reporting carotid artery stiffness. Effect sizes are reported-S&r ihcrease. The separate
overall effects suggested that both an increasing central arterial stiffness (OR: 1.26, 95% CI:
1.101.44) and an increasing carotid artery stiffn@R: 1.15, 95% CI: 1.04.31) were

associated with a greater presence of cSVD. No significant differences were observed

Xvii



between central artery stiffness and carotid artery stiffness (P=0.34). OR, odds ratio; SE,
standard error; IV, INVEIrSBAMNANCE............cuuiiiiiieee e eene e 215

Appendix Figure A9. Bubble plot from metaegression showing the study proportion of

hypertensive (HTN) participants as a stdeyel covariate................cccoceiviieennnnnns 216
Appendix Figure A10. Bubble plot from meteegression showing the study proportion of

diabetic (DM) participants as a stutiyvel covariate..............ccccceeeeiiisiccceeevvninieeeenn, 217
Appendix Figure All. Bubble plot from meteegression showing the study proportion of

participants with hypercholesterolemia (HTN) as a stieshgl covariate..................... 218
Appendix Figure Al2. Funnel plot for studies reporting continuous arterial stiffness measures.

................................................................................................................................ 219
Appendix Figure A13. Funnel plot for studies reporting dichotomous arterial stiffness measures

................................................................................................................................ 220

Appendix Figure Bl. Scatter plots depicting the different Mendelian randomization methods
applied to assess the relationship between overall breast cancer (A), estasypear
positive breast cancer (B), estrogeceptor negative breast cancer (C) tiplle-negative
(TN) breast cancer (D) and white matter hyperintensity volume.................c..eveeeee. 232

Appendix Figure B2. Scatter plots depicting the different Mendelian randomization methods
applied to assess the relationship between overall breast cancer (A), estasypear
positive breast cancer (B), estrogeceptor negative breast cancer (C) and tmggative
(TN) breast cancer (D) and perivascular space burden...............cceeeeeeeiiiiiiinnnnnne. 233

Appendix Figure B3. Scatter plots depicting the different Mendelian randomization methods
applied to assess the relationship between overall breast cancer (A), estasypear
positive breast cancer (B), estrogeceptor negative breast cancer (C) tiplle-negative
(TN) breast cancer (D) and cerebral microbleeds............cccccoiiiimam, 234

Appendix Figure B4. Scatter plots depicting the different Mendelian randomization methods
applied to assess the relationship between overall breast cancer (A), esteaptar
positive breast cancer (B), estrogeceptor negative breast cancer (C) tiplle-negative
(TN) breast cancer (D) and the risk of small vessel stroke...............ccccvmmmriiiiinns 235

Appendix Figure B5. Scatter plots depicting the different Mendelian randomization methods

applied to assess the relationship between immune checkpoint inhibition and (A) white

Xvili



matter hyperintensity volume, (B) perivascular space burden, (C) cerebral microbleeds, and

(D) the risk of small VeSSl StrOKe.............uuueiiiiiii e ereer e 236
Appendix Figure B6. Schematic demonstration of Mendelian randomization principles, as well

as the core assumptions allowing for causal estimates to be derived. Panel A demonstrates

the relevance assumption, Panel B depicts the exchangeability assuanudi®anel C

shows the exclusierestriction assumptior;, genetic variants used as instrumental

variables for the exposur€p, genetic variants used as instrumental variables for the

outcome; E, exposure variable; O, outcome variable; C, potential unmeasured confounding

VANTADIES. ...t ettt et e e e e e e e s 237
Appendix Figure €L. Uniform manifold approximation and projection (UMAP) plots for 9 of

the top markers used to identify the cluster of endothelial cells from sialjlIRNA-

sequencing data collected in clear cell renal carcinoma patients...............ccccoeeen... 256
Appendix Figure €. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways

significantly enriched when comparing differentially expressed genes between control and

immune checkpoint inhibiteexposed endothelial cells.............cccoiiiiiiicce s 257
Appendix Figure €3. Reactome pathways significantly enriched when comparing differentially

expressed genes between control and immune checkpoint infgikiosed endothelial

(07| PP PPPPERRS 258
Appendix Figure &. Gene track depicting the location of bd55gene.................eeeens 259
Appendix Figure 5. Gene track depicting the location of kb gene................cevvvveeeee. 260
Appendix Figure &. Gene track depicting the location of thal gene........................... 261
Appendix Figure €7. Gene track depicting the location of tlimedgene........................... 262
Appendix Figure 8. Gene track depicting the location of eec6gene..............cvvvveeeee. 263

Appendix Figure €. Schematic demonstration of Mendelian randomization principles, as well
as the core assumptions allowing for causal estimates to be derived. Panel A demonstrates
the relevance assumption, Panel B depicts the exchangeability assuarmdiétanel C
shows the exclusierestriction assumptiors;, genetic variants used as instrumental
variables for the exposur€p, genetic variants used as instrumental variables for the
outcome; E, exposure variable; O, outcome variable; C, potential unmeasured confounding

V=1 E =1 o] [T P PRPRTRRRTR 264

XiX



List of Tables

Table 21. Cerebrovascular reactivity (CVR) studies presenting odds ratios or crude event rates.

Table 22. Cerebral autoregulation (CA) studies presenting odds ratios or crude event rades.
Table 23. Arterial stiffness (AS) studies presenting odds ratios or crude event.rates.....36
Table 31. Study cohort demographics and COMPANISOMS.............uuurrrrrmmmmmineererrrnnneeeeees 104
Table 41. Characteristics of the genomgde association studies (GWAS) used in the present
INVESTIGALION......ciiiiieeeiieii e e e e e e e e srmnsa s e e e e e e e e e e e eeeeeesannnaaeeaeeeaeaaeeeeees 130
Table 51. Characteristics of patients who contributed tissue samples for the caigRNA
sequencing data used in the present study. Data originally collected by Bi.et al....159
Table 52. The top 15 markers used to identify the endothelial cell subcluster from thecgigle
RNA-sequencing analysis on bulk tumor and-twmor tissue derived from Bi et al. The
AProportion Expressedo c ol umrelialicalclastereahatpr opor
expressed the marker compared to the proportion of all cells in the other clusters that
expressed the markervalues (adjusted for multiple comparisons) are provided. EC,
endothelial cells; OC, other cells; PMID, PubMed identtf@manumber...................... 162
Table 53. Characteristics of the genoméde association studies (GWAS) used in the present
INVESHIGALION......ciiiiieieeee e e e e e e e e e errer e e e e e e e e e e e e e e eeesaeneaaeeaeaaaaeaeeeeees 166
Table 54. The top 10 (ranked by connectivity score) pharmacological perturbation signatures
opposing the effects of immune checkpoint inhibitor treatment on endothelial cell gene

expression in the gene set robustly associated with cerebral small vesaskdi......... 179

Appendix Table Al. Electronic search string for cerebrovascular reactivity and cerebral small
AL ESST o] e [T = 1o = P PPPPPPRN 202
Appendix Table A2. Electronic search string for cerebral autoregulation and cerebral small
VESSEl QISEASE. ... .ot e e ene e e e e 203
Appendix Table A3. Electronic search string for arterial stiffness and cerebral small vessel
(01T ] =SSR 204
Appendix Table A4. Results from multivariate metagression secondary analysis adjusted for

three risk factors (hypertension, diabetes mellitus, and hyperlipidemia)................ 205

XX



Appendix Table A5. Grading of Recommendations Assessment, Development, and Evaluation
(GRADE) scores for certainty of eVidenCe............ccceeiiiiiiiieeciciiie e veeen 206
Appendix Table BL. Mendelian randomization primary and sensitivity results for the effects of
any breast cancer, estrogen receptor positive (ER+), estrogen receptor negajiven(ER
triple-negative (TN) breast cancer subtypes on cerebral small véssate outcomes.
Results as reported as beta and 95% confidence interval for white matter hyperintensity
(WMH) volume, and as odds ratio and 95% confidence interval for perivascular space
(PVS) burden, cerebral microbleeds (CMB), and small vessel strf®.(S............... 227
Appendix Table B2. Variants included in the genetic instrument designed to proxy the effects of
pharmacological immune checkpoint inhibition.............ccccoiiiiiiieeciiiiic e 229
Appendix Table B3. Mendelian randomization primary and sensitivity results for the effects of
immune checkpoint inhibition on cerebral small vessel disease markers. Results as reported
as beta and 95% confidence interval for white matter hyperintensity (WMH) volumes and a
odds ratio and 95% confidence interval for perivascular space (PVS) burden, cerebral
microbleeds (CMB), and small vessel stroke (SVS). Values are bolded for those that
achieved sSigNIficanCe (P<O.05) ... uuuuuiiiiiiiiiiiiie ettt rmmme e 230
Appendix Table €lL. Results of clustering analysis performed with endotheliakpeitific
differentially expressed genes obtained from single cell BBduencing in samples
obtained from patients with or without exposure to immune checkpoint inhibitars.246
Appendix Table €. List of unique genes included as instruments in the Mendelian
randomization analyses using gene expression exposures and cerebral small vessel disease
(o0 [ {o{0]0 4 [T PP PP PP PRPPI 247
Appendix Table €3. Genes excluded for each CSVD outcome in the Mendelian randomization
analyses using gene expression exposures and cerebral small vessel disease owd8mes.
Appendix Table €. Sensitivity analyses performed using coronary agpscific gene
expression exposures and cerebral small vessel disease outcomes. Genes listed were
associated with the respective cerebral small vessel disease marker at a nomibal p<0.0
bolded genes were also significant after correction for multiple testing.................. 250
Appendix Table 5. List of unique methylation sites included as instruments in the Mendelian
randomization analyses using gene expression exposures and cerebral small vessel disease

(0181 (070 ] 1 4 (<1 TR 251

XXi



Appendix Table &. Genes excluded for each CSVD outcome in the Mendelian randomization
analyses using methylation site exposures and cerebral small vessel disease ou2bnes.

Appendix Table €7. The top 10 (ranked by connectivity scores) pharmacological perturbation
signatures in the same direction as the effects of immune checkpoint inhibitor treatment on
endothelial cell gene expression in the gene set robustly associdtextkeibral small

VS S QIS BASE. .. et 254

XXii



Acknowledgements

| would like to thank my mentor, Dr. Carl Ade, for bringing me in as a PhD student.
Working in the Clinical Integrative Physiology Laboratory has been incredible, and his guidance
and mentorship has been instrumental in my journey. | look forward to emgfito work with
Dr. Ade across a variety of projects, knowing there will never be a dull moment. Thank you for
all your support and instruction, both in science and as a person.
| would also like to thank my committee: Dr. Thomas Barstow, Dr. Judy Delp, and Dr.
Heather Bailey. They have been incredibly supportive in their roles with aspects of each of these
projects. My experiences with each of my committee members have taugtdtme
multidisciplinary projects not only make for better science, but also make every part of work
more enjoyable. | cannot thank them enough for their role in my training. As a note to Dr.
Barstow in particular, who took on my dad as his firstjolosttoal studeni I wonét ask i f
beginning and ending a journey at Kansas State University with a Scheuermann on the team has
made for great times or feels like a form of divine punishmennéxerthelesd,want to thank
you on behalf of my dad and mys#if everything
There is no chance that | would be at this
My dad, who finished his own training as a physiologist when | was only a few years old, has
been a continual source of support, instruction, and guidance in myselivea | can count. My
momhas been incredible, and without her, my journey as a scientist and member of society
would have been a lot more of an uphill struggle. Finally, my sister has been an amazing source
of joy with her upbeat attitude, and watchimgy progress in her own journey has always been
foundati onal in developing my own resolve. Th

me, so | will keep it short instead: thank you, genuinely.

XXili



Dedication

This dissertation is dedicatéaimy late grandfather, Ron Scheuerman@ ve al ways b
fortunate to be surrounded by a loving immediate and extended family, even as | struggled to
find my own path and made mistakes along the Bayjore | started my PhD training, Grandpa
Scheuermann passed away with a combination of multiple conditions, including cancer and a
history of strokes and coronary artery diseasat @iay, and the continuirgemory of his
unwavering strength and compassion throughout my eiférariade my path cleanoving
forward. Every day is a new opportunity to work with my amazing friends and colleagues and

change things for the better, the way that Grandpa Scheuermann did for his community.

XXIV



Preface

Chapter 2 of the present dissertation is a published;rpeiewed manuscript. All other
chapters have been, or will be, submitted to scientific journals similarly. They are therefore
written in published or publicatieready format. Chapter 2 has beeprogluced with permission
from the publisher. The citation is listed below, along with mock citations for the remaining

chapters to provide credit for the-aathors and collaborators.

Chapter 2

Scheuermann, B. C., Parr, S. K., Schulze, K. M., Kunkel, O. N., Turpin, V. R. G., Liang,
J., & Ade, C. J. (2023). Associations of cerebrovascular regulation and arterial stiffness with
cerebral small vessel di seasdurnakoftlseAmdrieaamat i c

Heart Association12(23), e032616.

Chapter 3

Scheuermann, B., Hammond, S., Parr, S., Turpin, V.R., Kunkel, O., Baranczuk, A.,
Schulze, K., Bell, T., Smith, A., Edwards, O., Sanders, S., McGatlin, K., Bailey, H., Ade, C.
Cerebral Macreand MicrovasculaRegulation in Cancer Survivorshiip. Preparation and

Submission.

Chapter 4
Scheuermann, B., Hakeem, H., Amr, B., Radhi, F., Ade, C. The Effects of Breast Cancer
and Immune Checkpoint Inhibition on Cerebral Small Vessel Disease Burden: A Mendelian

Randomization Analysidn Review at Circulation.

XXV

r



Chapter 5
Scheuermann, B., Ade, C. Circulatory Links between Immune Checkpoint Inhibitors and
Cerebral Small Vessel Disease: Integration of Single Cell f¥dguencing and Multiomic

Mendelian Randomizatiotn Preparation and Submission for Circulation Research.

XXVI



Chapter1-Physi ol ogy and Medicine i

~

Al have cr i t-daytieacteng of phystology raeatomyn and pathology, but | want
now to urge with all the emphasis | can that whatever may be their present shortcomings, the

group of preliminary sciences represented by physiology, anatoniglpgy, and

n

phar macol ogy form the future basis of practic

grounded on these sciences is bound to become more and more of an anaathronism.
John Scott Haldane, M.D., F.RBie Relation of Physiology to Medicine

Edinburgh Medical Journal (1918).

As the quote above suggests, the observations and predictions of J.S. Haldane at the turn

of the 20" century extended far beyond his seminal contributions to understanding the roles of
gases in physiologyHis treatise implored educational institutions to consider adopting the
emer ging model in the United States, where
of , and enthusiasti c !bhetledte dcceierated advances in bothf i c
basic and clinical investigation. One of the preeminent physpigsiologists of today, Dr.

Michael Joyner, recently pointed out that an understanding of coronary physiology was the
driving force behind the 6@0% reduction of coronary artery disease mortality in the last half
century? In the face of concerns regarding stagnating progress or progress plagued by

unanticipated challengs returning to foundational integrative physiology to guide research

and practice may be warranted. In my opinion, nowhere is this more evident than in the context

of cardiconcologyi a field of practice and research aimed at understanding the cardiavascu

i e

me



complications of cancer and asncer treatments with the goal of improving cancer

survivorship outcome$.

Cancer Survivorship and Chronic Disease

AAs we move from an earlier time when few can
virtually all of them will be cured, we are passing through an uncharted middle ground, which in
many aspects remains primitive.o

Fitzhugh Mullan, M.D Seasons of Survival: Reflections of a Physician with Cancer

The New England Journal of Medicine (1985).

There is an estimated new diagnosis of cancer every 15 seconds in the UnitépaStates
staggering rate that has resulted in approximately 18.6 million U.S. cancer survivors as of
January 1, 20258 Thankfully, the increase in the number of survivors is not solely due to more
diagnoses. Recent trends suggest that mortality rates of some of the most common forms of
cancer are decreasing, including lung canekei/year), colorectat?.0%/year}, and breast
cancer {2.0%/year)-° Improvements in screening and monitoring have contributed to the
reduced mortality, but most sources agree that the largest contribution has come from advances
inanttc ancer treatment. One of the earlimst Asuc:
broad testing performed by German scientist Paul EAflistemmed from the adaptation of
mustard gas used in World War 2 after observation of its profound leukopenic progerties.
Advances in antcancer treatment followed rapidly, including the isolation of doxorubicin from
cultures ofStreptomyces peucettdsind the synthesis offfuorouracil by Charles Heidelberger

and his colleague$.The 2% century has been characterized by a tremendous interest in



developing monoclonal antibodies that target specific tumssociated antigetfssuch as the
use of bevacizumab targeting vascular endothelial growth factor (VEGF) in colorectal and breast
cancers® However, these strides in chemotherapy have all been plagued by one critical concern:
off-target toxicities.

A phrase heard from Dr. Zachary Clayton at several conferences can summarize one of
the major fears of cardiologists, oncologists, and physiologists involved in cancer survivorship:
ATodayds cancer patient i sPersonal@ommanicdtishsc ar di ov
Cancer survivors have substantially greater risk of cardiovascular morbidity and mortality
compared to the general population, including a 52% greater risk of heart failure and a 22%
greater risk of stroke in some reportJ.he rates of development of chronic disease are similarly
worrisome. Exposure to ibrutinib, a tyrosine kinase inhibitor, led to new onset hypertension in
47.2% of treated patient& Androgen suppression therapy for men with prostate cancer impaired
glycemic control in 22% of patient8Addr essi ng both fAhardo cardiov
the incident development or exacerbation of chronic disease remains critical in the care of cancer
survivors. This is even more true today with the increasingly rapid pace of progress in oncology

T specifically, the introduction of immune checkpoint inhibitors.

Novel Anti-Cancer Therapies Addressing Benefits and Harms

AOver the past decade, cancer drugs have domi
accounting for more than 85% of approval séThe
patients receiving some treatments might be exposed to clinical, financiaimentbxic effects

without any meaningf ul i mprovements in how | o



Kristina Jenei, B.S.N., M.Sc.; Christopher Booth, M.D. The Delicate Balancing Act of
Accelerated Approval for Cancer MedicinBpeed, Certainty, and Benefit.

JAMA Network Open (2025).

The use of immune checkpoint inhibitor (ICI) therapy will likely be touted as one of the
greatest successes in oncology in the past two decades, and for good reason. Trials like
KEYNOTE-564 in renal cell carcinom%and the CheckMat#41 trial in squamousell head
and neck cancérhave demonstrated 3% reductions in mortality compared to traditional
chemotherapy regimens. Thesm | | ed finew era of i fimsbeent her apy
ushered in with 11 approved ICI therapies and an estimated 56% of cancer patients eligible to
receive ICl treatmerffDe s pi t e the excitement for this fAer e
with ICI administration has not gone unnoticed by the candicology community. The goal is
not to be naysayers of incorporating ICI therapies into regimens, but rather to erderansl
efficacious planning and monitoring of the cancer survivorship phases. In this regard, early
reports of ICirelated myocarditis dominated the research into ICI toxicities, but recent
investigations have implicated essentially every organ in thehuoody as potential targétOf
particular interest for the present dissertation, neurotoxicity seen after ICI treatment can vary
widely in its etiology and presentation, but the potentially fatal outcomes make it a critical gap in

our current knowledge.

The Goals of the Present Dissertation

In this dissertation, we aimed to investigate cerebrovascular dysfunction (as a mechanism

and manifestation of neurotoxicity) in cancer survivorship. Cerebrovascular dysfunction exists in



a myriad of syndromes, necessitating a more focused approach. Therefore, our first investigation
was a systematic review and metaalysis examining the associations between two local
cerebrovascular regulatory functions (cerebrovascular reactivity, aeeelboregulation) and

one systemic vascular characteristic (arterial stiffness) with cerebral small vessel disease
(Chapter 2). Subsequently, we aimed to determine if there were impairments in cerebrovascular
reactivity in cancer survivors compared to @arfree controls (Chapter 3). We then combined
evidence from Chapters 2 and 3 to form a basis suggesting that cancer survivors were likely to be
at risk for cerebral small vessel disease. This led to Chapters 4 and 5, which use unique methods
to navigatehe current challenges to studying ICIs (i.e., the paucity of data, the novelty of the
drugs and lack of follovup data). Chapter 4 uses Mendelian randomization and human genetic
information to explore relationships between exposure to ICI treatment@andkiof

developing cerebral small vessel disease. Finally, Chapter 5 expands on Chapter 4 with single
cell RNA-sequencing of vascular tissue from patients who did or did not receive ICI treatment.
This patient tissuderived information is combined witfenomic and epigenetic analyses to
investigate biological processes and pathways linking ICI exposure to cerebral small vessel
disease, and to subsequently identify possible therapeutic options.

It is our hope that this dissertation may provide insight into the cerebrovascular
complications that exist in cancer survivorship, as well as their potential causes and
consequences. These initial investigations of the ICls, specifically, will hopaftdiyn future
investigations promoting monitoring and mitigation strategies targetingdsiciated
neurotoxicity. Finally, we hope this dissertation captures the efforts of all members of the

research team involved, and most importantly, the dedicaedttiat numerous cancer survivors



spent with us throughout this process. The devotion of these participants and patients cannot be

understated.
AA human being is far more than the mere orga
immediately concernédl f , t heref ore, medicine iIis to have

let us see to it also that with the science goes more humanity, and, where possible, a broader
general education, not in the mere dry bones of the humanities, but on living huntiaeisiic
John Scott Haldane, M.D., F.REe Relation of Physiology to Medicine

Edinburgh Medical Journal (1918).
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Chapter2-Associ ations of Cerebrovasc
Arteri al Stiffness with Cerebr al

Review aAmalMedias

Abstract

Background: Cerebral small vessel disease (cSVD) is a major contributing factor to
ischemic stroke and dementia. However, the vascular etiologies of cSVD remain inconclusive.
The aim of this systematic review and matelysis was to characterize the associations
betveen cSVD and cerebrovascular reactivity (CVR), cerebral autoregulation (CA), and arterial
stiffness (AS)Methods and ResultsMEDLINE, Web of Science, and Embase were searched
from inception to September 2023 for studies reporting CVR, CASon relation to
radiological markers of cSVD. Data were extracted in predefined tables, reviewed, and meta
analyses performed using invessriance random effects models to determine pooled odds
ratios (OR). A total of 1611 studies were identified; ¥42e included in the systematic review,
of which 60 had data available for metaalyses. Systematic review revealed that CVR, CA, and
AS were consistently associated with cSVD (80.4%, 78.6%, and 85.4% of studies, respectively).
Metaanalysis in 7 studig®36 participants, 32.9% women) revealed a borderline association
between impaired CVR and cSVD (OR:2.26, 95%Cl.&6984; P=0.05). In 37 studies (27,952
participants, 53.0% women) increased AS, per SD, was associated with cSVD (OR:1.24, 95%ClI:
1.151.33;P<0.01). Metaegression adjusted for comorbidities accounted foftbind of the
AS model variance (R29.4%, Rioderators0.02). Subgroup analysis of AS studies demonstrated

an association with white matter hyperintensities (OR:1.42, 95%Ci{11718 P<001).



Conclusions:The collective findings of the present systematic review and-ametlyses suggest
an association between cSVD and impaired CVR and elevated AS. However, longitudinal
investigations into vascular stiffness and regulatory function as possible risk factc®s/D

remain warranted.
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Introduction

Cerebral small vessel disease (cSVD) is responsible for roughffjfitmef ischemic
strokes, contributes to 45% of dementias, and
disease and cancer, two of the leading causes of death in the UnitedSt&¢B. in itself is a
complex pathology affecting the small 200um) perforating arterioles that supply blood to the
subcortical white matter of the brain, manifesting as lesions observed with advanced
neuroimaging as described by the STRIVE critéfitn addition to the elevated risk for
cerebrovascular events, cSVD increases the risk for reduced quality of life and mortality,
highlighting the critical importance of identifying risk factors for cSVD to better understand its
pathophysiology and informisk management practiceéCommon risk factors, particularly
hypertension, have been the most prominently investigated underlying mechanisms preceding
the onset or progression of cSYEP However, combining the most common cardiovascular risk
factors (e.g., hypertension, smoking, diabetes, hyperlipidemia, and elevated homocysteine) still
only explains ~2% of the variance in cSVD.

While the underlying pathophysiology of cSVD is not fully delineated, several studies
have suggested that patients with cSVD exhibit vascular vulnerabilities independent of
hypertensiort’!3 Interestingly, normotensive patients in these studies often had underlying
conditions associated with increased arterial stiffifé§sa vascular property of critical
importance in health and disea$é&tiffening of central (aorta) and conduit (extracranial and
intracranial) arteries potentiate small vessel injury in the brain as a result of increased
transmission of pulsatile enef§y°, which may cause or develop in parallel with disruption of
local regulatory mechanisms such as cerebrovascular reactivity or cerebral autoretfiftation.

