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Abstract 

 

Differences in cerebral blood flow (CBF) have been identified between older 

individuals in good cognitive health and those experiencing cognitive decline 

and dementia.  Previous studies have shown that the aetiology of dementia 

includes a substantial vascular component and there is evidence that CBF 

decline in old age may be linked to cardiovascular disease.  Although the 

incidence, prevalence and impact of vascular risk varies by ethnicity and 

gender, many previous studies have focused on participants of white European 

origin or have pooled ethnically diverse samples, while differences between 

sexes have been under-investigated.  

 

This thesis used arterial spin labelling (ASL) to measure cortical CBF in an 

elderly tri-ethnic population cohort and examined its relationship with vascular 

risk and the brain ageing markers of cortical volume and white matter 

hyperintensity (WMH) volume from magnetic resonance imaging (MRI).  

Chapter 4 showed that use of the currently recommended mean haematocrit 

(Hct) value in equations that calculate CBF from ASL underestimated CBF in 

women and non-European ethnicities.  The alternative method of substituting 

individually measured Hct into the equation was implemented in the following 

chapters.  Results from Chapter 5 indicated that increased vascular risk factors 

were associated with lower CBF, but these relationships varied by ethnicity and 

sex.  Ethnicity and sex also modified the strength of associations of increased 

vascular risk with decreased cortical tissue volume and increased volume of 

WMHs examined in Chapter 6.  However, there was no evidence of any 

association of CBF with the MRI markers of brain ageing.   
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Impact statement 

 

Interventions that ameliorate poor physical and cognitive outcomes in old age 

are of major importance in the promotion of healthy and prosperous societies 

with expanding ageing populations.  The failure to develop effective 

pharmacological treatment for dementia has led to a research focus on the early 

identification of disease and the promotion of lifestyle interventions aimed at 

reducing risk and slowing disease progression.  CBF measured using the non-

invasive MRI technique of ASL has potential as a biomarker for the early 

diagnosis of dementia and cognitive impairment.  Chapter 4 of this thesis 

investigated CBF measured by ASL in an elderly multi-ethnic sample.  It found 

that the current recommended method for estimating CBF includes a population 

mean parameter of haematocrit which is not representative of non-European 

ethnicities or women.  Results indicated that adoption of individualised 

measurements of haematocrit, or a mean calculated from the population 

stratified by ethnicity and sex, would increase the accuracy of CBF estimations 

thus improving the utility of CBF as a biomarker to assess individuals in a 

clinical context and to compare groups in research studies.  

 

Many studies support the association of cardiovascular disease with cognitive 

decline in old age.  Although there is previous evidence that the outcomes of 

cardiovascular risk are modified by sex and ethnicity, previous work has under-

reported stratified results.  Results from Chapter 5 of this thesis showed that 

systolic blood pressure, HDL cholesterol, diabetes and Framingham risk score 

were associated with CBF.  However, these relationships were modified by sex 

and ethnicity.  These results suggest that the adverse outcomes of 

cardiovascular disease may be expressed earlier in the life course and the 

severity of cardiovascular risk may vary by sex and ethnic group.  Results from 

chapter 6 that suggested vascular risk is associated with decreases in cortical 

volume and increases in white matter intensities were also modified by sex and 

ethnicity, although CBF did not appear to mediate any of these relationships.   

 



6 

 

Evidence of variation by sex and ethnicity in the relationships of vascular risk 

with CBF and brain ageing supports the need for inclusion of ethnically diverse 

and gender balanced samples in future studies, and emphasizes the 

importance of conducting analyses with consideration for effect modification by 

group.  Such research informs management of cardiovascular risk that 

optimizes individual clinical outcomes and is crucial to the development of 

public health recommendations that effectively avert cognitive decline and 

reduce health inequalities in the elderly. 

Statement of Contribution 

Prior to commencement of data collection for SABRE visit 3, I developed and 

optimised the MRI protocol via a pilot study, in collaboration with David 

Atkinson, Magdalena Sokolska and Rolf Jager.  During the data collection 

phase I collected the participants from the SABRE clinic and escorted them to 

the MRI scanner at UCLH.  I performed the majority (~90%) of MRI scans used 

in this thesis.  I wrote a Standard Operating Procedure for the MRI 

radiographers and trained them to deliver the protocol without deviation on 

those occasions I was unable to attend the scanner.  I collected, anonymised 

and archived all MR data to ensure secure storage, management of incidental 

findings and to facilitate access by other researchers.  I supplied the MR data in 

appropriate formats for post-processing by CMIC.  I performed QA checks on all 

raw and processed MR data.  Cardiovascular data was collected by the SABRE 

clinic team and collated by Therese Tillin.  I conceived and planned all work 

included in this thesis.  I planned and executed all statistical analyses with 

advice from Therese Tillin and Alun Hughes.  I authored the manuscript and 

designed the tables and figures for all chapters in this thesis including the paper 

on which I am first author (any exceptions are acknowledged in figure captions).  

In the two papers on which I am second author I collected and provided the MRI 

data as stated above and proof-read and corrected the manuscripts.  



7 

 

Publications associated with this thesis 

 

 

Smith L.A, Melbourne A, Owen D, Cardoso MJ, Sudre CH, Tillin T, Sokolska M, 

Atkinson D, Chaturvedi N, Ourselin S, Hughes AD, Barkhof F, Jäger HR. (2019). 

Cortical cerebral blood flow in ageing: effects of haematocrit, sex, ethnicity and 

diabetes. Eur Radiol https://doi.org/10.1007/s00330-019-06096-w  

(also presented prior to publication as an electronic poster at ISMRM 2018). 

 

Leeuwis AE, Smith LA, Melbourne A, Hughes AD, Richards M, Prins ND, 

Sokolsaka M, Atkinson D, Tillin, T, Jäger HR, Chaturvedi N, van der Flier WM, 

Barkhof F. (2018) Cerebral Blood Flow and Cognitive Functioning in a 

Community-Based, Multi-Ethnic Cohort: The SABRE Study. Front Aging 

Neurosci 10:279-279 

 

Sudre CH, Smith LA, Atkinson D, Chaturvedi N, Ourselin S, Barkhof F, Hughes 

AD, Jäger HR, Cardoso MJ, (2018) Cardiovascular Risk Factors and White 

Matter Hyperintensities: Difference in Susceptibility in South Asians Compared 

With Europeans. J Am Heart Assoc 7:e010533 

  

https://doi.org/10.1007/s00330-019-06096-w


8 

 

Table of Contents 

 

Title page ........................................................................................................... 1 

Declaration statement ..................................................................................... 2 

Acknowledgements ......................................................................................... 3 

Abstract ........................................................................................................... 4 

Impact statement ............................................................................................. 5 

Statement of Contribution ................................................................................ 6 

Publications associated with this thesis ........................................................... 7 

Table of Contents .............................................................................................. 8 

List of Figures ................................................................................................. 13 

List of Tables ................................................................................................... 24 

Abbreviations ................................................................................................. 36 

 . Background and Literature Review .......................................................... 40 

1.1 Introduction .............................................................................................. 40 

1.2 Cerebral blood supply ............................................................................. 40 

1.2.1 Cerebral macrovasculature ............................................................... 40 

1.2.2 Cerebral microvasculature ................................................................ 42 

1.2.3 Regulation of cerebral blood flow ...................................................... 43 

1.3 MR imaging of the ageing brain ............................................................... 47 

1.3.1 Imaging of dementia ......................................................................... 47 

1.3.2 Arterial spin labelling ......................................................................... 48 

1.3.3 Brain volume ..................................................................................... 53 

1.3.4 White matter hyperintensities ............................................................ 54 

1.4 Cognitive decline and dementia .............................................................. 57 

1.4.1 Causes of cognitive decline and dementia ........................................ 58 



9 

 

1.4.2 Cognitive decline and cerebral blood flow ......................................... 60 

1.5 Vascular risk factors ................................................................................ 61 

1.5.1 Hypertension ..................................................................................... 61 

1.5.2 Diabetes ............................................................................................ 62 

1.5.3 Serum cholesterol and lipoproteins ................................................... 62 

1.5.4 Smoking ............................................................................................ 64 

1.5.5 Multifactorial vascular risk ................................................................. 65 

1.6 Previous studies: evidence of associations of vascular risk with cognitive 

decline and the MR markers of brain ageing. ................................................ 66 

1.6.1 Vascular risk and dementia ............................................................... 66 

1.6.2 Vascular risk and the MR markers of brain ageing ........................... 67 

1.6.3 Hypertension, cerebral blood flow and the MR markers of brain 

ageing ........................................................................................................ 67 

1.6.4 Diabetes, cerebral blood flow and the MR markers of brain ageing .. 70 

1.6.5 Lipoproteins, cerebral blood flow and the MR markers of brain ageing

 ................................................................................................................... 72 

1.6.6 Smoking, cerebral blood flow and the MR markers of brain ageing .. 73 

1.6.7 Multifactorial vascular risk, cerebral blood flow and the MR markers of 

brain ageing ............................................................................................... 74 

1.6.8 Associations of cerebral blood flow with brain atrophy and white 

matter hyperintensities ............................................................................... 75 

1.7 Limitations of previous studies ................................................................ 76 

1.8 Conclusion ............................................................................................... 77 

 . Research questions ................................................................................... 78 

2.1 Aims ........................................................................................................ 78 

2.2 Hypotheses ............................................................................................. 79 

 . General methods ........................................................................................ 81 

3.1 Study sample ........................................................................................... 81 



10 

 

3.2 MRI methods ........................................................................................... 84 

3.2.1 MRI acquisition ................................................................................. 84 

3.2.2 MRI processing ................................................................................. 91 

3.2.3 Cerebral blood flow quantification ..................................................... 95 

3.3 Cardiovascular risk measurements ......................................................... 97 

3.3.1 Anthropometrics ................................................................................ 97 

3.3.2 Blood pressure and heart rate .......................................................... 97 

3.3.3 Haematocrit ...................................................................................... 97 

3.3.4 Blood analyses ................................................................................. 97 

3.3.5 Diabetes mellitus .............................................................................. 98 

3.3.6 Demographic information .................................................................. 98 

3.3.7 Smoking ............................................................................................ 98 

3.3.8 Medications ....................................................................................... 98 

3.3.9 Framingham risk score ..................................................................... 99 

3.4 Statistical methodology.......................................................................... 101 

 . Cortical cerebral blood flow in ageing: effects of haematocrit, sex, 

ethnicity and diabetes .................................................................................. 102 

4.1 Abstract ................................................................................................. 102 

4.2 Introduction ............................................................................................ 103 

4.3 Materials and methods .......................................................................... 104 

4.3.1 Statistical analysis........................................................................... 104 

4.4 Results .................................................................................................. 105 

4.4.1 Participant characteristics ............................................................... 105 

4.4.2 Haematocrit .................................................................................... 107 

4.4.3 Cerebral blood flow ......................................................................... 109 

4.4.4 Diabetes .......................................................................................... 117 

4.5 Discussion ............................................................................................. 118 



11 

 

4.6 Conclusion ............................................................................................. 121 

 . Associations of cardiovascular risk with cerebral blood flow in a tri-

ethnic elderly population cohort. ................................................................ 122 

5.1 Abstract ................................................................................................. 122 

5.2 Introduction ............................................................................................ 124 

5.3 Materials and methods .......................................................................... 125 

5.3.1 Statistical analysis........................................................................... 125 

5.4 Results .................................................................................................. 130 

5.4.1 Demographic characteristics ........................................................... 130 

5.4.2 Cardiovascular characteristics ........................................................ 131 

5.4.3 Framingham risk score ................................................................... 134 

5.4.4 Characteristics of cerebral blood flow ............................................. 142 

5.4.5 Associations of cardiovascular risk factors with cerebral blood flow

 ................................................................................................................. 147 

5.4.6 Associations of cerebral blood flow with Framingham risk score .... 170 

5.5 Discussion ............................................................................................. 196 

5.5.1 Study findings ................................................................................. 196 

5.5.2 Study strengths ............................................................................... 202 

5.5.3 Study limitations .............................................................................. 203 

5.5.4 Summary ........................................................................................ 204 

 . Associations of Framingham risk score and cerebral blood flow with 

cortical volume and white matter hyperintensity volumes ....................... 205 

6.1 Abstract ................................................................................................. 205 

6.2 Introduction ............................................................................................ 206 

6.3 Methods ................................................................................................. 206 

6.3.1 Statistical Analysis .......................................................................... 206 

6.4 .Results ................................................................................................. 214 



12 

 

6.4.1 Brain characteristics........................................................................ 214 

6.4.2 Independent variable: Framingham risk score ................................ 233 

6.4.3 Independent variable: cerebral blood flow ...................................... 257 

6.4.4 SEM mediation analysis .................................................................. 275 

6.5 Discussion ............................................................................................. 304 

6.5.1 Main Findings ................................................................................. 304 

6.5.2 Study Strengths and Limitations ..................................................... 311 

6.5.3 Future studies ................................................................................. 312 

6.5.4 Summary ........................................................................................ 313 

 . Summary of results and future directions ............................................. 314 

7.1 Review of hypotheses and results ......................................................... 314 

7.1.1 Chapter 4 ........................................................................................ 314 

7.1.2 Chapter 5 ........................................................................................ 315 

7.1.3 Chapter 6 ........................................................................................ 317 

7.2 Strengths and Limitations ...................................................................... 318 

7.3 Future Directions ................................................................................... 320 

References..................................................................................................... 322 

 . Appendices ............................................................................................... 344 

 

  



13 

 

List of Figures 

Figure 1-1. Maximum intensity projections from MRA 3D Circle of Willis, 

transverse view showing major arteries. Image is from the SABRE (v3) study. 41 

Figure 1-2. Components of the neurovascular unit.  Figure adapted from (10) 

and (11). ........................................................................................................... 43 

Figure 1-3. CBF autoregulatory plateau and vessel diameter in hypotensive, 

normotensive and hypertensive conditions.  Dotted lines denote the lower and 

upper limits of the normal autoregulatory plateau.  (Figure adapted from (19)).46 

Figure 1-4. Brain parcellation image showing precuneus and posterior cingulate 

areas.  Image is from the SABRE (v3) study. ................................................... 47 

Figure 1-5. A perfusion image is created from the subtraction of the RF labelled 

image, acquired after 2s delay, from a control image. (Images are from SABRE 

v3 study). .......................................................................................................... 50 

Figure 1-6. FLAIR images illustrating severe WMHs (Images are from SABRE 

v3 study). .......................................................................................................... 56 

Figure 1-7. The ‘2 Hit’ vascular model for Alzheimer’s disease (adapted from (7, 

8)). ‘Hit 1’ (vascular pathway) is shown in red, ‘Hit 2’ (amyloid β pathway) is 

shown in green, outcomes are in black. ............................................................ 60 

Figure 3-1. Consort diagram, showing sample from the SABRE Study. (figure 

adapted from (175)) .......................................................................................... 83 

Figure 3-2. MRI survey showing example of SMARTEXAM automated 

planning. (Dotted red line shows alignment of slices through anterior/posterior 

commissure line and perpendicular to this line on coronal and transverse 

planes). (Images are from the SABRE v3 study). ............................................. 85 



14 

 

Figure 3-3. MRI planning of PCASL on T1w sagittal (left) and fast PC-MRI 

(right) showing slice acquisition and RF labelling planes.  (Images are from the 

SABRE v3 study). ............................................................................................. 85 

Figure 3-4. Perfusion weighted ASL image in transverse plane illustrating 

movement artefact (Image is from the SABRE v3 study). ................................. 86 

Figure 3-5. T1w sagittal and subtracted ASL images in transverse plane 

illustrating susceptibility artefact from dental work (white arrow) causing loss of 

signal in right hemisphere (Images are from the SABRE v3 study). ................. 87 

Figure 3-6 T1w transverse and subtracted ASL image in transverse plane 

illustrating hypointense perfusion deficit resulting from extensive mature 

damage in right cerebral hemisphere secondary to ischaemic stroke (Images 

are from the SABRE v3 study). ......................................................................... 87 

Figure 3-7. Subtracted ASL images in transverse plane illustrating hyperintense 

signal in vessels due to arterial transit artefacts (ATAs) as a result of delayed 

perfusion in the posterior circulation which is more marked on the right. (Images 

are from the SABRE v3 study). ......................................................................... 88 

Figure 3-8: Example of regional brain parcellation (image is from the SABRE 

study). ............................................................................................................... 92 

Figure 3-9 Geodesic information flow flowchart showing propagation steps and 

iterative process. Figure from (180) .................................................................. 93 

Figure 3-10: FLAIR images illustrating WMH segmentation with lobe and zone 

allocations.  WMHs are highlighted in green (left column), lobular segmentation 

(middle column), and zonal distribution (1-4), zone 1 is periventricular shown 

here in purple, zone 4 is sub-cortical shown here in pink (right column) (186) . 95 



15 

 

Figure 4-1. Boxplot showing median, interquartile range, upper and lower 

adjacent values and outside values for Hct by sex and ethnicity. ** = P<0.01 by 

2-way analysis of variance followed by Fisher’s LSD test. .............................. 107 

Figure 4-2. Scatterplot with line-fit and Pearson’s correlation coefficient (r) 

showing correlation of age and Hct, by sex .................................................... 108 

Figure 4-3. Boxplot showing median, interquartile range, upper and lower 

adjacent values and outside values for CBF without correction for individual 

haematocrit (CBFfixed ) and CBF with correction for individual haematocrit 

(CBFHct), by sex and ethnicity. * = P <0.05, **=P <0.01 by 2 way analysis of 

variance followed by Fisher’s LSD test ........................................................... 109 

Figure 4-4. Scatterplot with line-fit and Pearson’s r showing correlation of age 

(years) and CBF (mL/100g/min) by sex. ......................................................... 110 

Figure 4-5. Scatterplots showing the effect of correction for individual Hct on 

the correlation between Hct and cortical CBF in men and women.  Top figure 

shows CBF_fixed, bottom figure shows CBF_Hct. .............................................. 114 

Figure 4-6. Kernel density (kdensity) plots of CBF without correction for 

individual Hct (CBFfixed) and CBF with correction for individual Hct (CBFHct) by 

sex and ethnicity. ............................................................................................ 115 

Figure 4-7. CBF maps overlaid on segmented T1w without and with adjustment 

for measured Hct.  The subject was a white European woman with an Hct of 

37.3%. ............................................................................................................. 116 

Figure 4-8. Boxplot showing median, interquartile range, upper and lower 

adjacent values and outside values for CBF without correction for individual Hct 

(CBF_fixed) and CBF with correction for individual Hct (CBF_Hct) by diabetes 

status. . * = P <0.05, ** = P <0.01 by Student’s t-test. ..................................... 117 



16 

 

Figure 5-1. Pie chart of distribution of sample by ethnic group (% of sample).

 ........................................................................................................................ 130 

Figure 5-2. Histogram with normal density overlay, showing distribution of FRS, 

pooled sample. ................................................................................................ 131 

Figure 5-3. Histogram with normal density overlay, showing distribution of age, 

pooled sample. ................................................................................................ 132 

Figure 5-4. Histogram with normal density overlay, showing distribution of 

systolic BP, pooled sample. ............................................................................ 132 

Figure 5-5. Histogram with normal density overlay, showing distribution of HDL 

cholesterol, pooled sample ............................................................................. 133 

Figure 5-6. Histogram with normal density overlay, showing distribution of total 

cholesterol pooled sample. ............................................................................. 133 

Figure 5-7. Boxplot showing FRS by sex and ethnicity. Data show median 

(solid white line), IQR (solid blue block), upper and lower adjacent values, (i.e. 

1.5 x nearest IQR range), (whiskers), and outliers (dots). ............................... 135 

Figure 5-8. Histogram with normal density overlay, showing distribution of CBF, 

pooled sample. ................................................................................................ 142 

Figure 5-9 Histogram with normal density overlay, showing distribution of 

CBF,(men). ..................................................................................................... 143 

Figure 5-10. Histogram with normal density overlay, showing distribution of 

CBF, (women). ................................................................................................ 143 

Figure 5-11. Boxplot showing CBF by sex and ethnicity. *P<.05, ** P<.001. . 144 

Figure 5-12. Boxplot showing CBF by sex and diabetes status. * P<.05, 

**P<.001. ......................................................................................................... 145 

Figure 5-13. Predictive margins plot showing CBF by age, pooled sample ... 148 



17 

 

Figure 5-14. Mean linear predictions of CBF by ethnicity and diabetes status 

(all participants) with 95% CIs adjusted for all covariates (see model 4a(i), Table 

5-14). .............................................................................................................. 153 

Figure 5-15. Predictive margins plot showing CBF by age, (men) ................. 158 

Figure 5-16. Predictive margins plot showing CBF by age, (women) ............. 158 

Figure 5-17 Mean linear predictions of CBF by ethnicity and diabetes status 

(men) with 95% CIs, adjusted for all covariates (see model 4b(i) Table 5-19.)

 ........................................................................................................................ 164 

Figure 5-18. Mean linear predictions of CBF by ethnicity and diabetes status 

(women) with 95% CIs, adjusted for all covariates (see model 4c(i) Table 5-19).

 ........................................................................................................................ 164 

Figure 5-19. Scatterplot with line fit showing associations of CBF and FRS by 

ethnicity. .......................................................................................................... 171 

Figure 5-20. Scatter diagrams with line fit and 95% CIs showing associations of 

CBF and FRS in Europeans (top), South Asians (middle) and African 

Caribbeans (bottom). ...................................................................................... 172 

Figure 5-21. Predictive margins plot showing CBF by FRS by ethnicity (all 

participants), model 6a, Table 5-26 ................................................................. 175 

Figure 5-22. Scatterplot showing associations of CBF and FRS by sex ........ 176 

Figure 5-23 Scatterplot showing associations of CBF and FRS by ethnicity, 

(men). ............................................................................................................. 178 

Figure 5-24 Scatterplot showing associations of CBF and FRS by ethnicity, 

(women). ......................................................................................................... 178 

Figure 5-25 Predictive margins plots showing CBF for FRS by ethnicity (men) 

model 5b. ........................................................................................................ 180 



18 

 

Figure 5-26: Predictive margins showing CBF by FRS by ethnicity (women), 

model 5c. ........................................................................................................ 180 

Figure 5-27. Predictive margins plots showing CBF by FRS by ethnicity in 

groups stratified by diabetes status, all participants, (models 6d and 6e).  Top 

figure shows sample with diabetes, bottom figure shows sample without 

diabetes.. ........................................................................................................ 187 

Figure 5-28. Predictive margins plots showing CBF by FRS, by ethnicity (men). 

Top figure shows sample with diabetes, bottom figure shows sample without 

diabetes (Table 5-32. ...................................................................................... 190 

Figure 5-29 Predictive margins plots showing CBF by FRS, by ethnicity 

(women). Top figure shows sample with diabetes, bottom figure shows sample 

without diabetes (Table 5-34).......................................................................... 191 

Figure 6-1 Histogram with normal density overlay, distribution of total WMHs.

 ........................................................................................................................ 209 

Figure 6-2. Histogram with normal density overlay, distribution of log total 

WMHs. ............................................................................................................ 209 

Figure 6-3. Histogram with normal density overlay, distribution of WMHs zones 

1 & 2. .............................................................................................................. 210 

Figure 6-4. Histogram with normal density overlay, distribution of log WMHs 

zones 1 & 2. .................................................................................................... 210 

Figure 6-5. Histogram with normal density overlay, distribution of WMHs zones 

3 & 4. .............................................................................................................. 211 

Figure 6-6 Histogram with normal density overlay, distribution of log WMHs 

zones 3 & 4. .................................................................................................... 211 



19 

 

Figure 6-7. Predictive margins plot showing cortical volume by age, (whole 

sample). .......................................................................................................... 218 

Figure 6-8. Cortical volume by sex and ethnicity, adjusted for age and TIV. .. 218 

Figure 6-9. Predictive margins plot showing total WMHs by age in men. ....... 223 

Figure 6-10. Predictive margins plot showing  total WMHs by age in women.

 ........................................................................................................................ 223 

Figure 6-11. Predictive margins plot showing cortical volume and FRS, by 

ethnicity (all participants), adjusted for TIV. .................................................... 233 

Figure 6-12. Predictive margins plot showing cortical volume and FRS by 

ethnicity (men), adjusted for TIV. .................................................................... 236 

Figure 6-13 Predictive margins plot showing cortical volume and FRS, by 

ethnicity (women), adjusted for TIV. ................................................................ 236 

Figure 6-14 Predictive margins plot showing  total WMHs and FRS, by ethnicity 

(all participants), adjusted for TIV. .................................................................. 239 

Figure 6-15 Predictive margins plot showing total WMHs and FRS, by ethnicity 

(men), adjusted for TIV. .................................................................................. 242 

Figure 6-16. Predictive margins plot showing total WMHs and FRS, by ethnicity 

(women), adjusted for TIV. .............................................................................. 242 

Figure 6-17 Predictive margins plot showing total WMHs zones 1 & 2 and FRS, 

by ethnicity (all participants), adjusted for TIV. ............................................... 245 

Figure 6-18 Predictive margins plot showing  total WMHs in zones 1 & 2 and 

FRS, by ethnicity (men), adjusted for TIV. ...................................................... 248 

Figure 6-19. Predictive margins plot showing total WMHs in zones 1 & 2 and 

FRS, by ethnicity (women), adjusted for TIV. .................................................. 248 



20 

 

Figure 6-20 Predictive margins plot showing total WMHs zones 3 & 4 and FRS, 

by ethnicity (all participants), adjusted for TIV ................................................ 251 

Figure 6-21 Predictive margins plot showing total WMHs in zones 3 & 4 and 

FRS, by ethnicity (men), adjusted for TIV. ...................................................... 254 

Figure 6-22. Predictive margins plot showing total WMHs in zones 3 & 4 and 

FRS, by ethnicity (women), adjusted for TIV. .................................................. 254 

Figure 6-23. SEM diagram examining the role of CBF as a mediator between 

FRS and cortical volume; Europeans.  Connectors show standardised beta 

coefficients, (95% CIs) and P-values. ............................................................. 280 

Figure 6-24. SEM diagram examining the role of CBF as a mediator between 

FRS and cortical volume; South Asians.  Connectors show standardised beta 

coefficients, (95% CIs) and P-values. ............................................................. 281 

Figure 6-25. SEM diagram examining the role of CBF as a mediator between 

FRS and cortical volume; African Caribbeans.  Connectors show standardised 

beta coefficients, (95% CIs) and P-values ...................................................... 282 

Figure 6-26. SEM diagram examining the role of CBF as a mediator between 

FRS and cortical volume; Europeans vs South Asians.  Connectors show 

unstandardised beta coefficients, (95% CIs) and P-values. ............................ 283 

Figure 6-27. SEM diagram examining the role of CBF as a mediator between 

FRS and cortical volume; Europeans vs African Caribbeans.  Connectors show 

unstandardised beta coefficients, (95% CIs) and P-values. ............................ 284 

Figure 6-28. SEM diagram examining the role of CBF as a mediator between 

FRS and cortical volume; South Asians vs African Caribbeans.  Connectors 

show unstandardised beta coefficients, (95% CIs) and P-values.................... 285 



21 

 

Figure 6-29. SEM diagram examining the role of CBF as a mediator between 

FRS and log total WMHs; Europeans.  Connectors show standardised beta 

coefficients, (95% CIs) and P-values .............................................................. 286 

Figure 6-30. SEM diagram examining the role of CBF as a mediator between 

FRS and log total WMHs; South Asians.  Connectors show standardised beta 

coefficients, (95% CIs) and P-values. ............................................................. 287 

Figure 6-31. SEM diagram examining the role of CBF as a mediator between 

FRS and log total WMHs; African Caribbeans.  Connectors show standardised 

beta coefficients, (95% CIs) and P-values. ..................................................... 288 

Figure 6-32. SEM diagram examining the role of CBF as a mediator between 

FRS and log total WMHs; Europeans vs South Asians.  Connectors show 

unstandardised beta coefficients, (95% CIs) and P-values. ............................ 289 

Figure 6-33. SEM diagram examining the role of CBF as a mediator between 

FRS and log total WMHs; Europeans vs African Caribbeans.  Connectors show 

unstandardised beta coefficients, (95% CIs) and P-values. ............................ 290 

Figure 6-34. SEM diagram examining the role of CBF as a mediator between 

FRS and log total WMHs; South Asians vs African Caribbeans.  Connectors 

show unstandardised beta coefficients, (95% CIs) and P-values ................... 291 

Figure 6-35. SEM diagram examining the role of CBF as a mediator between 

FRS and log WMHs in zones 1 & 2; Europeans.  Connectors show standardised 

beta coefficients, (95% CIs) and P-values. ..................................................... 292 

Figure 6-36. SEM diagram examining the role of CBF as a mediator between 

FRS and log WMHs in zones 1 & 2; South Asians.  Connectors show 

standardised beta coefficients, (95% CIs) and P-values. ................................ 293 



22 

 

Figure 6-37. SEM diagram examining the role of CBF as a mediator between 

FRS and log WMHs in zones 1 & 2; African Caribbeans.  Connectors show 

standardised beta coefficients, (95% CIs) and P-values. ................................ 294 

Figure 6-38. SEM diagram examining the role of CBF as a mediator between 

FRS and log WMHs in zones 1 & 2; Europeans vs South Asians.  Connectors 

show unstandardised beta coefficients, (95% CIs) and P-values.................... 295 

Figure 6-39. SEM diagram examining the role of CBF as a mediator between 

FRS and log WMHs in zones 1 & 2; Europeans vs African Caribbeans.  

Connectors show unstandardised beta coefficients, (95% CIs) and P-values.296 

Figure 6-40. SEM diagram examining the role of CBF as a mediator between 

FRS and log WMHs in zones 1 & 2; South Asians vs African Caribbeans.  

Connectors show unstandardised beta coefficients, (95% CIs) and P-values.297 

Figure 6-41. SEM diagram examining the role of CBF as a mediator between 

FRS and log WMHs in zones 3 & 4; Europeans.  Connectors show standardised 

beta coefficients, (95% CIs) and P-values. ..................................................... 298 

Figure 6-42. SEM diagram examining the role of CBF as a mediator between 

FRS and log WMHs in zones 3 & 4; South Asians.  Connectors show 

standardised beta coefficients, (95% CIs) and P-values. ................................ 299 

Figure 6-43. SEM diagram examining the role of CBF as a mediator between 

FRS and log WMHs in zones 3 & 4; African Caribbeans.  Connectors show 

standardised beta coefficients, (95% CIs) and P-values.. ............................... 300 

Figure 6-44. SEM diagram examining the role of CBF as a mediator between 

FRS and log WMHs in zones 3 & 4; Europeans vs South Asians.  Connectors 

show unstandardised beta coefficients, (95% CIs) and P-values.................... 301 



23 

 

Figure 6-45. SEM diagram examining the role of CBF as a mediator between 

FRS and log WMHs in zones 3 & 4 Europeans vs African Caribbeans.  

Connectors show unstandardised beta coefficients, (95% CIs) and P-values.302 

Figure 6-46 SEM diagram examining the role of CBF as a mediator between 

FRS and log WMHs in zones 3 & 4; South Asians vs African Caribbeans.  

Connectors show unstandardised beta coefficients, (95% CIs) and P-values.303 

Figure 8-1. Scatter plots showing the correlation of systolic BP and age. ...... 344 

Figure 8-2. Scatter plots showing the correlation of pulse pressure and age.

 ...................................................................................................................... 3443 

 



24 

 

List of Tables 

 

Table 1-1. Prevalence of vascular risk factors, by sex and age (England). ...... 65 

Table 3-1. MRI protocol for SABRE v3 study.................................................... 89 

Table 3-2. Beta coefficients for Framingham risk score algorithm (199) ......... 100 

Table 4-1. Participant characteristics; data are mean ± SD or number of 

observations (n) (%). *P<0.05, **P<0.01 compared to reference 

(male/Europeans) by Fisher’s LSD test after 2-way analysis of variance 

(ANOVA) ......................................................................................................... 106 

Table 4-2. Multiple linear regression analyses of associations of demographic 

and cardiovascular risk factors.  Hct is dependent variable, model 1 

independent variables are age, sex and ethnicity, model 2 is model 1 + 

independent variables LDL Cholesterol, HDL Cholesterol, mean arterial 

pressure, HbA1c and BMI. .............................................................................. 112 

Table 4-3. Comparison of CBF without correction for individual haematocrit 

(CBF_fixed) and CBF with correction for individual Hct (CBF_Hct) by sex, 

ethnicity and diabetes diagnosis.   Data are mean ± SD, except difference (95% 

CIs), mean difference (%).  P values were calculated using a Student’s t-test. 

Effect size is Cohen’s d. .................................................................................. 113 

Table 5-1. Key to multiple linear regression models using vascular risk factors 

as predictor variables, * and ** denote interaction models. ............................. 128 

Table 5-2. Key to multiple linear regression models using FRS as predictor 

variable. .......................................................................................................... 129 



25 

 

Table 5-3: Demographic and cardiovascular characteristics for categorical 

variables by ethnicity.  Data are number of observations and (%). Tests for 

significance use Chi square or *Fisher’s exact, **uses chi square goodness of 

fit.  P <0.05 shown in bold. .............................................................................. 136 

Table 5-4. Demographic and cardiovascular characteristics for continuous 

variables by ethnicity, pooled sample.  Data are mean ±SD.  Tests for 

significance are compared to reference (white Europeans) by post hoc Fisher’s 

LSD test after ANOVA. P <0.05 shown in bold ............................................... 137 

Table 5-5. Demographic and cardiovascular characteristics for categorical 

variables by ethnicity (men), Data are number of observations and (%). Tests 

for significance use Chi square or *Fisher’s exact, **uses chi square goodness 

of fit.  P <0.05 shown in bold. .......................................................................... 138 

Table 5-6. Demographic and cardiovascular characteristics for continuous 

variables by ethnicity, (men). Data are mean ±SD.  Tests for significance are 

compared to reference (Europeans) by post hoc Fisher’s LSD test after one-

way ANOVA. P <0.05 shown in bold. .............................................................. 139 

Table 5-7. Demographic and cardiovascular characteristics for categorical 

variables by ethnicity, (women).  Data are number of observations and (%). 

Tests for significance use Chi square or *Fisher’s exact, **uses chi square 

goodness of fit.  P <0.05 shown in bold. ......................................................... 140 

Table 5-8. Demographic and cardiovascular characteristics for continuous 

variables by ethnicity, (women). Data are mean ±SD.  Tests for significance are 

compared to reference (white Europeans) by post hoc Fisher’s LSD test after 

one-way ANOVA. P <0.05 shown in bold. ....................................................... 141 



26 

 

Table 5-9. CBF by sex. Data are mean ±SD.  Tests for significance are 

compared to reference (Europeans) by post hoc Fisher’s LSD test after one-

way ANOVA, P<0.05 shown in bold. ............................................................... 146 

Table 5-10. CBF by diabetes status. Data are mean ±SD.  Tests for significance 

use 2 sample unpaired Student’s t-test, P<0.05 shown in bold. ...................... 146 

Table 5-11: Bivariate analysis, correlations of CBF and continuous 

cardiovascular risk factors in all participants and stratified by sex, P<0.05 shown 

in bold. ............................................................................................................ 147 

Table 5-12 .Multiple linear regression models for dependent variable cortical 

CBF, demographic independent variables(all participants): shows 

unstandardized beta coefficients and eta2 ,P<0.05 in bold. ............................ 149 

Table 5-13. Multiple linear regression models using single cardiovascular risk 

factors (all participants): shows unstandardized beta coefficients and eta2 

,P<0.05 in bold. ............................................................................................... 151 

Table 5-14. Multiple linear regression models for dependent variable cortical 

CBF, single cardiovascular risk factors and diabetes/ethnicity interaction terms 

(all participants): shows unstandardized beta coefficients and eta2 ,P<0.05 in 

bold. ................................................................................................................ 152 

Table 5-15. Multiple linear regression model for dependent variable cortical 

CBF, single cardiovascular risk factors and diabetes/ethnicity and age/ethnicity 

interaction terms (all participants): shows unstandardized beta coefficients and 

eta2 ,P<0.05 in bold. ........................................................................................ 154 

Table 5-16. Multiple linear regression models for dependent variable cortical 

CBF and demographic independent variables (men): shows unstandardized 

beta coefficients and eta2 ,P<0.05 in bold ....................................................... 156 



27 

 

Table 5-17. Multiple linear regression models for dependent variable cortical 

CBF and demographic independent variables (women): shows unstandardized 

beta coefficients and eta2 ,P<0.05 in bold. ...................................................... 157 

Table 5-18. Multiple linear regression models stratified by sex using single 

cardiovascular risk factors, (men and women) unstandardised beta coefficients 

and eta2, P<0.05 in bold. ................................................................................. 160 

Table 5-19. Multiple linear regression models stratified by sex using single 

cardiovascular risk factors with interaction term diabetes*ethnicity, 

unstandardized beta coefficients and eta2, P<0.05 in bold. ............................ 162 

Table 5-20. Marginal means for cortical CBF according to diabetes status by 

sex and ethnicity data derived from Table 5-14 and Table 5-19. .................... 163 

Table 5-21. Multiple linear regression model for dependent variable cortical 

CBF, single cardiovascular risk factors and diabetes/ethnicity and age/ethnicity 

interaction terms (men): shows unstandardized beta coefficients and eta2 

,P<0.05 in bold ................................................................................................ 165 

Table 5-22. Multiple linear regression model for dependent variable cortical 

CBF, single cardiovascular risk factors and diabetes/ethnicity and age/ethnicity 

interaction terms (women): shows unstandardized beta coefficients and eta2 

,P<0.05 in bold ................................................................................................ 166 

Table 5-23. Multiple linear regression models for dependent variable cortical 

CBF, using demographic covariates. shows unstandardised beta coefficients 

and eta2.  Groups stratified by diabetes status, P<0.05 in bold. ...................... 168 

Table 5-24. Multiple linear regression models for dependent variable cortical 

CBF using single cardiovascular risk factors (all participants), showing 



28 

 

unstandardised beta coefficients and eta2.  Groups stratified by diabetes status. 

