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Key Points

Questions: Are cardiovascular risk factors associated with early changes in
brain blood vessel density, size and curvature, brain blood flow, and brain white

matter integrity in young adults?

Results: In individuals with average age of 25, vascular risk factors, including
higher blood pressures and body mass index, were correlated with reduced
blood vessel density, and, reduced brain blood vessel density was associated

with reduced cerebral blood flow and early injury to brain cell connections.

Meaning: In young adults, the structure of brain blood vessels, as well as
cerebral blood flow and lesions of brain white matter, were correlated with risk
factors for vascular disease, suggesting the young adult period may be a target

for primordial prevention of cerebrovascular disease.
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Abstract

Importance: Risk of stroke and brain atrophy in later life relate to levels of
cardiovascular risk in early adulthood. However, it is unknown whether

cerebrovascular changes are already present in young adults.

Objective: To examine relationships between modifiable cardiovascular risk
factors and cerebrovascular structure, function and white matter integrity in

young adults.

Design, Setting, and Participants: A cross-sectional observational study
completed between August 2014 and May 2016 at the University of Oxford,
United Kingdom. Participants recruited through active and passive recruitment
from the local community, including invitation from the Oxford University

Hospitals Hypertension Service.

Exposures: Clinic and ambulatory blood pressure (mmHg), body mass index
(kg/m?), objective physical activity (hours/week), alcohol intake (drinks/week),
smoking (pack years), peak oxygen uptake (ml/kg/min), peak exercise blood
pressure (mmHg), lipid profile (mg/dL), insulin resistance and use of anti-

hypertension medication.

Main Outcomes and Measures: Cerebral vessel density (vessels/cm?®), caliber
(Mm) and tortuosity, brain white matter hyperintensity lesion count (number),
and in a subgroup (n=52) brain blood arrival time (seconds) and cerebral blood

flow (ml/100g/min) assessed by brain magnetic resonance.

Results 125 participants (mean age 255 years, 49% female) were recruited.
Cerebrovascular morphology and white matter hyperintensity count correlated with
cardiovascular risk factors in univariable and multivariable models. In a risk score, for

each healthier modifiable risk factor, characterised as: ambulatory blood pressure
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<130/80mmHg; BMI < 25kg/m?; top tertile of cardiovascular fitness; non-smoker; <8
alcoholic drinks/week; normotensive exercise blood pressure response; cholesterol
<200mg/dL; and fasting glucose <100mg/dL, vessel density increased by 0.3
vessels/cm® (95%CI 0.1 to 0.5, p=0.003), vessel caliber by 8um (95%Cl 3 to 13,
p=0.01) and white matter hyperintensity lesions reduced by 1.6 lesions (95%CI 0.6 to
2.8, p=0.006). In subgroup analysis, cerebral blood flow varied with vessel density
and increased by 2.5ml/min/100g per risk score (95%CI 0.05 to 4.98, p=0.05).
Conclusions and Relevance In this preliminary study, involving young adults
without clinical evidence of cerebrovascular disease, modifiable cardiovascular

risk factors were associated with MR indices of cerebral vessel structure and
function, and white matter hyperintensities. Further research is needed to
determine the clinical importance of these findings for the primordial prevention

of cerebrovascular disease.

Key words: brain health, cardiovascular risk factors, young adults,
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Introduction

A life-course approach to understand risk of cardiovascular disease is well
established” ? and it is accepted that changes in cardiac and vascular structure that
underlie this risk emerge very early in life* *. Whether modifiable cardiovascular risk
factors, and novel early life exposures such as birth complications, influence the

early cerebrovasculature is less well studied.

Cardiovascular risk closely relates to cerebrovascular injury and cognitive decline in
older adults® . Markers of cerebral injury in mid-life, including white matter
hyperintensity lesions, predict future stroke, dementia and all-cause mortality” 8.
Progression of white matter hyperintensity lesions is faster in association with
metabolic dysfunction and hypertension °. Experimental studies demonstrate
cardiovascular risk factors result in remodelling of the brain vasculature, including
vessel rarefaction, reduced vessel caliber and cerebral blood flow *°. Elevated blood
pressure, dyslipidemia and low fithess in early adulthood are known to predict brain
health in older adult life> ** *2. Whether cerebrovascular morphological changes are
already evident in young adults, and correlate with white matter hyperintensity

lesions and risk factors at this age, is unclear.

Advances in brain MRI allow automated segmentation and analysis of vessel

13.14 and blood flow™; thus making it

morphology, white matter hyperintensity lesions
possible to build a robust and sensitive quantification of brain health for an
individual® **. Therefore, the objective of the current study was to use multi-modality
brain imaging to test the hypothesis that cardiovascular risk profiles are already

correlated with variation in vessel morphology and white matter hyperintensity

lesions in young adulthood.



120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

Methods

Study design and participants

This was a cross-sectional observational study completed between August 2014 and
May 2016. The South Central Research Ethics Committee for the National Health
Service Health Research Authority (NHS HRA) approved the study (14/SC/0275). All
participants gave written informed consent. Measurements were completed at the
Oxford Cardiovascular Clinical Research Facility and Oxford Centre of Clinical
Magnetic Resonance Research, John Radcliffe Hospital, University of Oxford, United
Kingdom. Image analysis performed using pipelines developed at the Hotchkiss
Brain Institute, University of Calgary and Wellcome Centre for Integrative

d14—18

Neuroimaging, University of Oxfor . Final data collection was completed on the

31°% of May 2016.

Participants aged 18 to 40 years were recruited through active and passive
recruitment™ including local advertising, invitation from local birth cohort studies and
invitation from the Oxford University Hospital Hypertension Service. Strategies were
designed to recruit adults with a heterogeneity in risk factors known to be present in
young adult populations including traditional risk factors such as hypertension and
more novel factors such as gestational age. Participants were excluded if they had
previous cardiovascular or cerebrovascular events, renal dysfunction or metabolic
disease including diagnosis of hyperlipidaemia. Participants with secondary causes
of hypertension such as renal vascular disease, vascular anomalies or adrenal
dysfunction were excluded following assessment in Oxford University Hospital
Hypertension Service. Recruitment was continued to 125 participants to ensure over
90% power at P=0.05 to identify a 0.70-SD difference in vessel density, vessel
caliber and white matter lesion count between lowest and highest cardiovascular risk
tertile groups. The subgroup of 52 participants with ASL measures provides 80%

power to detect 10% difference in perfusion®.
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Procedures

Cardiovascular Risk Assessment

Participants attended a research clinic in the morning after a 12-hour fast to complete
a detailed cardiovascular risk assessment (Supplementary Data eMethods 1).
Measurements included: body size, fasting blood samples, clinic and 24-hour blood
pressure, as well as peak oxygen uptake and exercise blood pressure (from
cardiopulmonary exercise testing). In addition, participants completed a detailed
lifestyle questionnaire and had seven complete days of objectively measured

physical activity.