Importantly, in a comprehensive review, Wardlaw éf akcently proposed that the
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development of cSVD may incorporate the loss of these regulatory functions, suggesting that
exploring topics like arterial stiffness and local regulatory mechanisms, such as cerebrovascular
reactivity or cerebral autoregulation, could significantly advaneecomprehension of cSVD
pathogenesis. However, interpretation of the current evidence base is complicated by small
sample sizes, varied study methodologies, limited longitudinal studies, and different populations
of interest. Therefore, we conducted finesent systematic review and matalyses to provide

an overview of the current evidence for cerebrovascular reactivity, cerebral autoregulation, and

arterial stiffness as potential local and global vascular mechanisms associated with cSVD.
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Methods

The authors declare that all supporting data are available within the article and its online
supplementary files. The analysis was carried out and reported following the guidelines outlined
in the Preferred Reporting Items for Systematic Reviews and-Mweddyses (PRISMA) and
Cochrane Collaboration. Additionally, it was registered with the International Prospective

Register of Systematic Reviews under the ID number 42023448225.

Search Strategy

Three separate systematic searches of the English literature were performed in the
MEDLINE, Web of Science, and Embase electronic databases using the search strategies
outlined in the supplementary files (Tables&) in order to evaluate the relationshgiween
cerebral small vessel disease and cerebrovascular reactivity, cerebrovascular autoregulation, or
arterial stiffness. Additional studies were identified through manual searches of reference lists in
the publications retrieved. The last databasecheaas performed on Septembel"32023.
There were na priori limitations for constraining searches to specific timeframes; thus,
searches included studies published from database inception to the date of the final search.
Literature searches and selection of studies were performed by three independent reviewers

(B.S., V.T., O.K.), and disagreements were resolved by consensus.

Eligibility Criteria
Studies were considered eligible for the systematic review andanalgsis if they met
the following criteria: (1) fullength publication in a pe@eviewed journal, (2) included

participants aged 018 year s wh o magaeticrdsonancen i ma
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imaging (MRI) and (3) reported markers of cSVD compared against a valid, quantified measure
of cerebrovascular reactivity, cerebrovascular autoregulation, or arterial stiffness. While previous
reports have assessed cSVD burden using computed tomograpf?{@md have noted good
agreement between €and MRkderived cSVD features, the features detected on CT are limited
to only a couple of the full range of markers recommended for quantification by guidéfines.
Research standards currently recommend MRI due to the higher sensitivity and specificity for
determining cSVD lodtj and therefore, the present review and raetalyses exclude studies

only using CT. Studies including populations with a previous stroke or other cerebrovascular
event (prior transient ischemic attack, intracranial arterial stenosis, etc.) were €ligiéleature

of the present research question did not preclude the inclusion of specific study designs.
Therefore, crossectional or longitudinal studies of any quantitative design were eligible for
selection. Studies were excluded if the report was notigmal research article; the study was
performed using cell, animal, or pasbrtem subjects; the study used computed tomography to
assess cerebral injury; or cerebral atrophy was the only marker reported. The studies remaining
at this step were eligibler qualitative synthesis in the systematic review and were further
examined for eligibility for inclusion in quantitative metaalyses. Studies were not eligible for

the subsequent meganalysis if they did not report an odds ratio (OR) or provide gdiuethe
presence of cSVD in the study sample that allowed for the calculation of OR from crude event
rate$® however, these studies remained eligible for qualitative synthesis in the systematic

review.

Exposure Modalities
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The primary exposures extracted were local and systemic measures of cerebrovascular
reactivity, cerebral autoregulation, and arterial stiffness:
1. Cerebrovascular reactivity is defined as an index of the change in cerebrovascular tone
for a given change in the arterial partial pressure of carbon di®dé€he two primary
means of assessing cerebrovascular reactivity included in the present analysis evaluated
cerebral blood flow/velocity during changes in arterial partial pressure of carbon dioxide.
The first approach included the bredtbld index (BHI), vhich calculates
cerebrovascular reactivity as the percent change in cerebral perfusion divided by the
length of the breathold phase. The second approach uses controlled mixtures of inhaled
gases and calculates cerebrovascular reactivity as the chategebnal perfusion
divided by the change in arterial carbon dioxjdle.
2. Cerebral autoregulation is the ability of the brain to adapt vascular tone to maintain a
constant cerebral perfusion across a range of perfusion pre¥stirés.a noninvasive
measurement, cerebral autoregulation is assessed as the change in cerebral perfusion
relative to a change in arterial blood pressure. Evaluation of cerebral autoregulation
typically examines either spontaneous or induced oscillation®ad pressure and
guantification of cerebral autoregulation may include time domain or frequency domain
calculations. Frequency domain cerebral autoregulation reports gain and phase values,
which estimate the association and tilag between cerebral pasion and blood
pressuré?33Time domain cerebral autoregulation instead assesses the correlation
between blood pressure and cerebral perfusion, providing a correlation coefficient over

time-windows lasting at least 2 mi.
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3. Arterial stiffness is defined as the resistance of the arterial walls to deformation.
Arterial stiffness can be a local or regional measure, depending on the method of
determinatiort! In the present analysis, the most frequent assessment of arterial stiffness
was carotidfemoral pulse wave velocity (cfPWV). Calculated as the ratio of the distance
between two sites over the transit time for a pulse wave to reach the sites, cfPWV
charactrizes global arterial health and structt/ré® Two clinically relevant alternative
indices of global arterial function (brachiahkle PWV and Cardiénkle Vascular

l ndex) were also reported in the ineluded
stiffness index, distensibility coefficient) meass of arterial stiffness in the carotid

artery as a conduit vessel along the vascular path in thelhraartaxis. Recent reports of
elevated carotid artery stiffness demonstrating an association with cerebral injury

justified, including local stiffnesmeasures>3’

Outcomes
The primary outcome of this study is the presence of cSVD, determined in accordance
with the standardized STRIVE guidelines as folltiws
1. Recent small subcortical i nfarcts: rece
territory of a perforating arteriole, occurring within the previous few weeks.
2. Lacune: approximately circular, flufdled cavity between 35 mm in diameter.
3. White matter hyperintensity: hyperintense regions identified ewdighted

sequences, not located within subcortical grey matter or the brainstem.
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4. Perivascular spaces: fldiled spaces that follow a typical course of a blood vessel,
with a diameter typically less than 3 mm. In the basal ganglia, perivascular spaces may be
enlarged (up to 220 mm).
5. Cerebral microbleeds: Small (oftefb2nm in diameter, but may range up to 10 mm)
areas of signal void seen on Fareighted MRI, but not seen on FLAIR, Fleighted, or
T2-weighted sequences.
Significant inconsistency has been noted with the reporting of cerebral 1&iamsnsure
thorough systematic literature searches, the alternate terminology for each cSVD marker reported
by Wardlaw et al. was also incorporated into the search strafégflesncluded studies that
described O0silent cerebr al infarctso6 due to t
markers of cSVEP; the cSVD subtype that these studies analyzed was determined by consensus
review of the study methods and comparison against the criteria laid out in the STRIVE
guidelines’ Brain atrophy alone did not qualify a study for inclusion since cerebral atrophy itself
is not a specific marker of cSVZ° and due to inconsistent reportifigAdditionally, we omitted
6cortical superficial siderosisd6éd as this was
cerebral amyloid angiopathy and thus has not been extensively investigated or incorporated into

summary scoring of cSVD burdén.

Literature Screening and Data Extraction

All search results retrieved from the online databases were downloaded to a
commercially available research publication and citation management system (Endnote,
Clarivate Analytics). Literature processing began with the removal of duplicates, revieasarticl

conference abstracts, letters to the editor, and case studies. Reviewers (B.S., V.T., O.K.)
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independently screened remaining-igtkt records for eligibility before extracting data from

eligible publications. The data extracted from records included factors for study identification
(authors, year of publication, journal), study design charatiteri(recruitment procedures, study
protocols), descriptions of the study samples (sample size, age, sex, past or present
cardiovascular or cerebral/cerebrovascular disease, use of medications), details of the exposure
or predictor (type of measure, metlsoof assessment), cerebral small vessel disease markers
(along with modality or modalities used for assessment), effect size (OR reported by the study,
or calculated from reported crude event rates), and adjustments for covariates. Some studies
reported mltiple measures of the specific exposure; authors agreed on consensus for extraction

in these cases.

Risk of Bias Assessment

The risk of bias was evaluated with the NewcaSiawa Scal®, in which the quality of
each report is assessed on categories of bias, including selection, comparability, and exposure.
Studies were predominantly of cressctional or caseontrol design; therefore, we applied the

9-item scale to assess the risk aiNo study was excluded on the basis of quality alone.

Statistical Analysis
Primary Analyses
All statistical analyses were performed using GraphPad Prism (version 9.0) and the
software R (version 4.1.2) with packagestaandmetafor Consistent with previous meta
analysis approaches, the cSVD subtypes were first pooled for analysis due to the limited number

of studies available with each individual subtypé&:When possible we performed subgroup
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analyses examining individual subtypes of cSVD to account for differences in the pathogenesis
processes when feasible, specifically white matter hyperintensities and laétitf&ibgroup
analyses were also performed by stratifying studies by cerebral region within cSVD subtypes,
where feasible, due to variable risk factor contributions depending on loe4tida further
explore a potential source of heterogeneity in the studies reporting arterial stiffness measures, we
performed a subgroup analysis including only the studies that assessed arterial stiffness as
cfPWV, the gold standard approact®Finally, subgroup analyses were also performed with the
arterial stiffness data to examine the possibility of arsgmcific relationships by conducting
separate analyses on the studies that measured central artery stiffness (cfPW\tleriwRll
aorticPWV) or carotid stiffness (local carotid PWV, carotid distensibility coefficient, or carotid
pb-stiffness).

Extracted data for each predictor variable were divided into continuous or dichotomous
before separate analyses were performed. In order to standardize effect sizes-&oratysés in
which the exposure variable was a continuous measure, OR from edghvstre adjusted by
multiplying the naturalog of the OR by the studspecific standard deviation (i.e., adjusted OR
= exp[SD * In(OR)]). If interquartile ranges were provided, standard deviations were calculated
as (Quartile 3 Quiartile 1)/1.35, constent with guideline$>#41f standard deviations were
reported by subgroup, pooled standard deviations were calculated as described in the Cochrane
Handbook*? For arterial stiffness, differences in directionality for the carotid distensibility
coefficient (i.e., decreases in carotid distensibility coefficient indicate increases in arterial
stiffness, wher eas | nstffnessrglieat ineases i @Wiérjal CAV I |, an
stiffness) were corrected by taking the inverse of the reported effect sizes as directed by the

Cochrane Handbod® Studies that reported risk ratios were included in accordance with the
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previous consensus that these are roughly equivalent in smaller effe¢t Siaemetaanalyses

in which the exposure variable was dichotomous, studies that did not directly report an OR but
provided sufficient information to generate a 2x2 contingency table were included after
calculating the OR as described in the Cochrane Harkd3&GraphPad Prism version 9.0 was
used to calculate the OR and associated confidence intervals. Given the wide variance in
methods of assessing each predictor variable, we proceeded with a feiffielcisimodel to

minimize potential bia&® Heterogeneity was assessed with the Cochran Q test, the Higgin |
statistic, and the? statistic. Forest plots were generated describing the OR, 95% confidence
intervals and pooled summary estimates. Effect sizes were considered significant at P<0.05.
Certainty of evidence for each metaalysis performed was assessed using the Grading of

Recommendations Assessment, Development, and Evaluation (GRADE) &y&em.

Secondary Analyses

For the investigation of a temporal relationship between the exposure measures and
cSVD, we performed secondary analyses incorporating only the reports with longitudinal study
designs where possible. Matgression analyses were performed to explorentheence of the
three most reported vascular risk factors/diseases (hypertension, diabetes mellitus, and
hyperlipidemia) on the outcomes derived from primary analyses. For all secondary analyses

performed, the effect size was considered significant if#%<0.

Sensitivity Analyses

The presence of fAsmall study effectso was

the test of Egger et &:°° Sensitivity analyses were conducted using a kemeout approach,
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in which the pooled treatment effects were iteratively calculated after excluding each study one
at a time and recording the pooled OR, confidence interval, aatlE. We performed further
sensitivity analysis by realculating the pooled effect size ngifixed-effects analyses in order

to investigate the impact of the number of studies quantitatively synthesized on the precision of

t2 estimates?
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Results

Systematic Review and Qualitative Synthesis
Cerebrovascular Reactivity and Cerebral Small Vessel Disease

Our initial database and manual search of references identified 479 records assessing the
relationship between cerebrovascular reactivity and cSVD, which was reduced to 429
preliminary records after excluding duplicates (Figure S1). Abstract screenimeg@usion of
nonoriginal research, records lacking ftéixt, or records that did not quantitatively assess a
relationship between cerebrovascular reactivity and cSVD resulted in 46 publications for
gualitative synthesis in the systematic review. Of thadicles, 3 assessed recent small
subcortical infarctd3, 8 assessed the presence of laciifigs7 assessed enlarged perivascular
space¥°"96264 g assessed cerebral microbleéds>®01.%° 41 assessed white matter
hyperintensitie®d®2-°45616495 and 5 assessed a total cSVD sé&r&5>82%The total population
across the included reports consisted of healthy/aging individuals with or without vascular risk
factors (70% of studies), neurocognitive or neurodegenerative disorders (22%%Vidn
cerebrovascular disease (20%), and those withr dragnoses of cSVD (39%). All included
studies used only MRI for determining the presence of radiological markers of cSVD. MRI was
also the primary modality in the studies included (61% of included studies) for assessing
cerebrovascular reactivity, withe remaining studies using transcranial Doppler (39% of
included studies). Moreover, diverse techniques were used, including different MRI assessment
methods like bloogbxygen level dependent (BOLD MRI) (39% of included studies) and arterial
spin labelingASL MRI) (13% of included studies), examined various transcranial Doppler
target vessels such as the middle cerebral artery and posterior communicating artery, and

employed different approaches to induce cerebrovascular hyperemia, such as ¢halle@e
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(56.5% of included studies), acetazolamide or dipyridamole (13% of included studies), and
breathholds (28% of included studie€)®*%°

Of the included studies, 39 were cregxtional in design, with 32 reporting a significant
association between cerebrovascular reactivity and c3v{y59.62.63.650,7277,8086,91,92,94
Twenty-one of the crossectional studies were casentrol studig®->358.63.65
71,75,77,78,80,81,83,86.87.9he remaining 18 studies were prospective or retrospective cohort
studies*57:59.62,724,76,79.82,84.85985 |n 203 |eukoaraiosis patients, Bian ef’allemonstrated that
patients exhibiting more severe white matter hyperintensities (Fazekas grades Il and Ill) had a
significantly reduced cerebrovascular reactivity compared to those with lower severity. In
another larger cohort study, Staszewski &8 eéported that in 120 subjects, the lowest tertile of
cerebrovascular reactivity had a-fifdd greater likelihood of having cSVD compared to the
highest tertile. This is supported by Silvestrini etalvho found that each 0.1 decrease in BHI
was associated with aféld greater risk of cSVD. Contrary to these findings, Bisschops®@t al.
found that cerebrovascular reactivity had no relationship with radiological markers of cSVD.
This was the only study in the systematic review to focus solely on participants with internal
carotid artery occlusion, which has been previously shown totedtescranial Doppler
assessments of cerebral hemodynaffit¥?

Of the 7 longitudinal studi€%61:64880.96 qn|y $0.90did not find an association between
cerebrovascular reactivity and progression of cSVD, with fellputimes ranging from 1 to 7
years after the initial assessment of cerebrovascular reactivity. These longitudinal studies
primarily focused on white matteyperintensities; for example, Liem etPadivided 38
participants into two groups by the median cerebrovascular reactivity and reported that in

participants with a high cerebrovascular reactivity at baseline, the increase in white matter
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hyperintensity volume over 7.1 years was 0.37 percent compared to 2.9 percent in those with a
low cerebrovascular reactivity. This relationship was supported by Staszews¥ etta.

determined in 60 cSVD patients and 20 healthy controls that the participants with a progression
of cSVD had a significantly lower cerebrovascular reactivity at baseline. Conversely, Moreton et
al 8% found no association between baseline cerebrovascular reactivity and development of
incident cSVD in 14 subjects over a twear followup. In the work by Smolinski et 3,

similar results to Moreton et #lwere found when the measures of cerebrovascular reactivity

were compared to cSVD progression in a group of 43 multiple sclerosis patients in remission.

Cerebral Autoregulation and Cerebral Small Vessel Disease

Our initial database and manual search of references identified 254 records assessing the
relationship between cerebral autoregulation and cSVD, which was reduced to 202 preliminary
records after excluding duplicates (Figure S2). Abstract screening dondier®f nororiginal
research, records lacking faéixt, or records that did not quantitatively assess a relationship
between cerebral autoregulation and cSVD resulted in 14 publications for systematic review. Of
the 14 articles, 4 assessed recent ssudtortical infarctd#1%, 1 assessed the presence of
lacunes®, 2 assessed enlarged perivascular sp%cé$ 3 assessed cerebral microblé€tfs® 8
assessed white matter hyperintensiffe®7:19214 and 4 assessed the total cSVD
scoret08:107.110.1I0|| included studies were crosctional in design. The total population
consisted of healthy/aging individuals with or without vascular risk factors (57% of included
studies), previously diagnosed cSVD (36%), cerebrovascular events (36%), and patients
undergoing cardiac surgery (7%). All included studies used only MRI for determining the

presence of radiological markers of cSVD. Only moduded study did not use transcranial
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Doppler ultrasound to assess cerebral autoregulation; Meyel®&talculated blood flow from
clearance curves after bolus infusion.

Al| 102104,107112,114.11%,t threé®106.113%5tydies demonstrated a significant association
between cerebral autoregulation impairments and greater cSVD burden. Six studies were case
control studie¥?103.105.107.108,113n( ejght studies were prospective or retrospective cohort
studiesto4106.10912,114.119 3 study of 346 patients undergoing cardiopulmonary bypass, Nomura
et al’®reported that cSVD was associated withfal@ greater odds of impaired cerebral
autoregulation. Liu et &P’ analyzed 113 cSVD patients and 83 cS¥&e controls and similarly
found a significantly reduced cerebral autoregulation in the cSVD patients. Multivariate
regression models adjusted for age, sex, and heart rate revealed that cerebral autoregulation in
the total population was independently associated with individual cSVD markers (except
lacunes) and a total cSVD score. Guo éf%aéxtended the findings from the above studies by
following up the patients after initial cresgectional analysis, and demonstrated that the
observation of impaired cerebral autoregulation in the cSVD groups was diffuse and persisted for
6 months after thimitial lacunar infarction. Contrary to most studies included, both Wu'€t al.
and Xiong et at®® reported no association between cerebral autoregulation and any radiological
markers of cSVD. However, both studies used approaches to determining cerebral autoregulation
that differed from those previously discuss&dt!’

Less than half of the studi@d106.11412.1145ccounted for vascular risk factors either in
baseline comparisons or with statistical methods.Fi¢é!121140f the 6 studies that adjusted
for risk factors found that the relationship between cerebral autoregulation and cSVD persisted,
while oné%instead found only a relationship between the vascular risk factors (hypertension

and diabetes mellitus) and cSVD.
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Arterial Stiffness and Cerebral Small Vessel Disease

Our initial database and manual search of references identified 878 records assessing the
relationship between arterial stiffness and cSVD, which was reduced to 694 preliminary records
after excluding duplicates (Figure S3). Abstract screening and excloisimnroriginal
research, records lacking faéixt, or records that did not quantitatively assess a relationship
between arterial stiffness and cSVD resulted in 82 publications for systematic review. Of the 82
articles, 12 assessed recent small sutmadiitifarctd'®1?% 24 assessed the presence of
lacuned 130152 g assessed enlarged perivascular spacgd144.145150.1855 53 5s5sessed
Cerebral microblee@éll&120'12'327'131134'138'139’144'145'149'150'152'153"158, 59 assessed White matter
hyperintensitie§,36,118,119,122,123,1-21527,139134,138142,145,15@.52,155,156,159.92, and 8 assessed the total
cSVD score-33.138.139.152,1989 The total population consisted of healthy/aging individuals with or
without vascular risk factors (77% of included studies), previously diagnosed cSVD (6%),
cerebrovascular events (8%), cognitive decline or complaints (5%), cardiovascular disease
including MI and heart failure (13%), and metabolic syndromes or renal disease (11%). All
included studies used only MRI for determining the presence of radiological markers of cSVD.
Central or large artery stiffness was the primary assessment (69 studies, 00r8%%3 studies
measured conduit artery stiffness. The most frequently used approach was cfPWV (26 studies,
32%), followed by brachiaankle PWV (20 studies, 24%).

The majority of studies included in the systematic review were-sexggonal in nature;
with 86% of the crossectional studies reporting a significant association between arterial

stiffness and CSVB]"118121’123128’130134’136145’ 147,148,15054,156158,160,161,163,16567,169,174173,176

179,182,183,18887,190,19495 (f the 69 crossectional studies, 13 were casmtrol
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studieg!®127,128,155,166,168,171,173,177,179,182, 1924y 56 were prospective or retrospective cohort
Studieszl1,119121,123126,13@154,156158,160163,165,167,169,172,176,178,181,183,—188,190,193,194,19EJSing the
Framingham Heart Study third generation cohort, Pase'&tddmonstrated a significant
association between arterial stiffness and white matter hyperintensity volume that was unaffected
by adjustment for age, sex, and common vascular risk factors. Van Slotéff eksnded these
findings to other cSVD markers in 2058 older participants (mean age of 79.6 years, 59%
women), who reported that a es@ndard deviation increase in cfPWV increased the risk of
subcortical infarcts, enlarged perivascular spaces, and aknaisrobleeds by 27%, 15%, and
9%, respectively. This concept is supported by the data from 1820 subjects analyzed by Cooper
et al*?° who showed that not only was cfPWV related to white matter hyperintensities, but also
that in mediation analyses, ~41% of the effect of cfPWV on cognitive function was explained by
the relationship between cfPWV and cSVD. In contrast, Rundek®tdadi not find any
association between arterial stiffness and cSVD in a cohort of 1166 participants of the Northern
Manhattan Study (NOMAS). The sample from the study by Rundek et al. was older (71 +9
years), 40% were on antihypertensive medication, af@\s8re current or former smokefs.

Of the 13 longitudinal studié&37:122:129,159,164,170,174,175,180,184.18% | ded in the
systematic review, 11 of the 13 reported significant associations between arterial stiffness and
cSVD. The average followp time was 7.0 years from baseline (range22.5 years). King et
al18* demonstrated that arterial stiffness was a significant predictor of white matter
hyperintensity progression over 7 years in 1270 subjects, such that a 1% increase in aortic arch
stiffness was associated with a 0.3% increase in subsequent white mattartéypiéy volume.
Using the golestandard cfPWV, Rosano et*&tfound that a higher arterial stiffness predicted

the presence of cSVD over a-§8ar followup, even after multivariate adjustment including
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vascular risk factors, incident stroke, incident myocardial infarction, and changes in arterial
blood pressure. Ding et #Hlanalyzed the association between baseline carotid artery stiffness
and incident cSVD in a sample of 2512 participants from the Age, Gene/Environment
Susceptibility (AGESReykjavik) study and demonstrated that the risk of incident cerebral
microbleeds wa&1% higher per standard deviation decrease in baseline carotid arterial strain.
This relationship was not attenuated by adjustment for age, sex, arterial blood pressure and other
vascular risk factors. Conversely, the study from Suri 8 alas one of two reports to find no
association between arterial stiffness and cSVD. Specifically, the authors demonstrated no
relationship between cfPWV and the progression of white matter hyperintensity volume. Tsao et
al% similarly found no association between arterial stiffness and cSVD. Of their 1223 older
participants (mean age of 61 years) from the Framingham Heart Study only 28% reported
antihypertensive medication use and 9% reported prior diagnoses of diabetess neith

lower than expected agpecific prevalenc&’:1%

Meta-analyses

Six separate metanalyses were planned before beginning the literature search to
determine if cerebrovascular regulatory functions or properties of arterial stiffness were
associated with cSVD. Measures were separated by whether the predictor variadielyzesd
as a continuous or dichotomous variable. For dichotomous predictors, i caities varied
significantly across studies due to differences in study methodology. For cerebral autoregulation
specifically, we only found articles reporting ORcoude event rates with cerebral

autoregulation as a dichotomized measure.
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Cerebrovascular Reactivity and Cerebral Small Vessel Disease

Of the studies included in the qualitative synthesis and systematic review of the
association between cerebrovascular reactivity and cSVD, 10 studies were eligible for inclusion
in the quantitative metanalysis. The analyses of these 10 studies inclug&adées (pooled
sample n=387, 37.7% women) that utilized a continuous predictor and 7 studies (pooled sample
n=536, 32.9% women) that utilized a dichotomous predictor; one study presented
cerebrovascular reactivity as both a continuous and dichotomadistprevariablgTable 1). A
sample size of 4 studies was deemed too low for quantitative synthesis, therefore, the individual
results of these studies are presented qualitatively in Figure 1. Of note, all 4 studies reported a
significant association between impaired beogascular reactivity and cSVD. For the
dichotomous exposure measure of cerebrovascular reactivity, Cochran Q statistics indicated that
there was significant heterogeneity in the dichotomous predictor data (Q=18.62, P=0.005).The
Hi g g Pwvalbesvasl67.8% (95% Cl: 2885.5%) and 2 was 0.82 (95% Cl: 0.16.44). Shown
in Figure 2, metanalysis of dichotomous cerebrovascular reactivity revealed a borderline
significant association between an impaired cerebrovascular reactivity and an increased
prevalence of cSVD (Dichotomous PredicRnoled OR, 2.26; 95% CI: 0.94214, P=0.05).