P<0.05 in bold. ................................................................................................ 169 

Table 5-25. Pearson’s correlation coefficient of FRS with CBF by sex and ethnic 

groups, P<0.05 in bold. ................................................................................... 170 

Table 5-26. Multiple linear regression models (all participants) showing 

associations of CBF with FRS and ethnicity showing unstandardised beta 

coefficients and eta2, P<0.05 in bold ............................................................... 174 

Table 5-27 Multiple linear regression models showing associations of CBF with 

FRS and ethnicity, (men), showing unstandardised beta coefficients and eta2, 

P<0.05 in bold. ................................................................................................ 181 

Table 5-28. Multiple linear regression models showing associations of CBF with 

FRS and ethnicity, (women). showing unstandardised beta coefficients and 

eta2, P<0.05 in bold. ........................................................................................ 182 

Table 5-29 Multiple linear regression using samples grouped by diabetes status 

showing unstandardised and eta2, P<0.05 in bold. ......................................... 184 

Table 5-30 Multiple linear regression including ethnicity/FRS interaction terms, 

samples grouped by diabetes status, showing unstandardised beta coefficients 

and eta2, P<0.05 in bold. ................................................................................. 186 

Table 5-31. Multiple linear regression using samples grouped by diabetes 

status (men), showing unstandardised beta coefficients and eta2, P<0.05 in 

bold. ................................................................................................................ 192 

Table 5-32: Multiple linear regression including ethnicity/FRS interaction terms 

using samples grouped by diabetes status (men), showing unstandardised beta 

coefficients and eta2, P<0.05 in bold ............................................................... 193 



29 

 

Table 5-33. Multiple linear regression using samples grouped by diabetes 

status (women), showing unstandardised beta coefficients and eta2, P<0.05 in 

bold. ................................................................................................................ 194 

Table 5-34. Multiple linear regression including ethnicity/FRS interaction terms 

using samples grouped by diabetes status (women), showing unstandardised 

beta coefficients and eta2, P<0.05 in bold ....................................................... 195 

Table 6-1. Key to naming of generalized linear regression models using 

demographic variables and FRS as predictor variables. ................................. 212 

Table 6-2. Key to naming of generalized linear regression models using 

demographic variables and CBF as predictor variables. ................................. 213 

Table 6-3. Brain characteristics by sex: data are mean ± SD, percentage of TIV 

or *median (IQR), tests for significance are calculated by Student’s unpaired t-

tests, except MW which denotes P value by rank sum Mann-Whitney test. ...... 215 

Table 6-4. Brain characteristics by ethnicity: data are mean ± SD, percentage of 

TIV or median (IQR) ........................................................................................ 216 

Table 6-5. Multiple linear regression models 1a, 2a, (all participants), cortical 

tissue volume is dependent variable. Models are adjusted for TIV, beta 

coefficients are unstandardised, P <.05 shown in bold. .................................. 219 

Table 6-6. Multiple linear regression models 1b, 2b, (men), cortical tissue 

volume is dependent variable.  Models are adjusted for TIV, beta coefficients 

are unstandardised, P <.05 shown in bold. ..................................................... 220 

Table 6-7. Multiple linear regression models 1c, 2c (women), dependent 

variable is cortical tissue volume. Models are adjusted for TIV, beta coefficients 

are unstandardised, P <.05 shown in bold. ..................................................... 221 



30 

 

Table 6-8. Generalized linear models 1d, 2d (all participants), dependent 

variable is total WMH volume. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 224 

Table 6-9. Generalized linear models 1e, 2e (men), dependent variable is total 

WMH volume. Models are adjusted for TIV, exponentiated beta coefficients, P 

<.05 shown in bold. ......................................................................................... 225 

Table 6-10. Generalized linear models 1f, 2f (women), dependent variable is 

total WMH volume. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 226 

Table 6-11. Generalized linear models 1g, 2g (all participants), dependent 

variable is WMH zones 1 & 2 volume. Models are adjusted for TIV, 

exponentiated beta coefficients, P <.05 shown in bold. .................................. 227 

Table 6-12. Generalized linear models 1h, 2h (men), dependent variable is 

WMH zones 1 & 2 volume. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 228 

Table 6-13. Generalized linear models 1i, 2i (women), dependent variable is 

WMH zones 1 & 2 volume. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 229 

Table 6-14. Generalized linear models 1j, 2j (all participants), dependent 

variable is WMH zones 3 & 4 volume. Models are adjusted for TIV, 

exponentiated beta coefficients ,P <.05 shown in bold. .................................. 230 

Table 6-15. Generalized linear models 1k, 2k (men), dependent variable is 

WMH zones 3 & 4 volume. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 231 



31 

 

Table 6-16. Generalized linear models 1l, 2l (women), dependent variable is 

WMH zones 3 & 4 volume. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 232 

Table 6-17. Multiple linear regression models 3a, 4a,5a, (all participants), 

cortical tissue volume is dependent variable.  Models are adjusted for TIV, 

unstandardised beta coefficients, P <.05 shown in bold. ................................ 234 

Table 6-18. Multiple linear regression models 3b, 4b,5b, (men), cortical tissue 

volume is dependent variable.  Models are adjusted for TIV, unstandardised 

beta coefficients, P <.05 shown in bold. .......................................................... 237 

Table 6-19 Multiple linear regression models 3c, 4c,5c, (women), cortical tissue 

volume is dependent variable.  Models are adjusted for TIV, unstandardised 

beta coefficients, P <.05 shown in bold. .......................................................... 238 

Table 6-20 Generalized linear models 3d, 4d, 5d (all participants), dependent 

variable is total WMH volume. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 240 

Table 6-21. Generalized linear models 3e, 4e, 5e (men), dependent variable is 

total WMH volume. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 243 

Table 6-22. Generalized linear models 3f, 4f, 5f (women), dependent variable is 

total WMH volume. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 244 

Table 6-23. Generalized linear models 3g, 4g, 5g (all participants), dependent 

variable is WMH volume zones 1 & 2. Models are adjusted for TIV, 

exponentiated beta coefficients, P <.05 shown in bold. .................................. 246 



32 

 

Table 6-24. Generalized linear models 3h, 4h, 5h (men), dependent variable is  

WMH volume in zones 1 & 2. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 249 

Table 6-25. Generalized linear models 3i, 4i, 5i (women), dependent variable is  

WMH volume zones 1 & 2. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 250 

Table 6-26. Generalized linear models 3j, 4j, 5j (all participants), dependent 

variable is  WMH volume zones 3 & 4. Models are adjusted for TIV, 

exponentiated beta coefficients, P <.05 shown in bold. .................................. 252 

Table 6-27. Generalized linear models 3k, 4k, 5k (men), dependent variable is  

WMH volume zones 3 & 4. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 255 

Table 6-28. Generalized linear models 3l, 4l, 5l (women), dependent variable is  

WMH volume zones 3 & 4. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 256 

Table 6-29. . Generalized linear model 6a, dependent variable is cortical tissue 

volume (all participants), Model is adjusted for TIV, unstandardised beta 

coefficients, P <.05 shown in bold. .................................................................. 258 

Table 6-30..  Generalized linear models 7a, 8a, dependent variable is cortical 

tissue volume (all participants).  Models are adjusted for TIV, unstandardised 

beta coefficients, P <.05 shown in bold. .......................................................... 259 

Table 6-31. Generalized linear models 7b, 8b, dependent variable is cortical 

tissue volume (men).  Models are adjusted for TIV, unstandardised beta 

coefficients, P <.05 shown in bold ................................................................... 260 



33 

 

Table 6-32. Generalized linear models 7c, 8c, dependent variable is cortical 

tissue volume (women).  Models are adjusted for TIV, unstandardised beta 

coefficients, P <.05 shown in bold ................................................................... 261 

Table 6-33. Generalized linear model 6d (all participants), dependent variable is 

total WMH volume. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 263 

Table 6-34. Generalized linear models 7d, 8d (all participants), dependent 

variable is total WMH volume. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold ................................................................... 264 

Table 6-35. Generalized linear models 7e, 8e (men), dependent variable is total 

WMH volume. Models are adjusted for TIV, exponentiated beta coefficients, P 

<.05 shown in bold. ......................................................................................... 265 

Table 6-36. Generalized linear models 7f, 8f (women), dependent variable is 

total WMH volume. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 266 

Table 6-37. Generalized linear model 6g (all participants), dependent variable is 

WMH volume zones 1 & 2. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 267 

Table 6-38. Generalized linear models 7g, 8g (all participants), dependent 

variable is WMH volume in zones 1 & 2. Models are adjusted for TIV, 

exponentiated beta coefficients, P <.05 shown in bold ................................... 268 

Table 6-39. Generalized linear models 7h, 8h (men), dependent variable is 

WMH volume in zones 1 & 2. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 269 



34 

 

Table 6-40 Generalized linear models 7i, 8i (women), dependent variable is 

WMH volume in zones 1 & 2. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 270 

Table 6-41. Generalized linear model 6j (all participants), dependent variable is 

WMH volume in zones 3 & 4. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 271 

Table 6-42. Generalized linear models 7j, 8j (all participants), dependent 

variable is WMH volume in zones 3 & 4. Models are adjusted for TIV, 

exponentiated beta coefficients, P <.05 shown in bold. .................................. 272 

Table 6-43. Generalized linear models 7k, 8kj (men), dependent variable is 

WMH volume in zones 3 & 4. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 273 

Table 6-44. Generalized linear models 7l, 8l (women), dependent variable is 

WMH volume in zones 3 & 4. Models are adjusted for TIV, exponentiated beta 

coefficients, P <.05 shown in bold. .................................................................. 274 

Table 6-45. Direct, indirect and total effects of FRS mediated by CBF on cortical 

volume estimated from SEMs, standardised beta coefficients, P<.05 in bold. 276 

Table 6-46. Wald tests for invariance of parameters across ethnic groups for 

SEMs including cortical volume using multi group option, P<.05 in bold. ....... 276 

Table 6-47. Direct, indirect and total effects of FRS mediated by CBF on log 

total WMHs volume estimated from SEMs, standardised beta coefficients P<.05 

in bold. ............................................................................................................ 277 

Table 6-48. Wald tests for invariance of parameters across ethnic groups for 

SEMs including log total WMH volume using multi group option, P<.05 in bold.

 ........................................................................................................................ 277 



35 

 

Table 6-49. Direct, indirect and total effects of FRS mediated by CBF on log 

WMHs zones 1 & 2 volume estimated from SEMs, standardised beta 

coefficients, P<.05 in bold. .............................................................................. 278 

Table 6-50. Wald tests for invariance of parameters across ethnic groups for 

SEMs including log WMH zones 1 & 2 volume using multi group option, P<.05 

in bold. ............................................................................................................ 278 

Table 6-51. Direct, indirect and total effects of FRS mediated by CBF on log 

WMHs zones 3 & 4 volume estimated from SEMs, standardised beta 

coefficients, P<.05 in bold. .............................................................................. 279 

Table 6-52. Wald tests for invariance of parameters across ethnic groups for 

SEMs including log WMH zones 3 & 4 volume using multi group option, P<.05 

in bold. ............................................................................................................ 279 

Table 8-1.  Dependent variable: total white matter hyperintensities volume (all 

participants). Models are adjusted for TIV exponentiated beta coefficients, P 

<.05 shown in bold. ......................................................................................... 345 

  



36 

 

Abbreviations 

A   amyloid beta 

AD   Alzheimer’s disease 

ADNI   Alzheimer’s Disease Neuroimaging Initiative 

AGE   advanced glycation end product 

ANOVA  analysis of variance 

APOE4  apolipoprotein E4  

APP   amyloid precursor protein 

ASL   arterial spin labelling 

ATA   arterial transit artefact 

ATT   arterial transit time 

BaMoS  Bayesian Model Selection 

BBB   blood brain barrier 

BMI   body mass index 

BP   blood pressure 

CASL   continuous arterial spin labelling 

CBF   cerebral blood flow 

CBV   cerebral blood volume 

CGM   cortical grey matter 

CMIC   Centre for Medical Image Computing 

CoW   circle of Willis 

CSF   cerebro-spinal fluid 

CT   computed tomography 

DTI   diffusion tensor imaging 



37 

 

DWM   deep white matter 

DWMH  deep white matter hyperintensities 

EPI   echo planar imaging 

FA   fractional anisotropy 

FDG-PET  18F-fluoro-deoxyglucose positron emission tomography 

FLAIR   Fluid attenuated inversion recovery 

FRS   Framingham risk score 

GIF   geodesic information flow 

GLM   generalized linear model 

GSEM   generalized structural equation model 

HbA1c  haemoglobin A1c (glycated haemoglobin) 

Hct   haematocrit 

HDL   high density lipoprotein cholesterol 

ICA   internal carotid artery 

IR   insulin resistance 

ISMRM  International Society for Magnetic Resonance in Medicine 

LDL    low density lipoprotein cholesterol 

LR   likelihood ratio test 

MAP   mean arterial pressure 

MCI   mild cognitive impairment 

MD   mean diffusivity 

MetS   metabolic syndrome 

MRA   magnetic resonance angiography 

MRI   magnetic resonance imaging 



38 

 

MT   magnetization transfer 

NICE   National Institute for Clinical Excellence 

NO   nitric oxide 

eNOS   endothelial nitric oxide synthase 

NVU   neurovascular unit 

OEF    oxygen extraction fraction 

PASL   pulsed arterial spin labelling 

PC-MR  phase contrast angiography 

PCASL  pseudo-continuous arterial spin labelling 

PDw   proton density weighted 

PET   positron emission tomography 

PLD   post labelling delay 

PP   pulse pressure 

PV   periventricular 

PVC   partial volume correction 

RF   radio frequency 

ROI   region of interest 

ROS   reactive oxygen species 

SABRE  Southall and Brent Revisited study 

SAR   specific absorption rate 

SEM   structural equation model 

SD   standard deviation 

SI   signal intensity 

SNR   signal to noise ratio 



39 

 

SPECT  single photon emission computed tomography 

SVID   small vessel ischaemic disease 

T1w   T1 weighted 

T2w   T2 weighted 

T2DM   type 2 diabetes mellitus 

TFE   turbo field echo 

TIA   transient ischaemic attack 

TIV   total intracranial volume 

TSE   turbo spin echo 

VaD   vascular dementia 

VBM   voxel based statistical parametric mapping 

VRF   vascular risk factor 

WM   white matter 

WMHs  white matter hyperintensities 

WMHZ12  white matter hyperintensities in brain zones 1 & 2 

WMHZ34  white matter hyperintensities in brain zones 3 & 4 

WHO   World Health Organization  



40 

 

 . Background and Literature Review 

 

1.1 Introduction 

This thesis examines the relationship of CBF to vascular risk and the 

appearances of brain ageing shown by MRI in a tri-ethnic population cohort.  

The first chapter describes the context of this thesis.  It presents the 

background of cerebral blood supply and vascular risk factors, and describes 

the hypothesised relationship of CBF to vascular risk.  A description of the MRI 

markers of brain ageing and MRI techniques employed in this thesis follows.  

Previous work investigating the relationships of vascular risk to CBF, brain 

atrophy and WMH volume is reviewed.  

1.2 Cerebral blood supply 

The brain is an organ of high metabolic demand but has little access to stored 

energy.  Regional activation of neurons and clearance of toxic waste products 

require rapid response of blood flow to specific areas of tissue.  A continuous 

and dynamic blood supply is therefore essential for the maintenance of healthy 

cognitive function (1).   

1.2.1 Cerebral macrovasculature 

Blood is supplied to the brain via two pairs of arteries.  The left and right internal 

carotid arteries (ICAs) mainly supply the anterior circulation, and the vertebral 

arteries, which converge to form the basilar artery, supply the posterior 

circulation.  The ICAs, basilar artery and communicating arteries form the circle 

of Willis (CoW) which is an anastomotic ring (Figure 1-1).  Anastomoses 

provide connections between circulations although there are a number of 

common variants and the CoW is complete in only 40% of the population (2).   
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Figure 1-1. Maximum intensity projections from MRA 3D Circle of Willis, 
transverse view showing major arteries. Image is from the SABRE (v3) 
study.  

 

The anterior, middle and posterior cerebral arteries arise from the CoW, and 

divide into a system of cortical arteries.  There are 6 variants of microvascular 

supply to the cerebrum, some of which protect areas of tissue from 

hypoperfusion via anastomotic flow.  Other areas of tissue are vulnerable to 

interruption of the blood supply as they are supplied by a single source vessel, 

potentially resulting in stroke and small vessel ischaemic disease (SVID) (3).  

‘Watershed’ areas comprising border zones where tissue lies at the confluence 

of the major cerebral arteries are particularly vulnerable to cortical microinfarcts 

and stroke in circumstances of decreased and interrupted blood flow (4).  Such 

cortical microinfarcts in the locale of border zones are also associated with 

Alzheimer’s disease (AD) (5). 

 

Pial vessels branch along the surface of the cortex and smaller perpendicular 

parenchymal arterioles penetrate the cortical tissue.  Long medullary arteries 

reach white matter (WM) with little collateral flow to protect blood supply.  The 
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cortex benefits from a rich leptomeningeal collateral network of short pial 

branches.  Arterioles finally give way to the capillary network.   

1.2.2 Cerebral microvasculature 

Cerebral perfusion is provided by capillary beds which transport oxygen, 

nutrients and glucose to tissue (2).  It is measured by CBF which is the delivery 

of blood to an area of brain tissue over a defined period of time, i.e. 

mL/100g/min (6).  Almost every neuron is fed by a separate capillary, with the 

network comprising ~600km of densely packed vessels, each with a diameter of 

~ 7m (1).  Capillary vessels comprise an inner basement membrane encased 

by an outer sleeve of endothelium with associated pericytes.  In the cerebral 

circulation, the outer sleeve is enveloped by astrocytic endfeet.  The 

neurovascular unit (NVU) is formed of neurons, glial cells (including astrocytes, 

microglia and oligodendroglia), the endothelial layer, pericytes and vascular 

smooth muscle cells (Figure 1-2).  The NVU co-ordinates vessels and neurons 

to adjust blood flow in accordance with neuronal demand through the 

mechanism of neurovascular coupling. (7-9).  Early studies inspecting post-

mortem histological specimens of the brain concluded there were substantial 

changes in the microvasculature associated with ageing (3).  These changes 

included increased vessel tortuosity, increased periventricular venous 

collagenosis, basement membrane thickening, hypoxia, decline in 

angiogenesis, reduction in capillary density and string vessel formation (4). 
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Figure 1-2. Components of the neurovascular unit.  Figure adapted from 
(10) and (11). 

 

1.2.3  Regulation of cerebral blood flow 

Modification of cerebrovascular resistance to maintain adequate blood flow and 

facilitate the redistribution of blood to regionally activated areas of the brain 

(functional hyperaemia) is achieved through several mechanisms.  These are 

cerebral autoregulation, neurovascular coupling which involves complex cellular 

signalling to the vasculature via the NVU, and endothelial influence on vascular 

tone (12).  Failure of functional hyperaemia results, not only in reduced capillary 

flow, but in suboptimal flow distribution in the capillary bed leading to inefficient 

oxygen extraction fraction (OEF) (13). 

1.2.3.1 Cerebral autoregulation 

Cerebral autoregulation enables the brain to maintain nearly constant perfusion 

despite fluctuating cerebral perfusion pressure.  It also contributes to the 

matching of blood flow and metabolic demand. (14).  Cerebral autoregulation is 
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achieved through appropriate vasodilatation or vasoconstriction, boosting of 

OEF, and control of blood volume (15). 

 

Myogenic, neurogenic and metabolic processes have been hypothesised as 

factors that influence cerebral autoregulation.  The intrinsic myogenic response 

of cerebral arteries, whereby smooth muscle cells respond to intravascular 

pressure in order to moderate vascular resistance through constriction and 

dilatation of vascular walls, is an important factor for maintaining constant 

perfusion pressure despite fluctuations in blood pressure (BP), particularly in 

the context of rapid changes in perfusion pressure (16).  This mechanism 

minimises high pressure damage to the vulnerable downstream cerebral 

microvasculature and guarantees sufficient blood flow to prevent hypoxia 

through hypotension within the autoregulatory range.  Metabolic and neural 

factors also contribute to autoregulation. Vasoactive substances such as the 

neurotransmitters acetylcholine, GABA, catecholamines, neuropeptides and 

glutamate, as well as ions (K+, H+) are secreted in association with synaptic 

activation and may influence blood vessel tone.  Metabolic pathways include the 

increase in neuronal ATP activity leading to adenosine release which is a strong 

vasodilator and may contribute to coupling between energy utilization and blood 

delivery (17).  Vascular risk factors can cause disruption to the mechanisms of 

cerebral autoregulation.  For example, chronic hypertension may result in 

vascular remodelling thus increasing vascular resistance, vessel rarefaction and 

endothelial dysfunction (18, 19). 

1.2.3.1 Neurovascular coupling 

Components of the NVU act in concert in response to increased neuronal 

energy demand through numerous complex cellular processes.  One of these is 

the ‘feed-forward’ response.  This initially involves release of extracellular ions 

as a result of synaptic activity causing hyperpolarization which is conducted 

through endothelial cells to produce retrograde vasodilation (20).  In addition, a 

‘feed-back’ mechanism adjusts vascular dilatation in response to hypoxic 

conditions through high levels of adenosine and lactate released as a result of 

energy metabolism (20).  In addition, the decrease in arterial O2  that 
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accompanies neural activity may increase the deformability of red blood cells 

thus reducing blood viscosity and increasing capillary flow (20). 

1.2.3.2 Endothelial function 

The endothelial layer regulates arterial and arteriole vascular dilatation through 

a number of mechanisms including the release of nitric oxide (NO) through the 

activity of NO synthase (eNOS) and the release of other vasoactive factors 

(eicosanoids, endothelin).  The endothelial cell layer also functions to maintain 

the blood brain barrier (BBB) via coupled adherens and tight-junctions allowing 

free diffusion of CO2, O2 and lipophilic agents but limiting or excluding the 

egress of other molecules.  It governs the transport of nutrients, metabolites, 

amino acids and peptides from capillary blood into the brain by controlling the 

permeability of the BBB and prevents transmission of potentially toxic 

substances such as plasma proteins into the brain.  It also clears toxic 

metabolic brain by-products, thus controlling a delicate homeostasis (21).   

 

Damaged or dysfunctional endothelium fails to adequately control flow in the 

capillary vasculature and encourages the release of neurotoxins and multiple 

inflammatory factors (22).  Dynamic contrast enhanced MRI has shown the 

brain to have regionally increased permeability in elderly individuals with 

cognitive impairment and dementia suggesting damage to the BBB (23).  In 

addition to healthy endothelium, intact pericytes are crucial for the control of 

capillary calibre via neuronal feedback (24).  Consequences of a compromised 

BBB include decreased nutrient delivery leading to neuronal death, increased 

cerebral toxicity and inhibition of the autoregulation of cerebral blood supply. 

 

Under normotensive conditions cerebral autoregulation can maintain a mostly 

flat CBF plateau in the range 60 -150mmHg mean arterial pressure (MAP).  

CBF is initially maintained by vasodilatation accompanied by an increase in 

cerebral blood volume (CBV).  When dilatory capacity reaches its maximum, 

further decreases in perfusion pressure result in a drop in CBF and OEF 

increases to compensate.  However, once OEF reaches its maximum level, 
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functional consequences of low CBF occur (15).  Prolonged high pressure 

promotes adaptive changes to the vasculature via remodelling of vessel walls 

and reduction of lumen size in arteries and arterioles (16).  These alterations 

are associated with a change in the autoregulatory response shifting the lower 

and upper boundaries of the plateau up to higher values of perfusion pressure 

(Figure 1-3).  This upwards shift leaves brain tissue vulnerable to 

hypoperfusion and ischaemia during episodes of low BP as autoregulatory 

mechanisms are unable to recruit sufficient vasodilatation to preserve CBF. 

 

 

Figure 1-3. CBF autoregulatory plateau and vessel diameter in 
hypotensive, normotensive and hypertensive conditions.  Dotted lines 
denote the lower and upper limits of the normal autoregulatory plateau.  
(Figure adapted from (19)). 
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1.3 MR imaging of the ageing brain 

1.3.1 Imaging of dementia 

Studies that diagnose or assess dementia by cognitive testing or clinical 

evaluation capture the disease at a late stage in a degenerative process that 

may span decades.  Five imaging biomarkers have been identified with 

potential to detect AD at earlier stages of its development (25):  

1. The earliest biomarker in this scheme is the detection of amyloid beta (Aβ) 

plaques in the precuneus/posterior cingulate regions of the brain using positron 

emission tomography (PET) imaging.  2.18F-fluoro-deoxyglucose (FDG) PET 

was originally used to detect glucose uptake as a surrogate marker of amyloid, 

but novel radio-tracers such as Pittsburgh compound-B (PIB) (26) and 

florabetapir (18F) (27) have enabled direct imaging of Aβ plaques.  3. The 

spread of Aβ plaques to the parietal, lateral temporal and frontal lobes can be 

detected at the next stage of disease.  4.Further disease progression is 

revealed on structural MRI showing regional brain volume loss in the temporal, 

lateral temporal and eventually in the frontal lobes.  5.In the later stages of AD, 

memory dysfunction and other clinical symptoms are measurable by cognitive 

testing (25).  

 

Figure 1-4. Brain parcellation image showing precuneus and posterior 
cingulate areas.  Image is from the SABRE (v3) study. 
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Phenomena such as hippocampal atrophy and cortical thinning imaged using 

structural MRI become evident only when cognitive symptoms such as memory 

loss are imminent.  Even the earliest of these 5 biomarkers captures AD at a 

relatively late stage when Aβ plaques are already prevalent.  Failure to make 

progress with dementia drug treatment may be an indication that identifying AD 

in these stages is too late to implement effective interventions.   

1.3.2 Arterial spin labelling 

1.3.2.1 Role of arterial spin labelling as a biomarker of cognitive 

decline 

Changes in glucose metabolism appear to precede cerebral volume loss 

according to the model of AD biomarkers discussed earlier (25).  Early studies 

using FDG PET identified regional glucose hypo-metabolism in mild cognitive 

impairment (MCI) and AD (28, 29).  These studies were costly and invasive due 

to the use of injected tracer and as a result were limited to small samples.  

However, the close coupling of CBF to brain metabolism (30) means the 

development of MRI techniques that measure CBF, initially phase contrast 

angiography (PC -MR) and more recently ASL, can be used as relatively 

inexpensive and non-invasive functional measures of brain health.  CBF 

calculated from ASL has been correlated with FDG PET derived measurements 

in a number of studies (31, 32).  The association of decreased CBF with 

hypometabolism, whether as a consequence of reduced metabolic demand or 

as a precursor to neuronal injury, indicates that ASL could be used as a non-

invasive alternative to PET imaging as an early biomarker of AD.  A study 

investigating the mechanisms of late-onset AD in the large Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) trial analysed abnormal biomarkers denoting 

multiple mechanisms associated with progressive cognitive decline (33).  These 

imaging biomarkers were: (a) vascular dysregulation imaged using ASL, (b) 

amyloid deposition using Florbetapir PET, (c) glucose metabolism dysregulation 

using FDG PET, (d) functional impairment using functional MRI, (e) grey matter 

(GM) atrophy imaged with structural MRI, plus plasma and cerebro-spinal fluid 

(CSF) biomarkers.  This study identified vascular dysregulation measured by 
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ASL as the earliest and strongest indicator of the factors associated with 

cognitive decline.   

 

ASL as a means of measuring CBF fulfils the requirements set out in the 

“Molecular and Biochemical Markers of Alzheimer’s Disease” report: (a) able to 

detect a fundamental feature of Alzheimer’s neuropathology; (b) validated in 

neuro-pathologically confirmed AD cases; (c) precise (able to detect AD early in 

its course and distinguish it from other dementias); (d) reliable; non-invasive; (e) 

simple to perform and (f) inexpensive (34).  The rate of blood flow and 

consequently the delivery of oxygen and nutrients is an indicator of cellular 

health and viability of tissue in terms of its functionality, rarefaction and ability to 

repair.  Decreases in blood flow may indicate early pathological changes.  

Accurate assessment of brain perfusion therefore has potential to become a 

useful diagnostic and prognostic tool in the detection and classification of early 

stage neurodegenerative diseases.  Quantifiable CBF measurement could 

indicate early signs of vascular damage, brain atrophy, prodromal dementia and 

functional deterioration.   

1.3.2.2 Arterial spin labelling techniques 

One of the earliest successful experiments to quantify cerebral perfusion was 

performed using the nitrous-oxide technique (35).  This method involved 

inhalation of nitrous oxide (N2O), a freely diffusible tracer, for 10 minutes while 

arterial and venous blood samples were extracted in order to measure the 

presence of N2O in each sample.  In accordance with the Fick principle, the 

difference in N2O between arterial and venous samples can be accounted for by 

the consumption of the substance by the organ of interest (in this case the 

brain).  Less invasive techniques such as computed tomography (CT) with 

xenon gas detection, single-photon emission computed tomography (SPECT) 

and PET with radionuclide tracers emerged to measure perfusion, but all 

required the injection of exogenous tracers and the use of radiation. 
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ASL is based on the principle that blood and tissue behave differently in an MRI 

scanner in terms of relaxation times.  Radio-frequency (RF) labelling of arterial 

blood water upstream of the brain tissue creates a tracer.  Images of the brain 

acquired without the tracer and images of the same tissue with the arterial blood 

water label present are subtracted.  The subtracted image constitutes the 

perfusion signal as the label in the perfused brain creates a proportional change 

in tissue MR signal (36) (Figure 1-5).  Although the perfusion image is a grey 

scale depiction of relative MRI signal intensities for visual inspection, CBF can 

be quantified from the MR signal by using pharmacokinetic models (36, 37).  

The ASL method has a number of advantages over other perfusion 

measurements.  It has superior spatial resolution, it is quantifiable, it is 

minimally invasive as the labelled blood water acts as an endogenous contrast 

agent and, as MRI does not use ionising radiation, ASL provides improvements 

in safety, repeatability and patient acceptability over previous methods.  

However, disadvantages include low signal to noise ratio (SNR), arterial transit 

time artefacts (ATAs) caused by slow or collateral flow, and incomplete labelling 

of spins (6). 

 

 

Figure 1-5. A perfusion image is created from the subtraction of the RF 
labelled image, acquired after 2s delay, from a control image. (Images are 
from SABRE v3 study). 

Control image Labelled image Subtracted image
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1.3.2.3 Implementations of arterial spin labelling 

Continuous ASL  

A number of strategies have been developed for the acquisition of ASL.  

Continuous arterial spin labelling (CASL) was initially described in the rat brain 

using long continuous RF and gradient pulses to label the flowing arterial blood 

water (38, 39). Detre et al imaged the brain using a T1w spin echo sequence 

after application of an adiabatic saturation pulse in a slice in a selected area of 

the neck for the label images, and a saturation pulse outside the area of interest 

for the control images (40).  The additional saturation pulse in the control 

images was intended to compensate for the effect of the saturation of 

macromolecules in the brain (magnetization transfer effects) caused by the 

prolonged labelling pulse.  CASL was later refined through the use of a flow 

driven adiabatic inversion pulse for labelling, and image acquisition became 

faster with the use of echo-planar imaging (EPI) (41).   

 

Disadvantages of the CASL method in humans included difficulties producing a 

continuous pulse with standard clinical MRI hardware, magnetization transfer 

effects (MT) producing inaccurate signal intensities that are not possible to 

correct in multi-slice acquisitions, inefficiency of blood water labelling producing 

low SNR, the large power deposition of a continuous pulse creating high 

specific absorption rates (SAR) in the subject, and over-sensitivity to arterial 

transit times (ATTs) (i.e. the duration of the transit of blood spins between 

labelling and arrival at the tissue of interest) (42). 

Pulsed ASL  

Pulsed ASL (PASL) was developed to address some of these problems, 

particularly MT effects and the susceptibility of CASL to inaccuracies introduced 

by transit time artefacts.  The echo-planar imaging and signal targeting with 

alternating radio frequency (EPISTAR) method (41) used EPI for fast acquisition 

with a labelling design of short rapid inversion pulses on a thick selected slab 

adjacent to the perfused tissue to reduce transit time artefacts.  Subsequently, 

flow‐sensitive alternating inversion recovery (FAIR) (43) and quantitative 
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imaging of perfusion using a single subtraction, second version (QUIPSS II) 

(44) provided refinements by increasing the amount of successfully labelled 

blood and improving the accuracy of the labelling pulse respectively.  Despite 

these improvements PASL suffers from poor SNR that is approximately half that 

of CASL and does not entirely eliminate MT and ATT sensitivity. 

Pseudo-Continuous ASL 

Pseudo-continuous ASL (PCASL) is currently the recommended sequence for 

clinical implementation of ASL (42).  The labelling strategy is designed to 

emulate the CASL scheme of flow driven adiabatic inversion of blood water 

spins but uses repeated 1–2 second duration trains of pulsed RF and gradients 

(45).  Commercial 3T MRI scanners with standard clinical specification are 

capable of running the PCASL sequence as it is does not demand the 

continuous application of RF and gradients.  It avoids the MT asymmetry effects 

of CASL enabling multi-slice acquisitions, produces acceptable levels of SAR, 

achieves a higher labelling efficiency than amplitude modulated CASL and has 

superior SNR to PASL (46).  It is therefore possible to acquire relatively artefact 

free ASL coverage of the whole cerebrum with acceptable resolution within a 

reasonable acquisition time. 

1.3.2.4 Partial volume correction 

Partial volume correction (PVC) is used to adjust the intensity value of a voxel 

when the presence of more than one tissue type produces a mixed signal.  The 

greater the tissue heterogeneity within the voxel the greater the error in CBF 

estimation is likely to be due to partial volume effects (47).  Cortical atrophy 

commonly found in old age exacerbates partial volume effects when aiming to 

segment GM tissue due to the thinness of the cortical ribbon.  ASL is 

particularly susceptible to partial volume effects as resolution is sacrificed to 

increase acquisition speed, and the single difference image is composed of two 

acquisitions, control and label, which increases the likelihood of movement 

artefact.   
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The ASL sequence used in this study has a voxel size of 3.75mm x 3.75mm x 

5mm.  An area of this size in the brain could contain GM, WM and CSF.  In PVC 

methods using only binary masking generated from structural segmentation, a 

voxel is classified as belonging entirely to one tissue type -the type deemed to 

be dominant within the voxel.  Asllani et al calculate that if a voxel in a thin 

cortical region classified as GM through simple masking or thresholding 

methods actually contains only 80% GM and 20% CSF, this would result in 

~24% underestimation of CBF (48).  The method used in this thesis is based on 

that developed by Asllani et al. with the aim of minimising such errors.  The 

fractional volume of a tissue type within a voxel is computed from a regression 

kernel employing segmented posterior probability images from hi-resolution 

T1w scans.  Weighting coefficients are then allocated according to tissue 

fraction estimation to calculate the sum of CBF in a voxel (48).   

1.3.3 Brain volume  

Although some individuals successfully age without discernible alterations in 

brain structure, it is more typical for GM and WM tissue loss to be present in the 

elderly with concomitant minor changes to cognitive functioning.  Most atrophy 

in old age is attributable to neuronal loss with some tissue decrease due to 

absorption of necrotic tissue, loss of glial cells and myelin, and inflammatory 

changes (49).   

 

High resolution volumetric magnetisation prepared gradient echo T1w such as 

MP-RAGE sequences (50) are most commonly used to assess brain volumes 

due to the excellent structural contrast between GM, WM and CSF (51) and 

good SNR facilitating automated segmentation. 

 

Longitudinal studies provide direct evidence of brain atrophy in old age.  Cross-

sectional studies measure brain volume as a surrogate for tissue loss.  A 

longitudinal MRI study with 4 year follow-up of 92 healthy elderly participants 

(age range 59 -85 years) found a mean (SD) decrease of 5.4 (± 0.3) cm3/year 

for total brain tissue, and 2.4 (±0.4) cm3/year for GM volume (52).  Other 
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longitudinal MR imaging studies have estimated the rate of whole brain atrophy 

to be 0.3-0.5 % per year between ages 70-80 (53) (52) (54) with another study 

suggesting the rate of volume loss accelerates after the age of 70 (55).   