Brain Imaging and Analysis

Individuals underwent multimodality brain MRI scanning (3.0T Trio Tim, Siemens,
Munich, Germany). The MRI protocol included T1-weighted structural, T2-weighted
Fluid-Attenuated Inversion Recovery (FLAIR), Diffusion Tensor Imaging (DTI) and
Time-of-Flight (TOF) MR Arteriogram (MRA) (Supplementary Data eMethods 2). MR
imaging was completed fasted and prior to exercise testing. Complete acquisition

and analysis methods are presented in the on-line supplement.

T1-weighted images were processed using FMRIB Software Library (FSL) tools*.
Brain vessel segmentation was completed on TOF MRA using previously described
automated segmentation tools (Figure 1)'* 8. Binary segmentations were used to

determine vessel density, caliber and tortuosity.

White matter hyperintensity (WMH) lesions were segmented using the Brain Intensity
AbNormality Classification Algorithm (BIANCA) a fully-automated, supervised
method for WMH detection™® ?>. BIANCA classifies image voxels based on their
intensity and spatial features, where the intensity features were extracted from T2-

weighted FLAIR, T1-weighted and DTI fractional anisotropy (FA) images, FA images



176  were generated using DTI tools, FSL topup, FSL eddy and DTIFit*" 32°, WMH

177  masks were manually segmented from 10 images to use as the training set for

178  BIANCA, these were independently verified by a neurologist (TS) and radiologist
179 (DM) blinded to participant risk profile. Lesion count was selected as the most

180  sensitive outcome of white matter change in young adults in whom a single lesion,
181  independent of volume, could be considered abnormal®. Minimum lesion size used
182  in analysis was 1 mm?®,

183

184 A subgroup of 52 participants also had multi-delay vessel-encoded

185  pseudocontinuous Arterial Spin Labelling (ASL), identical to a previously published

I**. Cerebral blood flow and blood arrival time were estimated from ASL

186  protoco
187  images using a previously described analysis pipeline™ *’. Gray matter masks were
188  used to calculate the average cerebral blood flow after linear registration of the ASL
189  MRI to the T1-weighted MRI dataset.

190

191  Statistical Analysis

192  Existing literature on risk predictors of brain health was used to define an a priori set
193  of potential correlates of MRI brain health in young adults® ®*# 2”2 These were

194  grouped as: 1) non-modifiable, including age, sex, gestational age, and 2) modifiable,
195 including systolic blood pressure, body mass index (BMI), peak exercise capacity
196  (oxygen uptake ml/min/kg), peak exercise diastolic blood pressure, weekly vigorous
197  activity, alcohol consumption, smoking history, lipid profile, glucose and insulin

198  resistance, and current hypertension medication.

199

200  Univariable analysis was completed to investigate correlation between the defined
201  cardiovascular risk markers and brain outcomes. Multivariable analysis was

202  completed using a forced entry linear regression model. To reduce multiple testing

203  and potential interaction between the variables, the prediction model was restricted
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to a subset of variables (resting systolic blood pressure, body mass index, vigorous
physical activity, alcohol consumption and smoking). This model was adjusted for

non-modifiable factors including age, sex and gestational age.

To investigate correlation between risk markers and brain outcomes, participants
were scored for positive traits in modifiable risk profiles: BMI <25 kg/m?; highest
tertile cardiovascular fitness and/or physical activity; alcohol <8 drinks/week; non-
smoker for > 6 months; blood pressure on awake ambulatory monitoring <130/80
mmHg; a non-hypertensive diastolic response to exercise (peak diastolic blood
pressure <90 mmHg), total cholesterol <200mg/dL; and fasting glucose <100mg/dL>
6122729 Tyo models were created to represent: 1) simple modifiable health score
determined from lifestyle measures recorded in clinic (physical activity, BMI,
smoking, alcohol), and 2) detailed modifiable health score that additionally included
clinical investigations (exercise testing, blood samples and ambulatory blood
pressure). Relationships between scores and brain outcomes were studied using
linear regression adjusted for age and sex. Secondary sensitivity analysis assessed
minimum number and combinations of factors required to maintain model

significance.

In addition, univariable analysis was completed to investigate correlation between
vessel morphology and white matter hyperintensity lesion count and in a subgroup
(n=52), blood arrival time and cerebral blood flow. These relationships were further
investigated with fixed entry linear regression models adjusted for modifiable and

non-modifiable factors used in the models above (Supplementary data eTable 2-4).

Statistical analysis was undertaken using Statistical Product and Service Solutions
(SPSS) Version 22 (Armonk, New York, U.S). Normality of variables was assessed

by visual assessment of curves. If normally distributed, results are presented as
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mean * standard deviation for continuous variables, otherwise median and
interquartile range. For categorical variables, number and percentage are presented.
Comparison between groups for continuous variables was performed with a 2-sided,
independent-sample Student’s t test. Multivariable analysis was completed using
forced entry linear regression. All multivariable analyses were adjusted for age and
sex. P-values <0.05 were considered statistically significant and all results were
considered exploratory. Results are presented as point estimate and 95% confidence
intervals stated in units appropriate to the risk factor and brain outcome being
reported. Graphpad Prism 7 software was used for statistical figures and mean with

95% confidence intervals presented.

Results

125 participants completed the brain MRI protocol and cardiovascular risk
assessment study measures. The mean age of participants was 24.7+5.0 years, 61
participants were female (49%), the mean gestational age was 36.6+4.3 weeks,
educational attainment was high with 86 completing University level education
(68.8%), 29 participants had prior history of hypertension of which 21 were on anti-

hypertension medications (16.8%) (Table 1).

Modifiable risk factors and association with brain vessel structure and white
matter hyperintensity lesions

Univariable correlations between risk factors (SBP, BMI, smoking pack years, Ex
DBP, Cholesterol/HDL ratio, Hypertension treatment) and brain vessel density and
caliber are presented in Table 2. Vessel tortuosity only varied with gestational age in
both univariable and multivariable models (0.005 unit tortuosity change/gestational
week, 95%CI 0.001 to 0.009, p=0.007) (Supplementary Data, eTable 1). In the
multivariable models, systolic blood pressure (-0.2 vessels/cm?® per 10mmHg, 95%ClI

-0.004 to -0.4, p=0.04), smoking (2 vessels/cm?® per 10 pack years, 95%CI 0.6 to 3.0,

10
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p=0.04) and Body Mass Index (-0.1 vessels/cm? per 1kg/m?, 95%CI -0.01 to -0.15,
p=0.02) remained independent correlates of vessel density, while vessel caliber was
independently correlated with systolic blood pressure (-6um per 10mmHg, 95%CI -
0.5t0 -10.0, p=0.03) and smoking (40um per 10 pack years, 95%CI 2.0 to 80.0,
p=0.04). In univariable models, white matter hyperintensities also correlated with
smoking, exercise diastolic blood pressure and, in addition, alcohol intake

(Supplementary Data, eTable 2).