Funnel plots were inappropriate for the cerebral predictors, given that each category had
less than 10 studié€® The leaveoneout analysis conducted with dichotomous cerebrovascular
reactivity measures demonstrated fluctuations in both the effect sizes (OR range79;58
number of studies per run=6) and thedtues (range 0.60Q.14), including reporting
significance (P<0.05) with the removal of either Bisschops Btaal Tawfik et al*® In further

sensitivity analyses, the fixezffect model for dichotomous cerebrovascular reactivity
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Table 2-1. Cerebrovascular reactivifCVR) studies presenting odds ratios or crude event rates.

Assessment Sample . Risk of Bias
Study Modalities gi\k;tD e(s) (n, % (A%zrs) gﬁg;((::tteristics Score (Max
for CVR yp women) y of 9)
Continuous Predictors
Zalilggat TCD WMH 73,26.0% | 70.2+8.0 | Healthy elderly | 7
Controls: Migraine patients
Lee et al. o | 33.818.0, g,
202 %1 MRI WMH 62, 67.7% Cases: 34.0 VS. nonmigraine | 7
controls
+8.1
Controls:
Molina et 58.3 + Controls vs. first
al. 199951 TCD RSCCI 92, 30.4% | 12.0, ever lacunar 8
' Cases: 56.6 infarction patients
+13.4
Controls: Controls vs
Silvestrini 160, 59.8+9.2, )
etal. 2008 | 1CP RSCCI 35.6% | Cases: 67.6 'act‘.matr stroke | 8
+87 patients
Dichotomous Predictors
aBIa'z'ggﬁt TCD WMH 73,26.0% | 70.2+ 8.0 | Healthy elderly | 7
Bisschops et o. | B9, range: | Unilateral
al. 20035 | 'CP Lacunes 70,27.1% | 3571)" | Occlusion of ICA |
Controls:
Deplanaue RSSCI, 162 63.2 + cSVD patients vs.
et;’l 23132 TCD WMH, PVS, | -5, 10.4, non-cSVD 6
’ CMB &0 Cases: 62.1] controls
+11.4
Controls: Controls vs
Liem et al. RSSCI, o | 36.7£8.0, '
2009 MRI WMH, cMB | 38 92:8% | cages: ap g NOTCHS 7
Mutation Carriers
+10.0
Palaiodimou o Fabry disease
ot al. 2025 TCD WMH 23,43.0% | 51 +13 patients 8
Lacunes, Controls: .
Staszewski | -1 WMH, PVS, | 120, 71.7 + 3.4, ﬁixgs‘if‘[t)'e”ts Vs .
etal. 2019 CMB, cSVD | 40.0% Cases: 71.8
controls
Score +3.4
Lacunes,
Tawfik et WMH, PVS, . . Lacunar stroke
al. 2022° TCD CMB, cSVD 50, patients 6
Score
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Odds Ratio Odds Ratio

Study Total Subjects log(OR) SE 1V, 95% CI 1V, 95% CI
Bakker et al. 1999* 73 0.3577 0.2578 1.43 [0.86; 2.37] +——
Molina et al. 1999°' 92 0.2231 0.0332 1.25[1.17; 1.33]
Silvestrini et al. 2006* 160 0.7747 0.1694 2.17 [1.56; 3.02] —
Lee et al. 2022" 62 1.2030 0.0248 3.33[3.17; 3.50]
f |
0.1 1 10

Figure 2-1. Individual study results from studies reporting cerebrovascular reactivity as a
continuous exposure measurd-orest plot illustrating the individual effect sizes reported fc
each study containing continuous cerebrovascular reactivity in relatioVi» lo&den. OR,
odds ratio; SE, standard error; IV, inveksgiance.
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Odds Ratio Odds Ratio

Study Total Subjects log(OR) SE IV, Random, 95% CI IV, Random, 95% CI
Bakker et al. 1999 73 0.5128 0.2338 1.67 [1.06; 2.64] —-—
Bisschops et al. 2003* 70 -0.1054 0.3705 0.90 [0.44; 1.86] AL
Deplanque et al. 2013 162 1.3297 0.5000 3.78 [1.42; 10.07] ——
Liem et al. 2009°' 38 2.0794 1.3586 8.00 [0.56; 114.70] —_—®
Palaiodimou et al. 2023” 23 0.6931 0.8491 2.00 [0.38; 10.56] =
Staszewski et al. 2019" 120 2.9444 0.7914 19.00 [4.03; 89.62] P
Tawfik et al. 2022 50 -0.4620 0.6294 0.63[0.18; 2.16) ———
Total (95% Cl) 536 2.26 [0.99; 5.14] | ——

I 1

Heterogeneity: Tau? = 0.8187; Chi® = 18.62, df =6 (P < 0.01); 1 = 68%
0.1 1 10

Figure 2-2. Odds ratio results from pooled studies reporting cerebrovascular reactivity as
dichotomous exposure variableForest plot illustrating the effect sizes dichotomous
cerebrovascular reactivity in relation to cSVD burden. There was a borderline sigiific
association between impaired cerebrovascular reactivity and a greater cSVD burden (OF
95% ClI: 0.995.14). OR, odds ratio; SE, standard error; IV, invermgance.
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demonstrated significance (OR: 1.73, 95% CI: 2228, P=0.001) in contrast to the borderline

significant results of the randesifects analysis.

Cerebral Autoregulation and Cerebral Small Vessel Disease

Of the studies included in the qualitative synthesis and systematic review of the
association between cerebral autoregulation and cSVD, 3 studies (pooled sample n=455, 30.1%
women) were eligible for inclusion in the quantitative remalysis, with all reprting cerebral
autoregulation as a dichotomous variable (Table 2). A sample size of three studies was deemed
insufficient for quantitative analysis; therefore, the individual results of the studies are presented

gualitatively in Figure 3.

Arterial Stiffness and Cerebral Small Vessel Disease

Of the studies included in the systematic review of the association between arterial
stiffness and cSVD, 47 were eligible for inclusion in the ragtalysis. The analyses for studies
assessing arterial stiffness included 37 studies (pooled sample n=22982,women) that
used arterial stiffness as a continuous predictor and 13 studies (pooled sample n=10140, 53.1%
women) that used arterial stiffness as a dichotomous predictor; 4 of these studies presented data
for arterial stiffness as both a continuousl @ dichotomous predictor variable (Table 3). Both
the continuous and dichotomous models demonstrated significant (P < 0.0001) heterogeneity
assessed as the Q statistic (Continuous: 126.97, Dichotomous: 72.96). In the continuous model,
Hi g g ?valdesvasl 71.6% (95% Cl: 607.6%), and thé? value was 0.024 (95% CI: 0.020
0.22). In the di c h?vasB369u35% DI078-8919%), add tlgepwiasr 6 s |

0.15 (95% CI: 0.03®8.62). Regardless of whether the arterial stiffness predictor was continuous
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Table 2-2. Cerebral autoregulatiofCA) studies presenting odds ratios or crude event rates.

Assessment cSVD Sample Subiect Risk of Bias
Study Modalities Subtype(s) (n, % Age (years) ch ajracteristics Score (Max of
for CA women) 9)
Dichotomous Predictors
Castro et .
al. TCD WMH a8, 73.0+120 | 'schemicStroke | o
2018% 58.7% patients
Nomura Controls: 71.2| Controls vs.
et al. TCD \é\g\\/l/g'SCore 3365;% + 7.8, Cases: | Impaired cerebral | 7
201810 ' 69.9+8.3 autoregulation
Lacunes,
Wu et al. WMH, PVS, | 63, Small artery
2022406 TCD CMB, cSVD | 12.7% 56.3£9.9 occlusion patients !
Score
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Odds Ratio Odds Ratio
Study Total Subjects log(OR) SE IV, 95% CI IV, 95% ClI
Castro et al. 2018'” 46 0.6831 0.3354 1.98 [1.03; 3.82]
Nomura et al. 2018'"° 346 1.1632 0.5035 3.20 [1.19; 8.59] e
Wu et al. 2022'* 63 -0.0408 0.0451 0.96 [0.88; 1.05] gr
[ 1
0.1 1 10

Figure 2-3. Individual study results from studies reporting cerebral autoregulation as a

dichotomous exposure measurd-orest plot illustrating the individual effect sizes reported
each study containing dichotomous cerebral autoregulation in relation to agiD.lOR, odd
ratio; SE, standard error; 1V, inversariance.
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Table 2-3. Arterial stiffnesqAS) studies presenting odds ratios or crude event rates.

Assessment Sample : Risk of Bias
) cSVD Age Subject
Study Modality for (n, % - Score (Max
AS Subtype(s) women) (years) Characteristics of 9)
Continuous Predictors
. . RSSCI o
Amier et al. MRI; aortic : 559, Healthy, Cognitive
2021418 PWV \C/:VI\’;A: PVS, 35.8% 679+88 Impairment, CVD 9
Brandts et al. | MRI; aortic RSSCI, 50, 49.2 + Hvpertensive 9
20090 PWV WMH 62.0% 12.7 yp
e 12 | caoidpe | RoSCh o, | 7254.1 | Healthy 8
. WMH,
ggf&?} al | cav Lacunes, ‘31245'0/ 50+7 | Healthy 7
CMB 70
Cooper et al. RSSCI, 1820,
2016?20 cPWV VB s0.0% | 80%5 Healthy 9
. Healthy with
goggﬂ?ft cfPWV WMH 2%26’% 58.4+9.7 | hypertensive 9
' : family members
ZD(')“l%;?t a- | carotidDC | CMB 52152% 74.6 Healthy 9
g“;g"i’gfeon € ctPwv WMH, CMB 5881’% 71.0 + 4.8 | Healthy 8
;'la;g'(f;;ﬁo | ptPwv RSSCI 3?18'% 65+6 Healthy 8
. Patients referred
;'Ia;%'%%go et cpwv WMH 2361’% 54+13 | for hypertension, |8
' ' CVD risk
WMH .
Henskens et ' 167, 51.8+ Patients referred
al. 2008% cfPWV IC_:?\;:;nes, 49.1% 13.1 for hypertension 8
Pughes el | cipwy WMH Sy1y, | 86928 | Healthy elderly |9
ggfg&s etal-| pwy WMH 19, * * Healthy 9
Jochemss" ) caroidpe | ML o0 e |59£10 | Healthy 8
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WMH,

. Ischemic or
Kim et al. Lacunes, 1282, 67.6 £ .
20163 baPWV CMB, cSVD | 42.3% | 12.2 transient stroke
Score patients
Lougese ° | ctPwv WMH rad, |59£10 | Type 2 Diabetes
. 54.0, IQR:
e baPWV cSVD Score | S0, | 48.0i Healthy
' 60.0
la\l/llatzsouon_;g)sto U paPwv Lacunes j;%% 51.5+ 7.8 | Healthy
2"5?12?" ot | ctpwy SVSMS: : 22%% 75.4 £ 4.0 | Healthy
o 2 | bapwy Lacunes | 200 | 66.9%8.4 | Healthy elderly
gg(;gge etal-| papwv WMH ety | 70.3£9.0 | Healthy elderly
pasear e | ctpwy Lacunes | 5207|469 | Healthy
Poels et al. RSSCI, 1460,
201223 cfPWV WMH. CMB | 55.495 | 58:2% 7.2 | Healthy
WMH,
RibaLlena et Lacunes, 782,
al. 2018% | SPWV VS, CMB, | 49606 | 627 +5:4 | Healthy
cSVD Score
WMH,
orsts 12 | carotid pwy | 3oUnes, | 272 | 754168 | Healthy
Score
Rundeketal. | Car o4 i © 1166,
201746 stiffness Lacunes 60.0% 719 Healthy
Saji et al. WMH, 240,
2012440 baPWV Lacunes 49 6% 69+9 Healthy
Saji et al. WMH, 220,
201284 CAVI Lacunes 40.4% 69+10 Healthy
Shan et al. MRI; aortic RSSCI, 62, 56.8+ 75 Type 2 diabetes
201642 arch PWV WMH 40.3% T | patients
. Cerebral infarct or
Shimoyama 105, 70.0, IQR: ) . ;
et al. 201%7 CAVI CMB 32.4% 68.076.5 transient |§chem|c
stroke patients
Cerebral infarct or
gg;‘gsﬁt - | papwv CMB ;3770’/0 65+12 | transient ischemic

stroke patients
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s - cpwy Lacunes | gon | 619 | Healthy
Controls vs.
;8;'%5} al | Carotid PWV | WMH Zgla% 53.8+ 7.9 | WMH-positive
' patients
van Elderen | MRI; aortic RSSCI, 86, 46.9 £ Type 1 diabetes
etal. 2016?5 | PWV WMH, CMB | 43.0% 11.7 patients
van St | ciPwy RSSCI o | 796446 | Healthy
Zhai et al. Lacunes, 953,
20184 baPWV PVS CMB | 62.5% 55.7 + 9.4 | Healthy
WMH,
gggggset al. baPWVv Lacunes, 2243’0/ 59.7 £ 3.0 | Healthy
PVS, CMB 70
Dichotomous Predictors
Ischemic or
Bae et al. 854, 68.2 £ .
20271153 baPWV PVS, CMB 48 2% 125 transient stroke
patients
68.0, IQR: .
Chang et al. 820, . Ischemic Stroke
202496 baPWV cSVD Score 39.9% ?ggl patients
_ WMH,
ggf&?} | cavi Lacunes, ‘31245'0/ 50+7 | Healthy
CMB 70
. WMH .
Kinjo et al. ' 990, 53, range: | Recruited from
201634 baPWV (L:f;\\;l:gnes, 53.6% 24-86 brain checkups
Liu et al. 1176, 67.5+
2021152 CAVI WMH 51.3% 132 Healthy
Palta et al. RSSCI, 3703,
201925 cfPWV WMH. CMB | 59.3% 75.2 + 5.0 | Healthy
ggfg?f etal | cipwy WMH 2236% 82.9 Healthy
Saji et al. WMH, 240,
20124% baPWV Lacunes | 49.69% | 09%9 | Healthy
Saji et al. WMH, 220,
2012854 CAVI Lacunes 40.4% 69+10 Healthy
. Cerebral infarct or
Shimoyama 105, 70.0, IQR: o ;
et al. 201257 CAVI CMB 32 4% 68.076 5 transient |_schem|C
stroke patients
Tabata et al. baPWV RSSCI, 149, 70.8 + Coronary artery
201724 CMB 32.9% 10.0 disease patients
Zijlstra et al. | MRI; aortic Lacunes, 85,
20204 PWV CMB 3419 | (0669 | Healthy
ggggﬁ,t al. ngated Lacunes 22151% 64.2 + 9.1 | Healthy
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(Figure 4) or dichotomized (Figure 5), an increased arterial stiffness was associated with an
increased burden of cSVD. Random effects raetalyses indicated this for both measures
(Continuous Predictor Pooled OR, 1.24; 95% CI: 1.133, P < 0.0001) (Dimtomous Predictor
Pooled OR, 1.86; 95% CI: 1.4145, P < 0.0001).

For specific subtypes of cSVD, only subgroup analyses between continuous arterial
stiffness and white matter hyperintensities or lacunes had enough studies to be appropriately
powered. Eleven studid§125132.156,16866,169.171.173nyestigated white matter hyperintensities.
The pooled random effects OR was 1.42 (95% CI:-1.Z8; number of studies=11), and the
heterogeneity was not significant¥81%,t2=0.023, P=0.15, Figure S5). Thirteen
studieg!130.138137,139144,146.147%hyestigated lacunes specifically. For this analysis, the pooled
random effects OR was 1.28 (95% CI: 211@9; number of studies=13) with significant
heterogeneity ¢70%,t2=0.038, P<0.01) (Figure S5).

Within the subtype of white matter hyperintensities, only 4 stiri€¥-1381%%eported
measures separately for deep white matter hyperintensities and periventricular white matter
hyperintensities. Within the subtype of cerebral microbleeds, only 5 st{stfie’s3144.158
reported separate effect sizes for strictly lobar cerebral microbleeds and deep cerebral
microbleeds. The limited number of studies precluded formal-arelyses, so the individual
results of these studies are presented qualitatively in Figure S6.

Fourteen studi@§120:123.132,137,138,143,147,156:168,172gy e cifically assessed arterial stiffness
with the goldstandard, cfPWV, as a continuous measure. In this secondary analysis, the pooled
random effects OR was 1.23 (95% CI: 21099, P=0.001; number of studies=14). The model

demonstrated significant hetgreneity (f=47.5%,t2=0.021, P=0.03). This model suggests that
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Odds Ratio Odds Ratio

Study Total Subjects log(OR) SE IV, Random, 95% CI IV, Random, 95% CI
Amier et al. 2021"* 559 -0.1863 0.2074 0.83[0.55; 1.25] ——
Brandts et al. 2009 50 1.7851 0.8521 5.96 [1.12; 31.66] :
Brisset et al. 2013""” 1800 0.2070 0.0907 1.23[1.03; 1.47] L
Choi et al. 2013"" 484 1.7733 0.8747 5.89 [1.06; 32.71] :
Cooper et al. 2016 1820 0.1133 0.0590 1.12[1.00; 1.26]

Coutinho et al. 2011' 812 0.1222 0.1432 1.13[0.85; 1.50] -
Ding et al. 2015”7 2512 0.1484 0.0505 1.16 [1.05; 1.28]

Gustavsson et al. 2015 208 0.2546 0.2406 1.29[0.81; 2.07] -
Hashimoto et al. (a) 2008™ 351 0.2927 0.1499 1.34 [1.00; 1.80] o
Hashimoto et al. (b) 2018 286 -0.2107 0.3615 0.81[0.40; 1.65] A
Henskens et al. 2008™ 167 0.4253 0.2822 1.53[0.88; 2.66] -
Hughes et al. 2013" 91 0.8796 0.5256 2.41[0.86; 6.75] -+
Hughes et al. (b) 2018' 19 0.7885 0.5202 2.20[0.79; 6.10] —
Jochemsen et al. 2015 526 0.0296 0.0222 1.03[0.99; 1.08]
Kim et al. 2016" 1282 0.3365 0.0834 1.40 [1.19; 1.65] -
Laugesen et al. 2013™ 178 0.7975 0.3095 2.22 [1.21; 4.07] w—
Liu et al. 2020™ 684 0.0392 0.0025 1.04 [1.03; 1.05]

Matsumoto et al. 2007 ' 476 -0.2231 0.1926 0.80 [0.55; 1.17] |
Mitchell et al. 2011*' 668 0.4824 0.1546 1.62[1.20; 2.19] -
Ochi et al. 2010 500 0.2070 0.1754 1.23[0.87; 1.73] i
Ohmine et al. 2008™ 144 1.0438 0.5219 2.84 [1.02; 7.90]

Pase et al. 2016"’ 3207 -0.1508 1.0108 0.86 [0.12; 6.24]

Poels et al. 2012 1460 -0.0101 0.1129 0.99[0.79; 1.24]

Riba-Llena et al. 2018'* 782 -0.0202 0.0832 0.98 [0.83; 1.15]

Robert et al. 2022 272 0.3853 0.1499 1.47[1.10; 1.97]

Rundek et al. 2017 1166 -0.0619 0.0624 0.94[0.83; 1.06]

Saji et al. 2012' 240 0.3716 0.1581 1.45[1.06; 1.98]

Saji et al. 2012™ 220 0.6780 0.3362 1.97 [1.02; 3.81]

Shan et al. 2016 ' 62 2.1054 0.8000 8.21[1.71; 39.38]

Shimoyama et al. 2012 105 1.2326 0.4492 3.43[1.42; 8.27]

Song et al. 2014 1137 0.4318 0.1371 1.54[1.18; 2.01]

Tsao et al. 2013" 1587 0.3716 0.1394 1.45[1.10; 1.91]

Turk et al. 2016"" 96 0.5377 0.2441 1.71[1.06; 2.76]

van Elderen et al. 2010 86 1.0750 0.5443 2.93[1.01; 8.51]

van Sloten et al. 2016 2058 0.2390 0.0920 1.27 [1.06; 1.52]

Zhai et al. 2018 953 0.0862 0.1111 1.09 [0.88; 1.36]

Zhang et al. 2020 ™ 904 0.2852 0.0940 1.33[1.11; 1.60]

Total (95% CI) 27952 1.24 [1.15; 1.33]

Heterogeneity: Tau® = 0.0244; Chi® = 126.97, df = 36 (P < 0.01); I* = 72%
0.1 1 10

Figure 2-4. Odds ratio results from pooled studies reporting arterial stiffness as a
continuous exposure variableForest plot illustrating the effect sizes for studies reporting
continuous arterial stiffness in relation to cSVD burden. Effect sizes are reporte@per 1
increase. The overall effect favored a greater presence of cSVD as arterial stiffness incre
(OR: 1.24, 95% CI: 1.18.33). OR, odds ratio; SE, standard error; IV, invermgance.
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Odds Ratio Odds Ratio

Study Total Subjects log(OR) SE IV, Random, 95% CI IV, Random, 95% CI

Bae et al. 2021 854 0.9243 0.2267 2.52[1.62; 3.93] i
Chang et al. 2023 820 0.4121 0.4798 1.51 [0.59; 3.87] L

Choi et al. 2013"" 484 0.8813 0.4748 2.41[0.95; 6.12] —i

Kinjo et al. 2016 " 990 0.7324 0.3718 2.08 [1.00; 4.31] -

Liu et al. 2021™ 1176 0.5710 0.2420 1.77 [1.10; 2.84] e

Palta et al. 2019'* 3703 0.3075 0.2391 1.36 [0.85; 2.17] e

Rosano et al. 2013'" 303 0.6206 0.3317 1.86 [0.97; 3.56] ——

Saji et al. 2012'* 240 0.8372 0.3332 2.31[1.20; 4.44] Eme

Saji et al. 2012 220 0.8502 0.3737 2.34[1.12; 4.87] T
Shimoyama et al. 2012/ 105 1.6974 0.6295 5.46 [1.59; 18.75] e m
Tabata et al. 2017 149 0.0010 0.0005 1.00 [1.00; 1.00] [ .

Zhou et al. 2023" 1011 1.3888 0.3257 4.01[2.12; 7.59] ——
Zijlstra et al. 2020 85 -0.4005 0.4571 0.67 [0.27; 1.64] —l——

Total (95% CI) 10140 1.86 [1.41; 2.45] ; - :

Heterogeneity: Tau® = 0.1474; Chi’ = 72.96, df = 12 (P < 0.01); I* = 84%
0.1 1 10

Figure 2-5. Odds ratio results from pooled studies reporting arterial stiffness as a
dichotomous exposure variableForest plot illustrating the effect sizes for studies reporting
dichotomous arterial stiffness in relation to cSVD burden. Effect sizes are reporte8per 1
increase. The overall effect suggested a greater arterial stiffness was associated with a ¢
presence of cSVD (OR: 1.86, 95% CI: :2.45). OR, odds ratio; SE, standard error; IV,
inversevariance.
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for each standard deviationcrease in the clinically relevant cfPWV, the odds of cSVD increase
by 23 percent (Figure S7).

The continuous arterial stiffness measures were analyzed to investigate the differences
between central arterial stiffness and conduit (carotid) arterial stiffness. Six
studies’119:122.139,146.1anorted measures of carotid arterial stiffness, and 18
Studie§1,118,120,123,125,130,132,137,138,142,143,147,15&663.72rep0rted measures of central arterial
stiffness. Both carotid artery assessments (OR: 1.15, 95% CI11B300number of studies=6)
and central artery assessments (OR: 1.26, 95% CE11440 number of studies=18) were
associated with pooled markers &\D. Randorreffects analysis of subgroup differences did
not reveal significant differences (P=0.34), suggesting that central and conduit arterial stiffness
may be associated with cSVD burden (Figure S8).