 

Accelerated rates of loss and areas of exaggerated regional tissue loss have 

been found in demented individuals compared to controls (53).  Participants 

with AD have been found to have accelerated rates of global atrophy of mean 

(SD) 2.4% (±1.4) compared to 0.4% (±0.7) per year in healthy controls (56).  In 

addition to generalised brain atrophy there is mixed evidence of regionally 

heterogeneous volume loss with many AD studies finding the greatest age-

related loss in the hippocampi, entorhinal cortex and pre-frontal cortex (57) (58).  

Histopathological changes detectable using MRI provide evidence that the 

corollary of memory impairment is substantial damage to the hippocampi in 

terms of gliosis and destruction of nerve cells (59).   

1.3.4 White matter hyperintensities 

The wasting of WM in post-mortem brains was initially described by Binswanger 

in 1894.  In 1898 Alois Alzheimer described similar findings in a condition where 

the cortex was relatively preserved but WM appeared ‘narrow’, ‘grey’ and 

‘studded with patches’; he wrote that  in some cases ‘the entire WM of a 

cerebral lobe appears to have completely wasted away’ (60).  The condition 

was found in association with fatty vascular degeneration and was 

accompanied by clinical symptoms of mental decline and specific physical 

weakening (61).  WMHs have become a common in vivo finding on examination 

of the ageing brain using CT and MRI.  Regions of increased signal intensity in 

WM are highly prevalent on T2w FLAIR MR images of participants from early 

old age.  Only 5% of participants’ brains in the Rotterdam Study (n = 1077, age 

range 60-90) were found to be entirely free from WMHs (62).  There was an 

increasing prevalence of 0.2% for deep white matter hyperintensities (DWMHs) 

and 0.4% for periventricular (PV) hyperintensities per year of age.  This study 

also found women to have more severe WM disease than men after adjusting 

for age. 
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WMHs are generally considered to be indicative of SVID.  However, the 

mechanisms of WMH formation are not entirely understood and there is 

evidence that not all WMHs have identical aetiology.  Inflammation, BBB 

breakdown, glial pathology and amyloid deposition as well as ischaemia have 

all been implicated as determinants of WMHs (63).  It has been argued that 

WMHs are not the ‘tombstone markers’ of an ischaemic event but are evidence 

of a dynamic pathological process (64).  WMHs in the PV region may be related 

to damage to the ependymal lining of the ventricles and CSF leakage.  

Additionally, inflammatory change and glial cell damage may cause myelin 

destruction and axonal atrophy (64). 

 

Many studies have indicated WMHs are the result of hypoxia resulting from 

vascular dysfunction (65).  The blood supply of WM by long singular medullary 

arterioles located in watershed areas is considered to leave WM at high risk of 

lacunar infarction in circumstances of severe ischaemia, and diffuse WM 

damage in the event of chronic hypoperfusion may be due to atherosclerosis or 

stenosis of the supplying vessel (66).   

 

WMHs occurring in subcortical or deep WM areas can be sub-divided into 

confluent and punctate types (67).  These types are associated with different 

causes, rates of progression and clinical consequences.  In the Austrian Stroke 

Prevention Study the punctate type was identified as less harmful to cognitive 

function and less likely to progress.  The subcortical confluent type was 

associated with vascular disease, was more progressive, and had greater 

impact on cognition (68).  These important distinctions may explain why there 

has been a lack of conclusive support for clear associations between WMHs 

and cardiovascular risk factors.  Furthermore, there is evidence that extensive 

WM damage extends into the penumbra surrounding the WMHs visible on 

FLAIR, encroaching into otherwise normal appearing WM as demonstrated on 

diffusion tensor imaging (DTI) images (69). 
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1.3.4.1 MRI visualisation of white matter hyperintensities 

3D inversion recovery TSE with SPIR, (FLAIR) is the MRI sequence most 

commonly used to detect WMHs due to its sensitivity to differences in the 

molecular structure of myelin and fluid.  Areas of CSF appear as hypo-intense 

signal due to the echo time coinciding with the recovery of the ‘free’ water signal 

eliciting a null signal thus facilitating the identification of hyperintense areas 

adjacent to ventricles, whereas the low frequency tumbling of water bound to 

larger molecules of damaged myelin elicits rapid T2 decay and a hyper-intense 

appearance (Figure 1-6).   

 

 

Figure 1-6. FLAIR images illustrating severe WMHs (Images are from 
SABRE v3 study). 

 

However, the interpretation of WMHs on the MR image is not straightforward.  

The MR signal is a representation of anatomy which may contain a number of 

constituents within a single voxel.  In addition to tissue cells, which may be of 

different types, there are interstitial spaces and microvasculature.  It can 

therefore be challenging to compare pathologies depicted on an MR image with 

post-mortem histological findings.  MR appearances are non-specific.  For 

example, hyper-intense signal on FLAIR images may be due to increased water 

content from ventricular leakage or tissue damage such as severe 

demyelination.  Comparisons between MR studies of WMHs are complicated by 

the variation in sensitivity of MRI sequences to WMH visualization and by 

T2W FLAIR MRI

White Matter Hyperintensities
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qualitative and quantitative processing heterogeneity.  Historically there have 

been a range of manual, semi-automated and automated methodologies utilised 

for the quantification of hyperintensities and statistical modelling can be 

complex due to the large variance and skewness of WMH data within samples. 

1.4 Cognitive decline and dementia 

The high prevalence of severe cognitive impairment and dementia is in large 

part a result of expanding populations and increases in longevity.  In addition to 

major social and human costs, dementia has the potential to create a massive 

economic burden due to the impact on communities and rising healthcare 

demands.  Worldwide prevalence of dementia in 2015 was estimated to be 47 

million.  This figure is likely to increase to 131.5 million by 2050, with 2 million 

estimated dementia cases in the UK by 2051 (70).   

 

Minor cognitive changes experienced by many older individuals are typical of 

normal ageing in late life and are often noticed as alterations in perceived 

memory function or cognitive slowing (71).  More serious conditions range from 

MCI, defined by the DSM-5 as ‘modest impairment’ in one or more cognitive 

domains, to severe dementias that impair the individual’s ability to live 

independently.  AD is the most common subtype of dementia (62%) (70).  AD 

constitutes a substantial progressive decline from a previous level of 

performance in at least two cognitive domains, one of which is memory 

impairment (72)a.  Other major neurocognitive disorders of old age display 

various patterns of cognitive deficit and include vascular dementia (VaD) (17%), 

mixed dementia (10%), and less commonly fronto-temporal dementia, dementia 

with Lewy bodies and Parkinson’s disease (70).  There is increasing evidence 

that the causes of AD have a significant vascular component and that 

cerebrovascular disease and AD frequently co-exist (73).   

                                            
a Although the DSM 5 has updated the use of the term ‘dementia’ to ‘mild’ and ‘major neuro-
cognitive disorder’, this thesis will continue to use the term ‘dementia’ as it remains in common 
use in the UK.   
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A study investigating the incidence of dementia diagnosis in the UK by ethnic 

group discovered that Asian women were 18%, and Asian men were 12% less 

likely than their white counterparts to receive a dementia diagnosis, whereas 

black women were 25% and black men were 28% more likely to receive such a 

diagnosis (74).  The authors considered the reported incidence of dementia in 

the minority ethnic population to be underestimated due to lower rates of 

diagnosis as a result of cultural attitudes to mental health and barriers 

accessing the health service. 

1.4.1 Causes of cognitive decline and dementia 

The causes of dementia are complex and, although there have been major 

advances in understanding the cellular pathway of AD, effective 

pharmacological treatment has not significantly progressed.  Recent efforts 

have focused on prevention as there is increasing evidence that vascular 

disease contributes to the causal pathway of dementia and cognitive decline.  

The Lancet International Commission on Dementia and Care (2017) listed 

interventions for reducing dementia risk derived from evidence-based guidelines 

in the U.S and U.K (75).  The life course model identified hypertension and 

obesity commencing in mid-life as modifiable risk factors for dementia.  This 

model supposes dementia to be a disease with a long latent period involving 

extensive silent progression prior to late-stage symptomatic and terminal 

cognitive expression.  Accordingly, successful reduction of risk requires early 

intervention or treatment.  Targets for modifiable risk include control of BP and 

blood lipids, prevention and control of diabetes, protection of cardiac function, 

and improvements in lean muscle and body fat composition.  Lifestyle changes 

including smoking cessation, preservation of social engagement, education and 

mental activity to protect and promote cognitive reserve, management of 

hearing loss and depression, and maintenance of exercise have been 

suggested as further preventative interventions. 
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1.4.1.1 The ‘cascade’ hypothesis 

Over 25 years ago the ‘cascade’ hypothesis of AD proposed abnormal 

processing of amyloid precursor protein (APP) as the initiator of disease.  

Overproduction and reduced clearance of Aβ leads to amyloid plaques and 

subsequently to neurofibrillary tangles of hyperphosphorylated tau in the cortex 

of the brain.  Loss of synapses, neuronal cell dysfunction and cell death are 

consequent on these processes and are ultimately responsible for the late 

clinical symptoms of AD (76).   

1.4.1.2 The ‘two-hit’ hypothesis 

The ‘two-hit’ vascular hypothesis was a development of the ‘cascade’ theory 

and proposed that vascular risk factors (VRFs) such as hypertension, 

atherosclerosis, cardiac disease, diabetes, and hyper-homocysteinemia were 

antecedents of AD (7, 8).  ‘Hit 1’ proceeds from a combination of genetic and 

vascular factors.  Systemic vascular disease leads to the development of 

neurovascular disease as a consequence of BBB breakdown, capillary 

endothelial dysfunction and cerebral hypoperfusion leading to chronic hypoxia.  

Increased toxicity in the brain, failure to clear Aβ and increased expression of 

APP promote ‘Hit 2’ (Figure 1-7).  The increased burden of Aβ and 

hyperphosphorylated neurofibrillary tau tangles accelerate the symptomatic 

phase of dementia involving neuronal death and cognitive decline as identified 

in the ‘cascade’ hypothesis.  The increased deposition and reduced clearance 

of beta amyloid typical of AD and cerebrovascular disease may work 

synergistically to accelerate neurovascular damage and exacerbate dementia 

symptoms (77).   
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Figure 1-7. The ‘2 Hit’ vascular model for Alzheimer’s disease (adapted 
from (7, 8)). ‘Hit 1’ (vascular pathway) is shown in red, ‘Hit 2’ (amyloid β 
pathway) is shown in green, outcomes are in black.  

 

1.4.2 Cognitive decline and cerebral blood flow 

Studies of participants with cognitive decline ranging from mild memory 

complaints to those with diagnoses of MCI and AD have consistently found 

associations between lower CBF and increasing severity of cognitive 

impairment (78-84) and accelerated rates of cognitive decline (85).  These 

results are congruent with both the vascular ‘two hit’ hypothesis which suggests 

chronic oligaemia is an antecedent of symptomatic dementia (7), and with 

evidence from the ADNI study that found vascular dysregulation to be one of 

the earliest biomarkers of AD (33).   

Vascular factors Genetic factors
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accumulation Aβ clearance
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Aβ production
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1.5 Vascular risk factors 

Cardiovascular disease is the leading cause of morbidity and mortality in 

developed countries.  Statistics from 2016 provided by the British Heart 

Foundation attributed 26.7% of male deaths in the UK to cardiovascular 

disease, including 14% from coronary heart disease, 5% stroke; 24.4% of 

female deaths were attributed to cardiovascular disease, including 9% from 

coronary heart disease and 7% from stroke https://www.bhf.org.uk/what-we-

do/our-research/heart-statistics/heart-statistics-publications/cardiovascular-

disease-statistics-2018.  VRFs increase the likelihood of developing vascular 

disease and are associated with increasing disease severity.  Some key 

modifiable VRFs relevant to this study are described in the following part of this 

chapter, and previous studies investigating their relationship with CBF and the 

ageing brain are discussed. 

1.5.1 Hypertension 

Hypertension is defined by the National Institute for Health and Care Excellence 

(NICE) as a clinic systolic BP >140mmHg or a diastolic BP > 90mmHg (86).  

Prevalence is estimated at 24% of the UK population (87) and increases with 

age ( 

Table 1-1). 

 

Vasoconstriction and longer term vascular remodelling are considered to be 

adaptive responses to chronic high BP which protect the vulnerable 

downstream cerebral microvasculature (19).  However, as illustrated in Figure 

1-3, chronic hypertension shifts the cerebral autoregulation curve resulting in 

increased risk of hypoperfusion with potential consequences of neuronal 

compromise, cognitive impairment and dementia.  Reduction in the Windkessel 

effect due to loss of vascular wall elasticity in old age increases systolic BP and 

pulse pressure (PP), and may result in increased pulsatile energy transmission 

into the cerebral microcirculation with concomitant tissue damage and cognitive 

repercussions (88).  The impact on the delicate microvasculature may also 

include BBB breakdown, microhaemorrhages and capillary damage (73) 

https://www.bhf.org.uk/what-we-do/our-research/heart-statistics/heart-statistics-publications/cardiovascular-disease-statistics-2018
https://www.bhf.org.uk/what-we-do/our-research/heart-statistics/heart-statistics-publications/cardiovascular-disease-statistics-2018
https://www.bhf.org.uk/what-we-do/our-research/heart-statistics/heart-statistics-publications/cardiovascular-disease-statistics-2018
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1.5.2 Diabetes 

Diabetes is a metabolic disease with the potential to cause severe end organ 

damage through macrovascular and microvascular complications.  Type 2 

diabetes mellitus (T2DM) accounts for 90 -95% of diabetes prevalence and is 

due to insulin resistance (IR) and the inability to secrete enough compensatory 

insulin.  A diagnosis of T2DM in adults is confirmed with a serum Haemoglobin 

A1c (HbA1c) ≥48mmol/mol (concentration ≥6.5%) 

https://cks.nice.org.uk/diabetes-type-2#!diagnosisSub  (86).  The prevalence of 

diagnosed diabetes in the UK is 3.8 million, with an estimated additional 1 

million who have diabetes but have not been diagnosed 

https://www.diabetes.org.uk/professionals/position-statements-

reports/statistics/diabetes-prevalence-2018 (89). 

Prevalence increases with age and varies by ethnicity and sex ( 

Table 1-1).  The Health Survey for England (2004) estimated that diagnosed 

diabetes was 2.5 -5 times greater in South Asians than the white population in 

the UK https://digital.nhs.uk/data-and-information/publications/statistical/health-

survey-for-england/health-survey-for-england-2004-health-of-ethnic-minorities-

headline-results (90) while the prevalence of African Caribbeans in the UK is 

three times higher than Europeans (91). 

 

Mechanisms linking T2DM to deleterious effects on the brain are considered to 

result largely from the effects of endothelial dysfunction.  Prolonged 

hyperglyacemia results in the formation of advanced glycation end products 

(AGES) leading to increased production of reactive oxygen species (ROS), 

oxidative stress and a state of chronic inflammation that damages cell 

functionality and causes cell death.  Effects include reduction of endothelial 

capacity to effect vasodilation (92).   

1.5.3 Serum cholesterol and lipoproteins 

Cholesterol is a molecule essential in the manufacture of cell membranes, 

hormones and production of some vitamins.  Serum cholesterol is carried in 

https://cks.nice.org.uk/diabetes-type-2#!diagnosisSub
https://www.diabetes.org.uk/professionals/position-statements-reports/statistics/diabetes-prevalence-2018
https://www.diabetes.org.uk/professionals/position-statements-reports/statistics/diabetes-prevalence-2018
https://digital.nhs.uk/data-and-information/publications/statistical/health-survey-for-england/health-survey-for-england-2004-health-of-ethnic-minorities-headline-results
https://digital.nhs.uk/data-and-information/publications/statistical/health-survey-for-england/health-survey-for-england-2004-health-of-ethnic-minorities-headline-results
https://digital.nhs.uk/data-and-information/publications/statistical/health-survey-for-england/health-survey-for-england-2004-health-of-ethnic-minorities-headline-results
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plasma by lipoproteins (very low density lipoprotein, low density lipoprotein 

(LDL) and high density lipoprotein (HDL)).  Lipoproteins also contain other 

lipids, such as triglycerides and phospholipids.  Total cholesterol is measured 

from lipoproteins and chylomicrons from (fasting) blood samples.  LDL is stated 

in concentration of mmol/L and is usually calculated using the Friedewald 

formula:  

LDL = (Total Cholesterol) -(triglycerides /2.19) -(HDL) 

https://www.heartuk.org.uk/downloads/health-

professionals/factsheets/calulating-cholesterol.pdf 

 

NICE no longer provide cut-off thresholds for categorisation of dyslipidaemia 

https://www.nice.org.uk/guidance/cg181/chapter/1-Recommendations.  

Optimum levels suggested by the American Heart Association (AHA) are a total 

cholesterol concentration of 3.8mmol/L and LDL of 2.6mmol/L (93). 

 

High blood levels of LDL cholesterol are associated with atherosclerosis in large 

to medium size arteries causing degenerative vascular disease such as blocked 

or stenosed arteries and thromboses.  High levels of HDL cholesterol are 

generally considered to be protective, although the evidence is less certain that 

this association is causal (94).  Increased glycation of LDL to which individuals 

with diabetes are more liable appears to increase atherosclerotic complications 

(95).  

 

Cholesterol concentration increases with age until around 55 years then 

declines in old age ( 

Table 1-1).  This late life decrease may be the result of survival bias or a 

decline in ability to synthesise LDL (96).  Metabolic factors such as obesity and 

T2DM as well as lifestyle factors influence cholesterol levels.  Exercise 

increases HDL and reduces triglycerides, while a diet high in saturated and 

trans fats may increase LDL.  The association of dyslipidaemia with stroke and 

heart disease has led to widespread use of lipid modifying drugs such as statins 

https://www.heartuk.org.uk/downloads/health-professionals/factsheets/calulating-cholesterol.pdf
https://www.heartuk.org.uk/downloads/health-professionals/factsheets/calulating-cholesterol.pdf
https://www.nice.org.uk/guidance/cg181/chapter/1-Recommendations.
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for the prevention of cardiovascular events.  Current NICE recommendations 

are to offer lipid-modification therapy to all people older than 85 years, people 

under 85 years who have a QRISK2 score of >10%, and to all people with 

T2DM https://cks.nice.org.uk/lipid-modification-cvd-prevention. 

A study investigating HDL cholesterol and brain volumes found that HDL was 

positively associated with GM volume and better cognitive outcomes (97).   

1.5.4 Smoking 

Over 40 years ago smoking was recognised as a cause of excess death rates 

from heart and vascular disease (98, 99).  Effects of the toxic chemicals from 

smoking affecting the vasculature include reduction of nitric oxide (NO) 

bioavailability, increased expression of adhesion molecules and promotion of 

chronic inflammation.  These mechanisms result in damage to the endothelium, 

increased atherosclerosis and a pro-coagulatory environment (100). 

 

Recognition of cessation of smoking as an effective modifiable risk factor has 

led to successful public health intervention efforts.  Smoking prevalence has 

decreased since the 1940’s ( https://www.cancerresearchuk.org/health-

professional/cancer-

statistics/risk/tobacco?_ga=2.220561041.827573618.1554296280-

1619266932.1542106998#heading-Three).  2013 data from Cancer Research 

UK cite a prevalence of smoking in the UK of 19.5% for men and 10.3% for 

women at age 50-64, falling to 10.3% and 9.4% respectively at age > 65.  

https://www.cancerresearchuk.org/health-professional/cancer-

statistics/risk/tobacco?_ga=2.220561041.827573618.1554296280-

1619266932.1542106998#heading-Two 

  

https://cks.nice.org.uk/lipid-modification-cvd-prevention
https://www.cancerresearchuk.org/health-professional/cancer-statistics/risk/tobacco?_ga=2.220561041.827573618.1554296280-1619266932.1542106998#heading-Three
https://www.cancerresearchuk.org/health-professional/cancer-statistics/risk/tobacco?_ga=2.220561041.827573618.1554296280-1619266932.1542106998#heading-Three
https://www.cancerresearchuk.org/health-professional/cancer-statistics/risk/tobacco?_ga=2.220561041.827573618.1554296280-1619266932.1542106998#heading-Three
https://www.cancerresearchuk.org/health-professional/cancer-statistics/risk/tobacco?_ga=2.220561041.827573618.1554296280-1619266932.1542106998#heading-Three
https://www.cancerresearchuk.org/health-professional/cancer-statistics/risk/tobacco?_ga=2.220561041.827573618.1554296280-1619266932.1542106998#heading-Two
https://www.cancerresearchuk.org/health-professional/cancer-statistics/risk/tobacco?_ga=2.220561041.827573618.1554296280-1619266932.1542106998#heading-Two
https://www.cancerresearchuk.org/health-professional/cancer-statistics/risk/tobacco?_ga=2.220561041.827573618.1554296280-1619266932.1542106998#heading-Two
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. 

Age range (years) 

55-64 65-74 75+ 

Hypertension, (%) a    

Men 51 65 79 

Women 47 63 79 

Diabetes, (%) b    

Men 11.1 15.2 15.9 

Women 8.0 12.2 13.2 

High total cholesterol, (%) c    

Men 70 53 39 

Women 83 75 66 

 

Table 1-1. Prevalence of vascular risk factors, by sex and age (England). 

a systolic BP >140mmHg or diastolic >90mmHg or medicated for high BP,b self-
report of diabetes diagnosed by doctor, c total cholesterol >5mmol/L.  (Data 
drawn from Coronary Heart Disease Statistics, British Heart Foundation, (101). 

 

1.5.5 Multifactorial vascular risk 

Composite vascular risk scores aim to predict the cumulative effect of multiple 

VRFs on cardiovascular events.  Clustered VRFs may behave synergistically to 

have a greater impact than individual or purely additive effects of single VRFs.  

Various methods to calculate composite scores have been validated in 

community-based populations including the Framingham risk score (FRS), 

QRISK2, QRISK3, ASSIGN, and by metabolic syndrome (MetS) categorisation.  

MetS is commonly used as a dichotomous variable, whereby individuals are 

characterised as having MetS if they reach cut-off points in 3 of 5 inter-related 

vascular risk factors, namely: abdominal obesity, hypertension, hyperglycaemia, 

hypertriglyceridemia and high LDL cholesterol levels (102).  Simple bespoke 

additive point systems have also been utilised in previous studies (103-105).  
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1.6 Previous studies: evidence of associations of 
vascular risk with cognitive decline and the 
MR markers of brain ageing. 

1.6.1 Vascular risk and dementia 

There is a substantial body of evidence to support the theory of a causal 

relationship between vascular disease and risk of dementia.  A systematic 

review of studies (106) investigating VRFs and cognitive function in old age 

concluded that, although not all studies were in agreement, T2DM and 

hypertension were most consistently associated with worse cognitive results.  

Mixed evidence supported associations of cognition with obesity and 

dyslipidaemia.  The authors suggested that the lack of strong consensus may 

be due to the small to moderate effect size of VRFs on cognition, and they 

criticised some studies for using insufficient sample sizes.  Furthermore. many 

studies omitted interactions between risk factors and/or age that other studies 

found to be highly influential.   

 

Another review of VRFs (107) and dementia found that T2DM was consistently 

associated with dementia risk measured in either mid-life or old age, whereas 

hypertension, dyslipidaemia and obesity were only strongly associated with 

dementia in longitudinal studies that took baseline measurements in mid-life.  

One explanation may be the greater prevalence of T2DM in old age, or the 

effects of late developing hyperglycaemic brain damage could have a severe 

and rapid additive effect on existing chronic vascular disease.   

 

Other results have suggested that VRFs normally considered detrimental to 

health are associated with better cognitive outcomes in older individuals.  For 

example, high BP, high BMI and adverse cholesterol levels have been 

associated with a lower risk of dementia, particularly in studies with short follow 

up times in older-aged people (108, 109).  These associations may be non-

linear, and there is speculation that cerebral hyperperfusion may be a 

temporary compensatory response to inflammation and neuronal damage which 
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is most often observed in younger participants prior to onset of symptomatic 

dementia (83, 110).  Findings could also be confounded by the association of 

factors such as low BMI and hypotension with the later stages of dementia and 

poor mental health.  Studies in old age are susceptible to survivor bias.  In this 

instance individuals with worse cardiovascular risk profiles from mid-life have 

higher mortality rates and are less likely to reach old age when dementia is 

more prevalent.   

1.6.2 Vascular risk and the MR markers of brain ageing 

Large population cohort studies such as the Second Manifestations of Arterial 

Disease - Magnetic Resonance Study (SMART) (111-113) the PROspective 

Study of Pravastatin in the Elderly at Risk (PROSPER) trial (114, 115) and the 

Rotterdam Scan Study (116, 117) have investigated correlations of VRFs and 

CBF with age-related changes of the brain identified on MRI scans.  There is a 

broad consensus that decreased CBF is associated with vascular disease and 

that both of these factors are associated with reduced brain volume and 

increased volume of WMHs in old age.  However, some results differ possibly 

due to differences in sample size, type of cohort, (e.g. community-based 

cohorts, clinical populations) and as a consequence of differing methodologies.   

1.6.3 Hypertension, cerebral blood flow and the MR 
markers of brain ageing 

Hypertension has been associated with decreased CBF and cerebrovascular 

disease in numerous studies.  However, there is evidence this relationship is 

moderated by age, duration of hypertension, age of onset, use of BP lowering 

medication, time variant patterns of hypertension/hypotension and genetic 

factors (103, 118, 119).  There are also suggestions that the association is not 

linear as low BP may result in cerebral hypoperfusion in older persons. 

 

An early study using the 133Xenon inhalation technique in 101 patients (120) 

discovered that cerebral perfusion was lower in untreated hypertensive patients 

compared to healthy controls, and those who were successfully treated for 
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hypertension had higher levels of global perfusion than participants with 

untreated hypertension.  A study using 15O-PET to measure CBF, found longer 

duration of hypertension was associated with lower CBF (121).  Results from a 

large sample from the SMART study broadly agreed with these findings (119).  

Longitudinal analysis of this cohort over 4 years showed that CBF declined in 

untreated and poorly controlled hypertensive participants as well as in those 

with high BP in comparison to successfully treated hypertensive participants.  

Mechanisms may include compromised cerebral vasoreactivity due to 

endothelial dysfunction, atherosclerosis of larger feeding vessels and build-up 

of beta-amyloid plaques. 

 

Evidence for the relationship of BP and CBF has been supported by some 

studies investigating the utility of intensive BP lowering.  One study in elderly 

participants found that GM CBF increased in an intensive intervention group 

(target <130/80mmHg) compared to participants on a conventional BP lowering 

regime (target <140/85mmHg) over a 12-week period (122).  Using cognitive 

outcomes, the Systolic Blood Pressure Intervention Trial (SPRINT MIND) tested 

the efficacy of treating individuals to a low BP target of <120mmHg in 

comparison to a control target of <140mmHg.  They found beneficial effects in 

reduction of MCI but not dementia in the intensive BP lowering group (123).  

However, there has been speculation that the trial was underpowered to detect 

dementia as fewer cases developed than were projected in the study design 

(124).   

 

Although these studies suggest good control of hypertension contributes to 

higher levels of cerebral perfusion, not all studies have found the relationship to 

be straightforward.  One study found that although hypertension was associated 

with decreased CBF in a sample of 58 elderly adults with vascular disease, use 

of anti-hypertensive medication did not attenuate this relationship (118).  The 

DANTE trial investigating 203 elderly participants on anti-hypertensive 

medication and with symptomatic MCI, detected no associations between CBF 

and systolic BP, diastolic BP, MAP, nor PP over 4 months of continued or 

discontinued BP lowering treatment (125).  This result appears to contradict 
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previous studies.  However, the authors suggested their sample of participants 

had only moderate hypertension and therefore cerebral autoregulation was 

maintained within a range to cope with moderate changes in perfusion 

pressure.  The well-defined nature of this cohort (≥75 years, moderately high 

BP, using anti-hypertensive medication, a narrow range of MMSE scores and 

recruitment from a small geographic area) means that results are difficult to 

generalise to the wider population.   

 

A study using SPECT to measure CBF found high BP was strongly associated 

with lower regional CBF in men, accounting for up to 28% of variance 

depending on brain region, but the association was not evident in women after 

adjustment for age, brain atrophy, and vascular risk (126).  Although the authors 

acknowledge their study may have been underpowered to detect associations 

in women (32% of 74 participants), most of the associations of CBF and high 

BP were positive in women and negative in men.  The authors hypothesised 

that later expression of cardiovascular disease in women was responsible for 

this result.  

 

The CRESCENDO/3C study did not find cross sectional associations of CBF 

with systolic BP, although there was a weak association of change in systolic 

BP, diastolic BP or MAP over 12 years with decreased CBF (127).  The authors 

speculated this was due to cerebral autoregulation adjusting flow to 

accommodate BP.  However, the 3C Dijon study was small (n=104) and may 

have not been powered to detect small effect sizes, the majority of the sample 

were women (67.3%), and the cohort was homogeneously high income and 

highly educated, with unspecified ethnicity.   

 

In a systematic review of studies investigating VRFs and brain changes in non-

symptomatic participants, a diagnosis of hypertension was consistently 

associated with decreased global brain volume (128).  However, the 

relationship appeared to be U-shaped as both high and low diastolic BP was 

associated with reduced cortical volume.  The authors also found variability in 
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response to anti-hypertensive medication.  A similar systematic review and 

meta-analysis of BP and brain atrophy concluded that high BP was associated 

with, and was predictive of brain volume reduction in 92.9% of studies (129).  

Discrepancies were attributed to methodological differences used to measure 

brain volume, differing definitions of hypertension, effect modification by age 

group, and use of anti-hypertensive medications.  Both systematic studies point 

out that cross-sectional studies may be liable to confounding as increased BP 

and reduced brain volume are both more prevalent with ageing. 

 

Confounding by age is also problematical when considering associations of 

WMHs and BP which both increase with age.  Several studies on large 

populations have found only weak or complex associations of hypertension with 

WMHs, even though WMHs have been purported to have a vascular aetiology.  

For example, the ARIC study (130) found single BP measurements were not 

associated with WMHs although cumulative longitudinal measurements of BP 

were predictive of WMH progression.  An early finding from the Rotterdam study 

indicated associations of WMHs with BP and cholesterol only in participants 

aged 65-74 after analysis was stratified by age, whereas this association was 

not apparent in an older group (131).  In the Lothian Birth Cohort (132) the 

effect size of BP in association with WMHs appeared to be small (explaining 2% 

of total WMH variance) which may explain the apparent lack of effect of anti-

hypertensive medication on WMHs volume.  In this study the strongest predictor 

of WMH progression was the volume of WMHs measured at baseline. 

1.6.4 Diabetes, cerebral blood flow and the MR markers 
of brain ageing 

There is mixed evidence regarding the effect of T2DM on macrovascular and 

microvascular blood flow in the brain.  Several studies have suggested that 

macrovascular flow is preserved but tissue perfusion is reduced in participants 

with T2DM.  In a study that measured only total blood flow to the brain using 

PC-MR, no reduction was found in participants with diabetes (133).  In 

concurrence with this finding Jansen et al (134) found no association of T2DM 
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with lower flow in the ICAs, but participants with diabetes had decreased 

cerebral tissue perfusion measured by ASL.  However, the association was 

small; it was only discernible using a method of analysis that calculated the 

number of voxels deviating from a normal level, and results were not statistically 

significant using regions of interest (ROIs) nor voxel based statistical parametric 

mapping (VBM) techniques.  Furthermore, after correction for atrophy, the effect 

only remained significant in subcortical GM, not cortical GM.  The authors 

attributed lower flow in subcortical GM to the absence of collateralisation and 

lower vessel density in these deep brain areas where there is little 

compensatory flow for microvascular damage.   

 

The theory that macrovascular and microvascular flow are uncoupled in T2DM 

is supported by a study in middle-aged adults (135).  This study found that, 

although high IR was associated with both lower arterial blood flow in the ICAs 

and lower regional cerebral perfusion, there was an interaction between IR and 

arterial blood flow.  High flow in the ICAs only translated to higher regional 

tissue perfusion in the right superior frontal gyrus in individuals who had lower 

levels of IR.  This finding supports the theory that microvascular damage 

associated with IR is independent of macrovascular damage. 

 

Other studies (136) reporting hypoperfusion in T2DM using ROI methods in 

older participants, may indicate effects of T2DM are chronic and the effect of IR 

on CBF is moderated by age.  In support of this theory, cognitive decline as a 

result of microstructural damage in the presence of diabetes appears to be 

evident only in ages > 65 years (137, 138).   

 

The effect of medication on CBF is raised by an interesting finding from a study 

comparing middle-aged groups with a diagnosis of T2DM, an untreated 

‘prediabetic’ group, and control participants (139).  Lower CBF was only 

associated with the prediabetes group.  The authors suggested the result may 

have been confounded by medication.  The medicated ‘diagnosed diabetes’ 

group may have benefited from, not only blood glucose control medication, but 
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also lipid lowering and anti-hypertensive medication that contributed to 

preservation of CBF.   

 

Despite the difficulties encountered in comparing studies due to differences in 

samples, study design and statistical methodologies, there was a broad 

consensus between two reviews of T2DM and brain imaging (140) (141) that, in 

larger population-based studies, decreased brain volume was consistently 

associated with T2DM, (142) (130) (143, 144) (145) (146) whereas the evidence 

for the association of T2DM and WMHs was inconsistent.  Despite early smaller 

sample studies suggesting T2DM was associated with SVID represented by the 

presence of WMHs (147) (143), some large community based studies such as 

ARIC (130), the Framingham Study (148), CARDIA (145) and ACCORD-MIND 

(146) have not found convincing evidence of a relationship.  In contrast, the 

SMART study in participants with pre-existing cardiovascular disease, found 

participants with T2DM had decreased GM volume and larger WMH volume, 

and these markers progressed at a slightly higher rate than in those without 

T2DM (149) (144).  The authors speculated that this relationship could be due 

to the effects of T2DM in combination with atherosclerotic disease as their 

sample were all individuals with high cardiovascular risk. 

1.6.5 Lipoproteins, cerebral blood flow and the MR 

markers of brain ageing 

There is mixed evidence to associate cholesterol levels with dementia.  A large 

longitudinal study in elderly adults observed that higher total cholesterol was 

associated with decreased risk of dementia (109).  Another study on a large 

sample of community based older adults found decreased HDL, and increased 

LDL and non-HDL cholesterol were associated with vascular dementia but not 

AD (150).  Although, few studies have found strong relationships between CBF 

and dyslipidaemia one study indicated there was a statistically significant 

relationship between higher serum cholesterol and lower CBF in patients with 

transient ischaemic attacks (TIAs) (151).  The close association of cholesterol 

levels with other features of cardiovascular risk make it difficult to extract the 
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importance or clarify the role of mechanisms linking lipoprotein fractions to 

cerebral microvascular damage (152).   

 

Protective properties of HDL have been indicated in some studies that found 

associations of low HDL with reduced regional brain volumes (97) (153).  LDL 

cholesterol has been associated with DWMHs (154) and total cholesterol has 

been linked with WMHs in older participants 65-74 years (131). 

1.6.6 Smoking, cerebral blood flow and the MR markers 

of brain ageing 

There is a general consensus that long term smoking decreases CBF due to 

impairment of vasodilatation due to increased oxidative stress and inhibited 

eNOS processes in the endothelium (155) (156, 157).  However, the short-term 

effect of smoking may boost CBF.  The CARDIA study in middle aged adults 

found, compared to never smokers, current smokers had higher regional CBF 

and former smokers had a trend towards lower regional CBF (158).  The 

authors suggested this pattern of association was due to an acute response to 

nicotine cravings or recent tobacco exposure in current smokers.  Furthermore, 

they speculated this effect would disappear with increasing age in agreement 

with other studies on older smokers (159) as they would be unable to sustain 

compensatory flow mechanisms.  

 

A meta-analysis of studies comparing smokers with non-smokers concluded 

that regional GM volume was reduced in chronic smokers (160).  The 

Framingham study (148) identified smoking as a risk factor strongly associated 

with the prevalence and severity of WMHs.  The ARIC study agreed with this 

finding and found this association was stronger in African Americans than 

Caucasians (161). 
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1.6.7 Multifactorial vascular risk, cerebral blood flow 

and the MR markers of brain ageing 

The Kaiser Permanente Study (105) found increased risk of dementia in late life 

was linearly associated with VRFs in midlife.  A higher score in an additive 

composite rating of VRFs increased dementia risk in a ‘dose-dependent’ 

relationship.  In a longitudinal study in an elderly population, an additive 

vascular risk score was more strongly associated with AD than single VRFs 

(104).  Certain combinations of risk factors were also found to be particularly 

strongly associated, with diabetes and smoking the strongest combination.  

Similarly, the CAIDE study suggested clustered VRFs increased dementia risk 

(162). 

 

In a sample of middle-aged adults, those with metabolic syndrome (MetS) had 

lower CBF than controls, with obesity and high triglycerides the most important 

factors within this combined metric (163).  MetS has also been associated with 

accelerated cognitive decline in 3 related studies in which the authors 

considered presence of high serum levels of inflammatory markers to be 

additionally damaging (164).  The concept of MetS has been criticised for its 

lack of sensitivity to ethnic differences such as variation of IR in response to 

adiposity (165).  Also, it is a simple binary categorisation that does not capture 

linear dose-response effects of vascular risk on outcomes and omits factors 

such as smoking and socio-economic considerations.  

