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eMethods 1. Detailed description of cardiovascular risk assessment.  

Participants attended a research clinic in the morning after a 12-hour fast. 

Body size was measured at a combined digital height and weight station 

(Seca 798, Seca, Hamburg, Germany). Participants completed a detailed 

questionnaire on medical history, socioeconomic status, and self-reported 

behaviours such as nutritional intake, smoking and alcohol consumption. 

Fasting blood samples were drawn, centrifuged, separated within 30 minutes, 

and stored at −80°C for later analysis. Total cholesterol, high-density 

lipoprotein, triglycerides, glucose, and insulin levels were measured at the 

John Radcliffe Biochemistry Laboratory. Low-density lipoprotein was 

calculated by Friedewald formula and insulin resistance by homeostatic model 

assessment1, 2.  Blood pressure was reported as mean of three measures 

recorded supine after five-minute rest using a size appropriate cuff and an 

automatic blood pressure monitor (A & D Instruments Ltd., Japan). 

Cardiopulmonary exercise test was completed on a stationary cycle 

ergometer (Ergoline GmbH, Germany) using an incremental exercise 

protocol. Participants began with a one-minute rest period followed by two-

minute warm-up at 20 Watts. They were instructed to maintain a rate of 60 

revolutions per minute (RPM) throughout the test. To limit total exercise 

duration to approximately 8-12 minutes the initial workload started at 35 to 75 

Watts dependent on self-reported fitness. Workload then incremented 15 

Watts per minute. Heart rate was recorded using continuous ECG monitoring, 

and manual blood pressure was recorded every third minute and at peak 

exercise. Participants were encouraged to exercise until exhaustion prevented 

them from maintaining at least 50 RPM or established safety termination 
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criteria were met3, 4. Participants reported perceived exertion scores 

throughout and respiratory exchange ratio was used as secondary criteria to 

validate peak exercise was reached. Predicted peak oxygen uptake was used 

to calculate the percentage achieved of predicted peak vo25.  Breath by 

breath data was averaged over 15 seconds and peak exercise parameters 

reported as the highest averaged values over sequential 30-second 

periods6.  At the end of the study, participants were asked to wear a 24 hour 

ambulatory blood pressure monitor to record awake average blood pressure 

readings with recordings every 30 minutes. A wrist worn triaxial accelerometer 

was worn for nine days to provide seven complete days of objectively 

measured physical activity7.  

  

© 2018 American Medical Association. All rights reserved. 



eMethods 2. Detailed description of brain magnetic resonance image 

acquisition and analysis.  

Individuals underwent multimodality brain MRI scanning on a Siemens 3.0T 

scanner (Siemens, Munich, Germany). MRI imaging was completed prior to 

the exercise and cardiovascular risk assessment described above. All study 

measures were completed within 48 hours. MRI protocol included T1-

weighted structural imaging (TR/TE = 2040/4.7 ms, flip angle 8°, FOV 200 

mm, voxel size 1.0 mm isotropic), T2-weighted FLAIR (TR/TE = 9000/90 ms, 

flip angle 150°, FOV 220 mm voxel size 1.1 x 0.9 x 3.0 mm), Diffusion Tensor 

Imaging (DTI) (TR/TE = 8900/95 ms, 2.0 mm isotropic resolution, multiband 

echo-planar imaging (EPI), 64 slices, 64 diffusion weighted directions, FOV 

192 mm, b-value 1500s/mm2, five non-diffusion weighted images, b-value 

0s/mm2, with one b0 volume acquired in the reverse phase encoded 

direction), Time-of-Flight (TOF) MRA (TR/TE  = 23/8 ms, flip angle 10°, FOV 

300 mm voxel size 1.6 x 1.2 x 5.0 mm) and in a subgroup of 52 patients multi-

delay vessel-encoded pseudocontinuous Arterial Spin Labelling (ASL), 

identical to a previously published protocol8. Brain vessel segmentation was 

completed on TOF MRA imaging using previously described automated 

segmentation tools (Figure 1)9, 10. The binary segmentations were used to 

determine overall vessel density, average caliber and tortuosity. All vessel 

segmentation results were visually checked to ensure proper quality. Vessel 

tortuosity was defined by the deviation from the shortest path between two 

points. This analysis was implemented by identifying the vessel endpoints and 

bifurcations, calculating the shortest path and the length of the actual 

centerline between each two connected points. The final tortuosity was then 
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calculated by the ratio and it was averaged over all vessel segments. Cerebral 

perfusion and arrival time were estimated from ASL images using a previously 

described analysis pipeline8, 11. White matter hyperintensity (WMH) lesions 

were automatically segmented on FLAIR images with BIANCA (Brain Intensity 

AbNormality Classification Algorithm) a fully-automated, supervised method 

for WMH detection12, 13. BIANCA classifies the image’s 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 generated using established DTI tools, FSL topup, FSL eddy and 

DTIFit14-17. WMH masks were manually segmented from 10 images to use as 

the training set for BIANCA, these were independently verified by a 

neurologist (TS) and radiologist (DM). BIANCA probability output maps were 

all visually checked for quality. Lesion count was selected as the most 

sensitive outcome of white matter change in this young adult population in 

which the presence of a single lesion, independent of volume, could be 

considered abnormal. The minimum lesion size used in analysis was 1 mm3. 