Analysis of the funnel plots for continuous and dichotomous arterial stiffness measures
(Figures S11 and S12) suggested suspicion of evidence of publication bias. Conducting
sensitivity analyses using the leawmeeout approach revealed that the signifioain the
random effects models for continuous and dichotomous arterial stiffness was maintained
throughout the analysis. In further sensitivity analysis, numerical differences but not statistical
differences were detected when applying feedfiects analgis to continuous arterial stiffness
(OR: 1.04, 95% CI: 1.04.05) or to dichotomous arterial stiffness (OR: 1.001, 95% CI: 1.000

1.002).

Secondary Analyses

Metaanalysis of longitudinal studies from the studies included in quantitative primary

statistical analysis was not feasible due to a limited number of studies. Orfé stueistigated
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the longitudinal relationship between dichotomous cerebrovascular reactivity and cSVD, 3
studies’1?214’investigated longitudinal relationships between continuous measures of arterial
stiffness and cSVD, and 1 stddinvestigated the longitudinal relationship between arterial
stiffness as a dichotomous exposure and cSVD. The individual results of these studies are
presented qualitatively in Figure S4.

The multivariate metaegression results are presented in the supplementary materials
(Table S4). Only the continuous arterial stiffness category of studies was applicable for
appropriately powered analy$8:2°' Therefore, we conducted multivariate metgression with
the continuous arterial stiffness model, incorporating the gl covariates of hypertension,
diabetes mellitus, and hyperlipidemia (or medication use targeting these conditions). Twelve
studies'?5:130,132,137,14244,146,147,164,165.14 ere removed from the original 37 studies on the basis of
incomplete demographic information, leaving 25 studies formeggession. The randem
effects metaanalysis of the remaining studies remained statistically significant (OR, 1.21; 95%
Cl: 1.121.32 P < 0.0001; number of studies=25). In the risk faattjusted model, the three
risk factors (hypertension, diabetes mellitus, and hyperlipidemia) extracted frorflestatly
data, not individual patient data, accounted for 29.4% of the model hetergg@naiing the 25
studies analyzed, the majority (20 out of 25, 80%) centered around generally healthy participants
with different risk factors, while 7 out of the 12 (58%) not included in the-negfiassion
focused on healthy populations. Metgressionasults for the model adjusted for each factor
individually and for all three risk factors are presented in Table S4. Bubble plots for the

individual covariates are presented in supplementary materials (Figu&) S6
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Risk of Bias Assessment and GRADE Rating of Primary Outcomes

Studies included in quantitative megnalyses for primary outcomes were assessed for
risk of bias using the Newcast(@tawa scale. The average risk of bias for studies reporting
dichotomous cerebrovascular reactivity was 6.6 + 1.0, for studies repootitiguous arterial
stiffness measures was 8.2 + 1.0, and for studies reporting dichotomous arterial stiffness was 7.3
+ 1.5. Individual study assessment outcomes are reported in Tables 1 and 3. The GRADE

assessment of the certainty of evidence for thegy outcomes is presented in Table S5.
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Discussion

The present systematic review and reatalyses represent the most recent and updated
work summarizing the relationship between cerebral autoregulation, cerebrovascular reactivity,
and arterial stiffness in relation to cSVD burden. The main findings qirdsent systematic
review are: 1) the majority of studies included in the qualitative systematic review found
associations between cSVD and cerebrovascular reactivity (80.4% of studies), cerebral
autoregulation (78.6% of studies), and arterial stiffn85s406 of studies); and 2) in quantitative
metaanalyses, cSVD was associated with increases in arterial stiffness and borderline associated
with impaired cerebrovascular reactivity. While the vast majority of literature, to date,
surrounding the risk of 8 has focused on traditional vascular risk factors, specifically
hypertension, their role as dominant factors in the pathogenesis of cSVD has been
challenged?2°22%Emerging theories propose complex vascular etiologies, including an
impaired cerebrovascular function, as important factors mediating cSVD, alongside or
independent of hypertensiéh® These relate to the varied complexities of the vascular
etiologies proposed for cSVD subtypes, given cerebrovascular regulatory functions are mediated,
in part, by local endothelial functiéf?®and arterial stiffness is, in part, dictated by vascular
matrix composition and endothelial dysregulation of vascular smooth muscfe t8h&@°
Importantly, the collective findings of the present systematic review expand our current
understanding of the pathogenesis of cSVD by demonstrating associations of increasing cSVD
burden with reductions in cerebrovascular reactivity (37 of 46 studi&f,4#0), impairments in
cerebral autoregulation (11 of 14 studies, or 78.6%), and increases in arterial stiffness (70 of 82
studies, or 85.4%) (Figure 6). In addition, our subsequentamatiysis of eligible studies

comprising 27,952 participants (53.0%mwen) revealed a significant association between
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Figure 2-6. Characterization of arterial stiffness and cerebrovascular regulation in relatior
to cSVD.A: a) Cerebrovascular reactivity is an aspect of the chemolation of cerebral bloc
flow, where a healthy cerebrovascular system should demonstrate a positive relationshig
cerebral blood flow and arterial carbon dioxide content (arterial COReilgbral autoregulatic
is the regulatory process by which the cerebral circulation maintains relatively stable pert
through a range of arterial blood pgaees. c) Irvivo measurements of arterial stiffness capti
incremental stresstrain relationships, describing the overall impact that arterial structural
functional components have on arterial elasticity, buffering of pulsatile pressurés, etc.

Examples of MRI images depicting the five primary radiological markers of cSVD. Create
BioRender.com. MRI images adapted from Table 1 from Bennetf®tuasled under CC BY 4.
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increases in arterial stiffness and cSVD. In a limited number of studies however, meta
analysis only revealed a borderline association between cerebrovascular reactivity and cSVD.
However, the heterogeneity and limited data result in uncertainty to émgttrof these
relationships and highlight the need for longitudinal investigations into vascular stiffness and

regulatory function as possible risk factors for cSVD.

Cerebrovascular Reactivity

The present study suggests that reduced cerebrovascular reactivity is associated with an
increased cSVD burden. As one of the standard measures of cerebrovascular reactivity first used
in 1990 by Ratnatunga and AdisesRkf4hthe BHI has demonstrated predictive capabilities in
patients with asymptomatic carotid artery stenosis for the risk of ischemic stroke?&evitde
typically measured in the context of cerebrovascular dié&&8ecerebrovascular reactivity has
been previously shown to relate to cardiac arrythfflasardiorespiratory fitne$¥, and ak
cause mortalit§*? which suggests systemic influences. This may be due to the assessment of
cerebrovascular reactivity as an indicator of endothelial function, a known predictor of regional
and global cardiovascular dysfuncti®f®

While hypertension and other vascular risk factors are often referred to as critical factors
in the development and progression of cSVD, more recent evidence suggests that the etiology of
cSVD is complex and likely extends beyond arterial blood pressti&he hypothesis that the
characterization of cSVD may include reductions in cerebrovascular reactivity alongside other
risk factors is supported by Molina et’3lwho reported that in 92 participants, cerebrovascular

reactivity and hypertension were both significantly associated with lacunar infarction.
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It is worth noting that the limited number of studies available for taetdysis coupled
with different methods of assessing cerebrovascular reactivity could affect the strength of the
relationship between cerebrovascular reactivity and cSVD. The wigbiidy in approaches
may have contributed to the considerable heterogené&§8%) observed in the megaalysis
of dichotomous cerebrovascular reactivity. Due to the limited number of studies and
inconsistencies in determining eoff values, it was ot possible to explore this possible source
of heterogeneity further in the present analyses. Adapting a standard approach in future
investigations may help establish cerebrovascular reactivity as a functional assessment of the
cerebrovasculature for fughinvestigations. Moreover, of the eligible studies for inclusion in
the quantitative metanalysis, we were only able to pool the results from 7 studies out of the 46
included in the systematic review, highlighting a critical need for expansion of diyeobo

evidence.

Cerebral Autoregulation

Cerebral autoregulation is a regulatory mechanism serving to maintain cerebral perfusion
throughout a range of physiological variations in perfusion pre€s@tthe 14 articles
extracted for cerebral autoregulation in the systematic analysis, 11 studies suggested a significant
association between impaired cerebral autoregulation and greater cSVD. However, numerous
methods exist for determining cerebral augoitation, limiting formal interpretation across
studies. One prominent approach uses frequency domain transformations of arterial blood
pressure and cerebral artery blood velocity, calculating gain and phase from frequeiey’data.
Other approaches incorporate time domain indices, including moving correlation coefficients

between blood pressure and cerebral artery blood vefdaMark beginning less than a decade
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ago has attempted to establish a standardized appt$dht methodological convergence is
still progressing*?14Present qualitative findings suggest the possibility of cerebral
autoregulatory impairments as a target for understanding the pathophysiology of cSVD.
However, the limited number of studies eligible for matalysis demonstrates an avenue for

future workto expand on the contributions of impaired cerebral autoregulation to cSVD.

Arterial Stiffness

Central arterial stiffening, which occurs with healthy aging and in many pathological
states, leads to a diminished impedance gradient between the proximal aorta, carotid arteries, and
cerebral vasculaturé® This reduces wave reflection and enhances the transmission of pulsatile
waves deeper into the cerebral vascular'BétPreclinical models using transverse aortic
constriction surgeff® or a genetic model of arterial stiffné$4o increase carotid artery pulse
pressure have suggested that enhanced cerebrovascular pulsatility impaired endothelium
dependent vasodilatiél, disrupted bloodrain barrier function, and resulted in cerebral
microbleed<!® While our qualitative and quantitative syntheses of studies do not have enough
longitudinal information to address the specific underlying pathophysiological mechanisms that
precede cSVD development, the significant associations between arterial stiffness
cerebrovascular reactivity, and cSVD demonstrated herein suggest possible mechanisms
associated with the presence of cSVD.

Both the continuous arterial stiffness matalysis and the dichotomous arterial stiffness
metaanalysis displayed significant heterogeneif T2% and 84%, respectively). To address
this, we performed a stdnalysis analysis using only the studies that measured cfPWV to

support this point, which revealed a heterogeneity numerically less than observed in the primary
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analysis. Another possible explanation is the challenge of disentangling arterial stiffness from
lifestyle factors and comorbidities associated with arterial stiffness and cSVD. Positive lifestyle
activities, such as physical activity, have previously s@wn to reduce arterial stiffne€<:218

It is possible that this may have been a factor in studies such as Amiéer dlashimoto et

al.l%3 where the average cfPWV values of participants were lower than expected for the sample
age and blood pressui¥.However, physical activity assessments were not commonly reported
in presentlyincluded studies, and none incorporated laboratory measurements-sfayaldrd

indices of cardiorespiratory fitness (i.e., ¥eak or maximal values) that have been shown to

be associated with arterial stiffnédéWe performed metesegression to investigate further

sources of heterogeneity associated with three comorbidities (hypertension, diabetes mellitus,
and hypercholesterolemia), demonstrating that including these thredestetlgovariates

explained ~30% ae overall model heterogeneity. However, caution with interpretation is
warranted these covariates were extracted from stledel data, not individual patient data.
Therefore, extrapolation of this information is dependent on the study samplesdn&ide
relevance, the majority of the studies included (20 of the 25, 80%) focused on generally healthy
participants with varying proportions of risk factors. In contrast, only 7 of the remaining 12
studies (58%) not included in the me&mression focusesh healthy populations.

An additional cause of heterogeneity in the present study is the different pathogenic
processes of the individual cSVD subtypes. In subgroup analyses between arterial stiffness,
white matter hyperintensities, and lacunes, the heterogeneity was not aignifithe white
matter hyperintensity analysi$¥B1%, P=0.15), while the lacune analysis remained

considerably heterogeneou$T10%). These findings may be related to a strong dependence of
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lacunes on adg&, whereas white matter hyperintensities have been suggested to be associated

with arterial stiffness, vascular injury, and bleladhin barrier dysfunctiofy?:220.221

Implications

The implications of the present work are that impairments in cerebrovascular regulatory
functions and increased arterial stiffness are associated with cSVD burden. Assessing these
vascular traits may aid in further understanding the vascular etiologieshmphysiological
progression of <¢SVD. Despite a prevalence of
aging populatiort€? the underlying mechanisms of cSVD are still incompletely understood.
Previous literature has established the contributions of high blood pressure and
hypertensioff>??4to cSVD. However, studies using antihypertensive medications targeting
reductions in cSVD have been spémed demonstrate overall mixed respofSe&, suggesting
that additional contributing factors may interact with or independent of hypertension and other
traditional comorbidities. In |Iine with the p
controlled trials, the Lacunar InterventiondifL and Trial2 (LACI-1 and LACI2),
demonstrated that treatments targeting vascular endothelial function improved cerebrovascular
reactivity in cSVD patienté® and improved outcomes in cSVD patief&mportantly, the
results of the present study do not suggest replacing monitoring or treatment of hypertension, but
suggest that additional assessments of cerebrovascular autoregulation, cerebrovascular reactivity,
and/or arterial stiffness may be useihen assessed alongside traditional cardiovascular
measurements (i.e., blood pressure testing, echocardiography, etc.), incorporating these three

measures of vascular structure and function in longitudinal studies or studies focusing on
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clinically relevant populations may provide further critical insight into the underlying

pathophysiology that contributes to the development or progression of cSVD.

Study Limitations

There were three main limitations in the present study. First, age and hypertension are
important cardiovascular risk factors that may contribute to the development or progression of
cSVD. These factors also impact the three primary measures incorpotatétkipresent review
and metaanalyseg?2’163.23233 Although blood pressure or hypertension may be a confounding
factor, many studies adjusted for this. However, it is worth noting that we did not have any
randomizeecontrolled trials in our metanalyses, which may partly explain discrepancies
regarding lhe impact of hypertension on cSVVB?*4Second, there was significant heterogeneity
between studies in terms of study population demographics, methods of assessing the primary
predictor variable, and the subtype(s) of cSVD used as the outcome. A key possibility that may
have affected all thrgarimary exposures is the presence of large or small artery disease, such as
arterial stenosis. Stenotic intracranial and extracranial arteries have been associated with an
increased burden of cS\8Y alongside separate associations of arterial stenosis with increased
arterial stiffnes®®, impaired cerebrovascular reactiity and impaired cerebral
autoregulatiorf®® As pointed out in a recent consensus statefffentirrent measures of arterial
stenosis do not provide deeper information into the mechanisms linking stenosis and cSVD.
While outside the scope of the present analyses, the findings presented herein suggest that
incorporating measures of cerebrovascudgutation and arterial stiffness as mediators of the
link between stenosis and cSVD could further our understanding of the pathophysiology. Finally,

we acknowledge that there are statistical limitations in using pooled OR as the primary outcome
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in that these pooled measures may come from different methodological designs and result in high

levels of heterogeneity.

Conclusions

The present systematic review and rretalyses demonstrate significant associations
between impaired cerebrovascular reactivity, increased arterial stiffness and cSVD. Collectively,
the current literature suggests that measurements of cerebrovascuktiaegund arterial
stiffness may provide feasible means of further investigating the mechanisms involved in the
development or progression of cSVD. These findings highlight the utility of vascular assessment

in furthering our understanding of the undertyipathophysiology of cSVD.
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Chapter3-Cer ebr alanMlacMiocr ovascul ar Re

Cancer Survivorship

Abstract

Background: Approximately 46% of cancer survivors report cognitive impairments across many
types of cancer, which has been associated witkcantier therapy and often results in reduced
quality of life. Preclinical studies suggest that determinants of brain healthronic disease

states, such as cancer survivorship, are likely to involve cerebrovascular dysfunction. We aimed
to determine cerebrovascular hemodynamic function (cerebrovascular reactivity to carbon
dioxide, cerebrovascular pulsatility) the macrovascular and microvascular levels in survivors

of cancer. We also conducted exploratory assessments of cognitive function in a subset of the
cohort.Methods: Participants were recruited locally and through the StorsWaritHealthcare
Network. Testing included resting measurements of cerebral hemodynamics to determine resting
blood velocities, microvascular oxygen saturation and concentrations of hemoglaobin, an
cerebrovascular pulsatility. Thererebral blood velocityn thelarge arteries (midd cerebral

artery or MCA) andxygenated hemoglobin microcirculation HbO;; prefrontal cortex

region), blood pressure, and etdil CO> were collected during a rebreathing task. MAP was

used to calculate imckesof cerebrovascular conductan@erebrovascular reactiviCVR) was
calculated as thehange in cerebral blood velogitybQ;, or vascular conductanaever the

change in endidal CO. Cognitive estswere also administered, whiatcluded Dimensional

Change Card Sort, Picture Sequence Merkaryn A, and Pattern Comparison Processing

Speed from the National Institute of Health ToolbResults: Twenty-four women were

recruited (10 healthy controls [HC], 14 survivors of cancer [G&hcer types included
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melanoma, lymphoma, and breast cantbere were no differences in age, badgss index, or
blood pressure resting measurements between gratpaseline, there were no significant
differences in resting MCA mean velocity between groups (HC: 61.4 £ 34.4 cm/s vs. CS: 58.7 +
29.7 cm/s; p>0.9) or in resting HBQHC: 25.6 + 3.0 uM vs. CS: 24.7 = 7.5 uM; p=0.69).
However, there was a significantly lower microcirculagpnsatility indexin HC (HC: 2.1 £ 0.5
MM vs. CS: 2.7 £ 0.7 uM; p=0.@}. In the absolute CVR measurements, there were no
obseved differences between HC and CS in GMR(HC: 0.87 + 0.37 cm/s/mmHg vs. CS: 0.80
+ 0.50 cm/s/mmHg; p>00j or CVRHbo2 (HC: 0.22 + 0.27 pM/mmHg vs. CS: 0.11 + 0.13
uM/mmHg; p=0.37) Adjusting for changes in MAP by using vascular conductance measures
revealed a significantly lower C\go2in CS (HC: 0.90 + 1.06 pM/mmHg/mmHg*10 vs. GS:
0.07 £ 0.22 uM/mmHg/mmHg*10; p=0.04 There were no differences between HC and CS in
the Dimensional Card Change Sort test (p=0.51), the Picture Sequence Memory Form A
(p=0.64), or the Pattern Comparison Processing Speed (p=C&23lusions:Survivors of

cancer had a greater pulsatility and reduced vascular conductance reactivity in the
microcirculation of the brain, highlighting the injury present in a region critical for maintaining
cerebral functions. Thedmdings highlight the importance of monitoring cerebrovascular

function, especially in the cerebral small vessels, in cancer survivors.
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Introduction

For the first time in the United States, over 2 million people are expected to be diagnosed
with canceii roughly equivalent to one new diagnosis every 15 secohidsprovements in
cancer detection and treatment have significantly reduced cancer mortality over prior decades,
resulting in an estimated 20.3 million cancer survivors in the U.S. by*?Di26.medical
progress has led to awareness of an emerging concern: many cancer survivors experience long
term complications, such as heightened risk for cardiovascular disease or cerebrovascular
diseasé:®

Numerous studies have provided evidence thatcamicer therapies, namely
chemotherapy, are primary contributing factors. From the early studies of cardiotoxicity in
doxorubicirf to contemporary investigations into immunotheraghated myocarditfs many of
these studies have focused on the timeframe from the beginning of treatment to within a year of
the end of treatment. With modern survival rates increasing, attention has shiftedtterhong
fatal and noffatal events. A key example is cognitivepairment, which is reportedly
experienced by up to 1 in 3 breast cancersurvR@reLi s cogni ti ve i-fnopgd,r men
remains a poorly understood mediator of reduced quality of life in cancer sutvRemd a gap
in the literature highlighted by the National Cancer Instittite.

One of the leading hypotheses for mechanisms underlying efagme that
neuroinflammation and oxidative stress induced by chemotherapy impair cerebrovascular
function. The diminished cerebrovascular regulation results in a mismatch between neuronal
metatwlism and cerebral blood flow, leading to cognitive dextn'3Similar hypotheses have

been investigated and supported in general population safnphedtiple sclerosis, cerebral
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amyloid angiopathyf, and several other chronic conditions including adirgowever, this
concept has had limited attention in cancer survivorship.

One study from Downs et #linvestigated cerebrovascular reactivity to carbon dioxide
(a standard marker of cerebrovascular regulatory fun€iand found that breast cancer
survivors had a reduced cerebrovascular reactivity compared to-deeceontrols. The authors
suggested that this may have contributed to the lower cognitive scores also observed in the breast
cancer survivors. However dlstudy only assessed blood velocity in the middle cerebral artery
(MCA). While the large arteries and pial vessels contribute substantially to the vascular
resistance of the brain, the microvasculature remains the site of metabolic exchange between
bloodand the cerebral parenchyffaAssessment of microvascular responses may provide
information beyond that of the large vessel reactivity.

Therefore, the aim of the present study was to compare large and small vessel reactivity
between cancer survivors and caritee controls. We additionally tested a select battery of
cognitive function assessments between groups. We hypothesized thatscavivers would
have reduced large and small vessel reactivity, and reduced cognitive function. Furthermore, we
hypothesized that the reductions in vascular reactivity would be correlated with cognitive

impairment.
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Methods

All procedures in this study were conducted in accordance with the Declaration of
Helsinki and received institutional ethical approval from Kansas State University and Stormont
Vail Health (IRB #11181). The authors declare that all supporting data atabée/aipon

reasonable request.

Study Cohort

Males and female cancer survivors (CS) and cafreercontrols (CF) were eligible for
participation in the study. Participants were recruited from June 2022 through August 2024 from
the Manhattan, Kansas area and surrounding regions through social amepagns, campus
media announcements, and recruitment through the Stormont Vail Health network. Eligibility
criteria for CS were: 1) 21 years of age or older, 2) primary@6 cancer diagnosis within the
previous 15 years, and 3) completion of primaeatment (surgery, radiation, and/or
chemotherapy). For CF, criteria were: 1) 21 years of age or older, and 2) no prior diagnoses of
any form of cancer. Exclusion criteria for both groups were: 1) younger than 21 years of age, 2)
current or previous cerehbrascular, neurodegenerative, and/or pulmonary disease, and 3) unable

to provide written and verbal informed consent.

Experimental Design

Experiments were performed in Manhattan, Kansas (altitude of 327 meters above sea
level) in a controlled clinical environment (Stormont Vail Health Manhattan Campus) or in a
controlled laboratory setting (Lafene Health Center, Kansas State Universityjeiiauore,

humidity, and ambient pressure did not differ between locations during testing. Participants were
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instructed to refrain from caffeine and strenuous exercise prior to the experimental visit, but to
maintain any daily medication and supplement use according to their normal schedule. At the
beginning of each visit, informed consent, anthropometric megswalth history information,

and medical record release documents were collected. Brachial blood pressure (OMRON
Intellisense Pro; OMRON Healthcare, Inc., IL, USA) was assessed as the average of 2
measurements performed after ~10 minutes of quiet rests \asted 600 minutes in total, and
started between 7:00am and 6:00pm with no difference in morning or afternoon visit allocation

between CF and CS groups.

Cerebral Hemodynamics
All equipment herein was calibrated and checked for quality according to manufacturer
recommendations before experiments. Equipment checks and operations were performed

throughout all experiments by the same investigators (B.S., C.A.).

Transcranial Doppler Ultrasound

Transcranial doppler (TCD) ultrasonography was used for collection of cerebral
hemodynamics. Participants were seated in an upright position while the TCD operator (B.S.)
positioned a convex probe connected to a traditional ultrasonography system (Glewrial
HealthCare Technologies, Inc., Chicago, IL, USA)mBde and color flow scans were
performed to identify the middle cerebral artery (MCA) at a depth @6 m through the
temporal window. Pulsevave doppler scans assessed minimum, maximum, aad MCA

velocities with an insonation angle less than 15 dedfees.
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Near-infrared Spectroscopy

Noninvasive measurements of cerebrovascular hemodynamics will be performed serially
by cerebral neainfrared spectroscopy (NIRS) using a commercially available frequaémmain
system (OxiplexTS, ISS Inc., Champaign, IL, USA). In brief, NIRS devicesrezarinfrared
light into biological tissue which is absorbed primarily by heme; in cerebral tissue, heme is
primarily found circulating as hemoglobin in red blood c&l§he optical properties of
hemoglobin vary if the hemoglobin is bound to oxygen, allowing NIRS to differentiate between
oxygenated and deoxygenated hemoglobin (H@ HHb, respectively’ The absolute
concentrations of these species, along with their sum-{tidphnd the oxygesaturation
percent (Tissue Oxygenation Index, or TOI1%), provide-imvasive indices of cerebral
microvascular hemodynamié$?®For the present work, we used Hiéhd totalHb as our

primary measuremesiin line with previous literaturé*2°

Assessment of Microvascular Pulsatility
In a subsample of the present study, we determined the pulsatility in the microcirculation
using the NIRS. Cerebral microcirculatory data collected via NIRS during a resting period
preceding cerebrovascular reactivity testing (described in the followntigrsewas exported at
10Hz and imported into LabChart 8 (ADInstruments Inc., CO, USA). fBudbftware
algorithms for peak detection were used to identify cardiac cycles, using 2 standard deviations as
a threshold criteria to exclude peaks resultingifinoise during the refractory window. Within
each cycle, the maximum and minimum tetdd values were used to calculate the amplitude
(the maxi mum minus the minimum). These ampl it

in a NIRSderived pulsatilityindex (PI) in the microcirculation. Consistent with prior w8rkhe
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totalHb signal was selected to represent the local cerebral blood volume (assuming hematocrit

remains constant during the resting perfdd).