 

An examination of relationships between vascular risk burden (cumulatively 

measured as 1 point per risk factor), age, CBF and cognition in older individuals 

found high vascular risk burden interacted with age to give reduced cortical CBF 

(103).  Elevated vascular risk and lower CBF were also associated with lower 

cognitive scores leading the authors to conclude ‘older adults with an elevated 

vascular risk burden may be particularly vulnerable to cognitive change as a 

function of CBF reductions.  However, the simple method of scoring 1 point per 

risk factor does not weight risk factors according to their potential impact on 

cardiovascular outcomes and may therefore miscalculate the summative risk.  



75 

 

Weighted multifactorial algorithms such as the FRS, QRISK2 and ASSIGN are 

more robust measures of vascular risk as they are based on outcomes from 

large cohorts and have been validated in multiple studies. 

 

A small study (n = 33) found FRS was correlated with PV WMHs but not 

DWMHs, and FRS was negatively correlated with vasoreactivity but not with 

CBF (166).  The authors speculated that WMHs may either be a consequence 

of adverse VRFs, or that WMHs may impair vasoreactivity through an effect on 

receptors in the PV zone that are involved in vasoregulation.  A larger study of 

middle-aged adults using composite vascular risk measurements and CBF 

measured by ASL, found ‘a modest but consistent relationship between CBF 

and cardio-metabolic risk’ in midlife (167).   

1.6.8 Associations of cerebral blood flow with brain 

atrophy and white matter hyperintensities 

Many studies have indicated that lower CBF is associated with increased brain 

atrophy and increased volume of WMHs (80, 168, 169).  However, not all 

evidence is in agreement.  For example, the PROSPER trial found an apparent 

strong association between CBF and brain tissue volume that disappeared on 

adjustment for head size (114), and in the SMART study, lower CBF was 

related to subcortical atrophy only if participants had moderate to severe WMHs 

(170).  The Rotterdam Study found lower perfusion and increased total WMH 

volume were correlated in a mainly Caucasian population sample (116), 

whereas the PROSPER trial in a cardiovascular high-risk population, showed 

decline in CBF was associated with increased volume of PV but not DWMHs 

(115).  A meta-analysis concluded that WMHs were associated with decreased 

CBF in most studies, although the strongest associations were in cohorts 

including individuals with severe cognitive impairment, and studies should be 

wary of confounding by age (171).  Comparison of study results is complex due 

to differences in CBF acquisition and calculation methods, and samples vary 

widely by size, ethnic background, age, health and cognitive status. 
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1.7  Limitations of previous studies 

Most of the large cohort studies have used 2D PC-MR methods rather than ASL 

to estimate cerebral perfusion.  The PC-MR technique measures blood flow 

through the ICAs and basilar artery (mL/min) rather than capillary flow in 

perfused tissue as in ASL (mL/100g/min).  The PC-MR method is restricted to 

measuring total blood flow to the brain.  Results need to be adjusted for head 

size and this method is unable to provide spatial information so perfusion of GM 

and WM cannot be distinguished.  Although comparison of results using 

different imaging methods is problematical, PC-MR is an established and 

validated technique in terms of accuracy and reproducibility (172) and a meta-

analysis of these studies considered the strengths of associations between CBF 

and brain markers within each study to be valid (171).   

 

The large SMART study and PROSPER trial were restricted to participants with 

pre-existing vascular disease or individuals considered to be at increased 

vascular risk.  Many other studies have drawn participants from memory clinics 

where all participants have a cognitive complaint ranging from self-reported 

memory loss to dementia.  Extrapolation of these findings to the general 

population should therefore be treated with caution.  Participants in the 

Rotterdam study are predominantly of white European origin limiting confidence 

in the generalisability of findings to other ethnic groups. 

 

Most results have been reported from cross-sectional studies which do not 

allow causal inferences between CBF and brain atrophy or presence of WMHs.  

Both directions of causality have been hypothesised.  Decreased CBF could 

cause shrinkage in brain tissue.  Alternatively, lower metabolic demand from a 

smaller volume of neurons and fewer synapses requires a lower blood flow rate 

to maintain brain function.  Evidence for the direction of causality has been 

provided by the Rotterdam Study (117) which conducted analysis of longitudinal 

data.  3011 individuals, age range 45 to 96 years, underwent 2 MRI 

examinations with a mean interval between scans of almost 4 years.  A smaller 

brain volume at the first time point was associated with a steeper decrease in 
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CBF.  However, in participants older than 65 years, lower CBF at the first scan 

was associated with a steeper decline in brain volume.  The authors suggested 

that atrophy precedes CBF decline in middle age, but in older individuals the 

relationship may be bi-directional.  They hypothesised that older individuals 

have decreased capacity to autoregulate cerebral blood supply when metabolic 

demand rises and are therefore more susceptible than younger individuals to 

cerebral hypoperfusion leading to neuronal cell death (117).  However, 

Benedictus et al, hypothesized that decreased CBF associated with both lower 

total brain volume and higher volume of WMHs in AD participants was 

determined by decreased neuronal demand and/or small vessel disease (169). 

1.8 Conclusion 

This chapter has provided a summary of the physiological aspects of cerebral 

perfusion and the MRI markers of brain ageing along with an overview of the 

methods used to evaluate MR findings.  The scale and importance of the 

problem of cognitive decline and its likely association with vascular risk in 

ageing populations has been presented.  A review of the literature has 

discussed a wealth of studies investigating the associations of vascular risk and 

cognitive and brain imaging outcomes.  However, the role of cerebral perfusion 

in these relationships is still unclear.  Most studies have assumed effect 

homogeneity by pooling results of complete cohorts into a single analysis which 

omits consideration of ethnic and gender differences.   

 

This thesis aims to investigate the association of brain perfusion with a range of 

VRFs by employing PCASL to quantify CBF in a large, ethnically diverse 

sample.  It will explore whether these relationships are subject to effect 

modification by ethnicity and sex.  Furthermore, it aims to contribute some 

understanding of the role of CBF as a mediator between vascular risk and the 

markers of brain ageing visualized on MRI.   
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 . Research questions 

 

2.1 Aims 

This thesis aims to: 

a) examine the importance of including measured Hct compared to a 

population mean value of Hct when ASL is used to calculate CBF in a 

multi-ethnic elderly population, 

 

b) investigate whether the FRS, a measure of aggregated vascular risk, is 

associated with CBF in old age, 

 

c) investigate which single factors of the combined vascular risk algorithm 

FRS are most strongly associated with CBF in old age, 

 

d) investigate whether combined vascular risk is associated with cortical 

tissue brain volume and the volume and distribution of WMHs in old age, 

 

e) examine whether CBF mediates associations of combined vascular risk 
with cortical brain volume and WMH volumes, 

 

f) investigate the roles of sex and ethnicity as effect modifiers in the 

relationships of vascular risk, CBF, cortical volume and WMH volumes. 
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2.2 Hypotheses 

This thesis aims to test the following hypotheses: 

 

Chapter 4  

1.  

a) The inclusion of individualised measurements of Hct in the calculation of 

CBF from ASL improves accuracy when investigating group associations 

of cerebral perfusion. 

 

Chapter 5 

1.  

a) Individual components of the FRS are associated with CBF in elderly 

populations. 

b) Sex and ethnicity are in some instances effect modifiers of this 

relationship. 

 

2.  

a) Elevated combined vascular risk represented by the FRS is associated 

with decreased cortical CBF in elderly populations.  

b) Sex and ethnicity are effect modifiers in this relationship.  

 

Chapter 6 

1.  

a) Elevated combined vascular risk represented by the FRS is associated 

with decreased cortical tissue volume and increased WMH volume in an 

elderly ethnically diverse population. 
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b) Sex and ethnicity are in some instances effect modifiers of the 

association of combined vascular risk and brain outcomes. 

 

2.  

a) Hypoperfusion is associated with decreased cortical tissue volume and 

increased WMH volume in elderly populations.   

b) Sex and ethnicity are in some instances effect modifiers of the 

associations of CBF and brain outcomes. 

3.  

a) Cortical CBF is a mediator in associations of combined vascular risk with 

cortical tissue volume and WMH volume in elderly populations. 

b) The strength of CBF as a mediator in the association of combined 

vascular risk with WMH volume will vary with zonal location.  
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 . General methods 

 

3.1 Study sample 

Participants were recruited from the Southall and Brent Revisited (SABRE) 

study.  Approval for investigations was obtained from the Fulham Research 

Ethics Committee (ref:14/LO/0108) and participants gave written informed 

consent.   

 

SABRE is a longitudinal study principally investigating cardio-metabolic disease 

in a tri-ethnic population cohort; details have been published elsewhere (173).  

The study was originally conceived to investigate the increased risk of 

cardiovascular disease in Indian Asian and African Caribbean migrant 

populations to the UK in comparison to the host population.  Participants were 

community dwelling elderly men and women, resident in north and north-west 

London at the commencement of the SABRE study in 1988.  Original 

participants were recruited via GP practices and industrial workplaces with a 

diverse ethnic mix.  Spouses or significant others were invited to join their 

partners in the third clinical visit commencing in 2014.   

 

In our study the ethnic group ‘Europeans’ were of white European descent.  

‘South Asians’ were of Indian Asian origin comprising those of Gujarati/Hindu 

Punjabi/Sikh, Pakistanis and Bangladeshi descent.  ‘African Caribbeans’ were 

of Black African descent having migrated from the Caribbean or West Africa.  

An additional booster sample of African Caribbeans from the same area of 

London as the original cohort were recruited to increase numbers and therefore 

enhance the power of the study.  Ethnicity was defined based on country of 

origin of all four grand-parents stated on self-administered participant 

questionnaires.   
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During the SABRE v3 (visit 3) study there was a gap in recruitment due to a  

temporary enforced closure of the clinic. Although the total number of 

participants undergoing MRI was projected to be ~900, it was decided that 

analyses for this thesis should be based on participants attending between 

2014 and 2016.  It seems reasonable to assume the clinic closure was a 

‘random event’ in statistical terms, so the subsample used in this thesis should 

be representative of the entire sample.  During the selected period between 

August 2014 and October 2016, 541 participants attended MRI.  493 (91%) 

completed the whole MRI scan and these examinations were processed for 

CBF (Figure 3-1).  485 (90%) participants had both MRI and sufficient 

cardiovascular results to construct a FRS. 



 

 

8
3
 

 

Figure 3-1. Consort diagram, showing sample from the SABRE study. (figure adapted from (174)) 
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3.2 MRI methods 

3.2.1 MRI acquisition 

All participants were examined at University College Hospital on a 3T MRI 

(Philips Achieva, Eindhoven, Netherlands) using an 8 channel phased array 

head coil.  The study was entirely performed on one scanner with only minor 

software upgrades.  MRI scanning was planned to optimise morphological 

measurement precision through its single centre design, protocol adherence, 

automated planning, staff training and segmentation pipeline.  Participants 

underwent all MRI examinations on the same day as attendance at the SABRE 

clinic.  They were requested to consume no more than a light breakfast with 

only 1 small cup of a caffeinated drink, and to abstain from smoking and alcohol 

on the morning of attendance to minimise physiological variation in ASL. 

 

This thesis will primarily utilise T1 3D TFE for structural analysis, FLAIR and T2 

3D TSE for WMH detection, and PCASL and B0 sequences for perfusion 

analysis.  Additional sequences were acquired for future assessment of 

neurovascular disease.  Sequence parameters are listed in Table 3-1. 

 

The Philips SmartExam automated planning function was utilised for all 

participants to ensure inter-subject and intra-subject geometric consistency 

http://www.philips.co.uk/healthcare/product/HCNMRB514/smartexam-brain-mr-

software.  Using SmartExam software, the central slice or mid plane line is 

positioned on the AC-PC line of the brain in transverse and sagittal planes to 

minimise shifting and deformation during post processing sequence registration 

(Figure 3-2)  Changes in head -foot position were permitted for PCASL 

sequences to ensure brain coverage of the cerebrum, although angulation 

remained constant.  The RF label was planned in a plane perpendicular to the 

ICAs using a fast PC-MRI sequence to visualise the vessels.  3D T1, 3D T2 and 

3D FLAIR sequences were matched for resolution (isotropic 1mm3) to optimise 

registration during analysis.  PCASL parameters were selected in conformance 

http://www.philips.co.uk/healthcare/product/HCNMRB514/smartexam-brain-mr-software
http://www.philips.co.uk/healthcare/product/HCNMRB514/smartexam-brain-mr-software
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with the ISMRM Perfusion Study Group and European Consortium for ASL in 

Dementia white paper recommendations (42).  The only deviation from the 

white paper recommendation was a 2D readout instead of 3D as at the time of 

commencement of the study 3D readout for PCASL was not available on the 

MRI scanner.  Planning of the PCASL sequence is illustrated in Figure 3-3. 

 

Figure 3-2. MRI survey showing example of SMARTEXAM automated 
planning. (Dotted red line shows alignment of slices through 
anterior/posterior commissure line and perpendicular to this line on 
coronal and transverse planes). (Images are from the SABRE v3 study). 

 

 

Figure 3-3. MRI planning of PCASL on T1w sagittal (left) and fast PC-MRI 
(right) showing slice acquisition and RF labelling planes.  (Images are 
from the SABRE v3 study). 

Arterial Spin Labelling Acquisition(pCASL)

Control and labelled slice 

acquisition area

RF labelling of blood
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All MRI scans and processed images were visually inspected for artefacts.  

Scans with susceptibility artefacts such as dental work affecting the RF label 

(n=12), excessive head movement (n=3), claustrophobia/inability to tolerate the 

scan (n=9), processing errors (n=22), pathology (n=1), and scanner artefact 

(n=1) were excluded from analyses.  Examples of artefacts displayed in scans 

from this study are illustrated in Figure 3-4, Figure 3-5, Figure 3-6, and Figure 

3-7. 

 

 

Figure 3-4. Perfusion weighted ASL image in transverse plane illustrating 
movement artefact (Image is from the SABRE v3 study).  
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Figure 3-5. T1w sagittal and subtracted ASL images in transverse plane 
illustrating susceptibility artefact from dental work (white arrow) causing 
loss of signal in right hemisphere (Images are from the SABRE v3 study). 

 

   

Figure 3-6 T1w transverse and subtracted ASL image in transverse plane 
illustrating hypointense perfusion deficit resulting from extensive mature 
damage in right cerebral hemisphere secondary to ischaemic stroke 
(Images are from the SABRE v3 study).  
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Figure 3-7. Subtracted ASL images in transverse plane illustrating 
hyperintense signal in vessels due to arterial transit artefacts (ATAs) as a 
result of delayed perfusion in the posterior circulation which is more 
marked on the right. (Images are from the SABRE v3 study). 
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Sequence Technique Plane Voxel size 
(mm)  

TR(ms) TE(ms) TI (ms) 
flip 
angle  b-values SENSE 

Duration 
(min/sec) 

T2w 2D FFE Tra 1,1,3 1223 21 - 18 . 1.3 3.01 

T1w 3D FFE Sag 1,1,1 7 3.2 836 8 . 2.0 3.55 

FLAIR 
3D IR TSE 
(SPIR) 

Sag 1,1,1 4800 294 1650  

. 

2.5 6.09 

DTI 
EPI DTI 
(SPIR) 

Tra 2,2,2 8492 83 . 90 
0,1000 

(6 dir) 
2.3 2.58 

MRA 
3D FFE 
(ToF) 

Tra 0.4,0.7,0.5 25 3.5 . 20 
. 

2.0 6.00 

PCA FFE Tra 1.1,1.1,40 20 6.3 . 15 . - 0.27 

PCASL EPI Tra 3.75,3.75,5 4615 15 . 90 . 2.3 5.32 

PCASL 

(calibration) 
EPI Tra 1,1,1 9000 15 

. 
90 

. 
2.3 0.36 

T2w 
3D TSE 
(SPIR) 

Sag 1,1,1 2500 227 
. 

100 
. 

2.5 3.50 

B0 3D FFE Tra 3,3,4 10 4.6 . 5 . 2.3 1.02 

Table 3-1. MRI protocol for SABRE v3 study
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Abbreviations used in Table 3-1 

 

B0    B0 field map 

CoW MRA   Circle of Willis magnetic resonance angiography 

DTI   diffusion tensor imaging, dir = directions 

EPI   echo planar imaging 

FLAIR   fluid attenuated inversion recovery 

FFE    fast field echo 

IR TSE (SPIR)  inversion recovery turbo spin echo spectral inversion 

recovery 

PCA    phase contrast angiography 

PCASL   pseudo continuous arterial spin labelling (cal) calibration 

TFE    turbo field echo 

TE    echo time 

TI    time to inversion 

ToF   time of flight 

TR    repetition time 

Tra   transverse 

TSE    turbo spin echo 

Sag   sagittal 

SENSE   sensitivity encoding 
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3.2.2 MRI processing 

The Translational Imaging Group (TiG) at the Centre for Medical Image 

Computing (CMIC) UCL, performed all brain analyses for the SABRE v3 study. 

3.2.2.1 Brain segmentation and parcellation: geodesic 

information flow 

In this thesis the geodesic information flows (GIF) framework was used to 

produce tissue segmentation and regional parcellation of the brain (175).  

Previous methods of atlas based structural brain segmentation and parcellation 

have relied on registration of imaging data to a pre-labelled mean brain 

template i.e. groupwise space, usually derived from a young healthy population.  

This method can produce anatomical labelling inaccuracies due to 

misregistration, the large normal variance of brain morphology particularly in 

sulcal conformation, as well as difficulties accommodating participants with 

extensive pathological changes (176).  These issues are particularly relevant to 

ageing populations who are susceptible to regional volume loss and large areas 

of parenchymal damage such as infarction and WMHs altering the MRI 

appearance.  Further variance is introduced by gender and ethnic differences.  

Multi atlas templates including brains relevant to the sample and disease 

characteristics of the dataset have been used to improve accuracy (177).  

However, such an approach relies on the availability of relevant atlases wherein 

the creation of such atlases is time intensive in terms of skilled manual input.  

Building on this approach LEAP (Learning Embeddings for Atlas Propagation) 

measured the similarity between morphological areas such as the hippocampus 

between datasets (178).  The use of a similarity measure enables propagation 

between datasets by using intermediate datasets to move between standard 

populations and sample populations, such as propagating the ‘training’ young 

healthy dataset onto healthy ageing and AD participants.  In this way 

segmentation and labelling are diffused in steps throughout the dataset.  The 

GIF algorithm improves on this method by measuring regional rather than global 

similarities between pairs of images. It performs segmentation and regional 

labelling by voxel-wise voting between several propagated atlases, guided by 
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local image similarity. This is accomplished through use of a spatially variant 

graph i.e. pixels are not graphed according to spatial distance but by other 

characteristics such as image intensity and type of deformation between a pair 

other types of data can also be included such as age, ethnicity or pathology.  

Strength of connectivity is derived between each pair of images in a dataset.  

The strength of connectivity is used to propagate information throughout the 

dataset utilising estimates of accuracy of the propagation through methods such 

as the amount of iterations required before a label is assigned in order to assign 

probability weightings Iterations continue until all images are segmented or 

labelled (Figure 3-9) (179).  An example slice is shown in Figure 3-8 (175).  

GIF is available online: http://niftyweb.cs.ucl.ac.uk/. 

 

 

 

Figure 3-8: Example of regional brain parcellation (image is from the 
SABRE study). 

 

http://niftyweb.cs.ucl.ac.uk/
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Figure 3-9 Geodesic information flow flowchart showing propagation 
steps and iterative process. Figure from (179)  
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3.2.2.2 Quantification of white matter hyperintensities: 

Bayesian model selection 

Traditionally, WM disease has been classified by manual assessment such as 

the Fazekas, Scheltens and Manolio scales (180-182) which categorise severity 

of disease into relatively broad classes.  More recently, fully automated 

algorithms that quantify and spatially locate hyperintensities have allowed 

detailed analysis of WMHs to be applied in large population studies (183) (184).  

This provides the opportunity to model the associations of cardiovascular risk 

with WMHs with greater precision than broad categorical divisions or labour 

intensive manual segmentation previously allowed.  

 

In this thesis the burden of WMHs was quantified using an automated 

segmentation method known as Bayesian Model Selection (BaMoS) (183).  

This model uses T1w, T2w FLAIR and T2w sequences to perform WMH 

detection.  The GIF parcellation method described above is used to define lobes 

thus allowing regional representation of WMH load.  Using the BaMoS model, 

WMH volumes were calculated by lobe; frontal, parietal, temporal and occipital 

lobes were defined in right and left hemispheres, basal ganglia and infratentorial 

were combined.  Zonal categories 1 - 4 were defined according to distance from 

the lateral ventricular surfaces and cortical GM; zone 1 lying closest to the 

ventricular wall.  Examples of segmentation and lobar-zonal distribution are 

shown in Figure 3-10.  The BaMoS method has been validated against other 

automated segmentation methods and gold standard manually segmented 

datasets (183).  For the dataset used in this thesis, visual inspection of each 

subject’s WMH segmentation was performed and those with undetected 

hyperintensities on FLAIR images were re-segmented using adjusted 

thresholding parameters (n = 23).  All examinations that included a full dataset 

of T1w, FLAIR and T2w sequences were successfully quantified after 

inspection. 
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Figure 3-10: FLAIR images illustrating WMH segmentation with lobe and 
zone allocations.  WMHs are highlighted in green (left column), lobular 
segmentation (middle column), and zonal distribution (1-4), zone 1 is 
periventricular shown here in purple, zone 4 is sub-cortical shown here in 
pink (right column) (185)  

 

3.2.3 Cerebral blood flow quantification 

CBF was processed using the NiftyFit for ASL open source software package 

https://cmiclab.cs.ucl.ac.uk/CMIC/NiftyFit-Release (186).  Determination of CBF 

maps from ASL data followed the simple derived form for PCASL (Equation 3-1) 

drawn from the statement of recommendation from the ISMRM Perfusion Study 

Group and the European Consortium for ASL in Dementia (42) presented in 

units of mL/100g/min.  35 control, (SC) and label (SL) pairs and 5 proton density 

(SPD) images were averaged to generate single voxel values for the control 

https://cmiclab.cs.ucl.ac.uk/CMIC/NiftyFit-Release
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and label in Equation 3-1, where λ is the blood/brain partition coefficient 

(0.9mL/g), PLD the post-labelling delay between end of bolus and start of 

imaging (2000ms), T1blood the blood T1 relaxation time, α the labelling efficiency 

(85%) and τ the labelling duration (1800ms). 

 

𝐶𝐵𝐹 = 6000. 𝜆. (𝑆𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑆𝐼𝑙𝑎𝑏𝑒𝑙). 𝑒
𝑃𝐿𝐷

𝑇1𝑏𝑙𝑜𝑜𝑑

/𝑆𝐼𝑃𝐷 . (2. ∝. 𝑇1𝑏𝑙𝑜𝑜𝑑. (1 − 𝑒−𝜏/𝑇1𝑏𝑙𝑜𝑜𝑑)) [
𝑚𝐿

100𝑔
/𝑚𝑖𝑛] 

Equation 3-1 

 

Assumptions of this model include; the entire labelled bolus has been delivered 

to the tissue, there is no significant venous outflow of the labelled bolus upon 

measurement, and the T1 relaxation of the label is exclusively due to the T1 of 

blood.  In chapters 5 and 6 of this thesis T1blood was calculated based on the 

formula: T1 = (0.52*Hct+0.38)-1 (187) where the value for Hct is measured from 

each participant.  (Based on evidence presented in chapter 4.)  CBF maps were 

registered to down-sampled segmentations derived from GIF processed T1w 

images in order to derive cortical GM CBF values.  Regional CBF was not 

included in analyses as the repeatability and reproducibility of GM CBF is 

superior to that of regional CBF.  Increased variability of lobar CBF is due to 

inclusion of vascular high signal from arterial transit artefacts (188).  

 

PVC was applied based upon the method used in (48).  In this method, 

weighting coefficients are allocated according to the volume of each tissue type 

estimated to be present within a voxel in order to improve calculation of the 

intensity of the voxel by minimizing partial volume effects.  The method uses a 

‘least squares’ fit in a kernel which assumes a constant CBF value in the local 

GM and WM.  The algorithm relies on accurate segmentation of GM and WM 

and precise registration to the structural image.  The use of this algorithm is 

considered to provide valuable adjustment to CBF estimation especially in 

cases of cerebral atrophy (186).  Results for CBF of cortical GM with PVC are 

therefore presented as the primary measure of CBF throughout this thesis.   
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3.3 Cardiovascular risk measurements 

Participants underwent all clinic examinations on the same day as MRI.  

Participants were requested to consume no more than an early light breakfast 

prior to arrival at the clinic.   

3.3.1 Anthropometrics 

Weight and height were measured according to a standardized protocol using a 

Tanita Pro BC-418 Body Composition Analyser and a Seca 216 Stadiometer 

respectively and BMI (kg/m2) calculated from this data.   

3.3.2 Blood pressure and heart rate 

Seated brachial BP was measured using an Omron MIT Elite Plus BP monitor 

after 5 minutes of rest.  Clinic BP was calculated in accordance with the 

European Society of Hypertension/European Society of Cardiology Guidelines 

(2013) (189), as the average of the final two of three measurements in the left 

arm unless the difference between arms was >10mmHg in which case the arm 

with the higher BP was used.  Heart rate and mean arterial pressure (MAP) 

were measured using a Pulsecor device (BP+; https://www.uscom.com.au/ ) 

(190).   

3.3.3 Haematocrit 

Hct was measured using an impedance based, direct current sheath flow 

method (Sysmex XE-2100, www.sysmex.co.uk) from a venous blood sample 

drawn on the same morning as the MRI examination.   

3.3.4 Blood analyses 

Blood was analysed for glycosylated haemoglobin (HbA1c), serum total 

cholesterol, high density lipoprotein (HDL) cholesterol and triglycerides.  Low 

density lipoprotein (LDL) cholesterol was calculated using the Friedewald 

equation (191). 

https://www.uscom.com.au/
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3.3.5 Diabetes mellitus 

Diabetes status was determined by the following criteria; diagnosis or 

prescription of diabetes medication ascertained from primary care records at 

SABRE study visits 1 and 2, fasting or oral glucose tolerance test or plasma 

glucose testing ascertained during SABRE study clinic visits 1 and 2 using 

WHO recommendations (192) (n = 81, 61.8%), patient recall of diagnosis or 

taking antidiabetic medication from health questionnaire completed at SABRE 

visit 3 (n = 30, 22.9%), and those with an HbA1c ≥ 48mmol/mol when tested in 

the SABRE study clinic at visit 3 (n = 20, 15.3%).  HbA1c is a measure of 

chronic hyperglycaemia; it is recommended by the International Expert 

Committee (IEC) as the preferred test to diagnose diabetes as it is ‘an accurate, 

precise measure of chronic glycaemic levels and correlates well with the risk of 

diabetes complications(193).  IEC threshold recommendations are: prediabetes 

HbA1c ≥ 42mmol/mol, diabetes ≥ 48mmol/mol.  Recent primary care records for 

participants at visit 3 were not available.  Therefore, although it is acknowledged 

that patient recall is not entirely reliable and HbA1c testing is not the gold 

standard for diabetes diagnosis, these methods of identifying participants ‘with 

diabetes’ were included.  

3.3.6 Demographic information 

Demographic information was gathered from self-administered questionnaires 

received by participants prior to their clinic visit.  These were checked in clinic 

and completed as necessary during the visit. 

3.3.7 Smoking 

Smoking status was determined through self-administered questionnaire.  A 

binary classification of non-smoker/current smoker was used.   

3.3.8 Medications 

Use of anti-hypertensive and lipid lowering medications were ascertained 

through GP records and self-administered questionnaire. 
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3.3.9 Framingham risk score 

The Framingham risk score (FRS) was used as an integrated measure of 

cumulative cardiovascular risk.  Using this algorithm has the advantage of 

minimising the number of parameters in statistical models and integrating 

information from multiple risk factors to represent combined vascular risk. 

The FRS (updated in 2008) was chosen as the most suitable algorithm to use in 

this thesis due to its extensive validation in various populations giving 

confidence that it estimates cumulative vascular risk without introducing 

excessive bias due to ethnicity or gender (194-196)  Although FRS does not 

include adjustment for socio-economic status such as incorporated in the 

ASSIGN algorithm (197), the relative socio-economic homogeneity of the 

SABRE cohort minimizes the influence of this factor and in any case 

assessment of socio-economic status in different ethnic groups is problematic.  

The advantage of algorithms such as FRS lies in its use of weighted coefficients 

to reflect the relative contributions of each factor to total risk.  The FRS 

algorithm was designed as a tool to estimate 10-year absolute risk of 

cardiovascular disease i.e. coronary and cerebrovascular events, peripheral 

artery disease and heart failure.  The model used in this thesis is the updated 

algorithm from D’Agostino et al (2008) (198). There are sex specific algorithms 

reflecting differing risk profiles for men and women.  Each model comprises 

multivariable beta coefficients for age, total cholesterol, HDL-cholesterol, 

untreated systolic BP or treated systolic BP, smoking and diabetes (Table 3-2).  

These variables were found to be statistically significant in Cox proportional-

hazard regressions associating measured cardiovascular disease risk factors 

with incidence of cardiovascular events in the longitudinal Framingham Heart 

and Framingham Offspring Studies (198).  
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10-year baseline 
survival 

Estimated beta coefficient 

 Men Women 

Log of age 3.06117 2.32888 

Log of total cholesterol 1.12370 1.20904 

Log of HDL cholesterol -0.93263 -0.70833 

Log of SBP if untreated 1.93303 2.76157 

Log of SBP if treated 1.99881 2.82263 

Smoking 0.65451 0.52873 

Diabetes 0.57367 0.69154 

Table 3-2. Beta coefficients for Framingham risk score algorithm (198)  
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3.4 Statistical methodology 

Details of statistical methodology are described separately in each chapter of 

this thesis.   

 

Chapters 5 and 6 present stratified analyses in addition to analysis of pooled 

samples.  The rationale for this approach was to avoid confounding by the 

stratifying factor.  All data is shown in order to reveal differences in associations 

regardless of whether the interaction term showed a statistically significant P-

value.  As argued by Amhrein et al (199) and many others, reliance on 

statistical significance can create fallacious binary categorisation of results 

encouraging a failure to appreciate the nuances of the data behind the test.  

Therefore, stratification prompted only by the statistical significance of an 

interaction could potentially miss important distinctions in the associations of 

variables between sexes, ethnicities and cardiovascular status.  Effect 

modification by sex, ethnicity and diabetes were considered to be reasonable a 

priori assumptions in this study as there is much previous evidence to indicate 

the effects of cardiovascular disease on end organ damage vary by these 

factors (200-204).  Although stratification reduces the power of the study due to 

smaller numbers in each sample and therefore P-values more rarely show 

statistical significance, data presented with confidence intervals and effect sizes 

should be inspected where possible to avoid loss of potentially important 

evidence. 
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 . Cortical cerebral blood flow in ageing: 

effects of haematocrit, sex, ethnicity and 

diabetes 

 

4.1 Abstract  

CBF estimates from ASL show unexplained variability in older populations.  This 

chapter studies the impact of variation of Hct on CBF estimates in a tri-ethnic 

elderly population.  PCASL was performed on 493 participants (age 55 - 90) 

from a tri-ethnic community-based cohort.  CBF was estimated using a 

simplified Buxton equation, with and without correction for Hct measured from 

blood samples.  Differences in perfusion were compared, stratified by sex, 

ethnicity and diabetes.  Results of Student’s t-tests were reported with effect 

size (i.e. Cohen’s d, the effect standardized to the standard deviation (SD)).  Hct 

adjustment decreased CBF estimates in all categories except European men.  

The decrease for women was 2.7 (3.0, 2.4) mL/100g/min) (mean (95% 

confidence interval (CI)), P <.001 d = 0.38.  The effect size differed by ethnicity 

with estimated mean perfusion in South Asian and African Caribbean women 

found to be lower by 3.0 (3.6, 2.5) mL/100g/min, P <.001 d = 0.56 and 3.1 (3.6, 

2.5) mL/100g/min), P <.001 d = 0.48, respectively.  Estimates of perfusion in 

participants with diabetes decreased by 1.8 (2.3, 1.4) mL/100g/min, P<.001 d = 

0.23) following Hct correction.  Correction for individual Hct altered sample 

frequency distributions of CBF values, especially in women of non-European 

ethnicity.  ASL derived CBF values in women, non-European ethnicities and 

individuals with diabetes are overestimated if calculations are not appropriately 

adjusted for individual Hct.  
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4.2 Introduction 

ASL is an MRI technique increasingly used in research and clinical settings to 

calculate CBF non-invasively (205).  It has been recognised that ASL can 

provide an early biomarker for dementia, cognitive decline and small vessel 

disease (78, 80, 82, 85, 168, 206, 207).  Despite statistical differences between 

groups, e.g. AD, MCI and normal ageing, clinical applications have been 

hampered by unexplained inter-subject variability (208);(209). 

 

Deriving quantitative perfusion values from the raw MRI signal requires 

application of a model containing several assumptions that relate to 

physiological properties of the blood and tissues.  The white paper 

recommendations of the ISMRM and the European Consortium for ASL in 

Dementia propose PCASL with a single PLD and slice timing correction, and 

the application of a simplified Buxton equation for quantification of CBF (42, 

210).  In this model, 1650ms is recommended as the longitudinal relaxation time 

of blood (T1blood) at 3T.  This has been derived from a linear relationship 

between Hct and blood T1 found in experiments under appropriate physiological 

conditions (187), assuming an average adult Hct of 43.5% (42).   

 

However, there are well recognised sources of variation in Hct between and 

within populations that may render CBF estimation inaccurate if these factors 

are excluded from the model (209) (208).  Hct varies by sex with females 

typically having lower Hct than males (211).  Most studies show a lower Hct in 

blacks than Asians compared to whites (212, 213), although an earlier study  

found this varied according to age and was not applicable in some younger 

participants (men aged 15 -24) (214).  Higher Hct levels have been associated 

with obesity (211) and have also been associated with risk of developing 

diabetes (215).  Diabetic patients with long standing disease may have 

decreased Hct, possibly due to diabetic nephropathy causing erythropoietin 

deficiency (216), or malabsorption of vitamin B12 as a side-effect of long term 

treatment with Metformin (217). 
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The purpose of this study was to identify the variability in cortical CBF using 

ASL, to investigate the influence of Hct on the estimation of CBF, and to 

determine how this impacts on the associations of CBF with age, sex, ethnicity 

and diabetes. 

4.3 Materials and methods 

See Chapter 3 ‘General methods‘ (pp 81 - 91) for study sample, MRI acquisition 

and processing methods, and collection of cardiovascular data. 

4.3.1 Statistical analysis 

Analysis was performed using STATA 14.2 (College Station, Texas).  All 

analyses were stratified by sex and ethnicity.  Continuous data are presented as 

mean and standard deviation (SD) or median (interquartile range) for skewed 

data; categorical data are counts and percentages. 

 

Paired Student’s t-tests were used to test for statistical significance between the 

two methods of CBF calculation.  Pearson’s correlation coefficient was 

computed to quantify linear correlations between Hct and CBF estimates, 

residuals were inspected to look for evidence of linearity or heteroskedasticity.  

Comparisons by sex and ethnicity were performed using 2-way analysis of 

variance (ANOVA), followed by individual group-wise comparisons using 

Fisher’s least significant difference (LSD) test if ANOVA was significant (P<.05).  