Modifiable behavioural risk scores provide an overall assessment of risk profile
based on: high physical activity; not smoking in the last 6 months; body mass index
<25 kg/m?; and alcohol consumption <8 drinks/week demonstrated that vessel
density increased by 0.5 vessels/cm? for each additional score point (95%Cl 0.2 to
0.8, p=0.002) and vessel caliber by 10um (95%CI 2.0 to 17.0, p=0.01) (Table 3). The
more complex cardiovascular risk model based on a cumulative score across 8
parameters also correlated with vessel morphology. Each increase in score
associated with a 0.3 vessels/cm? higher vessel density (95%CI 0.1 to 0.5, p=0.003)
and 8um greater vessel caliber (95%CI 3.0 to 13.0, p=0.01). Similarly, white matter
hyperintensity lesion count correlated with scores in Model 1 and 2, reducing by 2.2
lesions per additional positive score on the simple grading (95%CI -0.5 to 4.0,
p=0.01), and 1.6 fewer white matter hyperintensity lesions per unit of the complex
score (95%CI -0.5 to 3.0, p=0.006). Differences in vessel morphology and white
matter hyperintensity lesions between tertiles of the study group, divided based on

the complex score, are presented in Figure 2.

In exploratory secondary analysis, a sensitivity analysis was performed removing
individual components from the modifiable health scores. The minimum combination
of components required to maintain significant correlations were 3 factors, with

alcohol consumption and body mass index being essential in each score (data not

11
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presented). Models 1 and 2 also correlated with the total volume of white matter
hyperintensity adjusted for brain size with a 61 mm? reduction in white matter
hyperintensity lesion volume for each additional score on model 1 (95%CI -5 to -117
mm?, p=0.03) and a 51 mm? lower white matter hyperintensity lesion volume per

additional score on model 2 (95%Cl -15 to -87 mm?® p=0.006).

Vessel Morphology and brain MRI biomarkers of cerebral blood flow, arrival
time and white matter lesion count

To explore whether cerebral blood flow also varied with cardiovascular risk factors, a
subgroup (n=52) analysis was performed in those with cerebral blood flow measures
(mean cerebral blood flow 60 ml/100g/min (SD 11.5) and mean blood arrival time
1.01 seconds (SD 0.08)). In univariable analysis, slower blood arrival time and
reduced cerebral blood flow were correlated with increased BMI (Supplementary
Data, eTable 2). Cerebral blood flow was also lower in correlation with anti-
hypertensive medication 11 ml/100g/min (95%CI -3 to -18, p=0.007). When cerebral
blood flow and blood arrival time was modelled using the simple modifiable risk
score, blood arrival time was 0.03 second faster for each additional point (95%CI -
0.007 to -0.05,p=0.009) and cerebral blood flow 4 ml/100g/min higher (95%CI 0.5 to

7.6, p=0.03) (Table 3).

In multivariable analysis, controlling for modifiable risk factors (SBP, BMI, VPA,
smoking, alcohol intake) blood arrival time and cerebral blood flow varied with
cerebral vessel density, with each additional vessel per cm®correlating with a 0.015
seconds faster blood arrival time (95%CI -0.002 to -0.03, p=0.02) and 3 ml/100g/min
increase in cerebral blood flow (95%CI 0.7 to 5.4, p=0.01). Vessel density was
inversely correlated with white matter hyperintensitivity count with a reduction of 1.5
lesions per unit increase in vessel density per cm® (95%CI -0.4 to -2.7, p=0.01).

(Supplementary Data eTables 3-4).
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Discussion

This study demonstrates adverse modifiable cardiovascular risk profiles in young
people are associated with differences in brain vessel structure and function as well
as an increased number of white matter hyperintensity lesions. This suggests

cerebrovascular pathology may be accumulating earlier than previously anticipated.

Modifiable risk factors such as blood pressure, BMI, smoking and lipid profile are
known to drive systemic vascular disease in young people in part through biological
vascular disorders including endothelial dysfunction and oxidative stress®***2. The
current study suggests the cerebrovasculature may be similarly affected. Novel early
life factors, such as preterm birth, have also been linked with early vascular disease®
as the third trimester and early neonatal period are hypothesized to be times of
significant vascular remodelling. Gestational age did predict vessel tortuosity,
consistent with previous reports in infants®*, but not other cerebrovascular measures.
Further work is needed to understand whether this was because participants were
largely born late preterm or because cardiovascular risk profile overwhelms this early

exposure.

To capture the complete risk profile of each participant, ideal modifiable
cardiovascular risk scores were developed. Such scores are established prediction
tools for future cardiovascular and cerebrovascular disease in older populations™ "
%, In this study, the simple risk score correlated with variation in all of the
cerebrovascular measures including vascular structure, brain blood flow and white
matter hyperintensities. The difference in white matter lesion burden between lowest
and highest modifiable risk scores was around 20%. No longitudinal outcome studies
have tracked white matter hyperintensities from similar age groups but the typical

rate of progression of white matter hyperintensity lesions per year in older

populations is 10 to 20%°* . Adverse modifiable cardiovascular risk factors are
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371

major determinants of this progression® with small lesions increasing in size or
clustering into confluent lesions*® *°. Accumulation of lesions from an early age might
explain why, by mid-life, white matter hyperintensity lesion volume is an established
predictor of future stroke risk’. If a 20% difference between groups were maintained
into older adult life, this would be associated with a 2 to 3-fold increased risk of

stroke, dementia and all-cause mortality’.

However, it has been proposed that early small lesions, as observed in this study,
may be reversible*" *. Reducing multiple risk factors can change risk trajectories and
reduce vascular disease burden®. Individuals with higher cardiovascular fithess have
a greater number of small vessels* and exercise interventions are associated with

45-48 35 well as short-term benefits for brain

beneficial effects on cerebral perfusion
volume ***°_ In addition, sustained lifestyle intervention and active blood pressure
lowering in patients with diabetes, or following a stroke, significantly reduces the
burden of white matter hypertensities and prevents accumulation of new lesions®>*,
These interventions typically achieve 25% improvements in cardiovascular fitness
and 10 mmHg reductions in blood pressure, comparable to differences between high

and low risk groups in this study.

However, lifestyle-based primary cardiovascular prevention in young people requires
complex intervention design. Recent systematic review of interventions in young
hypertensives demonstrated that the optimal way to intervene is poorly understood
with lack of sustained effect™. The alternative to lifestyle interventions would be
pharmacological treatment. Anti-hypertensive use in this study group was associated
with a trend towards increased brain vessel density*” *®. However, there was not a
proportional increases in cerebral blood flow; a phenomenon previously described in
hypertensives and proposed to be a ‘brain protective’ response, as cerebral vessel

rarefaction drives an increase in blood pressure to maintain cerebral blood flow®®.
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Further work to identify optimal interventions in young adults to maintain

autoregulation of cerebral blood flow, while reducing risk, may be required.