Cerebrovascular Reactivity

To assess MCA and cerebral microcirculation responsiveness to changes in blood gases,
a modified rebreathing approach was adoptdharticipants breathed room air for a 2 minute
baseline period before switching to rebreathing frordite6anesthesia bag pféled with 4
liters of room air until predetermined cardiorespiratory endpoints were achievedtigald
partial pressures aixygen (Rr0O2) and carbon dioxide €PCO,) were collected breathy-
breath with a metabolic cart (Ultima CPX, MGC Diagnostics Corporation, MN, USA) or
cardiorespiratory monitor (CardioCap 5, General Electric HealthCare, IL, USA). The final 60
seconds of baseline and the last 10 seconds of reimgalata were used for analyses. Due to
simultaneous changes in botkr®, and RtCO, that occur during rebreathing, we calculated a
previously described stimulus index (8)xhe ratio of BrCO, over R1O;, as the blood gas
stimulus for cerebrovascular responses. To account for changes in blood pressure, vascular
conductance indices were calculated as the hemodynamic variable divided by mean arterial
pressure (MAP). MAP was calculated as-tmed of the diference between systolic blood
pressure (SBP) and diastolic blood pressure (DBP) added to DBP. Cerebrovascular reactivity
(CVR) was determined as 1) the absolute or relative change in MCA velocity or microcirculatory
HbO, over the change in SI, and 2) as the absolute or relative change in MCA vascular
conductance or in microcirculatory vascular conductance over the change in Sl. Equations are

provided below:
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CVRx-abs = (XendT szl) / (Slend.f Slbsl) [1]

CVRx-rel = [(XendT Xbsl) / (Xos)*100] / (SlendT Slbs)) 2]
CVRx.vc-Abs = (VCx-endl VCx-bs)) / (SkndT Slos) [3]
CVRx.vc-rel = [(VCx-endT VCx-bs)) / (VCx-bsl) * 100] / (SkndT Slbs)) [4]

where X represents either MCA velocity or Hh@e subscripéndindicates the measurement
during the last 10 seconds of rebreathing, the subsisiliptdicates the measurement taken
during baseline, and \ids the vascular conductance measure for either MCA velocity op HbO

obtained by dividing the hemodynamic variable by MAP.

Cognitive Assessments

Participants were comfortably seated at a table in the testing site for cognitive testing.
These tests were performed on an iPad' (jéheration, Apple Inc., Cupertino, CA, USA) after
entering participant age and education level. Tests included Dimensional Change Card Sort,
Picture Sequence Memory Form A, and Pattern Comparison Processing Speed from the National
Institute of Health Toddox version 3.10.1.3. Analyses of the cognitive tests were performed by
researchers blinded to participant cancer higforg., A.S., O.E., S.S.). Demograptgorrected

T-scores for the tests are reported by adjusting raw test scores for age, sex and race/ethnicity.

Statistical Analyses

Statistical analyses were performed in GraphPad Prism 10.3.0 (Dotmatics, Boston, MA,
USA) or SigmaPlot 13.0 (Systat Software Inc., Chicago, IL, USA). Normality of data was

assessed with ShapiWilks tests. Outliers were determined with the ROUT methodtset
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standard threshold (Q=1%). Comparisons between groups were assessed as indgpsigjent t
MannWhitney tests if the normality assumption was violated;toets t wi t h  Wel chdés
if variances were unequal. Associations between cognitive test cegcmd NIRSlerived

microcirculation measures were assessed using the Spearman r coefficient and corresponding p
value. The microcirculatory outcomes were selected for correlational analyses as the cerebral
microcirculation is the site of the neurovascuiait, linking cognition to vascular functiof3?

Statistical significance was sgfpriori at p<0.05Data in results are presented as means +

standard deviations unless otherwise noted.

102



Results

Demographics for the overall study cohort are reported in TabldHealthy controls
(HC) were well matched to survivors of cancer (CS) for age, height, weight, body mass index,
systolic and diastolic blood pressure (all p>0.05). For all cerebrovascular assessments, all HC
and CS participants were women. Due to techricallenges present in cerebrovascular and

cognitive testing, some participants had to be excluded from certain tests.

Cerebrovascular Reactivity and Pulsatility

At baseline, there were no significant differences in resting MCA mean velocity between
groups (HC: 61.4 £ 34.4 cm/s vs. CS: 58.7 £ 29.7 cm/s; p>0.9) or in resting(HBO25.6 +
3.0 uM vs. CS: 24.7 £ 7.5 pM; p=0.69). However, as shown in Figilrethere was a
significantly lower microcirculation Pl in HC (HC: 2.1 £ 0.5 pM vs. CS: 2.7 £ 0.7 pM; p=0.04).
For cardiopulmonary measures, there were no differences in MAP (p=0.28) or Sl (p=0.25). The
change in Sl from baseline to etebt was not differ® betveen groups (HC: 0.13 £ 0.11 mmHg
vs. 0.14 + 0.11 mmHg; p>0.9); however, there was a significantly greater change in MAP from
baseline to entkst in CS (HC: 1.1 £ 5.6 mmHg vs. CS: 8.1 + 8.4 mmHg; p=0.04).

In the absolute CVR measurements, there were no observed differences between HC and
CS in CVRuca-abs(HC: 0.87 £ 0.37 cm/s/mmHg vs. CS: 0.80 + 0.50 cm/s/mmHg; p>0.7) or
CVRHbo2abs (HC: 0.22 £ 0.27 pM/mmHg vs. CS: 0.11 + 0.13 pM/mmHg; p=0.37). The same
was true for relative CVR measurements, both in GdRke (HC: 1.95 + 1.35 %/mmHg vs. CS:
1.47 £ 0.93 %/mmHg; p=0.39) and in CMf32rel (HC: 1.05 + 1.28 %/mmHg vs. CS: 0.50 +

0.50 %/mmHg; p=0.48). Results are presented in Figi2e
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Table 3-1. Study cohort demographics and comparisons.

Healthy Controls

Cancer Survivors

P-value for Comparison

Sample Size (n) 10 14 --
Age (yrs) 43.8£16.2 52.9+15.3 0.18
Sex, female (%) 100 100 1
BMI (kg/m2) 25.7+75 29.1+5.9 0.23
SBP (mmHg) 127.6 £ 10.5 126.9+12.4 0.9
DBP (mmHg) 80.6+5.4 84874 0.15
MAP (mmHg) 96.2+6.0 98.8+£8.7 0.44
PP (mmHg) 47.0+9.6 42.1+75 0.19
HR (bpm) 73.6+9.7 76.6 £9.5 0.47
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Figure 3-1. A comparison of microvascular pulsatility between caticss, healthy controls
(HC) and survivors of cancer (CS). The pulsatility index was derived frominfeared
spectroscopy assessments of the prefrontal cortex microcirculation during a resting.base
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Figure 3-2. (Top-Left) Absolute middle cerebral artery cerebrovascular reactivity in respon
a rebreathing protocolT op-Righ?) Relative middle cerebral artery cerebrovascular reactivit
response to a rebreathing protocBlottomLeft) Absolute microcirculatory cerebrovascular
reactivity in response to a rebreathing protod®dbt{omRigh{ Relative microcirculatory
cerebrovascular reactivity in response to a rebreathing protocol. See Methods for details
calculation. HC, healthy controls; CS, cancer survivors.
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In contrast, adjusting for changes in MAP by using vascular conductance measures
revealed a significantly lower C\MBo2.vcabsin CS (HC: 0.90 + 1.06 pM/mmHg/mmHg*10 vs.
CS:-0.07 £ 0.22 pM/mmHg/mmHg*10; p=0.04). This was consistent with the relative measure,
CVRHbo2.vcrel (HC: 0.39 £ 0.49 %/mmHg vs. CS.02 £ 0.11 %/mmHg; p=0.03). However,
there was a lack of significant difference between groups MCA vascular conductance CVR in
both absolute and relative terms (both p>0.1). Results for vascular camcki€@VR outcomes

are presented in FiguBe3.

Cognitive Assessments

There were no differences between HC and CS in the Dimensional Card Change Sort test
(HC:56.4 + 21.1 vs. CS: 45.1 + 10.9; p=0.51), the Picture Sequence Memory Form A (HC: 61.6
+ 16.4 vs. CS: 60.4 £ 7.5; p=0.64), or the Pattern Comparison Processing3pe&8.6 +
13.7 vs. CS: 48.2 + 9.6; p=0.32).

In correlational analyses, greater GMB2abs (Spearman r: 0.66, p<0.05) and greater
CVRHuboz2rel(Spearman r: 0.65, p<0.05) were associated with higher Picture Sequence Memory
Form A scores. However, this correlation was not observed in the vascular conductance CVR
measures (both p>0.05). There was also a borddnlitgonsignificant association between
microcirculatory Pl and the Picture Sequence Memory Form A scores (p=0.05). None of the
CVR measures were correlated with either Dimension Card Champge& or Pattern
Comparison Processing Speed test performance (all p>0.05). Test scores and the correlation

matrix are presented in Figused.
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Figure 3-3. (Top-Left) Absolute middle cerebral artery vascular conductance in response t
rebreathing protocolTEp-Righ) Relative middle cerebral artery vascular conductance in
response to a rebreathing protocBlotfomLeft) Absolute microcirculatory vascular
conductance in response to a rebreathing protdg@ottqmRighf) Relative microcirculatory
vascular conductance in response to a rebreathing protocol. See Methods for details of
calculation. HC, healthy cont®ICS, cancer surviver
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Discussion

The main findings of this study demonstrate a reduced vascular conductance CVR
response and a greater pulsatility in the cerebral microcirculation of survivors of cancer, which
were suggested to be correlated with cognitive performance on a memory taskeian
contrast to our initial hypothesis, we found no significant differences in large artery (MCA) CVR
or reduced cognitive performance in survivors of cancer compared to-¢geeeontrols.

Overall, these findings support a primarily cerebral miaszular dysfunction that may persist

throughout cancer survivorship, potentially relating to cognitive impairment over time.

Cerebrovascular Reactivity and Pulsatility

One of the key findings in the present study was that the microcirculatory vascular
conductance reactivity was lower by ~110% in CS compared to HC counterparts, suggesting an
almost completely reversed direction of the expected hemodynamic response in some
participants’®34Interestingly, this significantly impaired response was only observed when
considering changes in MAP over the course of the stimulus. A similar phenomenon was
described by Miller et & in a study comparing CVR in the MCA between young and old
healthy, physically active individuals. In that work, the authors suggest that this may indicate an
agerelated reliance on changes in perfusion pressure to augment cerebral blood flow as a
compenstory mechanism for reduced cerebral microcirculatory function. We extended on those
ideas by nonnvasively measuring the large and small cerebral arteries simultaneously, and we
found that the perfusion pressure depengient vascular conductancaifferences between
groups were significant only in the microvasculature. It should be noted that the ages were not

different between groups in this study; however, cancer and mangaacer treatments may
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accelerate biological aging that result in survivors presenting with phenotypes and physiological
responses characteristic of an older individ&&i.Thus, insight into cerebrovascular regulation

in both aging and cancer survivorship may lead to overlapping understanding of the underlying
pathology.

It is also likely that other factors may play a role; for example, prior work has suggested
an increased chemoreflex response to hypd&iand a reduced Chreshold! in older adults.

This sympathetic hyperexcitation would drive MAP increases to a greater extent, and excessive
sympathetic activity has been well documented in cancer sunf&tr§he role of sympathetic
activity in CVR to hypercapnia is a topic of delJat€ but more recent literature provides strong
evidence for a role that may vary between health and di$ease.

We also found a significantly greater pulsatility in the cerebral microcirculation of CS,
with an increase of ~30% relative to HC. Generally, conduit arteries between the heart and brain
act to dampen the pulsatile energy generated by the left ventriahg dontraction in order to
prevent transmission of excess force into the vulnerable cerebral microvascutdrbeds.
Increased microvascular pulsatility has been linked to impaired endothddipemdent
vasodilation?, bloodbrain barrier breakdowh and development of cerebral small vessel
diseasé&? The findings from the present study (impaired CVR, microvascular pulsatitity)
prior work from our laboratory demonstrating increased arterial stiffiepsovide strong
evidence supporting the likelihood of small vessel disease, given that these physiological

processes and functions are associated with the disease in the general pofulation.
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Cognitive Function in Cancer Survivorship

Impairments in cognitive function have been demonstrated throughout the continuum of
cancer survivorship, from before treatnfémd beyond 20 years from the end of treatnt@@ur
present findings did not suggest any substantial differences in cognitive ability across the
domains tested. While this was an opposing finding to our hypothesis, it was also not entirely
unexpected given that prevalence rates for detectable eanteratmentrelated cognitive
impairment vary widely, and do not often exceed 40% when using short, standardized cognitive
batterie A substantial portion of patients and survivors report cognitive complaints, but
challenges in methodology and the need for specific tools designed to encompass the multi
faceted and heterogeneous forms of canelated cognitive impairment may warraiovel
approaches’ In a similar vein, incorporation of physiological measures alongside
neurocognitive outcomes may reveal insight that extends beyond only using one or the other.
Our correlative findings between microcirculatory pulsatility, reactivity, and mesmeyific
deficits may suggest that survivors who present with cerebrovascular dysfunction may be more
predisposed to a certain cognitive phenotype; further work is needed to fill critical gaps in

present knowledg?®.

Limitations
Our study is not without limitations. Our primary limitation was sampleisthee to the
nature of the study design, larger sample sizes could not be included in the present work. This
limits the ability to stratify by duration of cancer survivorshipygres of treatment received, key
targets for future work. Secondly, our use of a rebreathing test that elicited both hypercapnia and

hypoxia prevents isolation of physiological responses specific tao€axygen. However, this
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method has been previously establigfiedd aids in interpreting the two changing stimuli
simultaneously. Third, we used transcranial doppler ultrasonography to assess cerebral blood
velocity in the MCA, which does not account for changes in the -sestonal area of the

vessel. The conceptdat MCA crosssectional area remains constant during short rebreathing
assessments has been challert§étds important to note that in that study, substantially smaller
increases in crossectional area were observed in older adults (~5% vs. ~12% in younger
adults). Thus, in the present study where the average age of the cohort was ~50 years old,

vasodilaion may have had less of an impact.

Conclusions

Our study demonstrates that cerebral microvascular conductance responses to a
rebreathing challenge are impaired in survivors of cancer. Additionally, survivors of cancer
demonstrated greater cerebral microvascular pulsatility than eieeearontrols atest. Future
work should examine this effect across a variety of cancer types and chemotherapy regimens to
investigate the differential impacts that these may have. Furthermore, the implications of this
cerebrovascular dysfunction on cognitive outcomesilshioe explored with a wider array of

neurocognitive assessments.
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Chapter4-The Effects of Breast Cancer
| nhi bition on Cerebr al Smal |l Vesse

Randomi zation Anal ysi s

Abstract

Importance: Breast cancer survivorship is rapidly increasing in the U.S., largely due to
novel anticancer treatments such as immune checkpoint inhibitors (ICls). However, robust
evidence investigating adverse effects of ICls is lacking despite the reported variety of
neurotoxicities. Understanding the effects of ICIs on cerebrovascular injury, specifically cerebral
small vessel disease (CSVD), may inform monitoring and management strafdgessive: To
use genetic instruments for estimating the cautadts of breast cancer or exposure to ICls on
CSVD burdenDesign: Thiswas a genetic association study using-sample and drutprget
Mendelian randomization methods. Analyses were performed between December 2024 and
March 2025 Setting: Genetic summary statistics were used, primarily representing a European
population.Participants: Genetic data for primary analyses were predominantly extracted from
the Breast Cancer Association Consortium, UK
Initiative or stoke consortium metanalysis Exposures:Exposures were: 1) genetically
predicted breast cancer, stratified into any breast cancer, esteaggrtor positive or negative,
or triple-negative subtypes; 2) a genetic instrument designed and validated to proxy the effects of
ICls. Main Outcomes and MeasuresBet a coef ficients (b) or odds
confidence intervals (Cl) for four CSVD markers: white matter hyperintensity volume (WMH),

perivascular space burden (PVS), cerebral microbleeds (CMBjnaaltivessel stroke (SVS).
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Results: Summary data were available for WMH (n=18381), PVS (n=40095; 9339 cases), CMB
(n=25862; 3556 cases) and SVS (n=1614080; 13620 cases). Breast cagasatless of type

was not associated with any CSVD marker (all p>0.30). However, the genepiaatigd effect

of 1 Cls was associated with a g0.083,tp=0034WMH v ol
and a greater risk of PVS (OR 1.02, 95%CI:[11003], p=0.023)Conclusions and Relevance:

Our findings suggest that breast cancer does not havecaeffect on CSVD, but exposure to

ICIs may increase CVSD burdérparticularly WMH and PVS.
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Introduction

Advances in cancer screening and innovative treatments have dramatically improved
survival rates for breast cancer, with the number of survivors in the United States projected to
exceed 26 million by 204bOne such innovation in treatment is the addition of immune
checkpoint inhibitors (ICIs), whichave emergeth the last decadas a promisingpproach to
reduce breast caneassociated mortality, especially in advanced stage breast édhddence
from clinical trials have demonstratedproved pathologic complete response and overall
survivalwith ICls compared to chemotherapy alénsuccesses highlighted in the KEYNOTE
522 (NCT03036488)and KEYNOTE756 (NCT03725059)linical trial$d underscoring their
potential role in shaping the future of breast caneeg Despite the improvement in caneer
specific outcomes, ICls are associated &ithte and latéleveloping adverse eventscluding
neurologic and cerebrovascular injurghat can carry severe consequercess recently
highlighted, we are entering fia new er a -relitediommunot h
term complications that are becoming increasingly relevant to clinical care.

The increased risk of cerebrovascular morbidity and mortality infenyg
survivorshig®is potentially due to common pathophysiological mechanisms between
cerebrovascular disease and cancerch as oxidative stress and inflammalttdai along with
the acute and chronic toxicity associated with some cancer treatments, includitigri@ise
complications are suggestive of cerebral small vessel disease (E8¥B)pathology that
primarily develops in regions of vascular endothelial dysfuntiifiand is detected on magnetic
resonance imaging (MR1¥.Notably, evidence suggests that both endothelial dysfurigtibn

and markers of CSVD, such as cerebral microbleeds (@ associated with conventional
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chemotherapy. The burden of CSVD after treatment with ICIs remains critically underexplored
despite the severity of these cerebral adverse efents.

There are obstacles to advancing our knowledge ofdlated longterm toxicity. As
pointed out in a recedAMA Oncologwiewpoint, reporting of adverse events beyond 90 days
in ICI clinical trials is incredibly rare restricting the ability to investigate this phenomenon. The
few cancer registries reporting Hlated adverse events are limited by selection bias, among
other biase$? An innovative approach to circumvent these obstacles is the application of
Mendelian randomization (MR study design that uses genetic variants as instrumental
variables to examine the causal association between an exposure and an S ftbinie.
unique methodology also assesses {tmmm consequences of an expo3(rereby addressing
a critically understudi ed wi ndoflakingddvantagen@d 1 n
MR studydesign we aimedo identify the effects of breast cancer dfds on MRI-derived
measures o€SVD. We hypothesized thahmune checkpoint inhibition, but not breast cancer,

would be associated witin increased burden of CSVYD
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Methods

Overview of Mendelian Randomization

Mendelian randomizatiorMR) begins with identifying genetic variants associated with
selectecexposure trajtthese variants are used as a genetic instrumental vatikohg genetic
summary statistics for an outcome trait, the association betwesaldated exposuend the
targetoutcomecan beassessed. If the core assumptions of MR are met, then this approach
results in an estimate of the causal relationship under investigafibere are three core
assumptions: 1) relevanéehe instrumental variable associated with the exposure of interest;
2) independenckthe instrumental variabls not related to any confounders, and 3) exclusion
restrictioni the instrumental variable not related to the outcome meastiEurther details are
provided in the Supplementary Methddgpendix B)

This study performed two separate sets ofsample MR analyseshown in the study
design overview (Figure 1)n both analysis stages, exposure and outcome information was
derived from genomeide association stues (GWAS). The first tageof analyss focugson
the direct effects of breast canéeaind breast cancer subtypesn markers of CSVDExposure
data for breast cancer and breast cancer subtypes were obtained from the Breast Cancer
Association Consortiur?f. The primary atcomes wereindividual imaging markers of CSVD
(described further below) assessed from MBdns and analyzed in a manner consistent with
international guideline® In the second stage of analysis, genatidants were used to create an
instrument to proxy the effects of ICIs. This exposure was assessedsarpbe MR analyses
with thesameoutcome (CSVD markersas in the first stage of analysis.

All methods and reporting conducted herein were performed to be consistent with the

Strengthening the Reporting of Observational Studies in Epidemiology Using Mendelian
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Stage 1 Outcomes
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o All Breast Cancer
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\ / ER+ B t
\\ /’< reast Cancer Randomization
ER- Breast Cancer
—
White Matter
Hyperintensity
Stage 2
—
Immune Checkpoint
(==} ' Inhibition
| .‘H
) T7/1 Mendelian
= < Randomization
*u””“ -
| | ¢ --=r_— Small Vessel Perivascular Space
/l \ 4"\‘ > _7_// Stroke

Figure 4-1. An overview of the study designin stage 1, we used twgample Mendelian
Randomization (MR) to assess the causal associations of all breast cancer types, estrog
receptor positive (ER+) breast cancer, and estrogen receptor negatiyer@sRt cancer with
cerebral small vessel dised&SVD) imaging markers. In stage 2, we identified a genetic
instrument designed to mimic the effects of immune checkpoint inhibition, and used this :
exposure for the same outcomes as stage 1. Figure adaptedfiarps8theuermann et 4.
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Randomization (STROBR) recommendationsAppendix B.3! All analyses used publicly
available GWAS summary statistics from studies tfined ethical approval and participant

informed consent; therefore, approval by local institutional research boards were not required.

Exposure Instrumental Variables
Breast Cancer and Subtypes

GWAS summary level data for breast cancer, estrogeeptor positive (ER+#)reast
cancer and estrogeneceptor negative (ElRbreast cancewxerederivedfrom a Breast Cancer
Association Consortiuffistudy. Data for tripleegative (TN) breast cancer was retrieved from a
separate metanalysis of Breast Cancer Association Consortium stdé@sidy characteristics
for the published GWAS are provided in TaBé. Extractedsingle nucleotide polymorphism
(SNP)variants met standard threshold criteria (significanaloe < 5x1¢, window size =
10,000 kb) to ensure th&NPs were significantly associated with the expoguee, breast
cancer and subtypeahd not in linkage disequilibrium with one anotfi#x0.001) The linkage

disequilibrium reference used was the 1000 Genomes referencéjanel.

Geneticlnstrument for PD-1/PD-L1 Signaling Inhibition .

To determine a genetic instrument reflecting the effects of Misfirst identified drug
targes with supported pharmacological action using the DrugBank datdb&sevariants (i.e.,
variants within £100kb of target gene region) significantly associated with the expression of
these target genes in whole blood wex&acted fronthe Genotype Tissue Expression (GTEX

v10) databas€ and combined® In contrast to the breast cancer analysasawuts were allowed
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Table 4-1. Characteristics of the genomade association studies (GWAS) used in the present
investigation.

Predominant

Extracted Variable | Source GWAS . Sample Size Adjustments in Model @
Ethnicity

Exposures

Any Breast Cancer,

ER+/ER Breast PMID: 29059683 | European 106,776° Study site, first 10 PCs.