Multiple linear regression analyses were performed to assess participant 

characteristic associations with Hct levels with further adjustment for potential 

confounders, age, mean arterial pressure, diabetes, HbA1C, LDL cholesterol, 

HDL cholesterol and BMI, chosen a priori.  Sample frequency distributions of 

CBF calculated with and without correction for individual Hct were analysed 

using univariate kernel density estimates.  
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4.4 Results  

4.4.1 Participant characteristics 

Table 4-1 shows the basic characteristics of the sample stratified by sex and 

ethnicity.  The sample comprised 493 individuals of whom 40% (n = 196) were 

women.  Women were younger than men (women mean age ±SD, 69.7 ±6.4 

years; men 72.9 ±5.2 years; P<.001).  White Europeans represented 46% of the 

sample, South Asians 35% and African Caribbeans 19%.  27% of participants 

had type 2 diabetes. 
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 Participant characteristics n All Men Women European 
South 
Asian 

African 
Caribbean 

Sex, n (female) 493 493 (196) 297 196 226 (78) 175 (67) 92 (51)** 

Age, years  493 71.6 ±5.9 72.9 ±5.2 69.7 ±6.4** 72.1 ±5.8 70.8 ±5.6** 72.0 ±6.7 

Diabetes (Y), n (%) 493 133 (27) 80 (27) 53 (27) 39 (17) 65(37) 29 (32)** 

HbA1c, mmol/mol 486 41.7 ±9.2 41.2 ±8.3 42.5 ±10.3 39.2 ±7.9 43.9 ±8.8** 43.6 ±11.0** 

BMI, kg/m2 489 27.5 ±4.2 27.1 ±3.8 28.2 ±4.8** 27.5 ±4.1 26.4 ±3.7** 29.6 ±4.7** 

Haematocrit, %  493 41.6 ±3.7 43.0 ±3.5 39.5 ±3.0** 42.7 ±3.6 40.8 ±3.7** 40.7 ±3.4** 

Total cholesterol, mmol/L 492 4.7 ±1.1 4.5 ±1.0 5.1 ±1.1** 4.8 ±1.1 4.5 ±1.0** 4.8 ±1.1 

LDL, mmol/L 492 2.5 ±0.9 2.4 ±0.9 2.7 ±0.9** 2.6 ±0.9 2.3 ±0.9** 2.5 ±1.0 

HDL, mmol/L 492 1.60 ±0.5 1.5 ±0.4 1.8 ±0.5* 1.6 ±0.5 1.5 ±0.4** 1.8 ±0.6** 

Systolic BP, mmHg 485 141.2±17.9 141.9±17.4 140.2±18.6 138.0 ±18.2 144.7±18.4**  142.4±14.5* 

Diastolic BP, mmHg 480 79.6 ±8.3 79.6 ±8.4 79.4 ±8.0 79.7 ±8.0 78.6 ±7.8 80.9 ±9.5 

Heart rate, min-1 481 64.1 ±11.1 62.4 ±10.9 66.7 

±10.9** 

64.5 ±10.8 63.4 ±11.0 64.7 ±12.1 

MAP, mmHg 480 97.0 ±10.0 97.0 ±10.0 96.9 ±10.0 96.7 ±10.1 96.4 ±9.9 98.6 ±10.0 

Anti-hypertensive medications(Y) n(%) 493 283 (57) 183 (62) 100 (51)** 101 (45) 119 (68)** 63 (69)** 

Lipid lowering medications (Y) n (%) 493 238 (48) 138 (47) 100 (51) 120 (53) 64 (37)** 54 (59) 

Table 4-1. Participant characteristics; data are mean ± SD or number of observations (n) (%). *P<0.05, **P<0.01 
compared to reference (male/Europeans) by Fisher’s LSD test after analysis of variance (ANOVA) 
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4.4.2 Haematocrit 

The mean (SD) Hct of our sample was 41.6% (3.7).  This is lower than the 

population mean Hct of 43.5% suggested in [9], from which a T1blood of 1650ms 

at 3T had been calculated.  South Asian men had a mean Hct of 42.0% (3.6), 

lower than either white European (43.8% (3.4)) or African Caribbean men 

(43.0% (3.5)).  Both South Asian (38.8% (3.1)) and African Caribbean women 

(38.8% (2.4)) had lower mean Hct than European women (40.6% (3.0)), (Figure 

4-1).  Age was not associated with Hct (r = 0.06, P = 0.2) (Figure 4-2).   

 

 

 

Figure 4-1. Boxplot showing median, interquartile range, upper and lower 
adjacent values and outside values for Hct by sex and ethnicity. ** = 
P<0.01 by 2-way analysis of variance followed by Fisher’s LSD test. 
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Figure 4-2. Scatterplot with line-fit and Pearson’s correlation coefficient (r) 
showing correlation of age and Hct, by sex 
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4.4.3 Cerebral blood flow  

Table 4-3 shows results for CBFfixed and CBFHct models stratified by sex, 

ethnicity and diabetes.  As a result of correction for individually measured Hct 

when calculating T1blood, CBFHct values were lower than CBFfixed values in all 

categories of sex and ethnicity except for European and African Caribbean men 

(Figure 4-3).  Age was not associated with CBF (men, r = 0.01, P = .861; 

women, r = 0.09, P = .237) (Figure 4-4). 

 

 

Figure 4-3. Boxplot showing median, interquartile range, upper and lower 
adjacent values and outside values for CBF without correction for 
individual haematocrit (CBFfixed ) and CBF with correction for individual 
haematocrit (CBFHct), by sex and ethnicity. * = P <0.05, **=P <0.01 by 2 way 
analysis of variance followed by Fisher’s LSD test  
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.

 

Figure 4-4. Scatterplot with line-fit and Pearson’s r showing correlation of 
age (years) and CBF (mL/100g/min) by sex. 

 

Figure 4-5 demonstrates the inverse linear relationship of Hct with CBFfixed and 

CBFHct models.  This relationship is attenuated with use of the CBFHct model 

although some association of Hct with CBF in men remained (r = -0.18, P = 

.002).  Further adjustment for potential confounders of mean arterial blood 

pressure, BMI, diabetes and dyslipidemia did not affect this relationship when 

entered in a regression model (B =  -0.3, , CI -0.6, -.05 mL/100g/min, P = .020) 

(Table 4-2). (note: Model 2 has fewer participants due to missing cardiovascular 

data).   

 

Introduction of individualised Hct into CBF estimation altered the distributions of 

cortical CBF values in this elderly population for all ethnicities (Figure 4-6).  The 

mean perfusion difference between models was greater for women in all ethnic 
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categories than men, with a mean decrease for women of 2.7 mL/100g/min 

(5.4% of the CBFfixed value), (t = 17.1, CI: 3.0, 2.4 mL/100g/min, P < .001, 

d=0.38).  The perfusion difference for African Caribbean women was -

3.1mL/100g/min (6.5% decrease from the CBFfixed  value), (t = 10.4, CI: -3.6, -

2.5 mL/100g/min, P < .001, d= 0.48), and for South Asian women it was -3.0 

mL/100g/min (6.2% decrease from the CBFfixed  value), (t = 10.9, CI: -3.6, -2.5 

mL/100g/min, P < .001, d= 0.56).  South Asian men were the only male 

category displaying a significant difference between models with a perfusion 

difference of -1.0mL/100g/min (2.0% decrease from the CBFfixed value) (t = 4.3, 

CI: -1.5, --2.0 mL/100g/min, P < .001, d= 0.14).  Figure 4-7 provides an 

example of CBF maps illustrating the decrease in CBF estimation of a female 

subject with an Hct of 37.3%.  Application of PVC removed most of the negative 

association of CBF with age in both models (CBFfixed, r = -0.02, P = 0.7, and 

CBFHct, r = 0.00, P = 0.2).  Adjustment for Hct did not significantly alter this 

relationship. 
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 Model 1 Model 2 

Observations (n) 493  466  

Adjusted R2 0.26  0.28  

 B (95% CI) P B  (95% CI) P 

Age (years)  -0.06 (-0.10, -0.01) .017 -0.04  (-0.09 , 0.00) .076 

Sex (female) -3.60 (-4.19 , -3.02) <.001 -3.70  (-4.34 , -3.05) <.001 

South Asian -1.80 (-2.45 , -1.14) <.001 -1.67  (-2.36 , -0.98) <.001 

African Caribbean -1.18 (-1.88 , -0.48) .001 -1.15  (-1.87 , -0.44) .002 

Diabetes(Y)     -1.15  (-2.14 , -0.16) .023 

LDL cholesterol (mmol/L)    0.44  (0.10 , 0.78) .012 

HDL cholesterol (mmol/L)    -0.07  (-0.77 , 0.63) .854 

MAP (central)(mmHg)    -0.01  (-0.04, 0.02) .594 

HbA1c (mmol/L)    0.03  (-0.01, 0.08) .160 

BMI (m/kg2)    -0.02  (-0.09 , 0.05) .642 

Table 4-2. Multiple linear regression analyses of associations of demographic and cardiovascular risk factors.  Hct is 
dependent variable, model 1 independent variables are age, sex and ethnicity, model 2 is model 1 + independent 
variables LDL Cholesterol, HDL Cholesterol, mean arterial pressure, HbA1c and BMI. 
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CBF_fixed 

(mL/100g/min) 
CBF_Hct 

(mL/100g/min) 
Difference 

(mL/100g/min) 
Mean 

difference (%) 
P 

Effect 
size 

  n mean SD mean SD mean (95% CI) mean  d 

 All 493 50.1 ±7.9 48.8 ±7.3 -1.3 (-1.5, -1.1) -2.6 <.001 0.17 

 Men 297 50.0 ±8.3 49.6 ±7.6 -0.4 (-0.7, -0.1) -0.8 .005 0.05 

 Women 196 50.2 ±7.2 47.5 ±6.8 -2.7 (-3.0, -2.4) -5.4 <.001 0.38 

European  

All 226 51.8 ±8.3 51.1 ±7.5 -0.7 (-1.0,-0.4) -1.4 <.001 0.09 

Men 148 51.1 ±8.6 51.1 ±7.7  0.0 (-0.5, 0.4) 0.0 .815 0.00 

Women 78 53.2 ±7.6 51.1 ±7.0 -2.1 (-2.6,-1.6) -4.0 <.001 0.29 

South 
Asian  

All 175 49.1 ±7.3 47.3 ±6.7 -1.8 (-2.2, -1.4) -3.7 <.001 0.26 

Men 108 49.4 ±8.1 48.4 ±7.3 -1.0 (-1.5 -0.6) -2.0 <.001 0.14 

Women 67 48.7 ±5.8 45.7 ±5.0 -3.0 (-3.6, -2.5) -6.2 <.001 0.56 

African 
Caribbean
  

All 92 47.6 ±6.7 45.8 ±6.3 -1.8 (-2.3, -1.3) -3.8 <.001 0.29 

Men 41 47.7 ±7.0 47.4 ±6.4 -0.3 (-0.9, 0.3) -0.6 .410 0.04 

Women 51 47.6 ±6.6 44.5 ±6.0 -3.1 (-3.6,-2.5) -6.5 <.001 0.48 

Without 
diabetes 

 377 50.5 ±7.8 49.4 ±7.2 -1.1 (-1.4,-0.8) -2.2 <.001 0.15 

With 
diabetes 

  116 49.0 ±8.3 47.2 ±7.5 -1.8 (-2.3,-1.4) -3.7 <.001 0.23 

Table 4-3. Comparison of CBF without correction for individual haematocrit (CBF_fixed) and CBF with correction for 
individual Hct (CBF_Hct) by sex, ethnicity and diabetes diagnosis.   Data are mean ± SD, except difference (95% CIs), 
mean difference (%).  P values were calculated using a Student’s t-test. Effect size is Cohen’s d. 
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Figure 4-5. Scatterplots showing the effect of correction for individual Hct on the correlation between Hct and cortical 
CBF in men and women.  Left figure shows CBFfixed, right figure shows CBFHct.
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Figure 4-6. Kernel density (kdensity) plots of CBF without correction for individual Hct (CBFfixed) and CBF with 
correction for individual Hct (CBFHct) by sex and ethnicity. 
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Figure 4-7. CBF maps overlaid on segmented T1w without and with adjustment for measured Hct.  The subject was a 
white European woman with an Hct of 37.3%.
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4.4.4 Diabetes 

People with diabetes had a mean (SD) Hct of 40.7% (4.1) compared to 42.0% 

(3.5) for those without diabetes.  The perfusion difference between CBF models 

of people with diabetes was -1.8 mL/100g/min (3.7% of the CBFfixed value) (t = 

7.8, CI: -2.3, -1.4 mL/100g/min, P < .001, d= 0.23), whereas those without 

diabetes only displayed a difference of -1.1mL/100g/min (2.2% of the CBFfixed 

value) (t = 8.4, CI: -1.4, -0.8 mL/100g/min, P < .001, d= 0.15) (Figure 4-8).   

 

 

Figure 4-8. Boxplot showing median, interquartile range, upper and lower 
adjacent values and outside values for CBF without correction for 
individual Hct (CBF_fixed) and CBF with correction for individual Hct 
(CBF_Hct) by diabetes status. . * = P <0.05, ** = P <0.01 by Student’s t-test.  
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4.5 Discussion 

This study has shown that Hct levels differ according to sex and ethnicity and 

that this influences CBF estimated from ASL.  Importantly, failure to adjust 

T1blood according to sex and ethnic variation in Hct leads to a significant 

overestimation of CBF in women and non-European populations.  Although 

other studies have investigated the effect of Hct on CBF estimation with ASL in 

sickle cell (218) and neonatal (219) groups, this is, to the best of my knowledge, 

the first study to address this in a community based elderly multi-ethnic 

population. 

 

A study by Parkes et al (220) using continuous ASL found females had higher 

grey matter CBF than males by 13%.  It seems likely that failure to measure 

individual Hct influenced these observations.  This study found a similar 

difference in CBF between European men and women (+ 9.1% for women) 

when neither Hct nor PVC were accounted for, but this difference was 

completely abolished by correction for Hct and PVC.  Following correction for 

PVC and Hct, CBF was slightly lower for women than men in South Asian 

(-5.6%) and African Caribbean (-6.0%) ethnicities.  This finding is broadly 

aligned with an 15O PET study where differences in CBF between sexes that 

were evident in younger participants were not apparent in participants older 

than 65 years (221).  It has been suggested that CBF differences by sex in 

young participants are due to high oestrogen levels in females causing CBF 

fluctuations during the menstrual cycle (222).  Our large elderly sample scanned 

with age-appropriate parameters such as a long PLD and with CBF calculated 

using individualised values is likely to provide a more accurate reflection of true 

physiological differences than studies that have used a ‘one size fits all’ 

protocol. 

 

This study also demonstrated that the utilisation of individually measured Hct in 

the calculation of T1blood reduced the inverse correlation between CBF and Hct 

as expected.  However, some association remained in men even after 

adjustment for mean arterial blood pressure, diabetes, and dyslipidemia.  
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Increased CBF is an expected response to decreases in haemoglobin (and thus 

Hct) as a mechanism to sustain cerebral metabolic rate of oxygen levels 

(CMRO2) as demonstrated by Ibaraki et al. (223).  It has also been suggested 

that higher Hct levels and concomitant increases in blood viscosity may 

influence capillary flow due to alterations in functional shunting (13).  The higher 

Hct levels found in men may provide an explanation why this study found some 

association between Hct and CBF only in men as increasing Hct increases 

blood viscosity in a non-linear relationship, and it has been suggested increased 

viscosity decreases CBF(224).  

 

Lower values of Hct in those with diabetes indicate that further investigation 

using larger samples is warranted to investigate the interactions of sex, 

ethnicity, Hct and the effect of diabetes on CBF.  It should be noted that 

differences in CBF by ethnicity may be confounded by the greater prevalence of 

diabetes in South Asians (37%) and African Caribbeans (32%) compared to 

Europeans (17%)(Table 4-1) and these relationships warrant further 

investigation. 

 

Investigation of the association of age and CBF, which had yielded conflicting 

evidence in previous studies (225) (220) (226) was not the main aim of our 

study.  However, it is noteworthy that this study found an association between 

age and CBF in the non-partial volume corrected data which disappeared 

following partial volume correction.  A likely explanation for this is decreased 

brain volume in older participants which makes the ASL perfusion data more 

prone to partial volume effects with non-perfused CSF, thereby leading to an 

artificial CBF decrease.  However, PVC may introduce overestimation of cortical 

CBF particularly in examinations hampered by head movement or poor SNR, 

either in the T1 structural images used for segmentation, or in the ASL 

acquisition which as a subtraction technique is particularly susceptible to 

movement artefact.  Some movement inevitably remains in a large population 

study of elderly individuals and this may be a potential source of under or 

overestimation of partial volume corrected CBF in our cohort. 
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Despite a more diverse ethnic sample, our cortical CBF values are comparable 

to previous studies using PCASL on elderly, community-dwelling populations 

(78, 206).  PCASL has some limitations when applied to elderly participants.  

One factor affecting CBF quantification is blood velocity relative to the labelling 

plane.  Any discrepancies from the expected range of blood velocities due to 

vascular pathologies such as internal carotid stenosis or vessel tortuosity might 

result in reduced labelling efficiency and therefore CBF underestimation.  Our 

study used 2D PCASL, rather than a 3D technique, which may be liable to 

decreased SNR due to longer T1 blood relaxation in slices near the vertex due 

to sequential slice acquisition (227), despite using slice-timing correction.  

Inefficiency of background suppression pulses during multiple slice acquisitions 

may also have affected the ASL signal. 

 

The main strength of this study was its large community-based, elderly, 

ethnically diverse sample studied in a single centre so that all protocols were 

consistently applied throughout.  Limitations of the study include a potential 

selection bias towards healthy individuals who were willing and able to attend 

the research clinic.  Another limitation was the absence of direct T1blood 

measurements, although this was mitigated by the use of a previously published 

model to account for the effect of Hct (42).  Hct is the main determinant of 

T1blood, but other factors such as serum ferritin and HDL-cholesterol may also 

contribute to a minor extent (228).  Measurement of arterial rather than venous 

Hct would have been more appropriate to estimate CBF.  However, measuring 

arterial Hct in clinic was impractical and it was considered that venous and 

arterial Hct were closely related and importantly, that venous Hct could be 

sampled consistently (229).  Although T1blood can be easily directly measured in 

the left ventricle and has lower test-retest variability compared to measured Hct 

(230), comparable sequences in the brain are more challenging due to partial 

volume effects, blood velocity and pulsatility in the measured vessel (219, 231).   
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Our findings suggest that research studies using ASL to measure CBF should 

routinely measure Hct to adjust T1blood, especially in inhomogeneous samples.  

Alternatively, substitution of an appropriate sex and ethnicity specific Hct value 

derived from population group means or direct measurement of T1blood during 

MRI would improve accuracy of CBF measurement.  Further research is 

warranted into whether adjustment to the Hct value in CBF models to 

accommodate demographic and pathological differences provides stronger 

associations with cerebrovascular disease, dementia and cognitive decline than 

previous models using a fixed mean Hct value.  Results from previous studies 

may need to be interpreted with caution where there are ethnic, gender and 

pathological differences in the sample.  Such an approach may improve early 

risk assessment in ethnic groups and identify potentially vulnerable groups such 

as those with known vascular or metabolic disease. 

4.6 Conclusion 

In conclusion, it was demonstrated that CBF values obtained from ASL using a 

fixed Hct mean may lead to systematic errors, resulting most frequently in an 

overestimation of CBF in female participants and non-Caucasian ethnicities.  It 

is important to be aware of this when using CBF threshold values to assess 

disease status or severity.  This applies not only to the discrimination between 

normal ageing and neurogenerative diseases such as AD but could potentially 

also influence discrimination between high and low-grade brain tumours (232) 

or the determination of penumbral threshold values in stroke (233).  These 

conclusions suggest that whenever possible, individualised measures of Hct 

should be included in CBF calculations by ASL. 
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 . Associations of cardiovascular risk with 

cerebral blood flow in a tri-ethnic elderly 

population cohort. 

 

5.1 Abstract 

The aim of this chapter is to investigate the relationships of CBF and 

cardiovascular risk in a multi-ethnic elderly population with a high prevalence of 

diabetes.  It was hypothesised that increased cardiometabolic risk (i.e. diabetes 

and VRFs) would be associated with lower CBF, but these relationships would 

be moderated by sex, ethnicity and diabetes status.  485 participants from the 

SABRE study underwent a battery of cardiovascular tests and brain MRI 

including ASL perfusion scans.  CBF was calculated using the formula including 

individually measured Hct described in Chapter 4 of this thesis.  Multiple linear 

regression analyses were conducted using CBF as the outcome, with 

demographic variables, cardiovascular measurements and a derived composite 

cardiovascular risk score (FRS) as predictors.   

 

Based on main effects analyses of the whole sample, women had lower CBF 

than men.  South Asians and African Caribbeans had lower CBF than 

Europeans and participants with diabetes had lower CBF than those without 

diabetes.  FRS and systolic BP were negatively associated with CBF.  HDL 

cholesterol was positively associated with CBF.  Stratified analyses based on 

sex revealed a more complex pattern of associations.  There was evidence that 

the association between increased systolic BP and lower CBF was stronger in 

men than women, while the association of FRS with CBF was moderated by 

both ethnicity and sex.  The patterns of association between diabetes and CBF 

varied by ethnicity suggesting a difference in cardiovascular phenotypes in 

individuals without diabetes.  
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Results indicate diabetes and cardiovascular risk are associated with CBF in 

older age, but ethnicity and sex moderate these relationships.  Previous work 

on more homogenous populations and analysis that has not investigated group 

effect modification may lack generalisability and miss important differences in 

sex and ethnic groups in the management of cognitive changes in the elderly.  
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5.2 Introduction 

Studies of elderly subjects have shown increased severity of cognitive 

impairment to be associated with decreased CBF in memory clinic patients (78-

82, 126).  Although the shared risks of cardiovascular disease and cerebral ill 

health in old age have been extensively explored, their associations remain 

complex and mechanisms are not entirely understood.  For example, 

hypertension has been strongly associated with cerebrovascular disease, but its 

effect appears to be moderated by a number of conditions such as sex, age, 

disease duration, age of onset, BP lowering medication, and genetic factors 

(103, 118, 119, 126).  Diabetes has been linked with reduced brain volumes 

(234), but there is mixed evidence regarding its association with SVID (235) 

(236) and lower brain perfusion (134, 135, 139).  It is not clear whether there is 

a synergistic effect of multiple VRFs on neurovascular disease.  Furthermore, 

there is sparse evidence for the roles of ethnicity and sex as effect modifiers in 

these relationships.  Differing vulnerabilities of ethnic and gender groups remain 

under-investigated despite evidence suggesting variable relationships between 

cerebral outcomes and level of vascular risk.  For example, high BP has been 

associated with reduced CBF in men but not women in a SPECT study 

measuring cerebral perfusion (126).  Ethnic differences in relation to the impact 

of vascular risk have been found in a number of studies.  A study in the US 

found African Americans to have higher volumes of DWMHs in association with 

cardiovascular disease compared to Americans of European descent (237).  

Another study found increased microvascular dysfunction in African Caribbeans 

with diabetes compared to Europeans even after adjustment for cardiovascular 

risk (201).  Similarly, the SABRE study found excess stroke risk in South Asians 

and African Caribbeans compared to Europeans that could not be entirely 

explained by differences in metabolic risk factors (238).  Clarification of 

demographic differences in such associations should be used to underpin 

evidence-based treatment decisions aimed at reducing the prevalence, 

progression and severity of cognitive dysfunction resulting from cardiovascular 

poor health and neurovascular disease.   
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This chapter examines the relationships of cortical perfusion with vascular risk 

measured in older age.  485 individuals from a tri-ethnic community-based 

cohort underwent a battery of cardiovascular tests and brain MRI.  Separate 

measures of vascular risk adjusted for other vascular risk and demographic 

covariates were used to assess associations with CBF.  Secondly, a composite 

score of multifactorial vascular risk ,the FRS, was entered in models in order to 

evaluate the impact of aggregated vascular risk on CBF.  Cerebral perfusion 

was estimated using CBF calculated from ASL using the method described in 

chapter 4.  It was hypothesised that higher levels of VRFs would be associated 

with lower CBF, and that sex, ethnicity and diabetes would modify these 

associations. 

5.3 Materials and methods 

See Chapter 3: ‘General Methods’ (pp81-91) for study sample, MRI acquisition 

protocol, MRI post-processing and cardiovascular data collection methods. 

5.3.1 Statistical analysis 

All statistical analyses were performed using STATA 14.2 (College Station, 

Texas).   

5.3.1.1 Descriptive statistics 

Cardiovascular characteristics were compared by sex and ethnicity.  

Continuous data are presented as mean ± SD, categorical data are numbers 

and percentages.  Frequency histograms were inspected to check for normal 

distribution of continuous variables. 

5.3.1.2 Statistical testing 

Tests for significance used unpaired 2-tailed Student’s t tests for continuous 

variables for independent variable groups with 2 levels and Pearson Chi2 for 

categorical variables.  Differences between 3 ethnic groups were assessed by 

ANOVA for continuous variables followed by individual group-wise comparisons 

using Fisher’s LSD test if ANOVA was significant at P <.05.  Since ANOVA was 

used as a permissive test no adjustment was made for multiple testing.  
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Firstly, bivariate analyses were performed to evaluate unadjusted associations 

of continuous covariates (correlations) with CBF prior to modelling with multiple 

linear regression.  Boxplots were inspected for relationships of categorical 

variables with CBF.  Bivariate associations between a predictor and an outcome 

may be due to an omitted confounder associated with both variables.  Further 

analysis was therefore performed using multiple linear regression models to 

provide estimates of relationships corrected for the influence of possible 

confounding variables.  Inclusion of multiple variables in models (i.e. 

‘adjustment’) estimates the association between predictor and outcome with all 

other variables in the model ‘held constant’ at their average value -hence it 

(potentially) estimates the unconfounded association between predictor and 

outcome.   

 

Cortical CBF adjusted for PVC and individually measured Hct was the 

dependent variable in multiple linear regression models.  Descriptions of each 

multiple linear regression model are listed in Table 5-1 and Table 5-2.  CBF 

corrected for both Hct and partial volume was used as the outcome as it was 

considered to be the most accurate measurement of CBF in our ethnically 

diverse, elderly sample who were subject to brain atrophy and variation in Hct.  

As suggested in Chapter 4, variance in Hct affects CBF estimation due to its 

influence on the calculation of blood T1.  PVC aims to adjust for partial volume 

effects which are particularly common in elderly participants due to age-related 

brain atrophy.  Independent variables were either single VRFs in addition to 

demographic variables, or FRS, a composite measure of cumulative 

cardiovascular risk constructed from multiple vascular risk factors.  Use of 

composite algorithms such as the FRS enable the combination of multiple 

continuous and categorical VRFs to make a single continuous variable.  The 

aim is to capture any additional risk resulting from the presence of multiple 

VRFs and to enable construction of simple and stable models.  Demographic 

variables of age and sex were not added to FRS models due to their inclusion in 

the FRS algorithm.  VRFs in the single factor models were selected a priori on 

the basis of their inclusion in the FRS (198).  Beta coefficients are reported in 
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unstandardized form with their 95% confidence intervals to reduce reliance on 

statistical significance.  Partial eta2 values are shown to aid comparison 

between variables of different units and to indicate the strength of an effect by 

showing the amount of variance in the model accounted for by a specific 

variable.  Eta2 was calculated using the STATA ‘esize’ command which calls 

SSEffect/(SSEffect+SSError).  All single factor VRF models were tested for 

significant interactions between VRFs and between VRFs and ethnicity.  Models 

with significant interactions are shown.  Likelihood ratio (LR) tests compared 

nested models for goodness of fit.  The assumptions of linearity and 

homoscedasticity which are implicit to linear regression models were checked 

by inspection of residuals.  Model fit was assessed using the Akaike Information 

Criterion (AIC). Multicollinearity of independent variables were checked by 

variance inflation factor (VIF) tests with VIF >10 taken to indicate major 

multicollinearity.  Results were considered significant at P <.05. 

 

Exploratory analysis indicated that the pooled sample was not homogeneous as 

sex modified some of the relationships between predictors and outcome 

variables.  Therefore, secondary stratified analyses of men and women as 

separate samples were performed (see chapter 3 ‘General Methods’ p101).  

Further analyses of groups with and without diabetes were conducted to detect 

whether presence of diabetes modified the relationship of vascular risk and 

CBF.  
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Dependent Variable: CBF (mL/100g/min) 

 Model 1 Model 2 Model 3 Model 4 

Independent 

variables 

 

Sex 

(If applicable) 

 

Ethnicity 

 

Age (Years) 

 

Sex  

(If applicable) 

 

Ethnicity 

 

Age (years) 

 

Interaction 

Age*ethnicity 

 

Sex  

(If applicable), 

 

Ethnicity 

 

Age, (years) 

 

Diabetes, (Y/N) 

 

Systolic BP, 

(mmHg) 

 

Antihypertensive 

medication (Y/N) 

 

HDL cholesterol, 

mmol/L 

 

Total cholesterol, 

mmol/L 

 

Smoking(current) 

(Y/N) 

 

 

Sex  

(If applicable), 

 

Ethnicity 

 

Age, (years) 

 

Diabetes, (Y/N) 

 

Systolic BP, 

(mmHg) 

 

Antihypertensive 

medication (Y/N) 

 

HDL cholesterol, 

mmol/L 

 

Total cholesterol, 

mmol/L 

 

Smoking(current)  

(Y/N) 

 

Interaction 

Diabetes*ethnicity* 

 

Interaction 

Age*ethnicity** 

 

Sample  
    

All 1a 2a 3a 4a(I)*, 4a(Ii)** 

Men 1b 2b 3b 4b(I)*, 4b(Ii)** 

Women 1c 2c 3c 4c(I)*, 4c(Ii)** 

Diabetes 1d - 3d - 

No diabetes 1e - 3e - 

Table 5-1. Key to multiple linear regression models using vascular risk 
factors as predictor variables, * and ** denote interaction models.  
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Dependent Variable: CBF (mL/100g/min) 

 Model 5 Model 6 

Independent 
variables 

 

Ethnicity 

 

Framingham risk score 

 

Ethnicity 

 

Framingham risk score  

Interaction 

Ethnicity*Framingham 
risk score 

Sample    

All 5a 6a 

Men 5b 6b 

Women 5c 6c 

Diabetes 5d 6d 

No Diabetes 5e 6e 

Men, with diabetes 5f 6f 

Men, no diabetes 5g 6g 

Women, with 
diabetes 

5h 6h 

Women, no diabetes 5i 6i 

Table 5-2. Key to multiple linear regression models using FRS as predictor 
variable.  
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5.4 Results 

Basic characteristics and cardiovascular characteristics are presented in Table 

5-3 and Table 5-4 (all participants), Table 5-5 and Table 5-6 (men), Table 5-7 

and Table 5-8 (women).   

5.4.1 Demographic characteristics 

40% of the sample were women.  The mean (SD) age was 71.6 years (±5.9) 

with a range of 55 -90 years.  Women were on average ~3 years younger than 

men, mean (SD) 69.7 (± 6.4) years, compared to 72.9 (± 5.2) years.  There 

were fewer South Asians (35%) and African Caribbeans (19%) than Europeans 

(46%) (Figure 5-1).  South Asians were slightly younger than Europeans or 

African Caribbeans, mean (SD) (70.8 (± 5.6) years; 72.1 (± 5.8) years; 72.0 (± 

6.7) years, respectively. 

 

 

 

Figure 5-1. Pie chart of distribution of sample by ethnic group (% of 
sample).  

46%

36%

18%

European South Asian African Caribbean
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5.4.2 Cardiovascular characteristics  

Histograms depicting the distributions of continuous cardiovascular variables 

are shown in Figure 5-2 (FRS), Figure 5-3 (age), Figure 5-4 (SBP), Figure 5-5 

(HDL cholesterol) and Figure 5-6 (total cholesterol).   

 

 

Figure 5-2. Histogram with normal density overlay, showing distribution of 
FRS, pooled sample. 
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Figure 5-3. Histogram with normal density overlay, showing distribution of 
age, pooled sample. 

 

Figure 5-4. Histogram with normal density overlay, showing distribution of 
systolic BP, pooled sample. 
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Figure 5-5. Histogram with normal density overlay, showing distribution of 
HDL cholesterol, pooled sample 

 

Figure 5-6. Histogram with normal density overlay, showing distribution of 
total cholesterol pooled sample. 
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27% of the sample were classified ‘with diabetes’.  Participants ‘with diabetes’ 

were equally distributed between sexes but there was a lower prevalence in 

Europeans (18%) than South Asians (38%) or African Caribbeans (30%).  The 

majority of South Asians and African Caribbeans took anti-hypertensive 

medication (69%), compared to 44% of Europeans.  61% of African Caribbeans 

took lipid lowering medication compared to 53% of Europeans  and 36% of 

South Asians.  Very few participants were current smokers.  Women had higher 

BMI than men in all ethnicities.  They also had higher LDL, HDL and total 

cholesterol.  The mean (SD) systolic BP of European women (133 mmHg, 

±18.9) was lower than all other groups including European men (140 mmHg, 

±17.5), South Asian women (146.2 mmHg ±18.5) and African Caribbean 

women (142.2 mmHg, ±15.3).  Diastolic BP was more uniform across both 

sexes and all ethnicities. 

 

5.4.3 Framingham risk score  

Figure 5-7 shows median and interquartile range (IQR) of FRS by sex and 

ethnicity.  The mean (SD) FRS was 25.6% (±15.0) risk of a cardiovascular 

event in 10 years.  Overall men had much higher scores than women.  South 

Asians had higher mean (SD) FRS (28.6% ± 16.1) than Europeans (23.9% ± 

14.3) or African Caribbeans (23.7% ±13.5).  Amongst men, South Asians had 

the highest mean (SD) FRS (35.4% ±15.1), despite being the youngest male 

group, followed by African Caribbeans (30.1% ±13.7) and Europeans (29.6% 

±13.8).  European women had the lowest mean (SD) FRS (12.9% ±6.9) 

compared to South Asian (17.1% ±11.0) and African Caribbean women (18.4% 

±10.9).   
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Figure 5-7. Boxplot showing FRS by sex and ethnicity. Data show median 
(solid white line), IQR (solid blue block), upper and lower adjacent values, 
(i.e. 1.5 x nearest IQR range), (whiskers), and outliers (dots).
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Categorical 
variables 

(Pooled sample) 
 

European South Asian African Caribbean  

n n (%) n n (%) n n (%) P 

n = 485 223 (46) 173 (36) 89 (18) <.001** 

Sex (female) 223 76 (34) 173 65 (38) 89 49 (55) .002 

Diabetes (Y) 223 39 (18) 173 65 (38) 89 27 (30) <.001 

Anti-hypertensive 
medication (Y) 

223 99 (44) 173 119 (69) 89 61 (69) <.001 

Lipid lowering 
medication(Y) 

223 119 (53) 173 63 (36) 89 54 (61) <.001 

Smoking, (current) 223 9 (4) 173 3 (1.7) 89 3 (3) .419* 

Stroke (Y) 223 7 (3) 173 3 (1.7) 89 4 (5) .581* 

Myocardial 
infarction (Y) 

223 8 (4) 171 9 (5) 89 1 (1) .297* 

Table 5-3: Demographic and cardiovascular characteristics for categorical variables by ethnicity.  Data are number of 
observations and (%). Tests for significance use Chi square or *Fisher’s exact, **uses chi square goodness of fit.  P 
<0.05 shown in bold.   
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Continuous variables  

(Pooled sample) 

European South Asian  African Caribbean  

 

n mean (SD) n mean (SD) P n mean (SD) P 

Age, years 223 72.1 (±5.8) 173 70.8 (±5.6) .024 89 72.3 (±6.5) .864 

Framingham risk score, % 223 23.9 (±14.3) 173 28.7 (±16.1) .002 89 23.7 (±13.5) .896 

HbA1c, mmol/mol 220 39.2 (±7.8) 169 43.9 (±8.9) <.001 89 43.62 (±10.7) <.001 

BMI, kg/m2 223 27.5 (±4.1) 173 26.4 (±3.7) .006 89 29.6 (±4.4) <.001 

Haematocrit, % 223 42.7 (±3.6) 173 40.8 (±3.8) <.001 89 40.8 (±3.4) <.001 

Total cholesterol, mmol/L 223 4.8 (±1.1) 173 4.5 (±1.0) .002 89 4.9 (±1.1) .746 

LDL, mmol/L 222 2.6 (±0.9) 172 2.3 (±0.9) .011 89 2.5 (±1.0) .825 

HDL, mmol/L 223 1.6 (±0.5) 173 1.5 (±0.4) .005 89 1.8 (±0.6) .001 

Systolic BP, mmHg 223 138.0 (±18.2) 173 144.7 (±18.4) <.001 89 142.4 (±14.5) .048 

Diastolic BP, mmHg 223 78.2 (±10.3) 173 78.9 (±10.1) .511 89 79.6 (±9.2) .260 

Heart rate, bpm 216 64.5 (±10.9) 170 63.5 (±11.0) .350 87 64.8 (±12.1) .845 

MAP, mmHg 215 96.6 (±10.1) 170 96.6 (±9.8) .968 87 98.7 (±10.0) .103 

Table 5-4. Demographic and cardiovascular characteristics for continuous variables by ethnicity, pooled sample.  Data 
are mean ±SD.  Tests for significance are compared to reference (white Europeans) by post hoc Fisher’s LSD test after 
ANOVA. P <0.05 shown in bold 
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Categorical 
variables 
(men) 

European South Asian African Caribbean  

n n (%) n n (%) n n (%) P 

n = 295 147 (50) 108 (37) 40 (14) <.001** 

Diabetes (Y) 147 29 (20) 108 43 (40) 40 7 (18) .001 

Anti-hypertensive 
medication (Y) 

147 75 (51) 108 36 (33) 40 25 (63) <.001 

Lipid lowering 
medication (Y) 

147 77 (48) 108 63 (36) 40 25 (63) .001 

Smoking, (current) 147 4 (3) 108 3 (3) 40 1 (3) .1.00* 

Stroke (Y)) 147 7 (5) 108 2 (2) 40 1 (3) .498* 

Myocardial 
infarction (Y) 

147 7 (5) 108 9 (8) 40 1 (3) .366* 

Table 5-5. Demographic and cardiovascular characteristics for categorical variables by ethnicity (men), Data are 
number of observations and (%). Tests for significance use Chi square or *Fisher’s exact, **uses chi square 
goodness of fit.  P <0.05 shown in bold. 
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Continuous variables 
(men) 

European South Asian  African Caribbean  

n mean (SD) n mean (SD) P n mean (SD) P 

Age, years 147 73.1 (±5.3) 108 72.4 (±4.8) .273 40 73.8 (±5.7) .421 

Framingham risk score,% 147 29.6 (±13.8) 108 35.4 (±15.1) .002 40 30.1 (±13.7) .847 

HbA1c, mmol/mol 147 39.3 (±7.2) 108 44.2 (±9.0) <.001 40 39.4 (±7.6) .930 

BMI, kg/m2 147 27.7 (±3.9) 108 25.8 (±3.1) <.001 40 28.0 (±4.0) .709 

Haematocrit, % 147 43.8 (±3.4) 108 42.0 (±3.6) <.001 40 43.2 (±2.8) .364 

Total cholesterol, mmol/L 
147 

4.5 ( ±0.9) 108 4.3 (±1.0) 
.030 40 

4.8 (±1.3) .137 

LDL, mmol/L 146 2.4 (±0.8) 108 2.3 (±0.9) .243 40 2.5 (±1.1) .351 

HDL, mmol/L 147 1.5 (±0.4) 108 1.4 (±0.3) .006 40 1.8 (±0.6) .003 

Systolic BP, mmHg 147 140.0 (±17.5) 108 144 (±18.4) .097 40 142.6 (±13.7) .429 

Diastolic BP, mmHg 147 78.9 (±9.9) 108 78.5 (±10.6) .761 40 78.4 (±9.9) .522 

Heart rate, bpm 143 63.8 (±10.7) 106 61.7 (±10.6) .128 38 59.5 (±11.9) .031 

MAP, mmHg 143 96.7 (±10.0) 106 96.3 (±10.0) .735 38 99.1 (±10.0) .169 

Table 5-6. Demographic and cardiovascular characteristics for continuous variables by ethnicity, (men). Data are mean 
±SD.  Tests for significance are compared to reference (Europeans) by post hoc Fisher’s LSD test after one-way 
ANOVA. P <0.05 shown in bold.
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Categorical 
variables (women) 

European South Asian African 
Caribbean 

 

n n (%) n n (%) n n (%) P 

n = 295 76 76 (40) 65 65 (34) 49 49 (26) .052**. 