Limitations

This study has several limitations. First, a small sample recruited at a single site
increases risk of bias and the study may be underpowered to identify subtle
correlations with some risk factors. Second, mixed passive and active recruitment
strategies mean the sample is not population-based and could be considered similar
to a convenience sample. Therefore, it is not possible to generalise expected
prevalence of cerebrovascular changes to the wider population. Third, the study is
cross-sectional and causality of the observed relationships cannot be inferred.
Fourth, cerebral blood flow was only available in a subgroup so ability to understand
interactive effects of modifiable risk factors, vascular remodelling and perfusion on
white matter integrity is limited. Fifth, longitudinal follow up will be required to
comment on the clinical significance of the observed findings. As such, this study
should be considered preliminary and exploratory but does support a need for future
work. The complexity of the imaging protocol and associated financial costs may limit
its widespread use but large multi-centre studies with more focused protocols, and
extended follow up, will allow tracking of vascular remodelling and assessment of
impact on white matter and later disease. Randomised control trials will also allow
effects of both lifestyle and pharmacological intervention to be properly evaluated.
Conclusion

In this preliminary study involving young adults without clinical evidence of
cerebrovascular disease, modifiable cardiovascular risk factors were associated with
MRI indices of cerebral vessel structure and function, and white matter
hyperintensities. Further research is needed to determine the clinical importance of

these findings for the primordial prevention of cerebrovascular disease.

15



400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

Acknowledgement

Study funding was provided by a British Heart Foundation (BHF) project grant (BHF
Ref PG/13/58/30397), the Oxford BHF Centre for Research Excellence, and National
Institute for Health Research (NIHR) Oxford Biomedical Research Centre. Dr Wilby
Williamson is funded by a Wellcome Trust Clinical Research Training Fellowship (Ref

105741/Z/14/Z).

Authorship

All authors meet criteria for authorship: WW, AL, HB, CF, HD, PL contributed to the
design of the study, secured funding and refined the overall study protocol and lead
the project delivery, NF, LG, TO, MJ, CM contributed to the development of the Brain
MRI protocol and related pipelines, AL, WW, OH, JF, SN contributed to image
acquisition and quality control, WW, NF, LG, TO, MJ, CM, JB, HB, TS, DM, RP
contributed to brain MRI image processing and analysis, AD advised on
accelerometer protocol for objective physical activity measurement and compressed
analysis of raw data, WW, AL, HB, OH, completed cardiovascular risk assessment
and analysis of measures, WW, CF, PL and EF contributed to the statistical analysis,
WW wrote the manuscript with support from LG, OH, AL, CF, NF, HD, PL. All
authors contributed to revision of the manuscript. PL completed the final edit of the

manuscript.

Disclosures
Dr. Okell reports grants from The Royal Academy of Engineering, during the conduct
of the study; In addition, Dr. Okell has a patent (US Patent 9,757,047) with royalties

paid from Siemens Healthcare. All other authors declare no competing interests.

16



428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

Role of the funding source

The funders of the study had no role design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit the manuscript for publication.
The corresponding author had full access to all the data in the study and takes

responsibility for the integrity of the data and the accuracy of the data analysis

Access to data
Dr. Williamson and Professor Leeson had full access to all of the data in the study
and take full responsibility for the integrity of the data and the accuracy of the data

analysis

17



456

457

458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503

References

1. Raitakari OT, Juonala M, Kdhonen M and et al. Cardiovascular risk factors in
childhood and carotid artery intima-media thickness in adulthood: The cardiovascular risk in
young finns study. JAMA. 2003;290:2277-2283.

2. Hartiala O, Kajander S, Knuuti J, Ukkonen H, Saraste A, Rinta-Kiikka I, Kainulainen S,
Kahonen M, Hutri-Kahonen N, Laitinen T, Lehtimaki T, Viikari JS, Hartiala J, Juonala M,
Raitakari OT and Magnussen CG. Life-course risk factor levels and coronary artery
calcification. The Cardiovascular Risk in Young Finns Study. Int J Cardiol. 2016;225:23-29.

3. Lewandowski AJ, Augustine D, Lamata P, Davis EF, Lazdam M, Francis J, McCormick
K, Wilkinson A, Singhal A, Lucas A, Smith N, Neubauer S and Leeson P. Preterm Heart in
Adult Life: Cardiovascular Magnetic Resonance Reveals Distinct Differences in Left
Ventricular Mass, Geometry and Function. Circulation. 2013;127:197-206.

4, Leeson CPM, Whincup PH, Cook DG, Donald AE, Papacosta O, Lucas A and Deanfield
JE. Flow-Mediated Dilation in 9- to 11-Year-Old Children. Circulation. 1997;96:2233.
5. Pase MP, Beiser A, Enserro D, Xanthakis V, Aparicio H, Satizabal CL, Himali JJ, Kase

CS, Vasan RS, DeCarli C and Seshadri S. Association of Ideal Cardiovascular Health With
Vascular Brain Injury and Incident Dementia. Stroke. 2016;47:1201-6.

6. Aigner A, Grittner U, Rolfs A, Norrving B, Siegerink B and Busch MA. Contribution of
Established Stroke Risk Factors to the Burden of Stroke in Young Adults. Stroke.
2017;48:1744-1751.

7. Debette S and Markus HS. The clinical importance of white matter hyperintensities
on brain magnetic resonance imaging: systematic review and meta-analysis. BMJ.
2010;341:c3666.

8. Vermeer SE, Hollander M, van Dijk EJ, Hofman A, Koudstaal PJ, Breteler MM and
Rotterdam Scan S. Silent brain infarcts and white matter lesions increase stroke risk in the
general population: the Rotterdam Scan Study. Stroke. 2003;34:1126-9.

9. van Dijk EJ, Prins ND, Vrooman HA, Hofman A, Koudstaal PJ and Breteler MM.
Progression of cerebral small vessel disease in relation to risk factors and cognitive
consequences: Rotterdam Scan study. Stroke. 2008;39:2712-9.

10. Hainsworth AH and Markus HS. Do in vivo experimental models reflect human
cerebral small vessel disease? A systematic review. Journal of cerebral blood flow and
metabolism : official journal of the International Society of Cerebral Blood Flow and
Metabolism. 2008;28:1877-91.

11. Yano Y, Stamler J, Garside DB, Daviglus ML, Franklin SS, Carnethon MR, Liu K,
Greenland P and Lloyd-Jones DM. Isolated systolic hypertension in young and middle-aged
adults and 31-year risk for cardiovascular mortality: the Chicago Heart Association Detection
Project in Industry study. J Am Coll Cardiol. 2015;65:327-35.

12. Aberg ND, Kuhn HG, Nyberg J, Waern M, Friberg P, Svensson J, Toren K, Rosengren
A, Aberg MA and Nilsson M. Influence of Cardiovascular Fitness and Muscle Strength in Early
Adulthood on Long-Term Risk of Stroke in Swedish Men. Stroke. 2015;46:1769-76.