T1-weighted structural images were processed using FSL16 to generate gray 

matter masks which were used to calculate the average cerebral blood flow 

after linear registration of the ASL MRI to the T1-weighted MRI dataset. 
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eTable 1. Quintile distribution of brain MRI measures and mean difference 
between top and bottom quintile. 
 
Brain Measure Quintile 

1 
Mean 
(SD) 

Quintile 5 
Mean 
(SD) 

Mean 
Difference 
between 1st and 
5th quintile of 
respective 
measure  
Mean ((95%CI) 

Relative 
percentage 
difference 
between 1st and 
5th quintile of 
respective 
measure 

Brain Vessel Density, 
vessels/cm3 (n=125) 

6.6 
(0.62) 

10.5 
(0.95) 

3.8 (3.3 to 4.4) 37% lower vessel 
density 

Brain Vessel Calilber, μm 
(n=125) 

504 (56) 587 (47) 82  (61 to 103) 14% lower vessel 
caliber 

Brain Vessel Tortuosity 
(n=125) 

1.40 
(0.02) 

1.64 
(0.05) 

0.241 (0.22 to 
0.27) 

15% lower 
tortuosity 

Brain white matter 
hyperintensity lesion 
count, number (n=125) 

34.5 
(4.5) 

11 (2) 23 (21 to 25) 3 fold higher in 
first quintile 

Brain Blood Arrival Time, 
seconds (n=52) 
 

1.31 
(0.03) 

1.08 
(0.02) 

0.22 (0.2 to 
0.25) 

20% slower 
arrival time in the 
first quintile 

Cerebral Blood Flow, 
ml/min/100g (n=52) 

46 (4.7) 78 (8) 32 (25 to 38) 41% lower 
cerebral blood 
flow in the first 
quintile 
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eTable 2. Association between non-modifiable and modifiable risk factors and 
brain vessel tortuosity. 

 

 
Model adjusted for non-modifiable factors of age, sex, gestational age and 
modifiable risk factors of systolic blood pressure, body mass index, vigorous 
physical activity, weekly alcohol consumption and smoking status. Abbreviations 
and units: SBP, systolic blood pressure (mmHg); BMI, body mass index (kg/m2); 
VPA, Vigorous Physical Activity (hours per week); Alcohol; Smoking (pack years); 
Peak VO2, 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). The point estimate refers to the magnitude of change in vessel tortuosity 
per unit change in the non-modifiable and modifiable variables. 

 
 
 
 
 
 
 
 
 
  

 Point Estimate  
(95 %CI) 

P 
value 

Adjusted effects 
Point Estimate  
(95 %CI) 

P 
value 

Brain Vessel Tortuosity   Model Statistic   
R2=0.10 p=.26 
 

 

Gestational Age, weeks 0.005 (0.001 to 0.009) .007 0.006 (0.001 to 0.01) .01 
Resting SBP, mmHg -0.00003(-0.001 to 

0.001) 
.97 0.0003 (-0.001 to 0.002) .74 

BMI, kg/m2 -0.001 (-0.004 to 0.005) .75 -0.0003 (-0.006 to 
0.005) 

.90 

VPA, hours per week -0.002 (-0.015 to 0.02) .81 -0.002 (-0.021 to 0.016) .81 
Alcohol, drinks per week -0.001 (-0.002 to 0.003) .61 -0.001 (-0.003 to 0.002) .60 
Smoking, pack years -0.005 (-0.13 to 0.002) .15 -0.008 (-0.017 to 0.001) .09 
Peak VO2,, ml/kg/min  0.001 (-0.001 to 0.003) .16 . . 
Peak Ex DBP, mmHg -0.001 (-0.001 to 0.002) .36 . . 
Cholesterol/HDL Ratio 0.009 (-0.01 to 0.03) .37 . . 
HOMA IR 0.008 (-0.031 to 0.046) .68 . . 
Hypertension Rx -0.004 (-0.05 to 0.04) .87 . . 
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eTable 3. Association between modifiable risk factors, brain blood arrival 
time, cerebral blood flow and white matter hyperintensity lesion count. 

Abbreviations and units: SBP, systolic blood pressure (mmHg); BMI, body 
mass index (kg/m2); VPA, Vigorous Physical Activity (hours per week); 
Alcohol; Smoking (pack years); Peak VO2, 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). Exposure variables were 
available for all participants. The point estimate refers to the magnitude of 
change in blood arrival time, cerebral blood flow or number of white matter 
hyperintensity lesions per unit change in the non-modifiable and modifiable 
variables. 