Diabetes (Y) 76 10 (13) 65 22 (34) 49 20 (41) .001 

Anti-hypertensive 
medication (Y) 

76 24 (32) 65 37 (57) 49 36 (74) <.001 

Lipid lowering 
medication (Y) 

76 42 (55) 65 27 (42) 49 29 (59) .124 

Smoking, (current) 76 5 (7) 65 0 (0) 49 2 (4) .080 

Stroke (Y) 76 0 (3) 65 1 (2) 49 3 (6) .040 

Myocardial 
infarction (Y) 

76 1 (1) 65 0 (0) 49 0 (0) 1.000 

Table 5-7. Demographic and cardiovascular characteristics for categorical variables by ethnicity, (women).  Data are 
number of observations and (%). Tests for significance use Chi square or *Fisher’s exact, **uses chi square goodness 
of fit.  P <0.05 shown in bold. 
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Continuous Variables 
(Women) 

White European South Asian  African Caribbean  

n mean (SD) n mean (SD) P n mean (SD) P 

Age, years 76 70.3 (±6.3) 65 68.2 (±5.8) .047 49 72.9 (±6.9) .562** 

Framingham Risk 
Score, (%) 

76 12.9 (±6.9) 65 17.1 (±11.0) .004 49 18.4 (±10.9) .002 

HbA1c, mmol/mol 73 39.1 (±9.1) 61 43.5 (±8.7) .012 49 46.4 (±11.9) <.001 

BMI, kg/m2 76 27.1 (±4.6) 65 27.5 (±4.3) .602 49 30.8 (±4.4) <.001 

Haematocrit, % 76 40.6 (±3.0) 65 38.7 (±3.1) <.001 49 38.8 (±2.5) .001 

Total Cholesterol, 
mmol/L 

76 5.3 (±1.1) 65 4.8 (±1.0) .004 49 4.9 (±1.0) .020 

LDL, mmol/L 76 2.9 (±1.0) 64 2.5 (±0.9) .004 49 2.6 (±0.9) .032 

HDL, mmol/L 76 1.8 (±0.5) 65 1.7 (±0.4) .117 49 1.9 (±0.5) .496 

Systolic BP, mmHg 76 133.9 (±18.9) 65 146.2 (±18.5) <.001 49 142.2 (±15.3) .012 

Diastolic BP, mmHg 76 76.9 (±11.1) 65 79.5 (±9.4) .118 49 79.3 (±10.1) .188 

Heart Rate, bpm 73 66.0 (±11.3) 64 66.4 (±11.0) .812 49 68.9 (±10.5) .146 

Mean Arterial Pressure, 
mmHg 

72 96.3 (±10.3) 64 97.0 (±9.5) .705 49 98.2 (±10.2) .310 

Table 5-8. Demographic and cardiovascular characteristics for continuous variables by ethnicity, (women). Data are 
mean ±SD.  Tests for significance are compared to reference (white Europeans) by post hoc Fisher’s LSD test after one-
way ANOVA. P <0.05 shown in bold. 
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5.4.4 Characteristics of cerebral blood flow 

Table 5-9 and Table 5-10 show a summary of CBF by sex, ethnicity and 

diabetes status.  The normal distributions of CBF are shown in histograms by 

pooled sample (Figure 5-8) and by sex (Figure 5-9, men, and Figure 5-10, 

women).   

 

 

Figure 5-8. Histogram with normal density overlay, showing distribution of 
CBF, pooled sample. 
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Figure 5-9 Histogram with normal density overlay, showing distribution of 
CBF,(men). 

 

Figure 5-10. Histogram with normal density overlay, showing distribution 
of CBF, (women). 
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The mean (SD) CBF corrected for Hct and PVC was 48.8 (±7.3) mL/100g/min).  

There were statistically significant differences between men (49.6 (±7.6) 

mL/100g/min) and women (47.5 (±6.8) mL/100g/min) (P = .002), and between 

ethnicities; European (51.1 (±7.5)) South Asian (47.3 (±6.7)) African Caribbean 

(45.8 (±6.3)) mL/100g/min (P <.001) (Figure 5-11).  South Asian and African 

Caribbean women had lower CBF than their male counterparts whereas both 

male and female Europeans had a mean CBF of 51.1 mL/100g/min.  The lowest 

CBF was found in African Caribbean women (44.5 (±6.0) mL/100g/min (Figure 

5-11).  The mean CBF for the group with diabetes (47.2 (7.5) mL/100g/min) was 

lower than those without diabetes (49.4 (7.2) mL/100g/min) (P = .003)) (Figure 

5-12). 

 

Figure 5-11. Boxplot showing CBF by sex and ethnicity. *P<.05, ** P<.001. 
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Figure 5-12. Boxplot showing CBF by sex and diabetes status. * P<.05, 
**P<.001. 
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CBF (mL/100g/min) European South Asian P African Caribbean P 

 n mean ±SD n mean ±SD  n mean ±SD  

All, n = 485 223 51.1 ±7.5 173 47.3 ±6.7 <.001 89 45.8 ±6.3 <.001 

Men, n = 295 147 51.1 ±7.7 108 48.4 ±7.3 .004 40 47.4 ±6.4 .007 

Women, n =190 76 51.1 ±7.0 65 45.7 ±5.0 <.001 49 44.5 ±6.0 <.001 

Table 5-9. CBF by sex. Data are mean ±SD.  Tests for significance are compared to reference (Europeans) by post hoc 
Fisher’s LSD test after one-way ANOVA, P<0.05 shown in bold. 

 

CBF (mL/100g/min) No Diabetes Diabetes P 

 n mean ±SD n mean ±SD  

All, n = 485 354 49.4 ±7.2 131 47.2 ±7.5 .003 

Men, n = 295 216 50.0 ±7.5 79 48.6 ±7.6 .193 

Women, n =190 138 48.5 ±6.6 52 45.0 ±6.9 .001 

Table 5-10. CBF by diabetes status. Data are mean ±SD.  Tests for significance use 2 sample unpaired Student’s t-test, 
P<0.05 shown in bold.
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5.4.5 Associations of cardiovascular risk factors with 

cerebral blood flow 

5.4.5.1 Bivariate analysis 

In a bivariate analysis of continuous variables using Pearson’s correlation 

coefficient r, there was a statistically significant correlation between higher 

systolic BP and lower CBF.  This correlation persisted in sex stratified groups. 

(Table 5-11).  The negative correlation of total cholesterol with CBF and the 

positive correlation of HDL cholesterol with CBF were stronger in women than 

men suggesting heterogeneity of effect and therefore investigation of 

interactions of VRFs and sex should be explored. 

 All (n=485) Men (n=295) Women (n=190) 

 r P r P r P 

Age (years)   0.00 .961 -0.01 .883 -0.08 .292 

Systolic BP, mmHg -0.20 <.001 -0.23 <.001 -0.16 .024 

HDL cholesterol, mmol/L   0.06 .179 0.08 .188 0.13 .066 

Total cholesterol, mmolL -0.03 .565 -0.06 .315 0.15 .040 

FRS, % -0.12 .008 -0.22 <.001 -0.26 <.001 

Table 5-11: Bivariate analysis, correlations of CBF and continuous 
cardiovascular risk factors in all participants and stratified by sex, P<0.05 
shown in bold. 

 

5.4.5.2 Multiple linear regression models 

5.4.5.2.1 Pooled sample 

Models including demographic independent variables 

i. Associations of CBF with sex and ethnicity 

In a model adjusted for age and ethnicity (model 1a, Table 5-12,) women had 

~2 mL/100g/min (B -1.78, P=.009, [95%CI -3.12, -0.44] mL/100g/min) lower 

CBF than men although the effect size was small (1%).  After adjustment for 
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age and sex, South Asian ethnicity was associated with ~ 4 mL/100g/min lower 

CBF (B -3.87, P<.001, [95%CI -5.26, -2.47] mL/100g/min) and African 

Caribbean ethnicity with ~ 5 mL/100g/min lower CBF (B -5.12, P<.001; 

[95%CI -6.86, - 3.38] mL/100g/min) compared to Europeans.   

 

ii. Associations of CBF with age 

Age was not associated with CBF in the main effects model adjusted for sex 

and ethnicity (model 1a, Table 5-12).  An LR test showed the addition of the 

interaction term age*ethnicity did not improve the fit (model 1a and 2a, Table 

5-12, Figure 5-13) as the data were equally likely under both models (LR test 

chi2 2.02(2) P = .364), (AICs were 3264.155 and 3266.134 respectively). 

 

 

Figure 5-13. Predictive margins plot showing CBF by age, pooled sample 
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Dependent variable is cortical CBF (mL/100g/min)  

Pooled sample Model 1a Model 2a 

Observations n = 485    n = 485    

Adjusted R2 0.10     0.13     

 B (95% CI) 

 

P eta2 B (95% CI) P eta2 

Sex (female) - 1.78 -3.12, -0.44 .009 .01 -1.74 -3.09, -0.40 .011 .01 

Age (years) -0.06 -0.17, 0.06  .324 .00 -0.14 -0.30, 0.02 .089 .00 

Ethnicity     .09     .01 

South Asian -3.87 -5.26, -2.47 <.001  -14.90 -32.50, 2.70 .097  

African Caribbean -5.12 -6.86, -3.38 <.001  -16.26 -36.20, 3.68 .110  

Interaction        .00 

South Asian*age 

(years) 

- - - - 0.15 -0.02, 0.40 .218  

African 

Caribbean*age 

(years) 

- - - - 0.15 -0.12, 0.43 .271  

Table 5-12 .Multiple linear regression models for dependent variable cortical CBF, demographic independent 
variables(all participants): shows unstandardized beta coefficients and eta2 ,P<0.05 in bold. 
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Models including vascular risk factors as independent variables 

i. Main effects models 

When VRFs were added to the model (model 3a, Table 5-13), the relationships 

of age, sex and ethnicity with CBF were maintained although ethnic differences 

in CBF were modestly attenuated.  An increase in systolic BP of 1 mmHg was 

associated with 0.6 mL/100g/min decrease in CBF (B -0.06, P=.001, 

[95%CI -0.10, -0.03] mL/100g/min), while 1 mmol/L increase in HDL cholesterol 

was associated with a 1.88 mL/100g/min increase in CBF (B 1.88, P =.011, 

[95%CI 0.43, 3.32] mL/100g/min).  Diabetes was also associated with a small 

decrease in CBF (B -1.21, P=.111, [95%CI -2.69, 0.28] mL/100g/min).  

However, the effect sizes of these covariates were small, each accounting for 

~1 to 2% of the sample variance in CBF. 

 

ii. Models with interaction terms 

In a model adjusted for VRFs with the interaction term ethnicity*diabetes, 

(model 4a(i)) Table 5-14 and Table 5-15), there was a trend in Europeans and 

African Caribbeans but not in South Asians, for participants with diabetes to 

have lower CBF than those without diabetes.  Adding both interaction terms 

age*ethnicity and diabetes*ethnicity did not improve the fit of the model 

including VRFs after an LR test (LR chi2 7.24(4) P=.124 (AIC 3252.743, 

3253.507) (Table 5-15, Figure 5-14).
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Dependent variable is cortical CBF (mL/100g/min) 

Pooled sample Model 3a 

Observations n = 485    

Adjusted R2 0.13     

 B (95% CI) P eta2 

Sex (female) -2.11 -3.49, -0.72 .003 .02 

Age (years) -0.04 -0.15, 0.08  .538 .00 

Ethnicity     .07 

South Asian -2.98 -4.47, -1.53 <.001  

African Caribbean -4.89 -6.65, -3.12 <.001  

Diabetes (Y) -1.21 -2.69, 0.28  .111 .01 

Systolic BP, increase 

1mmHg 
-0.06 -0.10, -0.03 .001 .02 

Antihypertensive 

medication (Y) 
-0.36 -1.78, 1.08  .622 .00 

HDL cholesterol, 

increase 1mmol/L  
 1.88 0.43, 3.32 .011 .01 

Total cholesterol, 

increase 1mmol/L 
-0.43 -1.12, 0.26 .221 .00 

Smoking (Y) -0.16 -3.72, 3.39 .928 .00 

Table 5-13. Multiple linear regression models using single cardiovascular 
risk factors (all participants): shows unstandardized beta coefficients and 
eta2 ,P<0.05 in bold.
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Dependent variable is cortical CBF (mL/100g/min) 

Pooled Sample Model 4a(i) 

Observations n = 485    

Adjusted R2  0.14     

 B (95% CI) 

 

P eta2 

Sex( female) -1.93 -3.32, -0.53 .007 .02 

Age (years) -0.03 -0.14, 0.09 .630 .00 

Ethnicity     .05 

South Asian -3.82 -5.51, -2.14 <.001  

African Caribbean -4.37 -6.38, -2.35 <.001  

Diabetes (Y) -2.13 -4.54, 0.29 .084 .01 

Systolic BP, increase 1mmHg -0.06 -0.10, -0.03 .001 .02 

Antihypertensive medication (Y) -0.36 -1.79, 1.06 .620 .00 

HDL cholesterol, increase 

1mmol/L  
1.79 0.35, 3.24 .015 .01 

Total cholesterol, increase 

1mmol/L 
-0.46 -1.15, 0.23 .194 .00 

Smoking (Y) -0.65 -4.22, 2.92 .720 .00 

Interaction    .01 

Diabetes (Y)*South Asian 2.68 -0.53, 5.85 .102  

Diabetes(Y)*African Caribbean -1.40 -5.32, 2.52 .482  

Table 5-14. Multiple linear regression models for dependent variable 
cortical CBF, single cardiovascular risk factors and diabetes/ethnicity 
interaction terms (all participants): shows unstandardized beta 
coefficients and eta2 ,P<0.05 in bold.  
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Figure 5-14. Mean linear predictions of CBF by ethnicity and diabetes 
status (all participants) with 95% CIs adjusted for all covariates (see 
model 4a(i), (Table 5-14).  
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Dependent variable is cortical CBF (mL/100g/min) 

Pooled sample  Model 4a(ii)  

Observations n = 485      

Adjusted R2 0.14       

 B (95% CI) P eta2 

Sex (female) 
-1.86 -3.26, -0.45 0.010 

.01 

Age (years) -0.11 -0.27, 0.06 0.196 <.01 

Ethnicity .01 

South Asian 
-14.93 -32.38, 2.51 0.093 

 

African Caribbean -13.60 -33.24, 6.04 0.174  

Diabetes (Y) -2.03 -4.45, 0.40 0.101 .01 

Systolic BP, increase 

1mmHg 
-0.06 -0.10, -0.02 0.001 .02 

Antihypertensive 

medication (Y) 
-0.39 -1.81, 1.03 0.588 <.01 

HDL cholesterol, 

increase 1mmol/L  
1.81 0.36, 3.25 0.014 .01 

Total cholesterol, 

increase 1mmol/L 
-0.51 -1.20, 0.19 0.151 <.01 

Smoking (Y) -0.59 -4.16, 2.98 0.747 . <.01 

Interaction <.01 

Age (years)*South 

Asian 
0.15 -0.09, 0.40 0.210 

 

Age(years)*African 

Caribbean 0.12 -0.14, 0.40 0.353 
 

Interaction .01 

Diabetes (Y)*South 

Asian 
2.60 -0.60, 5.79 0.111 

 

Diabetes(Y)*African 

Caribbean 
-1.52 -5.45, 2.41 0.449  

Table 5-15. Multiple linear regression model for dependent variable 
cortical CBF, single cardiovascular risk factors and diabetes/ethnicity and 
age/ethnicity interaction terms (all participants): shows unstandardized 
beta coefficients and eta2 ,P<0.05 in bold. 
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5.4.5.2.2 Stratified analyses 

5.4.5.2.2.1 Stratification by sex 

Models including demographic independent variables 

i. Main effects models 

In models stratified by sex and adjusted for age and ethnicity (models 1b and 

1c, Table 5-16 and Table 5-17), the adjusted R2 of the women’s model was .21, 

with ethnicity accounting for almost all of the explained sample variance in CBF.  

African Caribbean women had ~7mL/100g/min (B 7.02, P<.001, [95%CI -9.26, -

4.82] mL/100g/min) and South Asian women ~ 6mL/100g/min (B 5.92, P<.001, 

[95%CI -7.97, -3.68] mL/100g/min) lower CBF than European women.  The 

men’s model had a smaller adjusted R2 of .03 which was also largely explained 

by ethnic differences.  African Caribbean men had ~3.5mL/100g/min (B 3.61, 

P=.007, [95%CI -6.22, -0.99] mL/100g/min), and South Asian men ~ 

3mL/100g/min (B 2.76, P=.004, [95%CI -4.62, -0.90] mL/100g/min) lower CBF 

than European men. 

 

An LR test between nested models 1c and 2c (Table 5-17) was significant for 

women (LR 6.39(2). P= .041) but not men (LR 0.92(2). P= .632) (models 1b and 

2b, Table 5-16), indicating that ethnicity had a moderating effect on the 

association of age and CBF only in the women’s group (Figure 5-15 and Figure 

5-16).  Although the CBF of European women was higher than other ethnicities 

at younger ages, it decreased by ~ 0.3mL/100g/min per year (B -0.32, P =.005, 

[95%CI -0.53, -0.10] mL/100g/min) until at oldest ages their CBF was at a 

similar level to other ethnicities.  There was a small decrease with age for South 

Asian women, (B 0.29, P =.087, [95%CI -0.04, 0.63] mL/100g/min) and a small 

increase with age for African Caribbean women (B 0.40, P =.018, [95%CI 0.07, 

0.73] mL/100g/min) (model 2c, Table 5-17).  
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Dependent variable is cortical CBF (mL/100g/min)  

Men Model 1b Model 2b 

Observations n = 295    n = 295    

Adjusted R2 0.03     0.04     

 B (95% CI) 

 

P eta2 B (95% CI) P eta2 

Age (years) -0.02 -0.18, 0.15  .839 .00 0.04 -0.19, 0.27 .741 .00 

Ethnicity     .04     .00 

South Asian -2.76 -4.62, -0.90 .004  1.60 -25.55, 28.75 .908  

African Caribbean -3.61 -6.22, -0.99 .007  13.14 -21.77, 48.06 .459  

Interaction        .00 

South Asian*age 

(years) 

- - - - -0.06 -0.43, 0.31 .753  

African 

Caribbean*age 

(years) 

- - - - -0.23 -0.70, 0.25 .344  

Table 5-16. Multiple linear regression models for dependent variable cortical CBF and demographic independent 
variables (men): shows unstandardized beta coefficients and eta2 ,P<0.05 in bold
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Dependent variable is cortical CBF (mL/100g/min)  

Women Model 1c Model 2c 

Observations n = 190    n = 190    

Adjusted R2 0.21     0.23     

 B (95% CI) 

 

P eta2 B (95% CI) P eta2 

Age (years) -0.11 -0.25, 0.03  .133 .01 -0.32 -0.53, -0.10 .005 .01 

Ethnicity     .22     .05 

South Asian -5.92 -7.97, -3.88 <.001  -26.27 -49.50, -3.05 .027  

African Caribbean -7.02 -9.26, -4.82 <.001  -35.22 -58.67, -11.78 .003  

Interaction        .03 

South Asian*age 

(years) 

- - - - 0.29 -0.04, 0.63 .087  

African 

Caribbean*age 

(years) 

- - - - 0.40 0.07, 0.73 .018  

Table 5-17. Multiple linear regression models for dependent variable cortical CBF and demographic independent 
variables (women): shows unstandardized beta coefficients and eta2 ,P<0.05 in bold.
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Figure 5-15. Predictive margins plot showing CBF by age, (men) 

 

 

Figure 5-16. Predictive margins plot showing CBF by age, (women)  
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Models including vascular risk factors as independent variables 

i. Main effects 

In analyses stratified by sex(models 3b and 3c) (Table 5-18) the full model 

including VRFs and demographic covariates accounted for 22% (adjusted R2 

.22) of the variance of CBF in women compared to 7% (adjusted R2 .07) in men.  

The greatest disparity between men and women was the effect size of ethnicity.  

The partial eta2 of ethnicity in women was .17 compared to .03 in the sample of 

men. 

 

The association of systolic BP with CBF was stronger in men (B -0.09, P=.001, 

[95%CI -0.14, -0.04] mL/100g/min) accounting for 4% of CBF variance, a 

relationship that was not evident in women (B -0.01, P=.733, [95%CI -0.06, 

0.04] mL/100g/min).  There was a weak association of HDL cholesterol with 

increased CBF explaining 1 -2% of total variance in both sexes.  No other 

covariates registered effect sizes greater than 1%, nor had confidence margins 

that were indicative of associations with the dependent variable. 
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Dependent variable is cortical CBF (mL/100g/min) 

 Model 3b (Men) Model 3c (Women) 

Observations n = 295    n = 190    

Adjusted R2 0.07     0.22     

 B (95% CI) 

 

P eta2 B (95% CI) P eta2 

Age (years)  0.03 -0.14,  0.20 .737 .00 -0.12 -0.28,  0.03  .108 .01 

Ethnicity     .03     .17 

South Asian -2.02 -3.94, -0.11 .038  -5.20 -7.72,-3.17 <.001  

African Caribbean -3.59 -6.20,-0.97 .007  -6.46 -9.07,-4.28 <.001  

Diabetes (Y) -0.81 -2.82,1.22 .433 .00 -1.52 -3.72, 0.59  .154 .01 

Systolic BP, increase 

1mmHg 

-0.09 -0.14,-0.04 .001 .04 -0.01 -0.06, 0.04   .733 .00 

Antihypertensive 

medication (Y) 

-0.62 -2.59,  1.36 .540 .00 -0.35 -2.33,  1.70  .759 .00 

HDL cholesterol, 

increase 1mmol/L  

 1.74 -0.31,  3.79 .096 .01  2.07 0.11  4.07  .039 .02 

Total cholesterol, 

increase 1mmol/L 

-0.69 -1.63,  0.26 .156 .01 -0.38 -1.35,  0.65  .492 .00 

Smoking (Y)  0.91 -4.29,  6.10 .731 .00  -1.28 -6.23  3.47  .574 .00 

Table 5-18. Multiple linear regression models stratified by sex using single cardiovascular risk factors, (men and 
women) unstandardised beta coefficients and eta2, P<0.05 in bold. 
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ii. Models with interaction terms 

Sex stratified models revealed a difference in the interaction between diabetes 

and ethnicity in men and women (Table 5-19 & Table 5-20).  Diabetes in 

European women was associated with ~5mL/100g/min lower CBF (B 5.07, 

P=.017, [95%CI -9.24, -0.91] mL/100g/min) compared to European women 

without diabetes, and ~ 2.5mL/100g/min lower CBF (B 2.53, P=.351, [95%CI -

2.81, 7.86] mL/100g/min in African Caribbean women with diabetes compared 

to African Caribbean women without diabetes.  In European and South Asian 

men, and South Asian women there was no convincing evidence of a difference 

in CBF in association with their diabetes status. However African Caribbean 

men with diabetes had ~ 4.6mL/100g/min lower CBF compared to African 

Caribbean men without diabetes (B 3.98, P=.242, [95%CI -10.66, 2.70] 

mL/100g/min) although confidence margins were wide (Figure 5-17 and Figure 

5-18, Table 5-19, Table 5-20).  

 

The model including only men was not improved by the addition of both 

interaction terms age*ethnicity and diabetes*ethnicity (model 4b(ii) Table 5-21), 

adjusted R2 remained .7.  The adjusted R2 of the women’s model (model 4c(ii) 

Table 5-22)  rose to .25 from .23 reflecting the negative association of age with 

CBF in women of European ethnicity, and the decrease in CBF of Europeans 

and African Caribbean women with diabetes which was not evident in South 

Asian women.   
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Dependent variable is cortical CBF (mL/100g/min) 

 Model 4b(i) (Men) Model 4c(i) (Women) 

Observations n = 295    n = 190  

Adjusted R2  0.07     0.23  

 B (95% CI) 

 

P eta2 B (95% CI) 

 

P eta2 

Age (years) 0.02 -0.14, 0.19 .775 .00 -0.09 -0.24,0.07 .263 .01 

Ethnicity     .03    .07 

South Asian -2.24 -4.52, 0.04 .054  -6.70 -9.17,-4.23 <.001  

African Caribbean -2.91 -5.78, -0.04 .047  -6.64 -9.38, -3.90 <.001  

Diabetes (Y) -0.59 -3.63, 2.45 .703 .01 -5.07 -9.24, -0.91 .017 .02 

Systolic BP, increase 1mmHg -0.09 -0.14, -0.04 .001 .04 -0.02 -0.07,0.04 .533 .00 

Antihypertensive medication (Y) -0.54 -2.52, 1.45 .595 .00 -0.57 -2.57, 1.44 .578 .00 

HDL cholesterol, increase 

1mmol/L  
1.80 -0.25, 1.45 .086 .01 1.95 -0.02, 1.44 .053 .02 

Total cholesterol, increase 

1mmol/L 
-0.68 -1.63, 0.27 .161 .01 -0.42 -1.41, 0.57 .405 .00 

Smoking (Y) 0.69 -4.55, 5.93 .796 .00 -2.18 -7.03, 2.66 .375 .00 

Interaction    .01    .03 

Diabetes (Y)*South Asian 0.40 -3.73, 4.53 .849  6.24 0.10, 11.48 .020  

Diabetes(Y)*African Caribbean -3.98 -10.66, 2.70 .242  2.53 -2.81, 7.86 .351  

Table 5-19. Multiple linear regression models stratified by sex using single cardiovascular risk factors with interaction 
term diabetes*ethnicity, unstandardized beta coefficients and eta2, P<0.05 in bold.



 

 

 

1
6

3
 

 European South Asian African Caribbean 

 margin 
(mean) 

(95% CI) margin 
(mean) 

(95% CI) margin 
(mean) 

95% CI 

All          

Diabetic 49.21 47.02, 51.40 47.94 46.19, 49.70 42.64 39.99, 45.28 

Non-Diabetic 51.38 50.35, 52.41 47.40 46.08, 48.71 46.88 45.12, 48.64 

Men          

Diabetic 50.46 47.77, 53.14 48.61 46.32, 50.91 43.57 38.07, 49.06 

Non-Diabetic 51.04 49.68, 52.40 48.80 47.00, 50.60 48.14 45.57, 50.70 

Women          

Diabetic 46.83 42.93, 50.72 46.36 43.67, 49.06 42.71 39.93, 45.50 

Non-Diabetic 51.90 50.33, 53.46 45.20 43.35, 47.05 45.26 43.00, 47.51 

Table 5-20. Marginal means for cortical CBF according to diabetes status by sex and ethnicity data derived from Table 
5-14 and Table 5-19. 
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Figure 5-17 Mean linear predictions of CBF by ethnicity and diabetes 
status (men) with 95% CIs, adjusted for all covariates (see model 4b(i) 
Table 5-19.) 

 

Figure 5-18. Mean linear predictions of CBF by ethnicity and diabetes 
status (women) with 95% CIs, adjusted for all covariates (see model 4c(i) 
Table 5-19).
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Dependent variable:  cortical CBF (mL/100g/min) 

Men Model 4b(ii) 

Observations n = 295     

Adjusted R2 0.07      

 B (95% CI) P eta2 

Age (years) 0.07 -0.16, 0.30 .546 <.01 

Ethnicity . <.01 

South Asian -1.38 -28.08, 25.32 .919  

African Caribbean 16.10 -18.24, 50.44 .357  

Diabetes (Y) -0.59 -3.64, 2.45 .702 .01 

Systolic BP, increase 

1mmHg 
-0.09 -0.14, -0.04 .001 .04 

Antihypertensive 

medication (Y) 
-0.54 -2.52, 1.45 .594 <.01 

HDL cholesterol, 

increase 1mmol/L  
1.80 -0.26, 3.87 .086 .01 

Total cholesterol, 

increase 1mmol/L 
-0.65 -1.60, 0.31 .182 .01 

Smoking (Y) 0.72 -4.53, 5.97 .788 <.01 

Interaction     

Age (years)*South 

Asian 
-0.01 -0.38, 0.36 .951 .01 

Age(years)*African 

Caribbean 
-0.26 -0.72, 0.21 .276  

Interaction    .01 

Diabetes (Y)*South 

Asian 
0.43 -3.71, 4.56 .840  

Diabetes(Y)*African 

Caribbean 
-4.13 -10.82, 2.56 .225  

Table 5-21. Multiple linear regression model for dependent variable 
cortical CBF, single cardiovascular risk factors and diabetes/ethnicity and 
age/ethnicity interaction terms (men): shows unstandardized beta 
coefficients and eta2 ,P<0.05 in bold  
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Dependent variable is cortical CBF (mL/100g/min) 

Women Model 4c(ii) 

Observations n = 190    

Adjusted R2 0.25     

 B (95% CI) 

 

P eta2 

Age (years) -0.28 -0.51, -0.05 .020 .01 

Ethnicity     .04 

South Asian -24.19 -48.17,-0.21 .048  

African Caribbean -32.35 -55.80, -8.91 .007  

Diabetes (Y) -4.55 -8.71, -0.40 .032 .02 

Systolic BP, increase 

1mmHg 
-0.02 -0.07, 0.04 .559 <.01 

Antihypertensive 

medication (Y) 
-0.63 -2.62, 1.36 .534 <.01 

HDL cholesterol, 

increase 1mmol/L  
1.83 -0.13, 3.79 .067 .02 

Total cholesterol, 

increase 1mmol/L 
-0.48 -1.47, 0.50 .335 .01 

Smoking (Y) -1.40 -6.27, 3.48 .572 <.01 

Interaction    .03 

Age (years)*South 

Asian 
0.25 -0.09, 0.60 .151  

Age (years)*African 

Caribbean 
0.37 0.04, 0.70 .031  

Interaction    .03 

Diabetes (Y)*South 

Asian 
5.82 0.61, 11.04 .029  

Diabetes (Y)*African 

Caribbean 
1.80 -3.53, 7.13 .506  

Table 5-22. Multiple linear regression model for dependent variable 
cortical CBF, single cardiovascular risk factors and diabetes/ethnicity and 
age/ethnicity interaction terms (women): shows unstandardized beta 
coefficients and eta2 ,P<0.05 in bold
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5.4.5.2.2.2 Stratification by diabetes status 

Models including demographic independent variables 

Sex had a larger effect size in the ‘with diabetes’ group than in the ‘no diabetes’ 

group in models adjusted for demographic variables.  In the ‘with diabetes’ 

sample women had ~3mL/100g/min (B 2.76, P = .055, [95%CI -5.58, 0.64] 

mL/100g/min) lower CBF than men accounting for ~3% of sample variance 

(models 1 d and 1e, Table 5-23).  The effect size of ethnicity was similar in both 

diabetes groups at 8-9% of sample CBF variance. 

 

Models including vascular risk factors as independent variables 

The negative association of systolic BP with CBF had a larger effect size in the 

‘no diabetes’ group (3% of CBF variance) (B -0.07, P = .001, [95%CI -

0.11, -0.03] mL/100g/min) than in the ‘with diabetes’ group (1% of CBF 

variance) (B -0.04, P =.341, [95%CI -0.12, 0.04] mL/100g/min) (models 3d and 

3e, Table 5-24).  HDL cholesterol had a slightly larger positive association, 

explaining 3% of CBF variance in the ‘with diabetes’ group (B 2.75, P = .076, 

[95%CI 0.43, 3.32] mL/100g/min), compared to the ‘no diabetes’ group (B 1.48, 

P = .079, [95%CI -0.17, 3.14] mL/100g/min), (explaining 1% of CBF variance). 
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Dependent variable is cortical CBF (mL/100g/min) 

All participants Model 1d, Diabetes Model 1e, No diabetes 

Observations n = 131    n = 354    

Adjusted R2 0.11     0.09     

 B (95% CI) 

 

P eta2 B (95% CI) P eta2 

Sex (female) -2.76 -5.58,  0.64 .055 .03 -1.28 -2.81, 0.25 .100 .01 

Age (years) -0.14 -0.38, 0.09  .231 .01 -0.02 -0.14, 0.11 .769 <.01 

Ethnicity     .08     .09 

South Asian -2.00 -4.94, -0.92 .178  -4.39 -6.03, -2.75 <.001  

African Caribbean -5.65 -9.42, -1.89 .004  -4.41 -6.40,-2.41 <.001  

Table 5-23. Multiple linear regression models for dependent variable cortical CBF, using demographic covariates. 
shows unstandardised beta coefficients and eta2.  Groups stratified by diabetes status, P<0.05 in bold.  
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Dependent variable is cortical CBF (mL/100g/min) 

All participants Model 3d, Diabetes Model 3e, No diabetes 

Observations n = 131    n = 354    

Adjusted R2 0.11     0.12     

 B (95% CI) 

 

P eta2 B (95% CI) P eta2 

Sex (female) -3.22 -6.22, -0.23 .035 .04 -1.52 -3.13, 0.08 .062 .01 

Age (years) -0.14 -0.39, 0.10  .256 .01  0.01 -0.12, 0.14  .873 <.01 

Ethnicity     .06     .08 

South Asian -1.41 -4.55, 1.72 .374  -3.80 -5.49, -2.12 <.001  

African Caribbean -5.32 -9.32, -1.33 .009  -4.37 -6.40,-2.38 <.001  

Systolic BP, increase 

1mmHg 

-0.04 -0.12, 0.04 .341 .01 -0.07 -0.11,-0.03 .001 .03 

Antihypertensive 

medication (Y) 

-1.19 -1.78, 1.08 .509 <.01 -0.18 -1.74, 1.38  .823 <.01 

HDL cholesterol, 

increase 1mmol/L  

2.75 0.43, 3.32 .076 .03  1.48 -0.17, 3.14 .079 .01 

Total cholesterol, 

increase 1mmol/L 

-0.99 -1.12, 0.26 .204 .01 -0.30 -1.11, 0.49 .457 <.01 

Smoking (Y) -0.41 -3.72, 3.39 .924 <.01 -0.91 -4.89, 3.07 .652 <.01 

Table 5-24. Multiple linear regression models for dependent variable cortical CBF using single cardiovascular risk 
factors (all participants), showing unstandardised beta coefficients and eta2.  Groups stratified by diabetes status. 
P<0.05 in bold.
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5.4.6 Associations of cerebral blood flow with 

Framingham risk score  

5.4.6.1 Bivariate analysis: cerebral blood flow and Framingham 

risk score 

 

Table 5-25 shows a bivariate analysis using Pearson’s correlation coefficient r 

of FRS with CBF by sex, ethnic and diabetes groups.  The correlation of FRS 

and CBF was similar in each sex.  It was much stronger in Europeans than 

South Asians or African Caribbeans.  Scatterplots with linear fit show 

relationships of FRS with CBF by ethnicity in Figure 5-19 and Figure 5-20. 

 

 n Pearson’s r P 

All 485 -0.12 .008 

Men 295 -0.22 <.001 

Women 190 -0.26 <.001 

European 223 -0.22 <.001 

South Asian 173 -0.03 .713 

African Caribbean 89 -0.06 .578 

Diabetes 131 -0.05 .597 

No diabetes 354 -0.09 .111 

Table 5-25. Pearson’s correlation coefficient of FRS with CBF by sex and 
ethnic groups, P<0.05 in bold.
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Figure 5-19. Scatterplot with line fit showing associations of CBF and FRS 
by ethnicity. 
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Figure 5-20. Scatter diagrams with line fit and 95% CIs showing 
associations of CBF and FRS in Europeans (top), South Asians (middle) 
and African Caribbeans (bottom).
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5.4.6.2 Multiple linear regression models 

5.4.6.2.1 Pooled sample 

Models including Framingham risk score and ethnicity as independent 

variables 

i. Main effects 

There was a small decrease of ~ 0.05 mL/100g/min of CBF per 1% increase of 

FRS (B -0.05, P = .020, CI -0.09, -0.01).  On average, South Asians had ~ 3.5 

mL/100g/min lower CBF (B -3.62, P <.001, [CI -5.02, -2.21] mL/100g/min) and 

African Caribbeans ~5.5mL/100g/min lower CBF than Europeans (B -5.51, P 

<.001, [CI -7.23, -3.80] mL/100g/min) after adjustment for FRS (Model 5a, 

Table 5-26).  Ethnicity accounted for 9% of sample variance, whereas the effect 

size of FRS was 1%. 