13. Griffanti L, Zamboni G, Khan A, Li L, Bonifacio G, Sundaresan V, Schulz UG, Kuker W,
Battaglini M, Rothwell PM and Jenkinson M. BIANCA (Brain Intensity AbNormality
Classification Algorithm): A new tool for automated segmentation of white matter
hyperintensities. Neurolmage. 2016;141:191-205.

14. Forkert ND, Schmidt-Richberg A, Fiehler J, lllies T, Moéller D, Handels H and Saring D.
Fuzzy-based Vascular Structure Enhancement in Time-of-Flight MRA Images for Improved
Segmentation. Methods of Information in Medicine. 2011;50:74-83.

18



504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554

15. Okell TW, Chappell MA, Kelly ME and Jezzard P. Cerebral Blood Flow Quantification
Using Vessel-Encoded Arterial Spin Labeling. Journal of Cerebral Blood Flow & Metabolism.
2013;33:1716-1724.

16. Berry ES, Jezzard P and Okell TW. An Optimized Encoding Scheme for Planning
Vessel-Encoded Pseudocontinuous Arterial Spin Labeling. Magn Reson Med. 2015;74:1248-
56.

17. Chappell MA, Okell TW, Payne SJ, Jezzard P and Woolrich MW. A fast analysis
method for non-invasive imaging of blood flow in individual cerebral arteries using vessel-
encoded arterial spin labelling angiography. Medical Image Analysis. 2012;16:831-839.

18. Forkert ND, Schmidt-Richberg A, Fiehler J, lllies T, Moéller D, Handels H and Saring D.
Automatic Correction of Gaps in Cerebrovascular Segmentations Extracted from 3D Time-of-
Flight MRA Datasets. Methods of Information in Medicine. 2012;51:415-422.

19. Foster CE, Brennan G, Matthews A, McAdam C, Fitzsimons C and Mutrie N.
Recruiting participants to walking intervention studies: a systematic review. Int J Behav Nutr
Phys Act. 2011;8:137.

20. Mersov AM, Crane DE, Chappell MA, Black SE and MacIntosh BJ. Estimating the
sample size required to detect an arterial spin labelling magnetic resonance imaging
perfusion abnormality in voxel-wise group analyses. Journal of Neuroscience Methods.
2015;245:169-177.

21. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, Johansen-Berg H,
Bannister PR, De Luca M, Drobnjak I, Flitney DE, Niazy RK, Saunders J, Vickers J, Zhang Y, De
Stefano N, Brady JM and Matthews PM. Advances in functional and structural MR image
analysis and implementation as FSL. Neurolmage. 2004;23 Suppl 1:5208-19.

22. Siepmann T, Boardman H, Bilderbeck A, Griffanti L, Kenworthy Y, Zwager C, McKean
D, Francis J, Neubauer S, Yu GZ, Lewandowski AJ, Sverrisdottir YB and Leeson P. Long-term
cerebral white and gray matter changes after preeclampsia. Neurology. 2017;88:1256-1264.

23. Andersson JLR, Graham MS, Zsoldos E and Sotiropoulos SN. Incorporating outlier
detection and replacement into a non-parametric framework for movement and distortion
correction of diffusion MR images. Neurolmage. 2016;141:556-572.

24. Andersson JLR and Sotiropoulos SN. An integrated approach to correction for off-
resonance effects and subject movement in diffusion MR imaging. Neurolmage.
2016;125:1063-1078.

25. Sexton CE, Zsoldos E, Filippini N, Griffanti L, Winkler A, Mahmood A, Allan CL,
Topiwala A, Kyle SD, Spiegelhalder K, Singh-Manoux A, Kivimaki M, Mackay CE, Johansen-
Berg H and Ebmeier KP. Associations between self-reported sleep quality and white matter
in community-dwelling older adults: A prospective cohort study. Hum Brain Mapp.
2017;38:5465-5473.

26. Hopkins RO, Beck CJ, Burnett DL, Weaver LK, Victoroff J and Bigler ED. Prevalence of
white matter hyperintensities in a young healthy population. J Neuroimaging. 2006;16:243-
51.

27. Seshadri S, Wolf PA, Beiser A, Elias MF, Au R, Kase CS, D’Agostino RB and DeCarli C.
Stroke risk profile, brain volume, and cognitive function: The Framingham Offspring Study.
Neurology. 2004;63:1591-1599.

28. O'Donnell MJ, Chin SL, Rangarajan S, Xavier D, Liu L, Zhang H, Rao-Melacini P, Zhang
X, Pais P, Agapay S, Lopez-Jaramillo P, Damasceno A, Langhorne P, McQueen MJ, Rosengren
A, Dehghan M, Hankey GJ, Dans AL, Elsayed A, Avezum A, Mondo C, Diener H-C, Ryglewicz D,
Czlonkowska A, Pogosova N, Weimar C, Igbal R, Diaz R, Yusoff K, Yusufali A, Oguz A, Wang X,
Penaherrera E, Lanas F, Ogah OS, Ogunniyi A, lversen HK, Malaga G, Rumboldt Z,
Oveisgharan S, Al Hussain F, Magazi D, Nilanont Y, Ferguson J, Pare G and Yusuf S. Global and
regional effects of potentially modifiable risk factors associated with acute stroke in 32
countries (INTERSTROKE): a case-control study. The Lancet. 2016;388:761-775.

19



555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603

29. Spartano. Midlife exercise blood pressure, heart rate, and fitness relate to brain
volume 2 decades later. Neurology. 2016;86:1313-1319.

30. Berenson GS, Srinivasan SR, Bao W, Newman WP, Tracy RE and Wattigney WA.
Association between Multiple Cardiovascular Risk Factors and Atherosclerosis in Children
and Young Adults. New England Journal of Medicine. 1998;338:1650-1656.

31. Stamler J, Daviglus ML, Garside DB, Dyer AR, Greenland P and Neaton JD.
Relationship of baseline serum cholesterol levels in 3 large cohorts of younger men to long-
term coronary, cardiovascular, and all-cause mortality and to longevity. JAMA.
2000;284:311-318.

32. Relationship of atherosclerosis in young men to serum lipoprotein cholesterol
concentrations and smoking: A preliminary report from the pathobiological determinants of
atherosclerosis in youth (pday) research group. JAMA. 1990;264:3018-3024.

33. Raikkonen K, Kajantie E, Pesonen AK, Heinonen K, Alastalo H, Leskinen JT, Nyman K,
Henriksson M, Lahti J, Lahti M, Pyhala R, Tuovinen S, Osmond C, Barker DJ and Eriksson JG.
Early life origins cognitive decline: findings in elderly men in the Helsinki Birth Cohort Study.
PloS one. 2013;8:e54707.

34. Vasu V, Durighel G, Thomas EL, Malamateniou C, Bell JD, Rutherford MA and Modi
N. Preterm nutritional intake and MRI phenotype at term age: a prospective observational
study. BMJ open. 2014;4:e005390.