Cancer

Triple-Negative

PMID: 32424353 | European 106,377 Age, first 10 PCs.
Breast Cancer

Sex, PCs, PEER factors
PMID: 32913098 | European 943 d, sequencing platform,
sequencing protocol.

PDCD1, CD274
eQTLP

Primary Outcomes

Age, sex, genotyping
White Matter . array, UK Biobank site,
Hyperintensity PMID: 32358547 | European 18,381 first 10 PCs, MRI head
motion.

Age, sex, intracranial

Perivascular Spacey PMID: 37069360 | European 40,095 volume, study site, PCs.

Cerebral

Microbleeds PMID: 32913026 | European 25,862 Age, sex, PCs.

Age, sex, PCs, study

Small Vessel Stroke PMID: 36180795 | European 1,614,080 - ,
specific covariates.

Secondary Outcomes

Age, sex, duration
PMID: 29875488 | European 3301 between blood draw ang
processing, first 3 PCs.

PD-1, PDL1
Protein Expression

Age, age squared, sex,
Leukocyte Count PMID: 29892013 | European 459,327 assessment center,
genotyping array.

Age, age squared, sex,
first 10 PCs, study
specific covariates (i.e.,
study site).

Neutrophil,
Lymphoctye, PMID: 32888493 | European 562,132
Monocyte Counts

PCs, studyspecific
covariates.
2PCs, principal components used to adjust for population stratification.

b eQTL, expression quantitative trait loci.

¢Only the oncoarraypased summary statistics were used in the present study.

4 PEER, probabilistic estimation of expression residuals. A method used to identify a set of
covariates based on sample size.

¢ Secondary outcomes were those used in Mendelian randomization analyses aimed at providing
biological evidence supporting the validity of the immune checkpoint inhibition genetic
instrument.

Interleukin8 Levels | PMID: 33067605 | European 21,758
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to be inweak linkage disequilibrium{%0.4) to increase statistical power of analy¥g8.

Further details on variant selection are provided in Supplementary Métguoisndix B)

Validation of Genetic Instruments.

For both drug targets and breast cancer, instrument strength f@8MRevas assessed
usingthe st at i st i c, exp&udSEspudd)avhesedSE & standafd erSiThe overall
F-statisticfor the genetic instrumemtas taken as the average of all individuat&tistic values.

An F-value>10 indicates sufficient instrument strerfijth.

For the genetic instrument designed to proxy the effects of ICls, additional validation
steps were conducted. First, the genetic instrument was assessedgamtple MR to determine
the effect on protein expression of programmed d&qfPD-1) and programmed death ligand
(PD-L1) to account for physiological states that may result in differences between predictors of
gene and protein expressitif! Second, biological validation was conducted to establish
consistent effects of the genetic instrument compared to the clinical effects &f T@is.was
conducted via twssample MR, estimating the effect of immune checkpoint signaling inhibition
on immune cell counts and circulating inflammatory markers, which have been reported before

and after ICl exposure in a previous stdely.

Primary OutcomeVariables

Primary outcomes in the present study@&VD were white matter hyperintensity
(WMH) volume, perivascular spaces burden (PVS), cerebral microbleeds (CMB), and small
vessel strokes (SVS). WMH data wastained from a previously published GW&8onducted

usingthe UK Biobank cohort, which has been previously descrtteeivherd** Genetic

131



associations with PVS were obtained from a study combining 18 popuitetsaa cohort®

Data for CMB was extracted from an Al zhei mero
incorporating 11 populatiehased studies and 3 casmtrol or controlonly stroke cohort$’

Finally, SVS summary GWAS statistics were derived from a +ae#dysis of >1 million

individuals of Europeadescent? Cohort characteristics are presentedable4-1, and detailed

information CSVD marker assessment methods can be found in the respective pubfitétions

48

PhenomeWide Associations of Immune Checkpoint Inhibition

We used phenomeide GWAS results available through a wedsed platform,
PheWebt’, to identify potential phenotypes associated with immune checkpoint inhibition .
Specifically, this step of analyses was conducted to identify potential confounding phenotypes
that influence the associations between ICI effects and C8Pbenotypes were extracted from
the FinnGen studya genomics initiative that has analyzed over 500,000 Finnish biobank
samples and correlated genetic variation with health data to understand disease mechanisms and
predispositions? Significant phenotypes were identifietjpge2.0x10° to account for the 2469

phenotypes listed in PheWeb.

Statistical Analyses

Our primary outcome foMR analyses wathe inversevariance weighted method, which
is oftenconsideredisthe primaryapproach for twesample MR We additionally assessed all
modelsin sensitivity analysessing MREgger, weighteanedian, and MR Pleiotropy RESidual

Sum and Outlier MRPRESSO) method3$he MREgger approach tests for a causal effect but
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additionally is used to detect horizontal pleiotr8p¥he weighteemedian method provides
consistent results even when up to 50% of the information comes from iBX#&P2 The MR
PRESSO method detects, and corrects for, potential outlier 3INF-PRESSO models were
run with 1000 bootstraps

Model heterogeneity was assessed with the-EtRjer Q statistié>>>>°Horizontal
pleiotropy was tested with the MRgger intercept, where a value significantly different from
zero indicates potential horizontal pleiotroByFinally, scatter plots were used to visualize the
agreement and consistency between the various methods applied.

All analyses were performed in R Studio (v2024.12.0), and figures were created using
GraphPad Prism (v10.4.0MR estimates are presented as beta and 95% confidence intervals
(95% Clfor continuousoutcomegWMH), or odds ratio (OR) and 95% CI for binary outcomes
(PVS, CMB, SVS)These estimates are given per additional copy of the effect allele, and
represent the inversariance weighted results unless otherwise st&tdistical significance
was sef priori at a 2sided p<0.05Results were considateobust when statistical significance

was achieved in 02 methods of assessment .
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Results

Effect of Breast Cancer on Cerebral Small Vessel Disease

Instrument strength wasfficientwith an average -Btatistic valueof 78.6 (range 29-8
686.4) forbreast canceB1.2 (range 30-387.2) for ER+, 49.3 (range 3192.1) for ER
exposuresand 67.8 (range 3023L7.8) for TN breast cancéydone of the methods applied in
MR analyses demonstrated a significant relationship between breast cancer and markers of
CSVD (all p>0.3; Figured-2). There was evidence of heterogeneity in tests for WMH, CMB and
SVS (Q p<0.05); however, adjusting for outliers with MRESSO did not substantially alter
results in any case (all p>0.3). Thavas no evidence of horizontal pleiotropgsults were
similar forER+, ER and TNsubtypesAppendix TableB-1). Visual inspection of scatter plots

indicated agreement across the methods appAppendixFigures B1 through B4).

Effect of Immune Checkpoint Inhibition on Cerebral Small Vessel Disease
Validation of the Geneticlnstrument
The genetignstrument for immune checkpoint signaling inhibition compriseddriants
in cis-regions forthe identified gene targetBD-1 and PBL1 (AppendixTableB-2), with an
average Fstatistic of 33.5 (range 13H15.4).Results from MR analyses indicated that the
instrument was associated with both-PD pr ot ei n expressi-@3], (b 0. 23,
p=2.4x10°)andPBL 1 pr ot ein expr ess i0a@5] p66x1E), nlirdbring 95 % C|
the effects of pembrolizumab observed in patientsipuely >’ Subsequent analyses performed
for changes in immune cell type distribution and inflammatory biomarkers provided further
evidence for the validity of the genetic instrument when compared to observations from a recent

trial in responders and neesponderso immunotherapy? Specifically, both the genetic
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Figure 4-2. Primary inverse-variance weighted (IVW) results of the Mendelian
randomization analyses for the effect of any breast cancer type, estrogegceptor positive
(ER+) breast cancer, estrogefeceptor negative (ER) breast cancer, and triplenegative
(TN) breast cancer on the four included markers of cerebral small vessel disea98% CI
indicates that the plotted error bars show the 95% confidence interval.
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instrument and observational data indicated increased lymphocytes and inteBléers,
decreased leukocyte and neutrophils, and no change in mondoyitesce supporting

biological validity of the genetic instrument is shown in Figti®

Effect on CSVD Outcomes.

The genetic associationsthie effects of ICIsvith specific CSVD markers are shown in
Figure4-4.Not abl vy, | CIl effects were significantly e
0.045, 95% CI: [0.008.087], p=0.034) and higher risk for more severe PVS burden (OR 1.02,

95% CI: [1.001.03], p=0.023). Both were considered robust, with significant aseosat
supported by at least one additional methpbendixTableB-3). ICI effects were not

associated with CMBs or the risk of SVS (p>).2VIR-PRESSO deteed potential outliers for

the SVS model (outlier test p=0.025), however, adjusting for outliers did not substantially alter
results (outliercorrected p=0.37). Scatter plots indicated generally consistent results across the

MR methods appliedAppendix FigureB-5).

PhenomeWide Associations of Immune Checkpoint Inhibition

Of the genetic variants included in the instrument for ICI effects, 5 unique variants were
associated with 9 uniquehenotypesAppendixTableB-4). The phenotypes were primarily
categorized into diseases of the digestive system (i.e., inflammatory bowel disease, noninfective
enteritis and colitis, ulcerative colitis) or the respiratory disease (i.e., chronic lower respiratory
diseases, asthma/COPDJotably, one variant (rs73399174) was associated with the broad

phenotype of autoimmune disease (p=1.9§10
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Figure 4-3. The effect of immune checkpoint inhibition on immune and inflammatory
circulating markers, compared between clinical data observed in a recent stuthand from
Mendelian randomization analyses conducted with the genetic instrument designed in th
present study.Data reported by Julia et ®lwere estimated from figures using PlotDigitizer
(https://plotdigitizer.con)/ Mendelian randomization results shown were conducted using
inversevariance weighted (IVW) method. *p<0.05, #p<0.10.
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Figure 4-4. Primary inverse-variance weighted (IVW) results of drugtarget Mendelian
randomization analyses for immune checkpoint inhibition on imaging markers of cerebral
small vessel disease (CSVDY5% Cl indicates that the plotted error bars show the 95%
confidence interval. Boldedyalues indicate statistically significant results (p<0.05).
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Discussion

In the present study, we first used genetic analyses to provide causal estimates of the
associations between breast cancer (and breast cancer subtypes) with CSVD. We subsequently
identified genetic variants to design a genetic instrument mimicking treseffieimmune
checkpoint signaling inhibition (i.e., the effects of ICIs), and provided evidence supporting the
biological validity of the instrument. This instrument was used in genetic analyses to assess the
association between ICI effects and marker€@8¥D. Consistent with our hypothesis,r
presenfindings suggestd: 1)breast cancer itself is nassociated with a greater CSVD burden,
but2) exposure to pharmacological immune checkpoint signaling inhibition is associated with
CSVD.

Collectively, these findings may advance our understanding of cerebrovasculai health
and its associated consequeric@sbreast cancer survivorShe presence of piteeatment,
breast cancesissociated decrements in brain health remain controversial. Several studies have
reported cognitive deficits in treatmemivepatients withbreast cancét, which has been
suggested to attribute to proinflammatory cytokines or cognéimetional stress associated with
the cancer diagnosté The risk of stroke isurvivors of canceis also significantly higher
around the time of cancer diagnosis, potentidilgto acancerinducedhypercoagulable stafé.
However,assessments of CSVD burderireatmerntnaive breast cancer aiae in thditerature
Onestudy found thasurvivors ofbreast cancer treated with chemotherabpyt not survivors
without prior chemotherapy hadimpaired white matter integrityompared to cancdree
controls®! Conversely, a longitudinal study more recently suggestegé#tiants withbreast
cancer with or without systemic treatment baédmonstratedreater WMH volume&ompared to

canceffree control$? Thepresenfindings are consistent with the former report, suggesting that
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breast cancer is not associated with direct injury to cerebral white matter. GiyeEudity of
studies investigating CSVD in survivors of any canfigther studies are warranted.

Detrimental effects of differer@nti-cancer therapiesn cerebral structure and function
are more consistently observed in both the hfemd preclinical researctf; however, few
studies have investigated the newer class of ICls in the context of cancer survivorship. One of
the largest studies in patients who received ICIs suggestéoldificreased risk of ischemic
stroké®, but this study did not separate stroke outcomes into subtypes that would specifically
examine CSVBrelated outcomes. Another stifigssessed survivors of cancer diagnosed with
ICI-induced encephalitis, and found that more than half of those patients with focal encephalitis
had abnormal MRI T2/FLAIR hyperintensity (a marker used to determine WMH v&iums
again, did not directly assess CSVD burden. Remaining evidence largely comes from case
reportg, which suggest clinical symptoms and cerebrovascular events that are consistent with the
known sequelae of CSV#.Interestingly, administration of pembrolizumab has shown
promising results in human JC polyoma viinduced progressive multifocal
leukoencephalopathy (PME§:5°Why our present findings contrast with observations in PML is
unknown; however, it is worth noting that treatment with ICls in PML patients may lead to
immune reconstitution inflammatory syndrome (IRIS), which is associated with worsening
leukoencephalophy and severe immune infiltration in the br&inwhile some degree of
immuneinflammation is necessary to clear the human JC polyoma virus from cerebral tissue,
this may explain the adverse cerebrovascular and neurological effects observed in survivors of
cancer.

Phenomewide analyses generally did not indicate confounding phenotypes that may

influence the associations between ICI effects and CSVD burden. While asthma has been
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reported as related to WMH volume and PVS buftiehe nature of these relationships remain
unclear. Conversely, the association between variant rs73399174 and broad autoimmune disease
requires further investigation. It is plausible that autoimmune responses and associated cytokine

releas& may in part underly IGtelated toxicity.

Strengths and Limitations

Our study has strengths to consider beyond the strengths traditionally discussed in the
context of MR analyse$:2° Specifically, investigations into loAgrm ICFassociated toxicities
are hampered by the sparse nature of available data from prospective or retrospective studies.
The key notable strength of our study is the design and validation of a genetic instrument to
investigate the effect of immune checkpoint signaling inhibition on cerebrovascular injury
(specifically CSVD), which may inform future investigations.

There are a few limitations in our present study. First, the GWAS summary statistics used
in this study were primarily conducted in individuals of European descent. Therefore,
generalizability to other ethnicities may be limited. Second, the geneticsatdaaiexamine
breast cancer and subtype exposures did not allow for specific investigations of the effects of
breast tumor grade or other tumor characteristics. Third, and related to our second limitation, it
should be noted that breast cancer predomiyalffects womern this likely leads to an
imbalanced distribution of sex in our breast cancer exposure variables versus our CSVD outcome
variables. As pointed out in a recent commeritatiis limitation may bias results towards the
null due to unknown sex differences in genetic variants associated with CSVD outcomes. Fourth,
the gene targets of ICls selected for this study were specified using-theyeneffects derived
from DrugBank However, there are side effects of these drugs and othevasnuter therapies,

such as inflammation and oxidative stress, that could directly impact cerebrdfti$sue
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predicate damage to regulatory functions that result in cerebral déahfgmally, despite our
sensitivity analyses, it remains possible that there is heterogeneity or pleiotropy not accounted

for in our results.

Conclusions

The results from the present t@ample MR study, using two separate sets of exposures,
suggest that breast cancer does not have a causal effect on CSVD but that ICls used for some
subtypes of breast cancer (and many other cancers) may increase CSVD Thisdeork
implicates changes in markers of CSVD after ICI exposure as a critical target for future
investigation, especially as the clinical use of these antibodies expands rapidly in cancer and

other conditions.
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Chapter5-Ci rcul atory Links between |

| nhi bitors and Cerebr al Smal | Vess
Cell -SReNJduencing and Multiomic Mend
Abstract

Background: Immune checkpoint inhibitor (ICI) exposure is associated with neurotoxic
adverse events that vary in incidence rates and severity. Many forms of these neurotoxicities
share common traits with cerebral small vessel disease (CSVD), suggesting a possible link
between ICI treatment and CSVD burden. However, investigations into this pathway have been
limited. Methods: We leveraged singleell RNA-sequencing data obtained from clear cell renal
carcinoma patients who were (n=4) or were not (n=3) exposed to #heat. Differentially
expressed genes were identified specifically in endothelial cells to target the endothelium as a
link between ICI exposure and CSVD. The set of differentially expressed genes were
subsequently used to design exposures in multiomindelean randomization analyses with
CSVD outcomes. Both gene expression and methylation omics levels were entered as exposures
using expression quantitative trait loci and methylation quantitative trait loci. Genes associated
with CSVD markers in both lel@were subsequently selected to identify potential therapeutics
with opposing transcription signatur@&esults: Single-cell RNA-seq analysis of renal vascular
endothelial cells from clear cell carcinoma patients (untreated n=8&d&ted n=4) identified
1085 differentially expressed genes (DEGS) after ICl exporeleging to pathways involving
oxidative phosphorylation, protein folding chaperones, and cellular redox homeostasis. Five

genes Cd55 Cltb, Htral, Nme4 Xrcc6) were associated with CSVD nkars at both genomic
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and epigenetic levels in Mendelian randomization analysis, highlighting biological mechanisms
including DNA damage repair and complement/coagulation cascades. Finally, pharmaco
transcriptomic analyses suggested the strongest therapeutic potential wascbinsstatins.
Discussion:Our findings from the present study provide multiomic evidence supporting an
association between ICI exposure and CSVD. These results were extended to explore potential

pharmacological approaches, which identified statins &®magspossibility.
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Introduction

Targeting the antiumor immune response through administration of immune checkpoint
inhibitors (ICI) has provided treatment opportunities for many cancer tumor types, improving
cancer control fivdold in some case’sThe everexpanding list of successful trials, such as
KEYNOTE-564 (NCT03142334) in renakll carcinomaor the Impower150 trial
(NCT02366143) in metastatic n@guamous nesmalkcell lung cancéy underscore their
growing contributions across a variety of oncology settings. As the rate of ICI prescription
increase$ so does the role of immuvascular oncology research in determining the causes and
consequences of |@klated adverse effects on the cardiovascular sysfepointed out by
Cronin et al earlierthisydar we are in fdia new era of i mmunoth
not only the hope of improving cancer outcomes, but also the reminder to consider the integrated
physiological consequences of acdincer treatment.

One of the most severe adverse siffects of ICI exposure is neurotoxicityVhile
incidences tend to be rdrsome reports suggest mortality rates ranging from 8% to 15%
mortality rate after severe neurotoxic eveh&The clinical presentations vary widely,
indicating the possibility of multiple etiological mechanisineowever, emerging case
reporté?>*3and biomarker discovery studt&® have implicated substantial overlaps with
cerebral small vessel disease (CSVD). CSVD is a pathology primarily affecting the small
penetrating arterioles of the cerebrovasculature detected on magnetic resonancé‘ifiaging
associated with numerous physiologiéaand clinical sequela@.An understanding of CSVD in
the neurotoxicity associated with ICI treatment would likely advance monitoring and therapeutic

strategies, yet findings remain limited for numerous reasons despite the vital importance.
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The same publication that detailed the i
discussed several obstacles to studying adverse events in the short aedotimeframes.
Predominant amongst these obstacles are the restricted adverse event reporting windows in
clinical trials (typically ~90 days) and biases inherent to observational or retrospective Ztudies.
Thus, in an effort to guide future prospective or clinical trials in this area, unique approaches are
necessarguch as using Mendelian randomizaffofi In the present study, we aimed to first
identify vascular celbpecific effects of ICI treatment using singlell RNA-sequencing data
collected from patients who were or were not exposed to monoclonal antibodies targeting
programmed death 1 (PD. Genes that were differentially expressed between ICI conditions
were selected as sabsdyueetanalyseseThedgendrben dinglecelli d e d
RNA-sequencingvas integrateavith genetic and epigenetic Mendelian randomization analyses
to estimate the effects of I@élated vascular cell alterations on CSVD. Finally, vascular genes
supported by robust evidengee., found to be significant in both gene expression and
methylation expression Mendelian randomization analygses) selected for further exploration
of potential therapeutic routes that may reverse the vascular effects of ICI tredineegbals of
the present work are twiold: 1) to provide initial insight into possible mechanisms linking ICI
exposure to CSVD through the effects ICIs have on the vasculature, and 2) to inform future
investigations focusing on both understanding thdogfjoof neurotoxicity after ICI use and

means to mitigate or treat the neurotoxicity.
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Methods

Ethics Statement and Study Overview
The design, execution and reporting of this study were conducted in adherence with the
Strengthening the Reporting of Observational studies in Epidemiolbtgndelian
Randomization (STROBMR) guidelines?* All data used herein were sourced from published
and publicly available databagbsitobtained ethical approval and participant informed consent;
therefore, approval by local institutional research boatdcansas State Universitlyasnot
required All data and analyses can be found in this study or by reasonable request to the authors.
In this study, we aimed to identify biologiqahthways angrocesses contributing to the
risk of CSVD in patients who have received ICI treatmeaitsngside the identification of
possible therapeutic option visual schematioverview ofthe study design is presented in

Figure5-1.

ScRNA-seq Analysis of Patient Tissue
Data source.

We used scRNAeq data from the Zenodo database to evaluate differentially expressed
genes (DEGSs) between ICI treatment conditions in patients with clear cell carcinamar. and
adjacent nosiumor bulk tissueamples were obtaingd thestudy from Bi et & and pre
processed as part of a publicly available dataset from Gondaéatrad.tissue samples were
collected from untreated patients (n=3) and treated patients (n=4); the treated patients received
some combination of arBD-1 blockade, aCTLA-4 blockade, and/or VEGF inhibitors.

Patient characteristics are detailed able5-1. Sample collection detaitsan befound in the

original publicatior?®
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Table 5-1. Characteristics of patients who contributed tissue samples for the-saligtNA
sequencing data used in the present study. Data originally collected by Bi et al.

Patient ID | Age (years) | Sex Cancer Type | AJCC Stage | ICI Type Response to ICI

No Immune Checkpoint Inhibitors

P76 68 Female | Clear cell renal N/A N/A
carcinoma

P90 71 Female | Clear cell renal | N/A N/A
carcinoma

P916 61 Male | Clearcellrenal |, N/A N/A
carcinoma

Treated with Immune Checkpoint Inhibitors

P55 57 Male | Clearcellrenal |, Anti-PD-1 PR
carcinoma

P912 60 Male | Clearcellrenal Anti-PD-1 NE
carcinoma

P13 47 Male | Clearcellrenal |, Anti-PD-1 PR
carcinoma
Clear cell renal Anti-PD-1/

P15 58 Male carcinoma v Anti-CTLA-4 SD
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Sample Collection

|

Single-Cell
RNA-Sequencing

l

Identify
Endothelial Cells

|

Separate Endothelial
Cells between Treated
vs. Treatment-Naive

'

Create a list of
differentially
expressed genes
between Treated and
Treatment-Naive EC

I

—

L

Identify genetic variants
(eQTL) associated with
expression of these genes

Mendelian Randomization:
Gene Expression Levels on
CSVD Outcomes

Create a list of genes
significantly associated with
csvD

Identify methylation sites
(mQTL) associated with
expression of these genes

Mendelian Randomization:
— Methylation Levels on CSVD —
Outcomes

Conduct bioinformatics
analyses with differentially
expressed genes

Secondary Aim: Identify
biological pathways relevant
to ICl-associated CSVD

Create a list of genes
affected by significant
methylation sites associated
with CSVD

Pl

Primary Aim 1: Identify
genes with robust evidence
for associations with CSVD

}

Conduct pharmaco-
transcriptomic enrichment
using genes with robust
evidence

)

Primary Aim 2: Identify
potential therapeutics
relevant to ICl-associated
CSvD

Figure 5-1. An overview schematic of the study design. ICI, immune checkpoint inhibitor;
CSVD, cerebral small vessel diseasEigure created with BioRender.
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Data processing.