 

ii. Models including FRS and interaction FRS*ethnicity as independent 
variables 

Ethnicity moderated the association of FRS and CBF (Model 6a, Table 5-26).  

There was a decrease of ~ 0.12 mL/100g/min of CBF for 1% increase of FRS (B 

-0.12, P < .001, [CI -0.18, -0.05] mL/100g/min) in Europeans.  This association 

was weakly positive in African Caribbeans (B 0.09, P = .165, [CI -0.04, 0.21] 

mL/100g/min) and in South Asians (B 0.13, P = .006, [CI 0.04, 0.22] 

mL/100g/min) (Figure 5-21). 
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All participants Model 5a, Dependent variable: cortical 

CBF (mL/100g/min) 

Model 6a, Dependent variable: cortical 

CBF (mL/100g/min) 

Observations 485     485     

Adjusted R2 0.10    0.11    

 B (95% CI) P-value eta2 B (95% CI) P-value eta2 

Ethnicity    .09    .06 

South Asian -3.62  -5.02, -2.21 <.001  -6.92  -9.68, -4.15 <.001  

African Caribbean -5.51  -7.23, -3.80 <.001  -7.62 -11.05, -4.20 <.001  

FRS, % -0.05 -0.09, -0.01 .020 .01 -0.12 -0.18, -0.05 <.001 .01 

Interactions         .02 

FRS(%)*South Asian     0.13 0.04, 0.22 .006  

FRS(%)*African 

Caribbean 

    0.09 -0.04, 0.21 .165  

Table 5-26. Multiple linear regression models (all participants) showing associations of CBF with FRS and ethnicity 
showing unstandardised beta coefficients and eta2, P<0.05 in bold 
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Figure 5-21. Predictive margins plot showing CBF by FRS by ethnicity (all 
participants), model 6a, (Table 5-26)  
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5.4.6.2.2 Stratified Models 

5.4.6.2.2.1 Stratification by sex 

Models including FRS and ethnicity as independent variables 

i. Main effects 

Men and women showed similar negative associations of FRS with CBF 

(B -0.11, P < .001, [CI -0.16, -0.04] mL/100g/min; B -0.10, P = .025, [CI -0.20, -

0.01] mL/100g/min) respectively (Models 5b and 5c, Table 5-27 and Table 

5-28).  Men had higher values of CBF than women across the entire range of 

FRS (Figure 5-22).   

 

Figure 5-22. Scatterplot showing associations of CBF and FRS by sex  

 

After adjustment for FRS, South Asian and African Caribbean women had 

~5mL/100g/min and ~ 6.5mL/100g/min lower CBF than European women 

(B -5.21, P <.001, [CI. -7.27], -3.16 mL/100g/min; B -6.51, P<.001, [CI -

8.75, -4.28] mL/100g/min) respectively.  Although the differences in CBF 

between ethnicities in men was also statistically significant the effect size was 

smaller; 3% of the sample variance compared to 18% in women.  South Asian 
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men had ~ 2mL/100g/min lower CBF (B 2.14, P =.023, [CI. -3.99, -0.29] 

mL/100g/min), and African Caribbean men ~ 3.5mL/100g/min lower CBF (B 

3.57, P = .006, [CI -6.13, -1.01] mL/100g/min) than European men (Figure 5-23 

and Figure 5-24).  
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Figure 5-23 Scatterplot showing associations of CBF and FRS by 
ethnicity, (men). 

 

 

Figure 5-24 Scatterplot showing associations of CBF and FRS by 
ethnicity, (women). 
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ii. Models including FRS and interaction FRS*ethnicity as independent 

variables 

The interaction of ethnicity and FRS had an effect size of 1% in the men’s 

model and 4% in the women’s model (Model 6b, Table 5-27, Figure 5-25).  In 

the analysis of women (Table 5-28, Figure 5-26, model 6c) the strong negative 

association of FRS with CBF in European women (B 0.33, P = .001, 

[CI -0.53, -0.13] mL/100g/min) was not apparent in South Asian or African 

Caribbean women. Analysis of interactions suggests this is unlikely to be a 

chance finding (South Asian*FRS B 0.31, P = .011, [CI 0.07, 0.55] 

mL/100g/min). African Caribbean*FRS B 0.26, P = .045, [CI 0.01, 0.51] 

mL/100g/min) (Model 2c, and Figure 5-26).  The adjusted R2 for the women’s 

model containing the ethnicity*FRS interaction term was .24 whereas the 

adjusted R2 for the men’s model was .07, suggesting a moderate amount of the 

variance in CBF was accounted for in the women’s model. 
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Figure 5-25 Predictive margins plots showing CBF for FRS by ethnicity 
(men) model 5b. 

 

 

Figure 5-26: Predictive margins showing CBF by FRS by ethnicity 
(women), model 5c. 
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Men Model 5b, Dependent variable: cortical 

CBF (mL/100g/min) 

Model 6b, Dependent variable: cortical 

CBF (mL/100g/min) 

Observations 295     295     

Adjusted R 0.07     0.07     

 B (95% CI) P eta2 B (95% CI) P eta2 

Ethnicity     .03     .09 

South Asian -2.14 -3.99, -0.29 .023  -4.90 -9.41, -0.38 .034  

African Caribbean -3.57 -6.13, -1.01 .006  -4.23 -10.42, 1.96 .180  

FRS, % -0.11 -0.16, -0.04 <.001 .04 -0.14 -0.23, -0.06 .001 .03 

Interaction          .01 

FRS(%)*South Asian      0.08 -0.04, 0.21 .191  

FRS(%)*African 

Caribbean 

     0.02 -0.17, 0.21 .813  

Table 5-27 Multiple linear regression models showing associations of CBF with FRS and ethnicity, (men), showing 
unstandardised beta coefficients and eta2, P<0.05 in bold.  



 

 

 

1
8

2
 

Women Model 5c, Dependent variable: cortical 

CBF (mL/100g/min)  

Model 6c, Dependent variable: cortical 

CBF (mL/100g/min) 

Observations 190     190     

Adj-R-squared 0.22     0.24     

 B (95% CI) P eta2 B (95% CI) P eta2 

Ethnicity    .18     .26 

South Asian -5.21 -7.27, -3.16 <.001  -9.57  -13.56, -5.59 <.001  

African Caribbean -6.51  -8.75, -4.28 <.001  -10.00 -14.39, -5.60 <.001  

FRS, % -0.10  -0.20, -0.01 .025 .03 -0.33 -0.53, -0.13  .001 .14 

Interaction        .04 

FRS(%)*South Asian      0.31  0.07, 0.55   .011  

FRS(%)*African 

Caribbean 

     0.26 0.01, 0.51   .045  

Table 5-28. Multiple linear regression models showing associations of CBF with FRS and ethnicity, (women). showing 
unstandardised beta coefficients and eta2, P<0.05 in bold. 
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5.4.6.2.2.2 Stratification by diabetes status 

i. Main effects 

The weak association of FRS with CBF was similar in both ‘no diabetes’ and 

‘with diabetes’ groups (model 5d and 5e (Table 5-29).  South Asians were less 

differentiated from Europeans in the ’with diabetes’ model (B -1.80, P = .228, 

[CI -4.63, -1.11] mL/100g/min) than in the ‘no diabetes’ model (B -4.35, P <.001, 

[CI -6.00, -2.71] mL/100g/min).  In the ‘no diabetes’ group (model 5e) both 

South Asian and African Caribbean ethnicities had ~4.5mL/100g/min lower CBF 

than Europeans (B 4.35, P < .001, [CI -6.00, -2.71] mL/100g/min); B 4.56, P < 

.001, [CI -6.54, -2.58] mL/100g/min) respectively.  The CBF of African 

Caribbeans was lower than either Europeans or South Asians in the ‘with 

diabetes’ group (B 7.15, P < .001, [CI -10.75, -3.56] mL/100g/min) (Table 5-29). 
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All participants Model 5d: Dependent variable: cortical 

CBF(mL/100g/min), with diabetes 

Model 5e: Dependent variable: cortical 

CBF(mL/100g/min), no diabetes 

Observations 131     354     

Adjusted R2 0.10     0.09     

 B (95% CI) P eta2 B (95% CI) P eta2 

Ethnicity    .11     .10 

South Asian -1.80 -4.63, 1.11 .228  -4.35  -6.00, -2.71 <.001  

African Caribbean -7.15 -10.75, -3.56 <.001  -4.56  -6.54, -2.58 <.001  

FRS, % -0.05 -0.12, 0.03 .211 .01 -0.04  -0.10,   0.02 .158 .01 

Table 5-29 Multiple linear regression using samples grouped by diabetes status showing unstandardised and eta2, 
P<0.05 in bold.
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i. Models including FRS and interaction FRS*ethnicity as independent 

variables 

When the interaction term FRS*ethnicity was added to the model in the ‘no 

diabetes’ group (model 6e,Figure 5-27), it provided evidence that the inverse 

association of FRS and CBF in Europeans (B 0.17, P < .001, [CI -0.26, -0.08] 

mL/100g/min) was not seen in other ethnicities; South Asians (B 0.26, P < .001, 

[CI 0.13, 0.40] mL/100g/min); African Caribbeans (B 0.19, P = .023, [CI 0.03, 

0.35] mL/100g/min), effect size 4% (Table 5-30).  The relationship of FRS with 

CBF in the ‘with diabetes’ group did not differ much by ethnicity, where the 

effect size of the interaction term ethnicity*FRS was 1% (model 6d, Table 5-30, 

Figure 5-27). 
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All participants  Model 6d: Dependent variable: cortical 

CBF (mL/100g/min) 

Diabetes 

Model 6e: Dependent variable: cortical  

CBF (mL/100g/min) 

No diabetes 

Observations 131     354     

Adjusted R2 0.09     0.13     

 B (95% CI) P eta2 B (95% CI) P eta2 

Ethnicity    .04     .10 

South Asian  0.47 -6.25, 7.20 .890  -10.07  -13.42, -6.71 <.001  

African Caribbean -8.35 -16.49, -0.22 .044  -8.55 -12.50 -4.60 <.001  

FRS, % -0.03 -0.14, 0.09 .667 .00 -0.17 -0.26, -0.08 <.001 .00 

Interaction    .01     .04 

FRS(%)*South Asian -0.06 -0.22, 0.10 .471   0.26   0.13, 0.40  <.001  

FRS(%)*African 

Caribbean 

  0.05 -0.18, 0.27 .695   0.19  0.03, 0.35  .023  

Table 5-30 Multiple linear regression including ethnicity/FRS interaction terms, samples grouped by diabetes status, 
showing unstandardised beta coefficients and eta2, P<0.05 in bold.
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Figure 5-27. Predictive margins plots showing CBF by FRS by ethnicity in 
groups stratified by diabetes status, all participants, (models 6d and 6e).  
Top figure shows sample with diabetes, bottom figure shows sample 
without diabetes..  
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5.4.6.2.2.3 Stratification by diabetes status and sex 

Models including Framingham risk score and ethnicity as independent 

variables 

i. Main effects 

The associations of FRS and CBF were similar regardless of diabetes status in 

main effects models of men and women (models 5f and 5g, Table 5-31 and 

models 5h and 5i, Table 5-33).   

 

In the ‘with diabetes’ group (model 5h, Table 5-33,) there was little difference in 

CBF between European and South Asian women (B 0.23, P = .931, [CI -5.08, 

5.54] mL/100g/min), and a moderate difference of~3.5mL/100g/min 

CBF(B -3.66, P = .180, [CI -9.06, 1.75] mL/100g/min) between European and 

African Caribbean women.  However, in the ‘no diabetes’ group (model 5i Table 

5-33) both South Asian (B -6.61 P <.001, [CI -8.82, -4.40] mL/100g/min) and 

African Caribbean women (B -6.39, P <.001, [CI -8.90. -3.89] mL/100g/min) 

‘with diabetes’ had ~6.5mL/100g/min lower CBF than European women with 

diabetes, accounting for 25% of the sample variation.   

 

In the group including only men ‘with diabetes’, ethnicity accounted for 7% of 

the sample variance.  African Caribbean men had ~7mL/100g/min (B 7.08, P = 

.022, [CI -13.11, -1.05] mL/100g/min) lower CBF than Europeans and there was 

a moderate difference between South Asian and European men of 

~2mL/100g/min CBF (B 1.85, P = .289, [CI -5.29, 1.59] mL/100g/min).  In the 

‘no diabetes’ group both South Asian and African Caribbean men had ~ 

3mL/100g/min lower CBF than European men (B 2.61, P = .023, 

[CI -4.85, -0.36]) (B 2.79, P = .055, [CI -5.63, 0.06] mL/100g/min) respectively 

with an effect size of .3).  
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ii. Models including FRS and interaction FRS*ethnicity as independent 
variables 
 

There was little association in the ‘no diabetes’ group between FRS and CBF  in 

South Asian men (B 0.26, P = .011, [CI 0.06, 0.47] mL/100g/min), compared to 

a ~0.2mL/100g/min decrease in CBF per 1% FRS increase in European men (B 

0.23, P = .001, [CI -0.36, -0.10] mL/100g/min) and a small  ~1 mL/100g/min 

decrease in CBF per 1% decrease in African Caribbean men (B 0.09, P = .483, 

[CI -0.16, 0.33] mL/100g/min) (model 5g).  In the ‘with diabetes’ group the CBF 

of African Caribbean men increased with increasing FRS (B 0.30, P = .182, 

[CI -0.14, 0.74] mL/100g/min) whereas that of European and South Asian men 

moderately decreased, (B 0. 11, P = .155, [CI -0.26, 0.04] mL/100g/min) (B 

0.11, P = .346, [CI -0.33, 0.12] mL/100g/min) respectively (models 6f and 6g, 

Table 5-32).  

 

The CBF of European women in the ‘no diabetes’ model declined by ~ 

0.3mL/100g/min with each 1% increase in FRS (B 0.29, P = .006, 

CI -0.50, -0.09), whereas African Caribbean women each 1% increase in FRS 

was associated with an increase in CBF of ~ 0.2mL/100g/min (B 0.46, P = .013, 

CI 0.10, 0.83 mL/100g/min) and the CBF of South Asian women was not 

associated with little or no change in FRS (models 6h and 6i,Table 5-34).  The 

moderating effect of ethnicity on the relationship of FRS with CBF was less 

marked in the ‘with diabetes’ model,(model 6h,) which had an R2 of .03 

compared to an R2 of .28 in the ‘no diabetes’ model  but large confidence 

margins due to small sample numbers make interpretation difficult  
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Figure 5-28. Predictive margins plots showing CBF by FRS, by ethnicity 
(men). Top figure shows sample with diabetes, bottom figure shows 
sample without diabetes (Table 5-32). 
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Figure 5-29 Predictive margins plots showing CBF by FRS, by ethnicity 
(women). Top figure shows sample with diabetes, bottom figure shows 
sample without diabetes (Table 5-34). 
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Men Model 5f, Dependent variable: cortical 

CBF (mL/100g/min)  

Diabetes 

Model 5g, Dependent variable: cortical 

CBF (mL/100g/min)  

No diabetes 

Observations 79     216     

Adjusted R2 0.10     0.06     

 B (95% CI) P eta2 B (95% CI) P eta2 

Ethnicity    .07    .03 

South Asian -1.85  -5.29, 1.59 .289  -2.61  -4.85, -0.36 .023  

African Caribbean -7.08  -13.11, -1.05 .022  -2.79  -5.63,  0.06 .055  

FRS, % -0.14  -0.25, -0.03 .012 .08 -0.12  -0.21, -0.03 .010 .03 

Table 5-31. Multiple linear regression using samples grouped by diabetes status (men), showing unstandardised beta 
coefficients and eta2, P<0.05 in bold.  
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Men Model 6f, dependent variable: cortical 

CBF (ml/100g/min)  

Diabetes 

Model 6g, dependent variable: cortical 

CBF (ml/100g/min)  

No diabetes 

Observations 79     216     

Adjusted R2 0.12     0.08     

 B (95% CI) P eta2 B (95% CI) P eta2 

Ethnicity    .07    .05 

South Asian    2.88 -7.58, 13.34 .584  -9.87  -15.85, -3.89 .001  

African Caribbean -19.63 -39.31, 0.04 .050  -5.02 -12.19, 2.16 .170  

FRS,%  -0.11 -0.26, 0.04 .155 .01 -0.23 -0.36, -0.10 .001 .03 

Interaction     .05    .03 

FRS(%)*South Asian  -0.11  -0.33, 0.12  .346   0.26  0.06, 0.47 .011  

FRS(%*African 

Caribbean 

  0.30 -0.14, 0.74  .182   0.09 -0.16, 0.33  .483  

Table 5-32: Multiple linear regression including ethnicity/FRS interaction terms using samples grouped by diabetes 
status (men), showing unstandardised beta coefficients and eta2, P<0.05 in bold
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Women Model 5h, Dependent variable: cortical 

CBF (mL/100g/min)  

Diabetes 

Model 5i, Dependent variable: cortical CBF 

(mL/100g/min) 

No diabetes 

Observations 52     138     

Adjusted R2 0.06     0.25     

 B (95% CI) P eta2 B (95% CI) P eta2 

Ethnicity    .07     .25 

South Asian 0.23 -5.08, 5.54 .931  -6.61  -8.82, -4.40 <.001  

African Caribbean -3.66 -9.06, 1.75 .180  -6.39  -8.90, -3.89 <.001  

FRS, % -0.11 -0.28, 0.06 .206 .03 -0.09  -0.23, 0.05   .187 .01 

Table 5-33. Multiple linear regression using samples grouped by diabetes status (women), showing unstandardised beta 
coefficients and eta2, P<0.05 in bold. 
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Women Model 6h, Dependent variable: cortical 

CBF (mL/100g/min)  

Diabetes 

Model 6i, Dependent variable: cortical 

CBF (mL/100g/min) 

No diabetes 

Observations 52     138     

Adjusted R2 0.03     0.28     

 B (95% CI) P eta2 B (95% CI) P eta2 

Ethnicity    .03     .19 

South Asian -2.19 -15.55, 11.18 .744  -10.29 -14.75, -5.84 <.001  

African Caribbean -6.70 -20.46, 7.07 .332  -12.39 -17.77, -7.01 <.001  

FRS, % -0.25 -0.86, 0.37 .427 .03 -0.29 -0.50, -0.09 .006 .00 

Interaction    .00     .05 

FRS(%)*South Asian 0.14 -0.52, 0.80 .675  0.29 -0.01, 0.59  .057  

FRS(%)*African 

Caribbean 

0.16 -0.51, 0.84 .627  0.46 0.10, 0.83  .013  

Table 5-34. Multiple linear regression including ethnicity/FRS interaction terms using samples grouped by diabetes 
status (women), showing unstandardised beta coefficients and eta2, P<0.05 in bold
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5.5 Discussion 

Vascular risk in elderly populations has been associated with reduced CBF in 

previous studies, but there is limited evidence on the effect of multifactorial 

vascular risk and the moderating effects of sex and ethnicity have not been 

extensively explored.  The current study investigated single VRFs with the aim 

of establishing each variable’s association with CBF, and to evaluate their 

potential role as mediators of associations between ethnicity, sex and cerebral 

perfusion.  A composite score of vascular risk was also used to investigate the 

potential role of synergistic effects of multifactorial vascular risk on CBF. 

 

In order to clarify results and facilitate comparison with previous work, pooled 

sample results are discussed followed by evaluation of stratified analyses.   

 

5.5.1 Study findings  

Pooled sample analyses  

• Cortical CBF was lower in women than men in adjusted models. 

Previous studies have frequently found women to have higher CBF than men 

(127) (220).  Adjustment for individual Hct when estimating CBF and the 

ethnically mixed sample of the present study may account for the disagreement 

of this finding with previous work. 

 

• Age was not associated with cortical CBF.  

This finding agrees with the majority of studies using populations of similar 

restricted age range (127).  Studies that have identified lower CBF in old age 

tend to compare a wide range of young and old age groups or have failed to 

adequately correct for tissue volume (239).  However, stratified analyses 

showed ethnicity and sex were effect modifiers in the relationship of age and 

CBF (see below). 
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• South Asian and African Caribbean ethnicities had lower cortical CBF 

than Europeans in adjusted models.  

The use of individual Hct to estimate CBF may have facilitated detection of 

ethnic differences that have not been noted in previous work.  These 

differences may be due to variation in microvascular damage/dysfunction at the 

same levels of vascular risk, a hypothesis supported by previous studies (200, 

201, 237, 240).  However, an alternative explanation may be that South Asian 

and African Caribbean participants in the SABRE study were first generation 

migrants, most of whom would have experienced different childhood 

circumstances to participants who were born in the UK.  Early influential factors 

may include nutrition, exercise, education and environment.  Future study of 

second-generation migrants would reveal whether ethnic differences in CBF in 

old age persist.   

 

• Systolic BP was negatively associated with cortical CBF  

The association of high BP with lower CBF is broadly aligned with evidence 

from previous studies (120) (119) (126) (118). The small effect size is 

comparable with the DANTE study that found a non-significant 

0.21mL/100g/min decrease in CBF per 10mmHg increase of systolic BP in older 

persons (125).  Endothelial damage as a result of prolonged hypertension is a 

mechanism supported by a substantial body of evidence from previous studies 

and could account for this association (18, 241). 

 

• HDL cholesterol was positively associated with cortical CBF 

The association of lipids with CBF was not in agreement with most comparable 

evidence (127) (242).  Differences in sample characteristics may explain these 

contrasting results. The current study used a larger sample than many previous 

studies so was better powered to detect the small effect size.  It seems a 

reasonable a priori hypothesis that a favourable lipid profile would be 

associated with less atherosclerosis and increased blood flow.  The high 

prevalence of participants taking lipid-lowering medication may have been a 

confounder.  However, exploratory analyses of models including lipid lowering 
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treatment as an explanatory variable did not reveal a relationship between lipid 

lowering treatment and CBF.  The weak association of HDL with CBF was 

similar in stratified models of men and women. 

 

• There was a weak negative association of diabetes with cortical CBF 

after adjustment for vascular risk.  Ethnicity may moderate this 

relationship.   

In the present study European and African Caribbean participants ’with 

diabetes’ had lower CBF than those of the same ethnicity ‘without diabetes’.  

This difference was not evident in South Asians.  However, this finding should 

be viewed with regard to effect modification by sex (discussed below in stratified 

analyses).  Although previous studies have not identified strong associations of 

reduced global brain perfusion with diabetes (133), there is some supporting 

evidence using regional CBF outcomes that indicates participants with diabetes 

have lower regional perfusion (135).  Furthermore, a study on participants under 

a hypercapnic challenge observed increased vasoconstriction in participants 

with diabetes compared to controls, possibly due to endothelial dysfunction 

(243).   

 

• Vascular risk measured using the FRS was negatively associated with 

cortical CBF.   

This finding is consistent with previous investigations that found an inverse 

relationship of aggregate vascular burden and cerebral perfusion (103, 104, 

121, 166).  The total variance in CBF accounted for by the model and the effect 

size of FRS were similar to single factor vascular risk models, suggesting there 

was not a synergistic effect of VRFs on CBF. 

 

• The association of FRS and cortical CBF was moderated by ethnicity. 

Europeans with low aggregate vascular risk measured by FRS had higher CBF 

than South Asians or African Caribbeans with comparable risk scores.  

Europeans experienced a decrease in CBF as vascular risk increased until, at 
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the highest levels of risk, CBF was similar in all ethnic groups.  South Asians 

and African Caribbeans appeared to exhibit a perfusion ‘floor’ effect.  Although 

they had lower CBF at lower levels of vascular risk than Europeans, their CBF 

did not decrease further with increasing FRS.  This phenomenon may be 

explained by decreases in CBF earlier in the life course as a result of earlier 

onset and longer duration of VRFs in non-Europeans.  This finding is 

considered further in sex stratified analyses. 

 

Stratified sample analyses 

Stratification by sex 

• Ethnicity moderated the association of age with CBF in women 

Ageing in European women was associated with a small decrease in CBF.  This 

relationship was not apparent in the men’s model. 

 

• Ethnic differences in CBF were greater in women than men in models 

adjusted for vascular risk. 

There was a moderate difference in cortical CBF between European women 

and South Asian and African Caribbean women.  The difference between 

European men and South Asian and African Caribbean men was smaller.  As 

mentioned previously, non-Europeans in our sample appear to exhibit a 

perfusion ‘floor’ at a younger age. This could imply that South Asian and African 

Caribbean women are more susceptible to microvascular damage in 

comparison to European women.  Further explanations include genetic factors, 

historical, environmental or lifestyle variables omitted from the current study that 

could be determinants of lower CBF.  Investigation of populations with a wider 

age range would reveal whether ethnic variation in CBF is evident in younger 

populations.  
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• The negative association of systolic BP with cortical CBF was only 

observed in men.   

Relatively few comparable studies have conducted secondary analyses by sex.  

However, this finding is in agreement with Waldstein et al (126) who found 

higher BP was associated with lower CBF in men but not women.  One 

explanation may be that men and women in the present sample differed by 

characteristics of hypertension such as longer duration of disease or more 

variable BP.  There may also have been confounding by differing patterns of 

collinearity of age and BP.  However, testing with Pearson’s correlation 

coefficient (r) did not show statistically different relationships of age and systolic 

BP by sex in our sample (appendix Figure 8-1).  Other studies have suggested 

that PP has a greater impact on cerebrovascular damage and, as PP is 

generally higher in men, they may be more susceptible to cerebral vascular 

injury.  Testing of the relationship of PP and age with Pearson’s correlation 

coefficient (r) showed little difference between sexes in the SABRE sample. 

(appendix Figure 8-2).  A possible explanation suggested by previous work (75, 

107, 244) is that mid-life BP is more influential than late life BP on the brain 

changes of old age, information that was not captured in the present study. 

 

• European women with diabetes had lower cortical CBF than non-diabetic 

European women.  There was less difference between African Caribbean 

women with and without diabetes and no difference in South Asian 

women.   

European women ‘with diabetes’ had similar levels of CBF to South Asian and 

African Caribbean women who had similar CBF regardless of their diabetes 

status after adjustment for vascular risk.  The same patterns appeared in men, 

but the trend was weaker. 

 

• The association of FRS and cortical CBF was moderated by ethnicity in 

women. 

European women displayed an association of declining CBF with increasing 

FRS which was not observed in South Asian or African Caribbean women.  This 
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association was similar to the pattern of moderation of age and CBF by ethnicity 

in the women’s stratified sample.  This result suggests the ‘age’ component of 

the FRS algorithm is mainly responsible for this association.  In contrast there 

was a smaller association of FRS and CBF in men which was not moderated by 

ethnicity.   

 

Stratification by diabetes status 

• The moderating effect of ethnicity on the relationship of FRS and cortical 

CBF in the ‘no diabetes’ group was not evident in the ‘with diabetes’ 

group.   

Findings from analyses stratified by diabetes status should be treated with 

caution due to small sample sizes, wide confidence margins and small effect 

sizes.  Diabetes status in this cohort may also be subject to misclassification as 

it was not possible to formally exclude the presence of diabetes in participants 

and the true prevalence of diabetes may therefore be understated.  However, 

the pattern of results indicates the sample ‘with diabetes’ form a more 

homogeneous group than the ‘no diabetes’ sample.  Specifically, Europeans 

‘with diabetes’ were not differentiated from other ethnic groups ‘with diabetes’ in 

the association of FRS and CBF.  In contrast, in the ‘no diabetes’ stratified 

sample, Europeans experienced a decline in CBF in association with FRS that 

was not evident in South Asians or African Caribbeans.  One explanation may 

be that some South Asian and African Caribbean participants ‘with diabetes’ 

were misclassified into the ‘no diabetes’ group.  This may be due to clinical 

under diagnosis, although the inclusion of participants with high HbA1c in clinic 

goes some way to precluding this.  It has been argued in previous work on this 

cohort that vascular risk does not have a uniform effect across all ethnic groups.  

For example, the excess risk of CHD in South Asians after adjustment for 

vascular risk suggested they had lower thresholds of IR and dysglycaemia for 

adverse cardiovascular outcomes (245, 246).  African Caribbeans were found to 

have lower CHD mortality rates but higher stroke mortality than Europeans for 

equivalent cardiovascular risk (245).  Dichotomisation of individuals ‘with’ or 

‘without’ diabetes removes sensitivity to the cardiovascular effects of moderate, 
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yet prolonged dysglycaemia below the cut-off point for T2DM diagnosis (247).  

Furthermore, South Asians have not only a higher prevalence of diabetes than 

other ethnicities, but also earlier onset (248).  Therefore, it is likely that South 

Asians in the current study had longer duration of diabetes. 

 

The association of vascular risk and CBF in the female ‘with diabetes’ group did 

not appear to be moderated by ethnicity.  However, European women in the ‘no 

diabetes’ group had higher CBF than South Asian and African Caribbean 

women, and the CBF of European women also declined with increasing FRS.   

 

Evidence was weak in the analysis of men and there was a paucity of African 

Caribbean men in the ‘with diabetes’ group (n = 7), so it was not possible to 

confidently interpret these results from such a small sample .  

 

The apparent greater homogeneity in the ‘with diabetes’ samples may indicate 

that South Asians and African Caribbeans classified ‘without diabetes’ display a 

vascular risk phenotype closer to those ‘with diabetes’.  The difference between 

Europeans with and without diabetes is more distinct.  This finding is consistent 

with previous evidence that in non-diabetic individuals, non-white ethnicities 

have higher absolute levels of HbA1c than whites although ethnicity did not 

modify the relationship between HbA1c and the risk of cardiovascular disease 

(249). 

5.5.2 Study strengths 

The main strength of our study was its ethnically diverse, community-based, 

relatively large sample which enables results to be generalised to a wide 

population.  Analyses by strata reduced confounding by sex and diabetes status 

and thus clarified the role of ethnicity as an effect modifier between vascular risk 

and cerebral perfusion.  All MRI examinations and cardiovascular 

measurements were conducted in a single centre ensuring robust protocol 

adherence.  As described in Chapter 4 of this thesis, individually measured Hct 



 

203 

 

was used in CBF estimations to improve the accuracy of T1 blood.  This 

technique was particularly important to estimate CBF in women and non-white 

European ethnicities where the measured Hct differs substantially from the 

conventionally assumed mean Hct.   

5.5.3 Study limitations 

Limitations of our study include a potential selection bias towards physically and 

mentally healthy individuals who were motivated and physically able to 

complete a full day of tests in the research clinic.  Those with severe cognitive 

impairment were excluded from the study due to inability to provide informed 

consent although this was a small number of individuals in the SABRE sample.  

Our sample was sufficiently powered to detect ethnic differences in the pooled 

sample, but was somewhat underpowered to detect small effect sizes in VRFs 

in stratified models.  Specifically, women and African Caribbean ethnicity were 

under-represented at the highest FRS scores (>40%), and African Caribbean 

men with diabetes were sparse making it difficult to extrapolate results to higher 

levels of cardiovascular risk. 

 

The FRS has been criticised as it was formulated for mostly white, middle-class 

North Americans based on outcomes from the Framingham Heart and Offspring 

studies.  It is not validated to assess risk in the very elderly, or individuals with 

pre-existing cardiovascular events and has been criticised for over-estimating 

risk in men > 80 years (250).  However, it was selected as a reasonable gauge 

of composite cardiovascular risk in this study as it has been extensively 

validated and applied in diverse geographic and ethnic population studies (194-

196) (251) (252). 

 

The cross-sectional design of the study precludes causal interpretations and 

does not allow for investigation of associations with complex temporal patterns 

of VRFs such as periodic hypertension/hypotension.   
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Omitted variables for which there is some evidence from previous work on 

cardiovascular risk and CBF include vascular stiffness and pulsatility (253), 

cardiac index (254), metrics of BP other than systolic BP, exercise and physical 

activity (255) and genetic factors such as apolipoprotein E4 (APOE4) genotype 

(256).  Further studies incorporating these variables in ethnically diverse and 

sex stratified models may reveal contributions from these factors on the path to 

reduced CBF in old age.  There may have been residual confounding by age in 

models using FRS as this adjustment was included as a weighted factor in the 

FRS.  However, although other cerebral outcomes are strongly associated with 

age it is unlikely to be influential in this context as age was only weakly 

associated with CBF after PVC. 

 

Although this study showed ethnicity as an effect modifier, the possibility there 

is a further unidentified confounder responsible for these apparent differences 

cannot be excluded (257). 

 

5.5.4 Summary 

This study has provided evidence of ethnicity as an effect modifier in the 

relationship between vascular risk and cerebral perfusion.  The use of stratified 

analyses indicated that sex may further impact this relationship.  Analysis of 

pooled samples may be inappropriate in the presence of population 

heterogeneity in response to cardiovascular risk.   

 

Future studies of longitudinal design would clarify whether ethnic differences in 

cerebral perfusion are due to earlier onset of CBF decline, longer duration of 

VRFs or variability in susceptibility to macrovascular or microvascular damage 

as a consequence of vascular disease.  Studies should be powered to provide 

robust results in studies that can conduct stratified and interaction analyses that 

do not obscure strata specific relationships.   
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 . Associations of Framingham risk score 

and cerebral blood flow with cortical 

volume and white matter hyperintensity 

volumes 

 

6.1 Abstract 
This chapter investigates the associations of FRS and CBF with cortical tissue 

volume, total WMH volume and WMH volumes in PV (zones 1 & 2) and DWM 

zones (zones 3 & 4) classified using the quantification method described in 

Chapter 3 ‘General Methods’ (p94).   

 

In this chapter it is hypothesised that increased FRS would be associated with 

decreased cortical brain volume and increased WMH volume, and that CBF 

would mediate these relationships.  It was further hypothesized the relationship 

with WMHs in zones 3 & 4 may be more closely related to vascular causes than 

WMHs in zones 1 & 2 as suggested in previous work (258).  Generalized linear 

models (GLMs) were used to evaluate associations of FRS and CBF with brain 

outcomes.  Structural equation models (SEMs) were used to determine whether 

CBF was a mediator between FRS and brain outcomes.   

 

FRS was negatively associated with cortical tissue volume and positively 

associated with WMH volume.  The current study suggests these relationships 

are moderated by ethnicity; in a pooled analysis Europeans experienced less 

decline in cortical volume and smaller WMH volumes in association with FRS 

than South Asians and African Caribbeans.  However, models using cortical 

tissue volume as an outcome were also moderated by sex; European men and 

South Asian women had less decline in cortical volume than other ethnicities in 

sex stratified analyses.  There was no evidence of mediation by CBF on the 

relationship of FRS and any measured brain outcome variable. 
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6.2 Introduction 
Cerebral atrophy and increases in WMH volume are ‘typical’ features of brain 

ageing (52, 54, 62, 259, 260).  However, there is extensive inter-individual 

variation ranging from those who age ‘successfully’ with very minor evidence of 

brain deterioration, to those who experience extensive global or regional volume 

loss and develop large areas of confluent WMHs.  High levels of brain atrophy 

and large volumes of WMHs have been strongly associated with increased risk 

of cognitive decline and dementia (56, 261).  Previous studies have broadly 

supported the hypothesis that increased rates of atrophy and WMH volume are 

associated with increased cardiovascular risk and decreased CBF (262).  

Understanding the mechanisms of this relationship would facilitate the 

development of effective interventional strategies that mitigate cerebral damage 

and consequent cognitive decline in old age.   

 

In this chapter it was hypothesized that increased FRS would be associated 

with decreased cortical volume and increased WMH volumes.  Furthermore, 

WMH volume in zones 3 & 4 would be more closely associated with increased 

FRS and decreased CBF than WMH volume in zones 1 & 2 as it has been 

suggested by some previous work that the aetiology of WMHs in DWM is more 

likely to be of vascular origin than WMHs in PV zones.  The previous chapter 

presented evidence of associations of FRS and CBF.  This chapter tests the 

hypothesis that CBF mediates the relationship of FRS and brain outcomes.  

Ethnicity and sex were considered as potential effect modifiers in these 

relationships.  

 

6.3 Methods 
See Chapter 3 ‘General Methods’ (pp 81-91) for sample description, MRI 

acquisition and post-processing and VRF data acquisition. 

6.3.1 Statistical Analysis 

Generalized linear models (GLMs) with gamma family and identity link functions 

were used to examine associations with cortical volume as the dependent 
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variable.  The distribution of WMH volume was positively skewed but displayed 

a normal distribution after log transformation (Figure 6-1, Figure 6-2, Figure 

6-3, Figure 6-4, Figure 6-5 and Figure 6-6), therefore GLMs with gamma 

family and log link were used for fitting and ease of interpretation for WMH 

outcomes.  Exponentiated regression coefficients (exp B) were calculated and 

represent percentage change in outcome per unit increase in exposure.  