35. Gooding HC, Ning H, Gillman MW, Shay C, Allen N, Goff DC, Jr., Lloyd-Jones D and
Chiuve S. Application of a Lifestyle-Based Tool to Estimate Premature Cardiovascular Disease
Events in Young Adults: The Coronary Artery Risk Development in Young Adults (CARDIA)
Study. JAMA Intern Med. 2017;177:1354-1360.

36. Ramirez J, McNeely AA, Berezuk C, Gao F and Black SE. Dynamic Progression of
White Matter Hyperintensities in Alzheimer's Disease and Normal Aging: Results from the
Sunnybrook Dementia Study. Front Aging Neurosci. 2016;8:62.

37. Dickie DA, Karama S, Ritchie SJ, Cox SR, Sakka E, Royle NA, Aribisala BS, Hernandez
MV, Maniega SM, Pattie A, Corley J, Starr JM, Bastin ME, Evans AC, Deary IJ and Wardlaw
JM. Progression of White Matter Disease and Cortical Thinning Are Not Related in Older
Community-Dwelling Subjects. Stroke. 2016;47:410-6.

38. Dufouil C, Kersaint-Gilly A, Besancon V, Levy C, Auffray E and Brunnereau L.
Longitudinal study of blood pressure and white matter hyperintensities: the EVA MRI
Cohort. Neurology. 2001;56.

39. Chappell FM, del Carmen Valdés Hernandez M, Makin SD, Shuler K, Sakka E, Dennis
MS, Armitage PA, Mufioz Maniega S and Wardlaw JM. Sample size considerations for trials
using cerebral white matter hyperintensity progression as an intermediate outcome at
1 year after mild stroke: results of a prospective cohort study. Trials. 2017;18:78.

40. Schmidt R, Enzinger C, Ropele S, Schmidt H and Fazekas F. Progression of cerebral
white matter lesions: 6-year results of the Austrian Stroke Prevention Study. The Lancet.
361:2046-2048.

41. Verhaaren BF, Vernooij MW, de Boer R, Hofman A, Niessen WJ, van der Lugt A and
Ikram MA. High blood pressure and cerebral white matter lesion progression in the general
population. Hypertension. 2013;61:1354-9.

42. Mok V and Kim JS. Prevention and Management of Cerebral Small Vessel Disease.
Journal of Stroke. 2015;17:111-122.

43, Spring B, Moller AC, Colangelo LA, Siddique J, Roehrig M, Daviglus ML, Polak JF, Reis
JP, Sidney S and Liu K. Healthy lifestyle change and subclinical atherosclerosis in young
adults: Coronary Artery Risk Development in Young Adults (CARDIA) study. Circulation.
2014;130:10-7.

20



604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651

652

653

44, Bullitt E, Rahman FN, Smith JK, Kim E, Zeng D, Katz LM and Marks BL. The effect of
exercise on the cerebral vasculature of healthy aged subjects as visualized by MR
angiography. AJNR American journal of neuroradiology. 2009;30:1857-63.

45, Erickson Kl, Prakash RS, Voss MW, Chaddock L, Heo S, McLaren M, Pence BD, Martin
SA, Vieira VJ, Woods JA, McAuley E and Kramer AF. Brain-derived neurotrophic factor is
associated with age-related decline in hippocampal volume. J Neurosci. 2010;30:5368-75.
46. Voss MW, Erickson Kl, Prakash RS, Chaddock L, Kim JS, Alves H, Szabo A, Phillips SM,
Wojcicki TR, Mailey EL, Olson EA, Gothe N, Vieira-Potter VJ, Martin SA, Pence BD, Cook MD,
Woods JA, McAuley E and Kramer AF. Neurobiological markers of exercise-related brain
plasticity in older adults. Brain Behav Immun. 2013;28:90-9.

47. Voss MW, Vivar C, Kramer AF and van Praag H. Bridging animal and human models
of exercise-induced brain plasticity. Trends Cogn Sci. 2013;17:525-44.

48. Gauthier CJ, Lefort M, Mekary S, Desjardins-Crepeau L, Skimminge A, Iversen P,
Madjar C, Desjardins M, Lesage F, Garde E, Frouin F, Bherer L and Hoge RD. Hearts and
minds: linking vascular rigidity and aerobic fitness with cognitive aging. Neurobiol Aging.
2015;36:304-14.

49, Thomas AG, Dennis A, Rawlings NB, Stagg CJ, Matthews L, Morris M, Kolind SH,
Foxley S, Jenkinson M, Nichols TE, Dawes H, Bandettini PA and Johansen-Berg H. Multi-
modal characterization of rapid anterior hippocampal volume increase associated with
aerobic exercise. Neurolmage. 2016;131:162 -170.

50. Pereira AC, Huddleston DE, Brickman AM, Sosunov AA, Hen R, McKhann GM, Sloan
R, Gage FH, Brown TR and Small SA. An in vivo correlate of exercise-induced neurogenesis in
the adult dentate gyrus. Proceedings of the National Academy of Sciences. 2007;104:5638-
5643.

51. Dufouil C, Chalmers J, Coskun O, Besangon V, Bousser M-G, Guillon P, MacMahon S,
Mazoyer B, Neal B, Woodward M, Tzourio-Mazoyer N and Tzourio C. Effects of Blood
Pressure Lowering on Cerebral White Matter Hyperintensities in Patients With Stroke.
Circulation. 2005;112:1644-1650.

52. Espeland MA, Erickson K, Neiberg RH, Jakicic JM, Wadden TA, Wing RR, Desiderio L,
Erus G, Hsieh M-K, Davatzikos C, Maschak-Carey BJ, Laurienti PJ, Demos-McDermott K and
Bryan RN. Brain and White Matter Hyperintensity Volumes After 10 Years of Random
Assignment to Lifestyle Intervention. Diabetes Care. 2016;39:764.

53. Zhu N, Jacobs DR, Schreiner PJ, Launer LJ, Whitmer RA, Sidney S, Demerath E,
Thomas W, Bouchard C, He K, Erus G, Battapady H and Bryan RN. Cardiorespiratory fitness
and brain volume and white matter integrity: The CARDIA Study. Neurology. 2015;84:2347-
2353.

54, Oberlin LE, Verstynen TD, Burzynska AZ, Voss MW, Prakash RS, Chaddock-Heyman L,
Wong C, Fanning J, Awick E, Gothe N, Phillips SM, Mailey E, Ehlers D, Olson E, Wojcicki T,
McAuley E, Kramer AF and Erickson KI. White matter microstructure mediates the
relationship between cardiorespiratory fitness and spatial working memory in older adults.
Neurolmage. 2016;131:91-101.

55. Williamson W, Foster C, Reid H, Kelly P, Lewandowski AJ, Boardman H, Roberts N,
McCartney D, Huckstep O, Newton J, Dawes H, Gerry S and Leeson P. Will Exercise Advice Be
Sufficient for Treatment of Young Adults With Prehypertension and Hypertension? A
Systematic Review and Meta-Analysis. Hypertension. 2016;68:78-87.