Data processing and analysis were conducted usir§eihiatpackage (version 5.2}:28
To ensure data quality, cells with >20% mitochondrial gene content or <5% ribosomal RNA
expression were excluded. TheubletFinderalgorithn?® was used to remove any doublets
(more than one cell per bead). Further filtering removed anmymadignant cell types that had
less than 20 cel®. Subsequently, data were normalized and scaled usiridotimealizeDataand
ScaleDataunctions. Dimensionality reduction and Louvain unsupervised clustering were
performed using the first 20 principal components. Cell types were identified ushspeeific
molecular signatures through tlesionalgorithnt® alongside CellMarker 2.8.Using patient
clinical metadata, differential expressional analyses were performed between trewtiment
and ICHreated conditions within cell types. To specifically investigateih@duced vascular
changes, endothelial cells were selected as théypellof primary interest since endothelial cells
act as the interface between circulating biological or pharmacological factors and organ
tissue®?33Furthermore, endothelial dysfunction and impaired vascular reactivity are implicated
as key factors in the early pathogenesis of CSYTherefore, the endothelial cell cluster was
deemed most relevant to investigating the effects of ICI treatment on the risk of CSVD in the
face of limitations of not having cerebral tissspecific analyses availablglarkers used to

identify the endothelial cell cluster are provided in Tabke 5

Statistical analysis
The Wilcoxon rank sum test was used to compare genes between patient samples with or
without ICI treatment. Differentially expressed genes within the endothelial cell type were

identified at Bonferronadjusted Pralues <0.05 to account for multiple testin
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Table 5-2. The top 15 markers used to identify the endothelial cell subcluster from the single

cell RNA-sequencing analysis on bulk tumor and-tiamor tissue derived from Bi et al. The
AProportion Expressedo col umn i sclustaréhatpr opor t i
expressed the marker compared to the proportion of all cells in the other clusters that expressed

the marker; pvalues (adjusted for multiple comparisons) are provided. EC, endothelial cells;

OC, other cells; PMID, PubMed identification nuenb

Marker ID | Marker Name Proportion Adjusted P- | Publication
Expressed (EC:OC) | value Reference PMIDs
EGFL7 EGF like domain multiple 7 0.827 : 0.075 <1.00x10'° | 30789893, 32483223
VWF von Willebrand factor 0.755:0.007 <1.00x10'° | 29230012, 35168605
33936064, 34687145

IGFBP7 insulin like growth factor binding| 0.673 : 0.170 <1.00x10'° | 34775482
protein 7

PLVAP plasmalemma vesicle associate( 0.664 : 0.005 <1.00x10'° | 32754283, 30093597
protein

IFITM3 interferon induced 0.659 : 0.360 4.99x10% 32236824
transmembrane protein 3

CRIP2 cysteine rich protein 2 0.600 : 0.091 <1.00x10'° | 32236824

FLT1 fms related receptor tyrosine 0.595 : 0.008 <1.00x10'° | 34921160, 32754283
kinase 1

RAMP2 receptor activity modifying 0.568 : 0.003 <1.00x10'° | 34921160, 30789893
protein 2

CLDN5 claudin 5 0.527 : 0.005 <1.00x10'° | 33936064

CDH5 cadherin 5 0.495: 0.001 <1.00x10'° | 34843404

VWA1 von Willebrand factor A domain | 0.414 : 0.036 <1.00x10'° | 33406409
containing 1

TEK TEK receptor tyrosine kinase 0.327:0.001 <1.00x10'° | 32107344

TJIP1 tight junction protein 1 0.286: 0.023 <1.00x10'° | 32236824

NOS3 nitric oxide synthase 3 0.127: 0.003 <1.00x10'° | 35168605

ABCG2 ATP binding cassette subfamily | 0.086 : 0.002 <1.00x10'° | 32236824
G member 2 (JR blood group)
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Pathway Enrichment Analysis of Differentially Expressed Genes

Differentially expressed genes identified as significant from analyses were selected as
inputs for bioinformatics analyseSnly genes significant at a Bonferreauljusted p<0.05 were
selected from scRNAeq analyses. Proteprotein interaction maps were generated using
Cytoscape (version 3.10.3) and the String database plugin (version 10.0). Enriched Gene
Ontology (GO) Biolodral Processég Reactome Pathwaifsand Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways were identifieBathways were visualized with GeneMatfia.
To further facilitate biological interpretation, the functionally related GO pathway terms were
clustered using the ClueGO plugin (version 2.5.10) in Cytostapely genes with a lagfold-
change) 02.0 were imported into ClueGO. Net wor
and 10, the minimum number of genes involved per pathway set at 4, and at least 15% coverage
of genes with associated terms. ClueGO cluster significance wasdesbljtsing the Bonferroni

stepdown correction.

Endothelial Cell-Based Multiomic Associations with CSVD
Gene Expression Exposures
Gene expression quantitative trait loci (eQTL) connect genetic variants to the expression
of specific genes across different tissue sites. To investigate gene expressions associated with
CSVD, ds-variants (i.e., variants within £100kb of target gene region) significantly associated
with the expressioa specificgene in whole blood were extracted from the Genotype Tissue
Expression (GTEx v10) datab4%t form genespecific eQTL.In sensitivity analysis, eQTL
were also created for coronary artery tissue to determine the robustness of associations in another

vascular tissue type. Varianigre allowed to be in weak linkage disequilibriudx@.2, window
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10000kH to increase statistical power of analysHse linkage disequilibrium reference used in
the present study was the 1000 Genomes reference*pamstiument strength for each
exposuravas assessed using thethtistic, calculated 45 = (R? x (N-2))/(1-R?)], whereR? is

the squared correlation of the exposure relationship and N is the sampfesizee overall F
statistic for each genetic instrument was taken as the average of all included individual genetic
variant Fstatistic values. An+{value>10 indicates sufficient instrument strenglwther details

on variant selectiom the GTEx databasae provided irBupplementary Method&ppendix

Q).

Methylation Exposures

Similar to eQTL, methylation quantitative trait loci (mQTL) quantitatively link genetic
variants to methylation levels at specific DNA sites. The Accessible Resource for Integrated
Epigenomics Studies (ARIES) projéttienerated epigenetic data on blood samples from 1,018
participants of the Avon Longitudinal Study of Parents and Children (ALSPAC) €i(is-
variants associated with cytosine guanine dinucleotide (CpG) site methylation levels (A<1x10
r?=0.001, window 10000kb) were extracted to form methylationsgigeific mQTL. Statistical
criteria for variants were selected to be consistent with the ARIES study methods. ©Only cis
variants detected for both sexes were incorporated in current anahgasnent strength for
eachmethylation exposureas assessed using thet&tistic, calculatedsing the same approach
as described for gene expressexposuresk-urther details on variant selectionthe ARIES

databaseare provided irSupplementary Methodgppendix C)

CSVD Outcomes
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Imaging markers and clinical consequences of CSVD were selected as the outcome
variables for the present study, including white matter hyperintensity (WMH) volume,
perivascular spaces burden (PVS), cerebral microbleeds (CMB), and small vessel strokes (SVS)
WMH data was obtained from a previously published GWASnducted using the UK Biobank
cohort, which has been previously described elsewfiéf&enetic associations with PVS were
obtained from a study combining 18 populattmsed cohort® Data for CMB was extracted
from an Al zhei merdés Disease Neuroi maltpsedg | n
studies and 3 casmntrol or controlonly stroke cohorts! SVS summary GWAS statistics were
derived from a metanalysis of >1 million individuals of European desc@i@ohort
characteristics are presented in Tdb®& and detailed information CSVD marker assessment

methods can be found in the respective publicatiorfs?

Mendelian randomization

In brief, MR begins with identifying genetic variants associated with a selected exposure
trait; these variants are used as a genetic instrumental variable. Using genetic summary statistics
for an outcome trait, the association between the selected exposure mgeheutcome can be
assessed. If the core assumptions of MR are met, then this approach results in an estimate of the
causal relationship under investigat®3iThere are three core assumptions: 1) releviroe
instrumental variable is associated with the exposure of interest; 2) independesace
instrumental variable is not related to any confounders, and 3) exclusion restritten
instrumental variablés not related to the outcome measuréurtherdescription of MR theory

is provided inthe Supplementary Metho@&ppendix C)
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Table 5-3. Characteristics of the genomade association studies (GWAS) used in the present
investigation.

Extracted Predominant . . . a
Variable Source GWAS Ethnicity Sample Size | Adjustments in Model
Exposures

Sex, PCs, PEERactors,
PMID: 32913098 | European 943 sequencing platform,
sequencing protocol.

Gene Expression
Whole Blood

Sex, PCs, PEER factors,
PMID: 32913098 | European 943 sequencing platform,
sequencing protocol.

Gene Expression
Coronary Artery

Gestational age, sex, birt
weight, parity, maternal
age, maternal smoking,
child delivery method.

Methylation’

Whole Blood PMID: 25869828 | European 1018

Primary Outcomes

Age, sex, genotyping

White Matter . array, UK Biobank site,

Hyperintensity PMID: 32358547 | European 18,381 first 10 PCs, MRI head
motion.

Perivascular PMID: 37069360 | European 40,095 Age, sex, mtrac_ranlal

Spaces volume, study site, PCs.

Qerebral PMID: 32913026 | European 25,862 Age, sex, PCs.

Microbleeds

Small Vessel PMID: 36180795 | European 1,614,080 | A9e: sex, PCs, study

Stroke specific covariates.

2PCs, principal components used to adjust for population stratification.
b PEER, probabilistic estimation of expression residuals. A method used to identify a set of
covariates based on sample size.
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In the present study, MR was implemented both at the levels of gene expression and
methylation. Differentially expressed genes in scR&&Y analysis of endothelial cells were
selected, and both gene expression data and methylation data for those gerdentifexd if
available. The set of differentially expressed genes with gene expression and/or methylation data

were entered into MR models with the CSVD markers as outcomes.

MR statistical analysis

Exposureoutcome associations were assessed using invarisace weighted methods,
or with Wald ratio methods for exposure variables with only 1 genetic variant. To account for
multiple testing within each CSVD markeryplues were adjusted using theniamini-
Hochberg method with a false discovery rate (FDR) <0.05. Analyses were run in RStudio
(version 2024.12.0) using tAavoSampleMRackage?® Resultsare presented as beta and 95%
confidence intervals (95% CI) for continuous outcomes (WMH), or odds ratio (OR) and 95% ClI
for binary outcomes (PVS, CMB, SVS). These estimates are given per additional copy of the

effect allele

Identifying Potential Pharmacological Interventions

Differentially expressed genes from scRI88qg analysis associated with at least one
marker of CSVD in both gene expression and methylation MR analyses were selected as inputs
for pharmaceranscriptomics. These genes were queried against the Connectipt§; &
database of perturbation expression signatures based on human cell lines. A reduced statistical
threshold (FDR<0.1) was implemented to ensure a sufficient number of differentially expressed

genes. A total of 171 perturbation signature classgsupedoy pharmacological or biological
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mechanisms of actiohwere queried. Embedded tests in the Connectivity Map assess each
signature class against the input data, resulting in a normalized connectivity score ranging from
1 (reference signature is completely opposite of the input queny) feeference signature
completely mirrors the input quer$p Connectivity Map analyses were conducted using the web
tools (version 1.1.1.43) along with RStudio (version 2024.12.0). Drug classes identified through

Connectivity Map query were subsequently described using the online webtool, DregBank.
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Results

ICI -induced Differences in scRNAseq of Patient Tissue
Overview of patient cohort
As described in detail in Tabf1, samples were collected from patiesither treated

with immune checkpoint inhibitor®=3) ornot treated with ICI (n=4for renal cell carcinoma.
Treatmeninaive samples were collected from 1 man and 2 women (66.7 years, raide: 61
years). Two patients were stage IV and one patient was stage |, based on American Joint
Committee on Cancer staging critefi@dl-treated patienrdamples were not collected from any
individuals who had contributeédeatmentnaivesamplesiICl-treated patiersamples were
collected from 4 males (55.5 years, range69#ears) who all had stage IV renal cell
carcinoma. AllICI-treatedpatients contributing tissue had received-&i1 blockade therapy,

and samples were collected ~2 months (rangenionths) after cessation of ICls.

Differentially expressed genes and enriched pathways

Endothelial cells were identified based on cluster cell markers and stratified by treatment
exposure, resulting in 74 treatmerdive endothelial cells and 146 endothelial cells treated with
anti-PD-1 (Figureb-2; AppendixFigureC-1). A total of 1085 differentially expressed genes
were identified in endothelial ceNgith or withoutICI treatment, the majority of which were
upregulatedvith exposure to ICIs (Figurg-3A). Several of the top GO Biological Processes,
ranked by FDR, indicated alterations irtabolism (Figur®&-3B). Major genes encoding for
cytochrome proteingd|t-cyb, Mt-co2) or other portions of the electron transport chsdt-igd1l,
Atp5fld, Ndufbywere differentially regulated, resulting in enriched pathways related to

oxidative phosphorylation (GOBP:0006119) and cellular respiration (GOBP:00453333). This
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Figure 5-2. Cells from the singlecell RNA-sequencing data were clustered according to
standard cell markers.The resulting clusters are presented using a uniform manifold proj
and approximation (UMAP) plo). For clarity, the location of the endothelial cell cluster is
highlighted(B).
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Figure 5-3. (A) Volcano plot depiction of endothelial calpecific genes that were upregulate
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was supported by enrichment analyses in KEGGReattomeAppendixFiguresC-2, C-3).
Interestingy pat hways related to cerebral diseases,
disease, were also enriched by the presence of genes implicated in oxidativ&st$ss<l
structure and adhesiomybb, Adrm) and cell transport processeésspab, Cavl, Slc2535
Clustering analyses resulted in 23 distinct clusters that were largely consistent with
pathway enrichment analyses. ClueGO analyses indicated that 19.6% of genes were involved in
protein folding chaperones, 6.5% in transforming growth factor beta reaepitoty, 4.4% in
membrane raft assembly, 2.2% in cellular redox homeostasis and 2.2% in cytochrome c oxidase

activity (Figure5-3C; AppendixTableC-1).

Gene Expression Levels Associated with CSVD

Genetic eQTL instruments were analyzed in up to 619 differentially expressed genes
identified from patient tissue analyses. All 619 instruments were available for the PVS outcome;
in the remaining outcomes, <8% of instruments had to be excluded due tatoleimgn genomic
summary statistics in the outcomariable AppendixTables C-2, C-3). All genetic instruments
demonstrated sufficient strength (averaggdtistic: 53.5, range: 12142282.4).

In MR analyses, a total of 38 unique genes were significantly associated with at least one
marker ofCSVD (Figure5-4). Twogenesdla-c, Hla-drb1) were associated with multiple
CVSD outcome$ both WMH and PVS. Overall, the slight majority of gemgcome pairs
(n=22, 55%) of the significant individual models were positively related to a greater CSVD

burden.
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Figure 5-4. Gene expressiotevel results of Mendelian randomization analyses with
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Sensitivity analyses were conducted using eQTL in coronary artery (isstead of
whole blood) at a nominal p<0.0%here were notably less significant geangcome
associations in the coronary artery analyses after adjustratups for multiple testing
(Supplementary Tabl€-4); however the results were largely consistent with our primary
findings.Several genes were supported with evidence from both whole blood and coronary
artery eQTL, such adla-c, Hla-drbl, IggaplandNdufs5 Importantly, the diection of effect

was consistent across both eQTL analyses in the majority (83.5%) of cases.

Methylation Levels Associated with CSVD

In MR analyses, 531 methylation si{@sQTL) were eligible for testing in WMH; PVS
(1.1%), CMB (1.3%) and SVS (4.1%) had some excluded instruments due to nonmatching
genomic summary statistics in the outcome variable. This corresponded to 267 unique genes
targeted by the methylation (mQTL) sites that wested for WMH and PVS, 268 for CMB, and
262 forSVS (AppendixTables C-5, C-6). All exposure instrument variables demonstrated
sufficient strength assessed witlstatistics (mean: 146.9, range: 26.7407.5).

There were a total of 52 methylation sites associated with at least one marker of CSVD,
with an even split (50.0%) of associations positively relat€giSW¥D burden (Figure-5). Seven
met hyl ation sites were ass o0 cdgk958783cghid472B878 02 CSV
were associated with three markers. A total of 38 unique genes were linked to the significant
methylation sites. Six of those gen€sr(ip, Htral, Bmpr2 Arpc4, Stégall Cdknlg were

significantly related to multiple CSVD outcomes.
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Figure 5-5. Methylation-level results of Mendelian randomization analyses with imaging
markers of cerebral small vessel disease outcom&esults are presented for inverse varia
weighted or Wald (if the instrument only had 1 variant) methods. 95% CI indicates that tf
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Integrated Evidence from Multiomic Analyses

Shown in Figuré-6A, integrating genes from the eQTL and mQTL analyses resulted in
five shared, highpriority targetsCd55(cluster of differentiation 55 molecule}]tb (clathrin
light chain B),Htral (high temperature requirement A serine peptidasBrhg4(NME/NM23
nucleoside diphosphate kinase 4), Xndc6 (X-ray repair cross complementing 6). Gene loci
and surrounding gene encoding regions are presenfggpendixFiguresC-4 through G8.
Pathway enrichment of these genes (allowing for up to 10 additional interacting molecules)
predominantly implicated DNA damage repair pathways (GOBP:0006302, FDR p=%.9x10
GOBP:0006303, FDR p=3.0xfpand activation of complement and coagulation cascades
(GOBP:0006956, FDR p=0.036). The complement and coagulation pathways were supported by
evidence from KEGG (hsa04610, FDR p=0.011) and Reactome-@43806, FDR p=0.018)

databases. The protemmotein interaction map is presented in FigbH@B.

Pharmaco-transcriptomic Enrichment

We used a reduced threshold (FDR p<0.10) to integrate results from MR analysis of
eQTL and mQTL for pharmaewanscriptomic analysis. The 5 genes ab@@s§ Cltb, Htral,
Nme4 andXrcc6) were included, as were 8 additional gerfa$3, Ephb4 Ifitm3, Mvp, Ndufb8
Qsox1 Scp2 andSshp4. This list of 13 genes (all upregulated by ICI treatment in endothelial
cells based on scRN#eq results) were queried in the Connectivity Map database against 2385
combinations of pharmacological classes tested in différ@man cell lines. We ranked
significant results (FDR p<0.05) separately by positive (similar directions of results from this
study and reference perturbation) and negative (opposing directions of results from this study

and reference perturbation) cooheity score.
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The top 10 significant, opposing reswr® shown in Tabl-4. Notably, the top hit for
negative connectivity scores was a standard pharmaceutical in cardiovascular risk prévention
3-hydroxy-3-methylglutarytCoA reductase (HMGCR) inhibitors, or statins (Connectivity Score:
-0.72, FDR p=2.2x1%°). Several other classes with negative scores were investigational drugs
without regulatoryapproval (Tablé-3). Pharmacologicallasses with positive connectivity
scores consisted largely of antincertherageutics AppendixTableC-7), aswell as selective

estrogen receptor modulators (FDR p=0.0042) and vitamin D receptor agonists (FDR p=0.046).
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Table 5-4. The top 10 (ranked by connectivity score) pharmacological perturbation signatures
opposing the effects of immune checkpoint inhibitor treatment on endothelial cell gene
expression in the gene set robustly associated with cerebral small vessel disease.

Pharmacological Class _Cl_tgéltgé/pes CRtg\évnectivity Adjusted P-value | Regulatory Status
Score
HMGCR Inhibitors HEPG2 -0.72 2.2x10% FDA-approved
DNA Inhibitors HEK293 -0.69 0.004 FDA-approved
ATPase Inhibitors ASC -0.66 2.2x10% Investigational
XIAP Inhibitors A375 -0.65 0.0011 Investigational
Aurora Kinase Inhibitors) HCC515 -0.63 2.2x10'6 Investigational
fﬁzgoﬁgfptor HCC515 | -0.57 0.0098 FDA-approved
HSP Inhibitors HCC515 -0.47 0.021 Investigational
JAK Inhibitors HA1E -0.43 0.048 FDA-approved
::;rr‘]’iﬁitgéy”thegs PC3 -0.36 0.0018 FDA-approved
gf’;?e“;ts'gfﬁﬁlg'lft'grs N/A -0.33 0.037 FDA-approved
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Discussion

In the present study, we integrated findings from scR¥g4, gene expression (eQTL)
and methylation (mQTL) analyses to 1) explore links between the effects of ICIs on endothelial
cells and the risk of CSVD, and 2) identify potential therapeutic approsxh@tigate ICt
related CSVD. Our results indicated 5 genes that were consistently associated with one or more
CSVD markersCd55 Cltb, Htral, Nme4 andXrcc6.Furthermore, including these 5 genes and
8 more genes at a less strict statistical threshahdiimery targeting pharmacological routes
identified possible therapeutic options, such as statins. Taken in sum, our study provides
multiomic evidence supporting vascular and circulaspacific pathological links between ICI
treatment and CSVD as wel @ossible means of mitigating this phenomenon.

The gene implicated most frequently across CSVD markergitvag, which has been
demonstrated in several studies to contain mutations that drive a rare familial form of CSVD
called cerebral autosomal recessive arteriopathy with subcortical infarcts and
leukoencephalopathy (CARASIE}:>** However, emerging evidence suggests that
polymorphisms in théltral gene region may also lead to sporadic,-familial forms of
CSVD 58 The HTRA family of proteins act as both chaperones and serine prétgas@RAl
degrades components of the extracellular matrix such as fibronectin and type Il collagen, playing
a key role in vascular integrft§ inflammation, and immune cell infiltratidi HTRA1 also
mediates transforming growth factor beta (F6f si gnal i ng, whi ch i s bel
HTRA1-specific CSVD®* Interestingly, preclinical models of CSVD have suggested that
HTRAL protein expression was increased only in animal models of cerebral amyloid angiopathy,
not in models of hypertensive CS\¥PThis finding aligns with reports that HTRA1 variants are

associated with CSVD independent of hypertension, even in sporadic E$vtille not
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apparent in the present approach, literature supports an association bétnagéenutations and
local cerebral arteriosclerosis, regardless of whether the mutations are homozygous or
heterozygou$® Further research is needed to better understand the fdteadfin sporadic
CSVD.

Three of the five key genes identifiddt{al, Nme4 Xrcc6) have been implicated as
contributors to cellular senescence. Levels of HTRA1L protein appear to regulate cell cycle
processes; for example, upregulation of HTRAL is associated with accelerated cellular
senescenc¥.While the exact mechanisms are not fully known, evidence in an HTRAofloss
function model may compromise the function of cell cycle checkpoints as they relate to DNA
damagée?® This overlaps with senescenesated properties of both tiNme4andXrcc6- both
have been linked to DNA damage and DNA repair pathtdysalbeit via different routes. The
Xrcc6gene encodes Ku70, part of the Ku heterodimer that aids in repairing DNA through non
homologous end joining.Impairment in theéXrcc6gene results in cell death characterized by
severe telomere shortenfiiga stereotypical presentation of accelerated cellular aging and
cellular senescendé’>Nmedis also implicated in telomere length and cellular senescence.
However, as it encodes a mitochondrial protein, reports indicate pathways inlehaediikely
include dysregulated metabolism and generation of reactive oxygenation $petismnection
to CSVD, cellular senescence has been linked to injury in the cerebrovasculature and several of
the subsequent manifestations in multiple preclinical stdtffésowever, the potential impacts
of these pathophysiological mechanisms remain largely unknown in patients.

In our analysis of endothelial cell gene expression, ICI treatment induced an upregulation
in theCd55andCltb genes. This is not necessarily a surprising finding in the context-of ICI

induced immune activation. It has previously been established that complement activation results
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in an increased CD55 protein expressiog8imilarly, CLTB expression is enhanced as part of

the lysosome signaling cascades that regulate cell death and autophagy in immune résponses.
CLTB is also associated with atheroscleresiskey factor in the pathogenesis of sporadic
CSVD’® - through lysosomenediated lipid metabolism. Lowensity lipoprotein receptor

(LDLR) endocytosis is mediated through clathassociated pathwaifsn the endothelium, and
subsequent release of LDL into the subendothelial space can lead to ather§§@hesis.

process may be exacerbated in the context of overt immune activation, such as the systemic
response to ICI treatment. A previous report provided evidence to support this concept of an
immune role by demonstrating treioE’/Cd55" mice had reduced plaque development
compared t@poE’ controls®? Their findings in this atherosclerogisone preclinical model
lacking CD55 were unexpectedhe loss of CD55, as an inhibitor of the complement system,
was hypothesized to increase atherosclerosis. However, this paradoxical finding has been
reproducedn other studie&® A better understanding of the complement and immune systems in
CSVD and atherosclerosis contributions to CSVD is warranted, especially as investigations
continue to report accelerated atherosclerotic development after ICI treafthent.

Considering the variety of biological pathways implicated in our present findings, a
pharmacological therapeutic with established benefits in a variety of conditoddimited side
effects- is ideal. The results of our pharmattanscriptomics analysidentified several
possibilities; however, the potential repurposing of statins may present a route that satisfies the
above criteria and is more feasible from a regulatory viewjoBeyond their lipidlowering
effects, statins have demonstrated beneficial effects on reducing cellular serfésardce
atherosclerosi€’#Indeed, statins are often prescribed on the basis of atherosclerotic

cardiovascular disease preventf8iwhile statins have been described as beneficial to improve
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cerebrovascular regulatifhwhich is associated with CSV¥) few studies have investigated
statin use directly for the treatment of CSViNevertheless, their pleiotropic effects and limited
adverse effect profifé posits drugs of the statin class as encouraging candidates for reducing
cerebrovascular complications, such as CSVD, irtl€dted patients. American Heart
Association calculators that predict-§8ar risk of atherosclerotic cardiovascular disease have
not yet accounted for the heightened risk that-eaticer treatments induce, but reports of their
validity in general® and cancespecific context¥ suggest that this may be adapted for statin
prescription in cardincology settings. Research into the links between statin use, immune

regulation, and CSVD may provide further insight.