Blood Arrival Time Point Estimate  (95 %CI) P value 

Gestational Age, weeks 0.003 (-0.003 to 0.01) .27 
SBP, mmHg 0.001(-0.01 to 0.03) .14 
BMI, kg/m2 0.011 (0.001 to 0.05) .001 
VPA, hours per week 0.001(-0.023 to 0.026) .91 
Alcohol, drinks per week -0.00015 (-0.0015 to 0.0015) .88 
Smoking, pack years -0.001 (-0.011 to 0.009) .84 
Peak Vo2, ml/kg/min 0.002  (-0.001 to 0.004) .17 
Peak Ex DBP, mmHg -0.001 (-0.003 to 0.001) .48 
Cholesterol/HDL Ratio 0.02 (-0.005 to 0.045) .11 
HOMA IR 0.012 (-0.062 to 0.085) .75 
Hypertension Rx (yes/no) -0.02 (-0.08 to 0.04) .46 
Cerebral Blood Flow   

Gestational Age, weeks -0.441 (-1.3 to 0.45) .32 
SBP, mmHg -0.213 (-0.484 to 0.082) .16 
BMI, kg/m2 -1.06 (-2.01 to -0.1) .03 
VPA, hours per week 1.52 (-2.02 to 5.06) .86 
Alcohol, drinks per week 0.01 (-0.23 to 0.25) .93 
Smoking, pack years -0.395 (-1.8 to 1.01) .58 
Peak Vo2, ml/kg/min 0.065 (0.27 to 0.4) .70 
Peak Ex DBP, mmHg -0.178 (-0.48 to 0.13) .24 
Cholesterol/HDL Ratio -2.15 (-5.8 to 1.5) .24 
HOMA IR -8.0 (-18.3 to 2.35) .13 
Hypertension Rx (yes/no) -10.8 (-3.2 to 18.4) .007 

 
White matter hyperintensity lesion count  

Gestational Age, weeks -0.22 (-0.56 to 0.12) .21 
SBP, mmHg 0.07 (-0.05 to 0.20) .26 
BMI, kg/m2 -0.04 (-0.44 to 0.36) .84 
VPA, hours per week -0.07 (-1.6 to 1.5) .93 
Alcohol, drinks per week 0.42 (0.03 to 0.80) .034 
Smoking, pack years 0.79 (0.15 to 1.44) .017 
Peak Vo2, ml/kg/min -0.05 (-0.20 to 0.11) .54 
Peak Ex DBP, mmHg 0.125 (0.007 to 0.244) .038 
Cholesterol/HDL Ratio -0.21 (-1.98 to 1.56) .82 
HOMA IR -0.12 (-3.49 to 3.25) .94 
Hypertension Rx (yes/no) 2.26 (-1.6 to 6.2) .25 
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A1 

A2 

eFigure 1. Rows A1 and A2 provide a case comparison of the MRI imaging modalities and analysis tools used to assess brain vessel 
morphology, white matter lesion count, and cerebral blood flow.  
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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 TOF images that demonstrate 

segmented brain vessels are provided in column 1 of rows A1 and A2. Three image modalities T2 weighted fluid attenuated inversion recovery 

(FLAIR), diffusion tensor imaging (DTI), and T1 weighted structural images were used to optimize 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 rows 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 in 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 in bright yellow. In a subgroup of the 

study population (n=52) pseudocontinuous vessel selective arterial spin labeling (ASL) was acquired to allow the assessment of blood flow to the 

brain. This provides 2 outputs, a measure of blood arrival time (seconds), and a measure of cerebral blood flow (ml/100g/min) demonstrated in 

column 3, of rows A1 and A2. The different colours on cerebral blood flow images correspond with the contributing vessels (RICA, right internal 

carotid artery; LICA, left internal carotid artery; RVA, right vertebral artery; LVA, left vertebral artery.) 

A1 and A2 provide a comparison between 2 young adults with visible differences in brain MRI findings that may be associated with differences in 

the number of healthier categories on the cardiovascular score. Vessel morphology quantified using TOF imaging is presented in column 1, white 

matter intensity lesion count quantified using BIANCA analysis tools is presented in column 2, and cerebral blood flow measured using ASL is 

presented in column 3.  Participant A1 is a 21-year-old male with BMI of 26, resting blood pressure 144/81 mm Hg, awake ambulatory blood 

pressure 135/74 mm Hg, 40 minutes of vigorous activity, and 14 hours of moderate to vigorous activity per week measured on trixial 

accelerometer, nonsmoker with alcohol intake > 8 drinks per week, blood pressure at peak exercise measured 200/70 mm Hg, total cholesterol 

178 mg/dL, and fasting blood glucose 77 mg/dL. Participant A1 vessel density measures 6.4 vessels/cm3, he has 30 white matter hyperintensity 

lesions measuring 1 mm or more, and cerebral blood flow was 62mL/100g/min (lower intensity on colour scale, column 3). Participant A2 is a 24-

year-old female with BMI of 23, 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, nonsmoker with alcohol intake <2 
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drinks per week, blood pressure at peak exercise measured 180/90 mm Hg, total cholesterol 127 mg/dL, and fasting blood glucose 84 mg/dL. 

Participant A2 vessel density measures 12.6 vessels/cm3, she has 8 white matter hyperintensity lesions, and cerebral blood flow was 

83mL/100g/min (brighter intensity on colour scale, column 3). 
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