56. Warnert EA, Rodrigues JC, Burchell AE, Neumann S, Ratcliffe LE, Manghat NE, Harris
AD, Adams Z, Nightingale AK, Wise RG, Paton JF and Hart EC. Is High Blood Pressure Self-
Protection for the Brain? Circ Res. 2016;119:e140-e151.

21



654

655
656
657
658
659
660
661

662

Table 1. Age, demographics and cardiovascular risk profile of study group.

Study Group

(n=125)
Demographics
Age, mean (SD), years 24.7 (5.0)
Female, n, (%) 61 (49%)
Gestational Age, mean (SD), weeks 36.6 (4.3)
Smoking, n, (%) 19 (15.2)
Smokers’ median pack years (IQR) 2.7 (6.7)
Alcohol, n, (%) 97 (77.6)
Alcohol consumers’ median drinks per week (IQR) 4.0 (4.0)
Hypertension Diagnosis, n, (%) 29 (23.0)
FHx Stroke or CHD, n, (%) 10 (8)
Education Level
Completed University, n, (%) 86 (68.8)
Anthropometrics
Height, mean (SD), m 1.73 (0.1)
Weight, mean (SD), kg 70.9 (13.8)
BMI, mean (SD), kg/m? 23.6 (3.7)
Blood pressure, mean (SD), mmHg
Resting Systolic 122.0 (11.6)
Resting Diastolic 71.3 (9.55)
Ambulatory Awake Systolic 129.6 (11.8)
Ambulatory Awake Diastolic 76.9 (8.0)
Peak Exercise Systolic 174.8 (25.4)
Peak Exercise Diastolic 87.1(12.4)
Fitness
Peak VO, mean (SD), ml/kg/min 37.9 (9.6)
Peak Respiratory Exchange Ratio, mean (SD) 1.2 (0.06)
VPA, median (IQR), hours per week 0.74 (1.25)
MVPA, median (IQR), hours per week 14.73 (6.09)

Biochemistry
Total Cholesterol, mean (SD), mg/dL

170.15 (29.0)

LDL, mean (SD), mg/dL 97.45 (25.9)
HDL, mean (SD), mg/dL 55.68 (11.2)
TChol:HDL ratio, mean (SD) 3.18 (0.85)
Triglyceride, median (IQR), mg/dL 74.4 (54.0)
Blood Glucose, mean (SD), mg/dL 88.2 (7)
HOMA-IR, mean (SD) 0.77 (0.46)
HsCRP, median (IQR), mg/L 0.57 (1.16)
Brain MRI Outcomes

Brain vessel density, mean (SD), vessels/cm?® 8.3 (1.41)
Brain vessel calibre, mean (SD), um 531 (36)
Brain vessel tortuosity, mean (SD) 1.49 (0.088)
Brain white matter hyperintensity lesion count, mean (SD) 20.9 (7.9)

Abbreviations: FHx, Family History, BMI, body mass index; SBP, systolic blood
pressure; DBP, diastolic blood pressure; Alcohol (1 drink per week = 2 units of

alcohol), Peak VO, Peak Oxygen Uptake; VPA, Vigorous Physical Activity; MVPA,

Moderate to Vigorous Physical Activity; LDL, low density lipoprotein; HDL, high
density lipoprotein; T Chol: total cholesterol; HSCRP, highly sensitive C reactive
protein; HOMA-IR, homeostatic model assessment of insulin resistance.
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Table 2. Univariable correlations and regression models for modifiable risk

factors and brain vessel density and vessel caliber

Brain Vessel Brain
Density Vessel
(vessels/cm?) Caliber (um)
Univariable Adjusted Univariable Adjusted
Point P Point P Point P Point P
Estimate value Estimate  valueEstimate value Estimate Value
(95 %ClI) (95 %Cl)) (95 %CI) (95 %CI)
Gestational -0.001 .98 -0.02 42 0.1 .88 -1.0 .16
Age, weeks (-0.06 to 0.06) (-0.08 to (-2.0t0 1.0) (-3.0to
0.03) 0.5)
Resting SBP, -0.03 .02 -0.02 .046 -0.4 A5  -0.6 .03
mmHg (-0.004 to -0.05) (-0.0004 to - (-1.0t0 2.0) (-0.05to -
0.04) 1.0)
BMI, kg/m” -0.10 01 -0.08 02 -1.0 33 -1.0 42
(-0.02 to -0.16) (-0.01 to - (-3.0t0 1.0) (-3.0to
0.15) 1.0)
VPA, hours per 0.10 42 -0.04 75 1.0 73 -2.0 .49
week (-0.17 t0 0.39) (-0.28 to (-6.0t0 8.0) (-9.0to
0.20) 4.0)
Alcoholic drinks -0.10 31 -0.01 41 -01 .70 -1.0 .09
per week (-0.008 to - (-0.04 to (-1.0t0 1.0) (-2.0to
0.025) 0.02) 0.1)
Smoking pack 0.20 .004 0.17 .004 3.0 .06 4.0 .04
years (0.06 to 0.30) (0.06 to (-0.2t0 6.0) (0.2 to
0.28) 8.0)
Peak VO, 0.01 5 0.4 19
ml/kg/min (-0.02 to 0.04) (-0.2t0 1.0)
Peak Ex DBP, -0.02 .047 -1.0 <.001
mmHg (-0.003 to -0.04) (-0.4 t0 -1.0)
Cholesterol/HDL-0.40 .02 -3.0 .52
Ratio (-0.06 to -0.69) (-10.0t0 5.0)
HOMA IR -0.56 .07 -14.0 .08
(0.04t0-1.17) (-30to0 1.0)
Hypertension 0.75 .05 10 27
Rx (-0.01 to 1.5) (-9.0 t0 31.0)
Model R?=0.20 R’=0.24
Statistics p=.009 p=.001

The adjusted multivariable models are restricted to simple modifiable factors that can
be assessed during a clinical consultation (resting systolic blood pressure, body
mass index, participation in vigorous physical activity, alcohol consumption and
smoking). The models were controlled for age, sex and gestational age.
Abbreviations and units: SBP, systolic blood pressure (mmHg); BMI, body mass
index (kg/m?); VPA, Vigorous Physical Activity (hours per week); Alcohol (1 drink per
week = 2 units of alcohol); Smoking (pack years); Peak VO, Peak Oxygen Uptake
(ml/kg/min); Ex DBP, Peak exercise diastolic blood pressure (mmHg),
Cholesterol/HDL ratio, ratio total cholesterol/high density lipoprotein; HOMA-IR,
homeostatic model assessment of insulin resistance, Hypertension Rx participant
taking prescription medications for hypertension (yes/no).
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678 Table 3. Modifiable health scores and correlation with brain vessel density,
679  vessel caliber, brain blood flow and white matter hyperintensity lesion count
Model 1 Model 2
Simple Modifiable Detailed Modifiable
Health Score Health Score
Change in point estimate P Value Change in point P Value
per unit increase in score estimate per unit
(95%Cl) increase in score
(95%CI)
Brain Vessel Density, 0.50 (0.19t0 0.81) .002 0.31(0.112t0 0.514) .003
vessels/cm?®
Brain Vessel 10 (2.0t0 17.0) .014 8.0 (3.0t0 13.0) .002
Caliber, pm
Brain Vessel Tortuosity  0.004 (-0.02 to 0.02) .97 0.005 (-0.008 t0 0.18) .44
Brain Blood Flow, 4.0 (0.51t0 7.6) .027 2.47 (-0.05t0 4.98) .05
ml/min/100g
Brain Blood Arrival Time, -0.03 (-0.007 to -0.05)  .009 -0.014 (-0.03t0 0.001 .07
seconds
Brain white matter -2.16 (-0.46 to -3.86) .013 -1.58 (-0.47t0 -2.79)  .006