Strengths and Limitations

The primary strength of this study lies in its triangulation of evidence using sdRNA
data, multiomics data and genetic analyses to provide robust f&sAdigitionally, our use of
combined publicly available data and genetic analyses allows us to address a gap in the literature
where current investigations into lotgym ICFassociated toxicities are hampered by the sparse
nature of available data from ppEstive or retrospective studigblowever, there are limitations
to the present study that are worth notifigst, the GWAS summary statistics used in this study
were primarily conducted in individuals of European descent. Therefore, generalizability to other
ethnicities may be limitedsecond, the summary statistics used in the present work were
collected in mixed sex samples, precluding the investigation edsenific effectsAs suggested
recently’, this limitation may bias results towards the null due to unknown sex differences in
genetic variants associated with CSVD outcoriiégd, the results of sScCRN&eq analyses were

derived from renal vascular endothelial cells, and not cerebrovascular endothelial cells which
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limits generalizability?® While the two vascular beds have several distinct characteristics, both
are highflow, low-impedance regions of the cardiovascular system with unique barrier
properties and vascular regulatory mechani¥h¥The use of renal samples also avoids the
substantial challenges making collecting cerebral tissue samples difficult in human patients.
Finally, despite our sensitivity analyses, it remains possible that there is heterogeneity or

pleiotropy not accounted for in our results.

Conclusions

Findings from our present study suggest that genetically predicted gene expression and
methylation levels of 5 gene€@55 Ctlb, Htral, Nme4 Xrcc6) derived from scRNAseq
analysis of patients with or without ICI treatment are associated with CSVD. Furthermore,
integration of multiomic data revealed potential therapeutic options, including statins. Expanded
research is needed to elucidate underiyimgpgical mechanisms linking ICI treatment with

CSVD and to evaluate mitigation strategies.
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Appendix Table A-1. Electronic search string for cerebrovascular reactivity and cerebral small

vessel disease.

MEDLINE

WEB OF SCIENCE

("cerebrovascular reactivity" OR "cerebral vascul
reactivity" OR "cerebral vasoreactivity" OR "CVR
OR "cerebrovascular reserve" OR "cerebral
vasomotor reactivity")

ALL = ("cerebrovascular reactivity" OR "cerebral vascu
reactivity" OR "cerebral vasoreactivity" OR "CVR" OR
"cerebrovascular reserve" OR "cerebral vasomotor
reactivity")

AND ("cerebral small v
infarct*" OR "subcortical stroke" OR microinfarct]

OR "subcortical | esi on
di sorder o OR "perivasc
Robin space*" OR Al euk

matter lesion*" OR "Wite matter hyperintens*' OF
"cerebral microbl eed*"
OR fAcerebral atrophyo)

AND ALL = ("cerebral smal
infarct*" OR "subcortical stroke" OR microinfarct* OR
"subcortical Il esion*" OR
"perivascular space*" OR "VircholRobin space*' OR
il eukoarai osi s0 OFRR"whitei t ¢
matter hyperintens*' OR "cerebral microbleed*" OR
Awhite matter di sease*o (

EMBASE

("cerebrovascular reactivity" OR "cerebral vascul
reactivity" OR "cerebral vasoreactivity" OR "CVR
OR "cerebrovascular reserve" OR "cerebral
vasomotor reactivity")

AND ("cerebral smal | V|
infarct** OR "subcortical stroke" OR microinfarct’
OR "subcortical l esi on
di sorder o OR "perivasc
Robin space*" OR fl euk
matter lesion*" OR "hite matter hyperintens*" OF
"cerebral microbl eed*"
OR fAicerebral atrophyo)
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Appendix Table A-2. Electronic search string for cerebral autoregulation and cerebral small
vessel disease.

MEDLINE WEB OF SCIENCE
(fAcerebral gutgregu[at ALL = (fAcerebral autoreg
autoregulationdo OR #dAce . X ~

. N autoregulationd OR fdAcere
autoregulationo)
AND ("cerebral smal |l v|ANDALL=("cerebral small vessel disease*' OR
infarct*" OR "subcortical stroke" OR microinfarct*| il acun* i nfarct*" OR "su
OR "subcortical | e s i o n| microinfarct* OR "subcortical lesion*" OR
di sordero OR "perivasc|ficerebrovascular disorde
Robin space*" OR #fAl euk]|"Vichow-Robi n space*" OR Al e
lesion*' OR "white matter hyperintens*' OR matter lesion*'OR "white matter hyperintens*' OR
"cerebral mi crobl eed*"|"cerebral mi crobleed*" O
OR ficerebral atrophyo)|ficerebral atrophyo)
EMBASE
(Acerebral autoregul at
autoregulationo OR #dce
autoregulationo)
AND ("cerebral smal | v
infarct*" OR "subcortical stroke" OR microinfarct*
OR "subcortical | esi on
di sorder o OR "perivasc
Robin space*" OR Al euk
lesion*" OR "white matter hyperintens*' OR
"cerebral microbl eed*"
OR fAicerebral atrophyo)
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Appendix Table A-3. Electronic search string for arterial stiffness and cerebral small vessel
disease.

MEDLINE WEB OF SCIENCE

(Aarterial stwafvfenevsesloocOALL = (fiarteri alwasvtei fvfenl
APWVO OR fAarteri al el as|OR APWVO OR darterial e
OR Acarotid stiffnesso)|stiffnessd OR ficarotid

AND ("cerebral small v e|ANDALL = ("cerebral small vessel disease*' OR
infarct*" OR "subcortical stroke" OR microinfarct* Ol il acun* i nfarct*" OR "s
"subcortical  esi on*" O microinfarct* OR "subcortical lesion*" OR

OR "perivascular space*" OR "VirchelRobin space*|icer ebr ovascul ar di sord
OR Al eukoaraiosiso OR "|OR"WirchowRobin space*" OR
"white matter hyperintens*' OR "cerebral "white matter lesion*OR "white matter hyperintens*'
mi crobl eed*" OR fAwhite OR "cerebr al mi crobl eed
ficerebral atrophyo) di sease*d0 OR ficerebral
EMBASE

(narteri al s tw afvfen evsesl 6o cQ
APWVO OR fAarterial el as
OR Acarotid stiffnesso)

AND ("cerebral smal | Ve
infarct*" OR "subcortical stroke" OR microinfarct* O
"subcortical |l esi on*" O

OR "perivascular space*" OR "VircheRobin space*"
OR Al eukoaraiosiso OR "
"white matter hyperintens** OR "cerebral

mi crobleed*" OR Awhite
ficerebral atrophyd)
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Appendix Table A-4. Results from multivariate metagression secondary analysis adjusted for
three risk factors (hypertension, diabetes mellitus, and hyperlipidemia).

Predictor Variable Point Estimate (95% CI) P-Value

Continuous Arterial Stiffness

Hypertension 0.0026 ¢0.0014, 0.0065) 0.2
Diabetes Mellitus 0.0082 (0.0022, 0.0142) 0.01
Hyperlipidemia -0.0026 (0.0061, 0.0010) 0.16
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Appendix Table A-5. Grading of Recommendations Assessment, Development, and Evaluation

(GRADE) scores for certainty of evidence.

Certainty of Evidence Analyses

Overall
No. of | Study Risk Inconsistency | Indirectness | Imprecision Other Certainty
Studies | Designs of Bias Y P Considerations | Assessment
Cerebrovascular Reactivity Association with cSWIDichotomous Exposure Variable
Potential
Not Confounding,
7 Observational - Serious Not serious | Not serious | Large Effect Low
serious -
Size, Small
Sample Size
Arterial Stiffness Association with cSVD Continuous Exposure Variable
Potential
. . . . . Confounding,
37 Observational| Serious| Serious Not serious | Not serious Evidence of a Low
Gradient
Arterial Stiffness Association with cSVD Dichotomous Exposure Variable
13 Observational NOt. Serious Not serious | Not serious Potential . Low
serious Confounding
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478 records identified from
MEDLINE, Web of Science, and
Embase
v '

479 potential records

\p 50 duplicates excluded

1 record identified manually by
reference search

429 potential records

106 non-original research removed 4—/

323 original research records

215 excluded based on abstract

\» screening:

- Non-human research = 15
- Did not contain both CVR and
¢SVD assessments = 200

108 records for full-text review

62 records excluded:

- Unable to access full text = 14 4/
- Pre-print server (not peer-
reviewed) = 1
- Did not assess the relationship

between CVR and MRI-
determined ¢cSVD = 47

46 records for systematic review

36 studies included in the review

\’ but not eligible for the meta-

analysis:

Excluded for missing odds ratio
v (OR) data or crude event rates = 36
10 records for meta-analysis

Appendix Figure A-1. Flow chart of the selection process for eligible cerebrovascular rea
studies. CVR indicates cerebrovascular reactivity.
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254 records identified from
MEDLINE, Web of Science, and
Embase
v '

254 potential records

\p 52 duplicates excluded

0 record identified manually by
reference search

202 potential records

74 non-original research removed 4—/

128 original research records

107 excluded based on abstract

\» screening:

- Non-human research = 10
- Did not contain both CA and
¢SVD assessments = 97

21 records for full-text review

7 records excluded: /

- No analyzable data =1
- Did not assess the relationship
between CVR and MRI-
determined cSVD =6

14 records for systematic review

11 studies included in the review

\’ but not eligible for the meta-

analysis:

Excluded for missing odds ratio

A 2 (OR) data or crude event rates = 11
3 records for meta-analysis

Appendix Figure A-2. Flow chart of the selection process for eligible cerebral autoregulat
studies. CA indicates cerebral autoregulation.
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878 records identified from
MEDLINE, Web of Science, and
Embase
v '

878 potential records

\p 184 duplicates excluded

0 record identified manually by
reference search

694 potential records

158 non-original research removed 4—/

536 original research records

369 excluded based on abstract

\» screening:

- Non-human research = 6
- Did not contain both AS and
¢SVD assessments = 363

167 records for full-text review

85 records excluded:

- Unable to access full-text =1 4/
- No analyzable/available data =7
- Did not assess the relationship
between AS and MRI-determined
cSVD =172
- Analyzed the same cohort as
another included publication = 5

A4

82 records for systematic review 35 studies included in the review
but not eligible for the meta-

\» analysis:

- Excluded for missing odds ratio
(OR) data or crude event rates = 34
- Excluded for having the same

47 records for meta-analysis cohort as an included study = 1

Appendix Figure A-3. Flow chart of the selection process for eligible arterial stiffness stuc
AS indicates arterial stiffness.
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Study or 0Odds Ratio 0Odds Ratio

Subgroup Total Subjects Follow-up Interval log(OR) SE IV, 95% CI IV, 95% CI
Continuous AS
Ding et al. 20157 2512 5.2 years 0.1484 0.0505 1.16 [1.05; 1.28] -
Jochemsen et al. 2015 526 4.1+0.3 years 0.0296 0.0222 1.03 [0.99; 1.08] [+ ]
Tsao et al. 2013"" 1587 0.7 + 0.8 years 0.3716 0.1394 1.45[1.10; 1.91] —
Dichotomous CVR
Liem et al. 2009° 38 7.1 (range: 6.4-7.7) years 2.0794 1.3586 8.00 [0.56; 114.70] e B
Dichotomous AS
Rosano et al. 2013 303 10 years 0.6206 0.3317 1.86 [0.97; 3.56] ——

f ]

0.1 1 10

Appendix Figure A-4. Individual study results from longitudinal studies. Forest plot illustre
the individual effect sizes reported for each longitudinal study. Three studies were includ
continuous arterial stiffness, while dichotomous cerebrovascular reactivitycdnudoinous
arterial stiffness only had one longitudinal study each. AS indicates arterial stiffness, whil
indicates cerebrovascular reactivity.
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Study or Odds Ratio Odds Ratio

Subgroup Total Subjects log(OR) SE IV, Random, 95% ClI IV, Random, 95% CI

Lacunes

Brandts et al. 2009'" 50 1.7851 0.8521 5.96 [1.12; 31.66] E————

Matsumoto et al. 2007 476 -0.2231 0.1926 0.80 [0.55; 1.17] —a

Mitchell et al. 2011*' 668 0.4824 0.1546 1.62 [1.20; 2.19] -

Ochi et al. 2010 500 0.2070 0.1754 1.23[0.87; 1.73] -

Pase et al. 2016 3207 -0.1508 1.0108 0.86 [0.12; 6.24]

Robert et al. 2022 272 0.3853 0.1499 1.47 [1.10; 1.97] -

Rundek et al. 2017 ' 1166 -0.0619 0.0624 0.94 [0.83; 1.06] B

Saji et al. 2012 240 0.3716 0.1581 1.45[1.06; 1.98] ——

Saji et al. 2012 220 0.6780 0.3362 1.97 [1.02; 3.81] —=—

Shan et al. 2016'* 62 2.1054 0.8000 8.21[1.71; 39.38] —_—

Tsao et al. 2013 1587 0.3716 0.1394 1.45[1.10; 1.91] -

van Sloten et al. 2016'” 2058 0.2390 0.0920 1.27 [1.06; 1.52) : 3

Zhai et al. 2018™ 953 0.0862 0.1111 1.09 [0.88; 1.36] -

Total (95% CI) 11459 1.28 [1.10; 1.49] -

Heterogeneity: Tau? = 0.0380; Chi® = 40.43, df = 12 (P < 0.01); I = 70%

WMH

Brisset et al. 2013'"” 1800 0.2070 0.0907 1.23[1.03; 1.47] E

Coutinho et al. 20117 812 0.1222 0.1432 1.13[0.85; 1.50]

Gustavsson et al. 2015 ' 208 0.2546 0.2406 1.29 [0.81; 2.07] e

Hashimoto et al. (b) 2018'" 286 -0.2107 0.3615 0.81[0.40; 1.65] —

Henskens et al. 2008 167 0.4253 0.2822 1.53 [0.88; 2.66] .

Hughes et al. 2013 91 0.8796 0.5256 2.411[0.86; 6.75] T

Hughes et al. (b) 2018™* 19 0.7885 0.5202 2.20[0.79; 6.10] _—

Laugesen et al. 2013'* 178 0.7975 0.3095 2.22[1.21; 4.07] —a—

Ohmine et al. 2008™ 144 1.0438 0.5219 2.84 [1.02; 7.90] e

Turk et al. 2016"" 96 0.5377 0.2441 1.71[1.06; 2.76] —

van Elderen et al. 2010'” 86 1.0750 0.5443 2.93[1.01; 8.51] . —

Total (95% CI) 3887 1.42[1.18; 1.70] ->

Heterogeneity: Tau® = 0.0226; Chi® = 14.42, df = 10 (P = 0.15); I = 31%

Test for subgroup differences: Chi® = 0.74, df = 1 (P = 0.39) | |
0.1 1 10

Appendix Figure A-5. Odds ratio results from secondary analyses of studies reporting art
stiffness as a continuous exposure variable in relation to white matter hyperintensities or
Forest plot illustrating the effect sizes for studies reporting continuous bstéfress in
relation to the presence of white matter hyperintensity or lacunes. Effect sizes are repor:
SD increase. The separate overall effects suggested an increasing arterial stiffness was
with a greater presence of lacunes (@R8, 95% CI: 1.14.49) and a greater burden of whit
matter hyperintensities (OR: 1.42, 95% CI: 111&8). WMH, white matter hyperintensities; C
odds ratio; SE, standard error; IV, inveksgiance.
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Study or Odds Ratio Odds Ratio

Subgroup Total Subjects log(OR) SE IV, 95% CI IV, 95% CI
Lobar CMBs
Ding et al. 20157 2512 0.1484 0.0505 1.16 [1.05; 1.28]
Kim et al. 201633 1282 0.3365 0.0834 1.40[1.19; 1.65] -
Poels et al. 2012723 1460 -0.0101 0.1129 0.99 [0.79; 1.24]
Song et al. 2014158 1137 0.4318 0.1371 1.54[1.18; 2.01] -
Zhai et al. 2018144 953 -0.1278 0.2886 0.88 [0.50; 1.55]
Deep CMBs
Ding et al. 201537 2512 0.1484 0.0505 1.16 [1.05; 1.28]
Kim et al. 2016133 1282 0.3365 0.0834 1.40[1.19; 1.65] =
Poels et al. 2012123 1460 -0.0101 0.1129 0.99 [0.79; 1.24]
Song et al. 2014158 1137 0.4318 0.1371 1.54 [1.18; 2.01] —-—
Zhai et al. 2018144 953 -0.1278 0.2886 0.88 [0.50; 1.55] —
[ 1
0.1 1 10
Study or Odds Ratio Odds Ratio
Subgroup Total Subjects log(OR) SE 1V, 95% CI IV, 95% CI
PVWMH
Brandts et al. 2009137 50 1.7851 0.8521 5.96 [1.12; 31.66) —_——
Ohmine et al. 2008169 144 1.0438 0.5219 2.84 [1.02; 7.90] —_—
Riba-Llena et al. 2018138 782 -0.0202 0.0832 0.98 [0.83; 1.15] =
van Elderen et al. 2010125 86 1.0750 0.5443 2.93[1.01; 8.51] ——
DWMH
Brandts et al. 2009'3° 50 1.7851 0.8521 5.96 [1.12; 31.66) B
Ohmine et al. 2008162 144 1.0438 0.5219 2.84 [1.02; 7.90] E—
Riba-Llena et al. 2018138 782 -0.0202 0.0832 0.98 [0.83; 1.15]
van Elderen et al. 2010 12> 86 1.0750 0.5443 2.93[1.01; 8.51]
[ [ |
0.1 1 10

Appendix Figure A-6. Individual study results from continuous arterial stiffness studies thi
differentiated by region within a cSVD subtype. Forest plot illustrating the individual effec
reported for studies that divided the presence of lacunes into strictly lobegmlatunesdp
pane) and studies that divided white matter hyperintensity burden into periventricular reg
deep regionshpttom pangl CMBSs, cerebral microbleeds; PVWMH, periventricular white
matter hyperintensities; DWMH, deep white matter hyperintensities; OR, odds ratio; SE,
standard error; IV, inverseariance.
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Odds Ratio Odds Ratio

Study Total Subjects log(OR) SE IV, Random, 95% CI IV, Random, 95% ClI
Cooper et al. 2016 1820 0.1133 0.0590 1.12 [1.00; 1.26) E

Coutinho et al. 2011™ 812 0.1222 0.1432 1.13 [0.85; 1.50] '
Gustavsson et al. 2015'* 208 0.2546 0.2406 1.29[0.81; 2.07] —E—
Hashimoto et al. (b) 2018’ 286 -0.2107 0.3615 0.81 [0.40; 1.65] — e
Henskens et al. 2008 '* 167 0.4253 0.2822 1.53 [0.88; 2.66] e
Hughes et al. 2013™ 91 0.8796 0.5256 2.41 [0.86; 6.75] H——
Hughes et al. (b) 2018 19 0.7885 0.5202 2.20 [0.79; 6.10] 4
Laugesen et al. 2013™ 178 0.7975 0.3095 2.22[1.21; 4.07] -
Mitchell et al. 2011° 668 0.4824 0.1546 1.62[1.20; 2.19] -

Pase et al. 2016'7 3207 -0.1508 1.0108 0.86 [0.12; 6.24] ;

Poels et al. 2012'* 1460 -0.0101 0.1129 0.99 [0.79; 1.24] -=-

Riba-Llena et al. 2018 782 -0.0202 0.0832 0.98 [0.83; 1.15] i

Tsao et al. 2013'7 1587 0.3716 0.1394 1.45[1.10; 1.91] -

van Sloten et al. 2016'" 2058 0.2390 0.0920 1.27 [1.06; 1.52]

Total (95% Cl) 13343 1.23 [1.09; 1.39] *

Heterogeneity: Tau® = 0.0209; Chi® = 24.74, df = 13 (P = 0.02); I = 47% f !
0.1 1 10

Appendix Figure A-7. Odds ratio results from secondary analyses of only the studies that
assessed arterial stiffness as cartgioral pulse wave velocity. Forest plot illustrating the
effect sizes for studies reporting carefioral pulse wave velocity (cfPWV) in relatiem
cSVD burden. Effect sizes are reported p&Tilincrease. The separate overall effects sugg
an increasing arterial stiffness was associated with a greater presence of cSVD (OR: 1.2
Cl: 1.091.39). OR, odds ratio; SE, standard error; IV girsevariance.
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Study or Odds Ratio Odds Ratio

Subgroup Total Subjects log(OR) SE IV, Random, 95% CI IV, Random, 95% CI
Carotid Stiffness

Brisset et al. 2013"° 1800 0.2070 0.0907 1.23[1.03; 1.47] --

Ding et al. 2015 ™ 2512 0.1484 0.0505 1.16 [1.05; 1.28] E

Jochemsen et al. 2015 ' 526 0.0296 0.0222 1.03[0.99; 1.08]

Robert et al. 2022 272 0.3853 0.1499 1.47 [1.10; 1.97] —I—

Turk et al. 2016 96 0.5377 0.2441 1.71 [1.06; 2.76] +
Rundek et al. 2017 1166 -0.0619 0.0624 0.94 [0.83; 1.06]

Total (95% CI) 6372 1.15[1.00; 1.31] 0

Heterogeneity: Tau® = 0.0191; Chi* = 19.8, df = 5 (P < 0.01); I = 75% {

Central Arterial Stiffness i

Cooper et al. 2016 ' 1820 0.1133 0.0590 1.12[1.00; 1.26] _E_

Coutinho et al. 2011'” 812 0.1222 0.1432 1.13[0.85; 1.50] -

Gustavsson et al. 2015™ 208 0.2546 0.2406 1.29[0.81; 2.07] —+E—
Hashimoto et al. (b) 2018'% 286 -0.2107 0.3615 0.81[0.40; 1.65] —l-—-—

Henskens et al. 2008 '~ 167 0.4253 0.2822 1.53 [0.88; 2.66] -—-—l—

Hughes et al. 2013" 91 0.8796 0.5256 2.41[0.86; 6.75] —
Hughes et al. (b) 2018™ 19 0.7885 0.5202 2.20[0.79; 6.10] e
Laugesen et al. 2013 178 0.7975 0.3095 2.22[1.21; 4.07] -
Mitchell et al. 2011” 668 0.4824 0.1546 1.62[1.20; 2.19] ——

Pase et al. 2016 3207 -0.1508 1.0108 0.86[0.12; 6.24] :

Poels et al. 2012 1460 -0.0101 0.1129 0.99 [0.79; 1.24] :

Riba-Llena et al. 2018"* 782 -0.0202 0.0832 0.98 [0.83; 1.15] :

Tsaoc etal. 2013 1587 0.3716 0.1394 1.45[1.10; 1.91] o =

van Sloten et al. 2016 2058 0.2390 0.0920 1.27 [1.06; 1.52] : ]

Amier et al. 2021" 559 -0.1863 0.2074 0.83 [0.55; 1.25] —

Brandts et al. 2009™ 50 1.7851 0.8521 5.96 [1.12; 31.66] :

Shan et al. 2016' 62 2.1054 0.8000 8.21[1.71; 39.38] H ——
van Elderen et al. 2010™ 86 1.0750 0.5443 2.93[1.01; 8.51] —
Total (95% Cl) 14100 1.26 [1.10; 1.44] *>
Heterogeneity: Tau® = 0.0323; Chi® = 39.91, df = 17 (P < 0.01); I = 57% {

Total (95% Cl) 20472 1.20 [1.10; 1.32] *
Heterogeneity: Tau® = 0.0227; Chi® = 66.04, df = 23 (P < 0.01); I* = 65% ) !
Test for subgroup differences: Chi = 0.90, df = 1 (P = 0.34) 0.1 1 10

Appendix Figure A-8. Odds ratio results from secondary analyses comparing the studies
assessed central artery stiffness with the studies that assessed carotid artery stiffness. F
illustrating the effect sizes for studies reporting central artery stiffness astaifties reporting
carotid artery stiffness. Effect sizes are reported g&D increase. The separate overall effe
suggested that both an increasing central arterial stiffness (OR: 1.26, 95% al:44)8nd an
increasing carotid artery stiffne@@R: 1.15, 95% CI: 1.04.31) were associated with a great
presence of cSVD. No significant differences were observed between central artery stiffr
carotid artery stiffness (P=0.34). OR, odds ratio; SE, standard error; IV, ivwaiance.
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Appendix Figure A-9. Bubble plot from metaegression showing the study proportion of
hypertensive (HTN) participants as a stielyel covariate.
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