hyperintensity lesion
count, number

680
681
682
683
684
685
686
687
688
689
690
691
692
693

Model 1 uses a cumulative score for modifiable risk factors that can be assessed in a
single consultation based on 4 factors, given equal weight, with a positive score
assigned for: alcohol consumption <8 drinks/week; participating in >=75 minutes
vigorous physical activity or high moderate to vigorous activity; not smoking in last 6
months; and body mass index <25 kg/m?. Model 2 uses a cumulative score across a
comprehensive assessment of modifiable risk factors including a score for: high
cardiovascular fithess and/or physical activity (measured as being in the top tertile of
peak oxygen uptake (110% predicted peak oxygen uptake or higher) or participating
in >=75 minutes vigorous physical activity); not smoking in last 6 months; ambulatory
awake blood pressure <130/80 mmHg; body mass index <25kg/m? fasting total
cholesterol <200 mg/dL; fasting blood glucose <100 mg/dL; and diastolic blood
pressure at peak exercise <=90 mmHg. Models are adjusted for age and sex.
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694  Figure 1. Panels Al and A2 provide a case comparison of the MRI imaging modalities and analysis tools used to assess brain vessel morphology,
695  white matter lesion count, cerebral perfusion and blood arrival time

3D Reconstruction of Brain Vessels Probability map of white matter Axial arterial spin labeled images Axial arterial spin labeled images
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Time of Flight (TOF) magnetic resonance arteriogram was used to acquire images of the brain vessels, this was analyzed using automated tools generating
binary segmentations to determine overall vessel density, caliber and tortuosity. 3D reconstructions of segmented brain vessels are provided in column one of
Panels Al and A2. Three image modalities T2 weighted Fluid Attenuated Inversion Recovery (FLAIR), Diffusion Tensor Imaging (DTI) and T1 weighted
structural images were used to optimise white matter segmentation and white matter hyperintensity lesion quantification using analysis tools from the Brain
Intensity AbNormality Classification Algorithm (BIANCA). BIANCA is a fully automated, supervised method for white matter hyperintensity detection, based on
the k-nearest neighbour (k-NN) algorithm. The BIANCA output is a probability map of the likelihood that the voxel being classified is a lesion. The probability
map is displayed in column 2 of panels A1 and A2, on a spectrum of orange to yellow, and overlaid on an axial FLAIR image for comparison. Voxels likely to
be white matter hyperintensity lesions are demonstrated as bright yellow. A threshold of 0.9 was applied to define the voxel as lesion or not which was then
fed into cluster analysis to identify individual lesions and quantify white matter hyperintensity volumes. White matter hyperintensity lesions are demonstrated
as bright yellow. In a subgroup of the study population (n=52) pseudocontinuous vessel selective arterial spin labelling (ASL) was acquired to allow the
assessment of blood flow to the brain. This provides two outputs, a measure of blood arrival time (seconds), demonstrated in column 3 and a measure of

volume of blood flow (ml/100g/min) demonstrated in column 4, of Panels Al and A2.

Panel A1 and A2 provide a comparison between two cases with visible differences in vessel morphology and white matter intensity lesion count that may be
associated with observed differences in optimal risk profiles. Case Al is a 21 year old male with BMI 26 kg/m?, resting blood pressure 144/81 mmHg, awake
ambulatory blood pressure 135/74 mmHg, 40 minutes of vigorous activity and 14 hours of moderate to vigorous activity per week measured on trixial
accelerometer, non-smoker with alcohol intake greater than 8 drinks per week, blood pressure at peak exercise measured 200/70 mmHg, total cholesterol 178
mg/dl and fasting blood glucose 77 mg/dl. Case Al vessel density measures 6.4 vessels/cm?®, he has 30 white matter hyperintensity lesions measuring 1mm
or more, cerebral blood flow measuring 62ml/100g/min (lower intensity on colour scale in column 4) and blood arrival time of 1.26 second (more yellow on the
colour scale in column 3). Case A2 is a 24 year old female with BMI 23 kg/m?, resting blood pressure 134/81 mmHg, awake ambulatory blood pressure
122/77 mmHg, recording 20 minutes of vigorous activity and 21 hours of moderate to vigorous activity per week measured on trixial accelerometer, non-
smoker with alcohol intake less than 2 drinks per week, blood pressure at peak exercise measured 180/90 mmHg, total cholesterol 127 mg/dl and fasting
blood glucose 84 mg/dl. Case Al vessel density measures 12.6 vessels/cm?, she has 8 white matter hyperintensity lesions, cerebral blood flow measuring

83ml/100g/min (brighter intensity on colour scale) and blood arrival time of 1.07 second (more orange on the colour scale in column 3).
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Figure 2. Comparison of white matter lesion count and vessel morphology between groups of participants based on their modifiable health score.
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Model 2 modifiable health score provided a comprehensive assessment of modifiable risk factors based on a cumulative score for each of the following
factors: high cardiovascular fithess (defined as physical activity measured in the top tertile of peak oxygen uptake (>=110% predicted peak oxygen uptake) or
participating in >=75 minutes vigorous physical activity per week); not smoking in last 6 months; ambulatory awake blood pressure <130/80mmHg; body mass
index <25kg/m?; fasting total cholesterol <200 mg/d;, fasting blood glucose <100 mg/dL; and diastolic blood pressure at peak exercise <= 90mmHg. The
panels in figure 2 present comparisons between groups of participants who in Model 2 score 0 to 5 positive factors (n=47), 6 factors (n=36) and >7 positive
factors (n=42). Participants with >7 factors have a mean vessel density 11% higher than participants with 0 to 5 positive traits (Panel B, 8.6 vessels/cm?® (SD
1.39) vs 7.8 vessels/cm®(SD 1.21) p=0.007), a mean vessel caliber 3% higher (Panel C, 538um (SD 21) vs 522um (SD 45) p=0.02) and on average 20%
lower white matter hyperintensity lesion counts (Panel A, 19.6 lesions (SD 7.8) vs 23.5 lesions (SD 8.6) p=0.03). Panels present group means and 95%CI and

reported group differences are adjusted for age and sex.
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