Magnitudes of interactions by ethnic group were calculated by multiplying the 

base exp B coefficient and the group exp B coefficient 

(https://www.stata.com/statalist/archive/2012-05/msg00919.html).  For example, 

the calculation of the magnitude of the interaction between South Asian 

ethnicity and FRS for the outcome variable ‘total WMHs’ is illustrated below in 

(Equation 6-1).  

 

 

exp B base FRS* exp B FRS/South Asian 

0.991*1.018 = 1.0088 

 

Equation 6-1 (Example is from Model 4). 

 

This corresponds to a (1.0088-1)*100 = 0.88% increase in total WMH volume 

per 1 unit increase in FRS in association with South Asian ethnicity compared 

with Europeans. 

 

AIC and deviance residuals were inspected to test for goodness of fit and 

comparison of models when WMHs were outcome variables and log link 

function was used.  TIV was positively associated with brain volume and is 

therefore included in all models to adjust for head size (263). 

 

SEMs were constructed using SEM builder in STATA (v14) to investigate the 

role of CBF as a mediator between FRS and cortical volume and WMH volumes 

in models adjusted for age, TIV and ethnicity.  SEM is a tool that facilitates the 

testing of direct and indirect hypothesized causation in multiple groups of data 

https://www.stata.com/statalist/archive/2012-05/msg00919.html
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through path diagrams and multiple regression style equations.  It allows for 

flexible allocation of variables as dependent or independent variables in the 

SEM (264).  Disadvantages of SEM are similar to other modelling techniques 

such as OLS in linear regression in that global fit may be good but lower order 

coefficients may not show large effect sizes and the model may be liable to 

omitted variables.  Ordinal categorical variables are not supported in the STATA 

implementation of SEM, so ethnicity was used as a dichotomous variable.  

Multiple group analysis was used to capture effect modification instead of 

interaction terms (265).  The SEM ‘group’ option was employed to show 

unconstrained values by ethnicity and effect modification was tested using the 

Wald test ‘estat ginvariant’ option in Stata.  The current work employed a 

complete case analysis, so it was not necessary to use techniques such as full 

information maximum likelihood to accommodate missing values. 

 

Where WMH volume was the dependent variable a log transform of the 

outcome was used in SEMs to address the joint multivariate normality 

assumption.  Generalized structural equations (GSEMs) which relax the 

constraint for multivariate normality allowing for the utilisation of non-linear 

functional relationships and non-normal sampling distributions.by allowing use 

of different family and link options were not used for mediation analysis as the 

STATA post estimation command for analysis of direct and indirect effects is not 

available after GSEM.  All models were re-run with samples stratified by sex to 

examine sex differences and effect modification looked for as described above 

for ethnicity.  Beta coefficients are reported in unstandardised forms in GLM 

tables, and standardised forms in SEMs to allow for ease of comparison of 

effect size of variables in log transformed models. 
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Figure 6-1 Histogram with normal density overlay, distribution of total 
WMHs. 

 

Figure 6-2. Histogram with normal density overlay, distribution of log total 
WMHs. 
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Figure 6-3. Histogram with normal density overlay, distribution of WMHs 
zones 1 & 2. 

 

Figure 6-4. Histogram with normal density overlay, distribution of log 
WMHs zones 1 & 2. 
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Figure 6-5. Histogram with normal density overlay, distribution of WMHs 
zones 3 & 4. 

 

Figure 6-6 Histogram with normal density overlay, distribution of log 
WMHs zones 3 & 4.  
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 Model 1 Model 2 Model 3 Model 

4 

Model 5 

Independent 

variables 

TIV  

Sex (if 

applicable) 

 

Age  

TIV  

Sex(if 

applicable) 

Ethnicity 

Age  

 

TIV  

FRS  

TIV  

FRS  

Ethnicity 

TIV  

 

Ethnicity 

FRS* 
ethnicity 

Dependent variable: cortical volume (ml) 

All 1a 2a 3a 4a 5a 

Men 1b 2b 3b 4b 5b 

Women 1c 2c 3c 4c 5c 

Dependent variable: total white matter hyperintensity volume (mm3) 

All 1d 2d 3d 4d 5d 

Men 1e 2e 3e 4e 5e 

Women 1f 2f 3f 4f 5f 

Dependent variable: white matter hyperintensity volume zones 1 & 2 

(mm3) All 1g 2g 3g 4g 5g 

Men 1h 2h 3h 4h 5h 

Women 1i 2i 3i 4i 5i 

Dependent variable: white matter hyperintensity volume zones 3 & 4 

(mm3) All 1j 2j 3j 4j 5j 

Men 1k 2k 3k 4k 5k 

Women 1l 2l 3l 4l 5l 

Table 6-1. Key to naming of generalized linear regression models using 
demographic variables and FRS as predictor variables.   
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 Model 6 Model 7 Model 8 

Independent 

variables 

TIV  

Age  

Sex 

CBF  

TIV  

Age  

Sex (if applicable) 

Ethnicity 

CBF  

 

TIV   

Age  

Sex (if applicable) 

Ethnicity 

CBF*ethnicity 

Dependent variable: cortical volume (ml) 

All 6a 7a 8a 

Men 6b 7b 8b 

Women 6c 7c 8c 

Dependent variable: total white matter hyperintensity volume (mm3) 

All 6d 7d 8d 

Men 6e 7e 8e 

Women 6f 7f 8f 

Dependent variable: white matter hyperintensity volume zones 1&2 

(mm3) 
All 6g 7g 8g 

Men 6h 7h 8h 

Women 6i 7i 8i 

Dependent variable: white matter hyperintensity volume zones 3&4 

(mm3) 
All 6j 7j 8j 

Men 6k 7k 8k 

Women 6l 7l 8l 

Table 6-2. Key to naming of generalized linear regression models using 
demographic variables and CBF as predictor variables.  
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6.4 .Results 

6.4.1 Brain characteristics 

Whole sample and sex stratified mean (SD) absolute brain volumes, and 

volumes adjusted for TIV are presented in Table 6-3.  Brain characteristics 

stratified by ethnicity are shown in Table 6-4. 
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All Men Women   

n mean or 
% 

SD or 
IQR 

n mean or 
% 

SD or 
IQR 

n mean or 
% 

SD or 
IQR 

P 

TIV, mL 485 1340.3 ±138.5 295 1400.0 ±120.7 190 1247.4 ±110.5 <.001 

Total brain tissue, mL 485 1025.2 ±101.2 295 1064.3 ±91.2 190 9646.4 ±84.8 <.001 

Total brain tissue, % TIV  485 76.6 ±2.2 295 76.0 ±2.1 190 77.4 ±2.2 <.001 

Cortical tissue, mL 485 462.0 ±46.0 295 479.8 ±41.7 190 434.2 ±37.9 <.001 

Cortical tissue, % TIV 485 34.4 ±1.1 295 34.3 ±1.1 190 34.9 ±1.1 <.001 

WM tissue, mL 485 383.3 ±44.1 295 398.2 ±41.3 190 360.4 ±38.1 <.001 

WM tissue, %TIV 485 28.6 ±1.5 295 28.4 ±1.4 190 28.9 ±1.5 .002 

Total WMH, mm3 *  482 3383.1 
(1266.6, 
9093.9) 

295 3528.0 
(1148.6, 
9301.1) 

187 3073.2 
(1368.4, 
7960.1) 

.549MW 

WMHz12, mm3* 482 2253.2 
(854.9, 
5488.7) 

295 2416.3 
(814.6, 
6094) 

187 2106 
(958, 
4609) 

.369MW 

WMHz34, mm3* 482 953.9 
(271.0, 
2963.1) 

295 1031.9 
(117.2, 
2918.6) 

187 805.0 
(341.4, 
3090.0) 

.915MW 

CBF Hct PVC,mL/100g/min 485 48.8 ±7.3 295 49.6 ±7.6 190 47.5 ±6.8 0.002 

CBF Hct, mL/100g/min 485 36.6 ±6.3 295 36.5 ±6.7 190 36.7 ±5.8 0.897 

Table 6-3. Brain characteristics by sex: data are mean ± SD, percentage of TIV or *median (IQR), tests for significance 

are calculated by Student’s unpaired t-tests, except MW which denotes P value by rank sum Mann-Whitney test. 
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 European South Asian African Caribbean 

 n mean 
or % 

SD or 
IQR 

n mean or % SD or IQR n mean or 
% 

SD or 
IQR 

TIV, mL 223 1415.1 ±125.0 173 1281.6 ±113.5 89 1266.8 ±120.2 

Total brain tissue, mL 223 1077.6 ±90.5 173 984.3 ±85.9 89 973.7 ±91.0 

Total brain tissue, % of TIV  223 76.2 ±2.2 173 76.9 ±2.1 89 76.8 ±2.3 

Cortical tissue, mL 223 486.6 ±41.7 173 445.5 ±38.0 89 432.2 ±37.7 

Cortical tissue, % of TIV 223 34.4 ±1.1 173 34.7 ±0.1 89 34.2 ±1.1 

WM tissue, mL 223 402.5 ±40.5 173 368.0 ±39.6 89 365.1 ±42.0 

WM tissue, % of TIV 223 28.5 ±1.4 173 28.7 ±1.4 89 28.7 ±1.6 

Total WMH, mm3 (median, 
IQR) 

223 3438.5 
(1272.0 
10117.9) 

171 3044.0 
(1066.6, 
8021.8). 

88 3327.4 
(545.6, 

8564.8). 

WMHz12, mm3 (median, 
IQR) 

223 2394.7 
(933.0, 
6218.0) 

171 2105.8 
(720.0, 
5205.4) 

88 2223.3 
(1074.1, 
4810.4) 

WMHz34, (median, IQR) 223 964.7 
(278.7, 
2972.8) 

171 805.0 
(265.4, 
2391.0) 

88 1431.9 
(120.4, 
3470.5) 

CBF Hct PVC, mL/100g/min 223 51.1 ±7.5 173 47.3 ±6.7 89 45.8 ±6.3 

CBF Hct, mL/100g/min 223 38.0 ±6.7 173 35.3 ±5.7 89 35.7 ±5.8 

Table 6-4. Brain characteristics by ethnicity: data are mean ± SD, percentage of TIV or median (IQR)
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6.4.1.1 Cortical volume 

The mean (SD) cortical volume was 462.0 (±46.0) mL  Cortical tissue volume 

decreased by just over 1mL per year of age (B -1.09; P < .001, [95% 

CI -1.30, -0.89] mL/year) after adjustment for TIV and ethnicity (model 2a, Table 

6-5, Figure 6-7).  Brain tissue volumes adjusted for age and TIV were similar in 

men and women (Figure 6-8, model 2a, Table 6-6,Table 6-7).  African 

Caribbeans had ~ 8mL lower cortical volume than Europeans after adjustment 

for TIV, age and sex (B -7.74 P < .001, [95% CI -11.32, -4.17] mL), (Model 2a, 

Table 6-5) but there was little evidence of a difference in cortical volume 

between South Asian and Europeans.
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Figure 6-7. Predictive margins plot showing cortical volume by age, 
(whole sample). 

 

Figure 6-8. Cortical volume by sex and ethnicity, adjusted for age and TIV.
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Dependent variable: cortical tissue volume (mL), (all participants) 

 Model 1a (n=485) Model 2a (n=485) 

Adjusted R2   0.92   0.92   

 B (95%CI) P B (95%CI) P 

Age, years -1.13 -1.35 -0.92 <.001 -1.09 -1.30 -0.89 <.001 

Sex, female -0.30 -3.28 2.69 .846 -0.20 -3.25 2.85 .900 

South Asian . . . . -0.71 -3.76 2.34 .649 

African Caribbean . . . . -7.74 -11.32 -4.17 <.001 

Table 6-5. Multiple linear regression models 1a, 2a, (all participants), cortical tissue volume is dependent variable. 
Models are adjusted for TIV, beta coefficients are unstandardised, P <.05 shown in bold.   
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Dependent variable: cortical tissue volume (mL), (men) 

 Model 1b (n=295) Model 2b (n=295) 

Adjusted R2   0.88 0.88 

 B (95%CI) P B (95%CI) P 

Age, years -1.13 -1.45 -0.81 <.001 -1.11 -1.42 -0.79 <.001 

South Asian . . . . -1.41 -5.57 2.75 .505 

African Caribbean . . . . -6.80 -12.19 -1.41 .014 

Table 6-6. Multiple linear regression models 1b, 2b, (men), cortical tissue volume is dependent variable.  Models are 
adjusted for TIV, beta coefficients are unstandardised, P <.05 shown in bold.  



 

 

 

2
2

1
 

Dependent variable: cortical tissue volume (mL), (women) 

 Model 1c (n=190) Model 2c (n=190) 

Adjusted R2   0.90   0.91   

 B (95%CI) P B (95%CI) P 

Age, years -1.14 -1.41 -0.88 <.001 -1.07 -1.33 -0.81 <.001 

South Asian 
    0.54 -3.81 4.89 .807 

African Caribbean 
    -8.45 -12.96 -3.94 <.001 

Table 6-7. Multiple linear regression models 1c, 2c (women), dependent variable is cortical tissue volume. Models are 
adjusted for TIV, beta coefficients are unstandardised, P <.05 shown in bold.
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6.4.1.2 White matter hyperintensity volumes 

The median (IQR) of total WMH volume was 3383 (1266, 9094) mm3 (Table 

6-3).  WMH volume increased by ~5.0% per year of age (exp B 1.05; P <.001, 

[95% CI 1.03, 1.07] mm3/year) (Model 1d,  

Table 6-8). Although there was no evidence of a difference in total WMH 

volume by ethnicity in a pooled analysis (Model 2d,  

Table 6-8), in sex-stratified analyses South Asian and African Caribbean men 

had a greater volume of total WMHs than European men (South Asian (exp B 

1.42; P = .039 [95% CI 1.02, 1.97] mm3); (African Caribbean, exp B 1.44; P = 

.107 [95% CI 0.92, 2.23] mm3) after adjustment for TIV and age (Model 2e, 

Table 6-9, Figure 6-9), whereas women of South Asian and African Caribbean 

ethnicities had lower total WMH volumes than European women (South Asian, 

exp B 0.67; P = .093, [95% CI 0.42, 1.07] mm3) (African Caribbean, exp B 0.83; 

P = .454 [95% CI 0.50, 1.36] mm3) (Model 2f, Table 6-10, Figure 6-10), 

although the wide confidence limits on these estimates in African Caribbean 

men and in women of South Asian and African Caribbean descent should be 

noted.  This pattern of results persisted for WMHs measured zonally (WMHz12 

& WMHz34), although confidence margins were wide. 

 

6.4.1.3 Cerebral blood flow 

See Chapter 5 (p142) for a descriptive summary of CBF.   
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Figure 6-9. Predictive margins plot showing total WMHs by age in men. 

 

Figure 6-10. Predictive margins plot showing  total WMHs by age in 
women.
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Dependent variable: total WMH volume (mm3), (all participants) 

 Model 1d (n=482) Model 2d (n=482) 

AIC 19.49 19.49 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.03 1.07 <.001 1.05 1.03 1.07 <.001 

Sex (female) 1.23 0.93 1.63   .141 1.27 0.95 1.71 .108 

South Asian . . . . 1.10 0.83 1.45 .524 

African Caribbean . . . . 1.15 0.82 1.60 .419 

 

Table 6-8. Generalized linear models 1d, 2d (all participants), dependent variable is total WMH volume. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.  
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Dependent variable: total WMH volume (mm3), (men) 

 Model 1e (n=295) Model 2e (n=295) 

AIC 19.62 19.60 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.02 1.08 .001 1.05 1.02 1.08 <.001 

South Asian . . . . 1.42 1.02 1.97   .039 

African Caribbean . . . . 1.44 0.92 2.23   .107 

Table 6-9. Generalized linear models 1e, 2e (men), dependent variable is total WMH volume. Models are adjusted for TIV, 
exponentiated beta coefficients, P <.05 shown in bold.  
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Dependent variable: total WMH volume (mm3), (women) 

 Model 1f (n=187) Model 2f (n=187) 

AIC 19.29 19.29 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.02 1.08 <.001 1.05 1.02 1.08 .001 

South Asian . . . . 0.67 0.42 1.07 .093 

African Caribbean . . . . 0.83 0.50 1.36 .454 

Table 6-10. Generalized linear models 1f, 2f (women), dependent variable is total WMH volume. Models are adjusted for 
TIV, exponentiated beta coefficients, P <.05 shown in bold.  
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Dependent variable: WMH volume zones 1&2 (mm3), (all participants) 

 Model 1g (n=482) Model 2g (n=482) 

AIC 18.43 18.44 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.04 1.07 <.001 1.05 1.04 1.07 <.001 

Sex, female 1.22 0.96 1.55   .108 1.25 0.97 1.61   .089 

South Asian . . . . 1.07 0.84 1.36   .587 

African Caribbean . . . . 1.04 0.78 1.39   .787 

Table 6-11. Generalized linear models 1g, 2g (all participants), dependent variable is WMH zones 1 & 2 volume. Models 
are adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.  
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Dependent variable: WMH volume zones 1&2 (mm3), (men) 

 Model 1h (n=295) Model 2h (n=295) 

AIC 18.58 18.58 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.03 1.08 <.001 1.05 1.03 1.08 <.001 

South Asian . . . . 1.35 1.01 1.82   .044 

African Caribbean . . . . 1.32 0.89 1.96   .161 

Table 6-12. Generalized linear models 1h, 2h (men), dependent variable is WMH zones 1 & 2 volume. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.   
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Dependent variable: WMH volume zones 1&2 (mm3), (women) 

 Model 1i (n=187) Model 2i (n=187) 

AIC  18.21 18.21 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.06 1.03 1.08 <.001 1.06 1.03 1.08 <.001 

South Asian . . . . 0.69 0.47 1.02 .065 

African Caribbean . . . . 0.73 0.48 1.12  .151 

Table 6-13. Generalized linear models 1i, 2i (women), dependent variable is WMH zones 1 & 2 volume. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.  
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Dependent variable: WMH volume zones 3&4 (mm3), (all participants) 

 Model 1j (n=482) Model 2j (n=482) 

AIC 
17.54 17.54 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.02 1.08 .001 1.05 1.02 1.08 .001 

Sex, female 1.26 0.86 1.84 .232 1.30 0.87 1.94 .201 

South Asian . . . . 1.11 0.76 1.62 .605 

African Caribbean . . . . 1.32 0.84 2.06 .234 

Table 6-14. Generalized linear models 1j, 2j (all participants), dependent variable is WMH zones 3 & 4 volume. Models 
are adjusted for TIV, exponentiated beta coefficients ,P <.05 shown in bold.   
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Dependent variable: WMHs zones 3&4 (mm3), (men) 

 Model 1k (n=295) Model 2k (n=295) 

Adjusted R2 17.62 17.62 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.01 1.08 .010 1.05 1.02 1.08 .004 

South Asian . . . . 1.49 0.97 2.27 .067 

African Caribbean . . . . 1.62 0.91 2.86 .099 

Table 6-15. Generalized linear models 1k, 2k (men), dependent variable is WMH zones 3 & 4 volume. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.  
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Dependent variable: WMH volume zones 3&4 (mm3), (women) 

 Model 1l (n=187) Model 2l (n=187) 

Adjusted R2 17.37 17.34 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.01 1.09 .028 1.05 1.00 1.09 .040 

South Asian . . . . 0.61 0.33 1.16 .133 

African Caribbean . . . . 0.98 0.50 1.94 .959 

Table 6-16. Generalized linear models 1l, 2l (women), dependent variable is WMH zones 3 & 4 volume. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.
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6.4.2 Independent variable: Framingham risk score 

6.4.2.1 .Dependent variable: cortical volume 

Pooled sample 

Cortical volume decreased by ~2mL per 10% increase in FRS (B -0.22; P 

<.001, [95% CI -0.30, -0.13] mL) adjusted for TIV (model 3a, Table 6-17).  

However, this relationship was moderated by ethnicity (model 5a, Table 6-17, 

Figure 6-11).  Europeans experienced less decline in cortical volume (1.2mL 

per 10% increase in FRS) with increasing FRS (B -0.12; P = .067, [95% 

CI -0.26, 0.01] mL) than South Asians who had an excess of ~2.0mL per 10% 

increase in FRS (B  0.20; P = .035, [95% CI 0.01,  0.38]) or African Caribbeans 

who had an excess of ~1.6mL decrease per 10% increase in FRS (B 0.16; P = 

.023, [95% CI -0.42, -0.10] mL).  Note: all statistics in brackets cite units as 

presented in tables i.e. increase in unit outcome variable (mL) per 1% increase 

in FRS. 

 

 

Figure 6-11. Predictive margins plot showing cortical volume and FRS, by 
ethnicity (all participants), adjusted for TIV.
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Dependent variable: cortical tissue volume (mL), (all participants) 

 
Model 3a (n=485) Model 4a (n=485) Model 5a (n=485) 

Adjusted R2   
0.90 0.91 0.91 

 B (95%CI) P B (95%CI) P B (95%CI) P 

FRS, % -0.22 -0.30 -0.13 <.001 -0.23 -0.32 -0.15 <.001 -0.12 -0.26 0.01 .067 

South Asian     1.97 -1.27 5.20 .234 7.05 1.28 12.81 .017 

African Caribbean     -7.88 -11.71 -4.04 <.001 -4.17 -11.26 2.91 .248 

South Asian*FRS, % . . . .     -0.20 -0.38 -0.01 .035 

African 

Caribbean*FRS, % 
. . . .     -0.16 -0.42 0.10 .218 

Table 6-17. Multiple linear regression models 3a, 4a,5a, (all participants), cortical tissue volume is dependent variable.  
Models are adjusted for TIV, unstandardised beta coefficients, P <.05 shown in bold. 
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Sex stratified models 

South Asian and African Caribbean men had ~ 2-3mL greater decrease of 

cortical volume per 10% increase in FRS than European men (South Asian , 

B -0.28; P = .034, [95% CI -0.54, -0.02] mL) (African Caribbean; B -0.20; P = 

.322, [95% CI -0.58, 0.19] mL) (model 5b, Figure 6-12, Table 6-18).  However, 

although the association for the interaction term of FRS with South Asian men 

was statistically significant, confidence margins for these results are wide, 

particularly at higher levels of vascular risk where data are sparse, therefore the 

evidence is weak and should be treated cautiously.  Moderation by ethnicity 

was not evident in women (model 5c, Figure 6-13, Table 6-19).  
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Figure 6-12. Predictive margins plot showing cortical volume and FRS by 
ethnicity (men), adjusted for TIV. 

 

Figure 6-13 Predictive margins plot showing cortical volume and FRS, by 
ethnicity (women), adjusted for TIV. 
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Dependent variable: cortical tissue volume (mL), (men) 

 Model 3b (n=295) Model 4b (n=295) Model 5b (n=295) 

Adjusted R2   0.87 0.87 0.87 

 B (95%CI) P B (95%CI) P B (95%CI) P 

FRS, % -0.20 -0.33 -0.08 .001 -0.22 -0.34 -0.10 <.001 -0.08 -0.26 0.09 .360 

South Asian 
    0.24 -4.17 4.65 .915 9.18 -0.22 18.59 .056 

African Caribbean 
    -7.90 -13.58 -2.21 .007 -2.28 -15.12 10.52 .724 

South Asian*FRS, %         -0.28 -0.54 -0.02 .034 

African 

Caribbean*FRS, % 
        -0.20 -0.58 0.19 .322 

Table 6-18. Multiple linear regression models 3b, 4b,5b, (men), cortical tissue volume is dependent variable.  Models are 
adjusted for TIV, unstandardised beta coefficients, P <.05 shown in bold.  
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Dependent variable: cortical tissue volume (mL), (women) 

 Model 3c (n=190) Model 4c (n=190) Model 5c (n=190) 

Adjusted R2   0.87 0.89 0.90 

 B (95%CI) P B (95%CI) P B (95%CI) P 

FRS, % -0.32 -0.52 -0.12 .001 -0.30 -0.50 -0.11 .002 -0.44 -0.86 -0.01 .043 

South Asian     4.82 -0.13 9.76 .056 0.67 -8.41 9.75 .884 

African Caribbean     -6.95 -12.17 -1.72 .009 -7.07 -16.77 2.62 .152 

South Asian*FRS, % 
        

0.26 -0.25 0.78 .313 

African 

Caribbean*FRS, %  
        

0.04 -0.50 0.58 .886 

Table 6-19 Multiple linear regression models 3c, 4c,5c, (women), cortical tissue volume is dependent variable.  Models 
are adjusted for TIV, unstandardised beta coefficients, P <.05 shown in bold. 
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6.4.2.2 Dependent variable total WMH volume 

Pooled sample 

Total WMH load increased by ~1% per 1% increase of FRS adjusted for TIV 

(exp B 1.01; P = .083, [95% CI 1.00, 1.01] mm3) (models 3d, Table 6-20) in a 

pooled analysis of all participants.  Compared to Europeans, South Asian and 

African Caribbean participants experienced ~2% greater increase in WMH 

volume per 1% increase in FRS (Model 5d, Table 6-20, Figure 6-14) (exp B 

1.02; P = .048, [95% CI 1.00, 1.03] mm3) (exp B 1.02; P = .100, [95% CI 1.00, 

1.04] mm3) respectively.  This result was statistically significant for South Asians 

(model 5d).   

 

 

Figure 6-14 Predictive margins plot showing  total WMHs and FRS, by 
ethnicity (all participants), adjusted for TIV. 
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Dependent variable: total WMH volume (mm3), (all participants) 

 Model 3d (n=482) Model 4d (n=482) Model 5d (n=482) 

AIC 19.55 19.56 19.55 

 exp B (95%CI) P exp B (95%CI) P exp B  (95%CI) P 

FRS, % 1.01 1.00 1.01 .083 1.01 1.00 1.02 .085 1.00 0.98 1.00 .544 

South Asian     0.96 0.72 1.26 .753 0.64 0.40 1.05 .078 

African Caribbean     1.11 0.80 1.55 .533 0.71 0.38 1.35 .296 

South Asian*FRS, % 

        1.02 1.00 1.03 .048 

African 

Caribbean*FRS, % 

        1.02 1.00 1.04 .100 

Table 6-20 Generalized linear models 3d, 4d, 5d (all participants), dependent variable is total WMH volume. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold. 
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Sex stratified models 

There was some weak evidence that ethnicity was an effect modifier in the 

relationship of WMH volume and FRS in both sexes (model 5e, model 5f, Table 

6-21).  In stratified models of both men and women, African Caribbeans had a 

greater increase in total WMH volume in association with increasing FRS than 

either Europeans or South Asians (Figure 6-15 and Figure 6-16).  However, 

results are somewhat unreliable due to overlapping and wide confidence 

margins due to paucity of data in stratified models, especially at levels of high 

vascular risk.  
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Figure 6-15 Predictive margins plot showing total WMHs and FRS, by 
ethnicity (men), adjusted for TIV. 

 

Figure 6-16. Predictive margins plot showing total WMHs and FRS, by 
ethnicity (women), adjusted for TIV.
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Dependent variable: total WMH volume (mm3), (men) 

 
Model 3e (n=295) Model 4e (n=295) Model 5e (n=295) 

AIC 
19.65 19.65 19.66 

 exp B (95%CI) P exp B (95%CI) P exp B  (95%CI) P 

FRS, % 1.01 1.00 1.02 .016 1.01 1.00 1.02 .024 1.01 1.00 1.02 .434 

South Asian     1.31 0.93 1.84 .124 1.01 0.47 2.15 .989 

African Caribbean     1.44 0.91 2.24 .122 0.90 0.27 2.97 .865 

South Asian*FRS, %         1.01 0.99 1.03 .432 

African 

Caribbean*FRS, % 

        1.02 0.98 1.05 .411 

Table 6-21. Generalized linear models 3e, 4e, 5e (men), dependent variable is total WMH volume. Models are adjusted for 
TIV, exponentiated beta coefficients, P <.05 shown in bold.   



 

 

 

2
4

4
 

Dependent variable: total WMH volume (mm3), (women) 

 Model 3f (n=187) Model 4f (n=187) Model 5f (n=187) 

AIC  
19.40 19.39 19.40 

 exp B (95%CI) P exp B (95%CI) P exp B  (95%CI) P 

FRS, % 1.01 1.00 1.00 .024 1.01 0.99 1.03 .532 1.00 0.96 1.04 .965 

South Asian     0.62 0.39 0.99 .043 0.67 0.28 1.60 .368 

African Caribbean     0.85 0.52 1.39 .510 0.63 0.25 1.58 .322 

South Asian*FRS, %         1.00 0.95 1.05 .885 

African 

Caribbean*FRS, % 
     

   1.02 0.97 1.07 .510 

Table 6-22. Generalized linear models 3f, 4f, 5f (women), dependent variable is total WMH volume. Models are adjusted 
for TIV, exponentiated beta coefficients, P <.05 shown in bold. 
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6.4.2.3 Dependent variable WMH volume zones 1 & 2  

Pooled sample 

The trends of associations between FRS, ethnicity and WMH zones 1 & 2 were 

similar to those using total volume of WMHs as the dependent variable.  FRS 

was positively associated with WMHs in zones 1 & 2 (exp B 1.01, P=.019, 

[95%CI 1.00, 1.01] mm3) (model 3g, Table 6-23, Figure 6-17).  The modifying 

effect of ethnicity noted for total WMHs volume was similar in WMH zonal areas 

1 & 2.  African Caribbeans had ~2% greater volume increase per 1% increase 

in FRS compared to Europeans (exp B 1.02, P=.073, [95%CI 1.00, 1.04] mm3), 

while South Asians had a 1% greater volume increase per 1% increase in FRS 

compared to Europeans  (model 5g, Table 6-23, Figure 6-17), although 95% 

confidence estimates included unity in both cases. 

 

 

Figure 6-17 Predictive margins plot showing total WMHs zones 1 & 2 and 
FRS, by ethnicity (all participants), adjusted for TIV.
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Dependent variable: WMH volume zones 1&2 (mm3), (all participants) 

 Model 3g (n=482) Model 4g (n=482) Model 5g (n=482) 

AIC  
18.51 18.51 18.51 

 exp B (95%CI) P exp B (95%CI) P exp B  (95%CI) P 

FRS, % 1.01 1.00 1.01 .019 1.01 1.00 1.02 .016 1.00 0.99 1.01 .976 

South Asian     0.93 0.73 1.18 .531 0.68 0.44 1.05 .085 

African Caribbean     1.01 0.76 1.35 .942 0.65 0.37 1.15 .138 

South Asian*FRS, % 
        1.01 1.00 1.03 .083 

African 

Caribbean*FRS, %  

        1.02 1.00 1.04 .073 

Table 6-23. Generalized linear models 3g, 4g, 5g (all participants), dependent variable is WMH volume zones 1 & 2. 
Models are adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold. 
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Stratified sample  

Trends of association were similar in men and women regarding the association 

of FRS with WMHs zones 1 & 2 and followed similar patterns to models using 

total WMHs as the dependent variable.  In stratified models WMH volume zones 

1 & 2 increased with FRS and there were similar indications of interaction with 

ethnicity although there were wide confidence margins (Table 6-24, Table 6-25, 

Figure 6-18).  There was some evidence that South Asian women did not have 

an increase of WMHs zones 1 & 2 volume with increasing FRS (exp B 0.99, 

P=.679, [95%CI 0.95, 1.04] mm3) whereas European and African Caribbean 

women had similar increases (Figure 6-19).  
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Figure 6-18 Predictive margins plot showing  total WMHs in zones 1 & 2 
and FRS, by ethnicity (men), adjusted for TIV. 

 

Figure 6-19. Predictive margins plot showing total WMHs in zones 1 & 2 
and FRS, by ethnicity (women), adjusted for TIV. 
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Dependent variable: WMH volume zones 1&2 (mm3), (men) 

 Model 3h (n=295) Model 4h (n=295) Model 5h (n=295) 

AIC  18.62 18.62 18.62 

 exp B (95%CI) P exp B (95%CI) P exp B  (95%CI) P 

FRS, % 1.01 1.00 1.02 .005 1.01 1.00 1.02 .008 1.01 0.99 1.02 .268 

South Asian     1.26 0.93 1.72 .140 1.02 0.51 2.02 .954 

African Caribbean     1.35 0.90 2.03 .144 0.89 0.31 2.53 .829 

South Asian*FRS, % 

        1.01 0.99 1.03 .475 

African 

Caribbean*FRS, % 

        1.01 0.98 1.05 .394 

Table 6-24. Generalized linear models 3h, 4h, 5h (men), dependent variable is  WMH volume in zones 1 & 2. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.   
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Dependent variable: WMH volume zones 1&2 (mm3), (women) 

 Model 3i (n=187) Model 4i (n=187) Model 5i (n=187) 

AIC 18.33 18.32 18.33 

 exp B (95%CI) P exp B (95%CI) P exp B  (95%CI) P 

FRS, % 1.01 1.00 1.03 .260 1.01 1.00 1.03 .140 1.01 0.98 1.05 .482 

South Asian     0.61 0.41 0.92 .018 0.72 0.33 1.55 .399 

African Caribbean     0.72 0.47 1.11 .137 0.61 0.26 1.38 .234 

South Asian*FRS, % 

        0.99 0.95 1.04 .679 

African 

Caribbean*FRS, % 

        1.01 0.96 1.06 .699 

Table 6-25. Generalized linear models 3i, 4i, 5i (women), dependent variable is  WMH volume zones 1 & 2. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold. 
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6.4.2.4 Dependent variable WMH volume zones 3 & 4  

Pooled sample 

FRS was weakly positively associated with WMHs in zones 3 & 4 (exp B 1.01, 

P=.308, [95%CI 1.00, 1.01] mm3) (model 3j, Table 6-26) but the data are 

consistent with a null relationship.  There was some evidence of modification of 

the relationship between FRS and WMH in zones 3 & 4 by ethnicity. South 

Asians and African Caribbeans appeared to experience an increase of WMH 

volume in zones 3&4 with increasing FRS (exp B 1.02, P=.030, [95%CI 1.00, 

1.04] mm3) (exp B 1.02, P=.168, [95%CI 0.99, 1.05] mm3) respectively, in 

contrast to the weak negative relationship apparent in Europeans (model 5j, 

Table 6-26).  However, confidence margins were wide and overlapping, and 

results should be treated cautiously. 

 

Figure 6-20 Predictive margins plot showing total WMHs zones 3 & 4 and 
FRS, by ethnicity (all participants), adjusted for TIV
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Dependent variable: WMHs zones 3&4 (mm3), (all participants) 

 Model 3j (n=482) Model 4j (n=482) Model 5j (n=482) 

AIC  17.60 17.60 17.58 

 exp B (95%CI) P exp B (95%CI) P exp B  (95%CI) P 

FRS, % 1.01 1.00 1.01 .308 1.01 1.00 1.02 .322 0.99 0.98 1.01 .234 

South Asian     0.98 0.68 1.42 .912 0.56 0.30 1.05 .070 

African Caribbean     1.27 0.82 1.99 .285 0.79 0.34 1.83 .589 

South Asian*FRS, %          1.02 1.00 1.04 .030 

African 

Caribbean*FRS, % 
        1.02 0.99 1.05 .168 

Table 6-26. Generalized linear models 3j, 4j, 5j (all participants), dependent variable is  WMH volume zones 3 & 4. Models 
are adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold. 

.
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Stratified sample  

The men’s model showed a weak positive association between FRS and WMHs 

in zones 3&4 (exp B 1.01. P = .072, [95%CI 1.00, 1.00] (model 3k, Table 6-27).  

There was no convincing evidence of ethnic variation. (Figure 6-21).  In the 

women’s sample, there was no overall association of FRS with WMHs in zones 

3 & 4 (exp B 1.00. P = .816, [95%CI 0.98, 1.02] (model 3l, Table 6-28).  

However, FRS was positively associated with WMHs in zones 3 & 4 in African 

Caribbean women, a relationship that was not evident in European or South 

Asian women (exp B 1.04. P = .288, [95%CI 0.97, 1.10] (Table 6-28, Figure 

6-22).  
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Figure 6-21 Predictive margins plot showing total WMHs in zones 3 & 4 
and FRS, by ethnicity (men), adjusted for TIV. 

 

Figure 6-22. Predictive margins plot showing total WMHs in zones 3 & 4 
and FRS, by ethnicity (women), adjusted for TIV. 
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Dependent variable: WMH volume zones 3&4 (mm3), (men) 

 Model 3k (n=295) Model 4k (n=295) Model 5k (n=295) 

AIC  17.68 17.67 17.68 

 exp B (95%CI) P exp B (95%CI) P exp B  (95%CI) P 

FRS, % 1.01 1.00 1.00 .072 1.01 1.00 1.02 .097 1.00 0.98 1.02 .753 

South Asian     1.35 0.87 2.09 .177 0.93 0.35 2.49 .882 

African Caribbean     1.54 0.86 2.76 .142 0.91 0.18 4.50 .904 

South Asian*FRS, %         1.01 0.98 1.04 .392 

African 

Caribbean*FRS,% 
        1.02 0.97 1.07 .476 

Table 6-27. Generalized linear models 3k, 4k, 5k (men), dependent variable is  WMH volume zones 3 & 4. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.   
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Dependent variable: WMH volume zones 3&4 (mm3), (women) 

 
Model 3l (n=187) Model 4l (n=187) Model 5l (n=187) 

AIC 17.44 17.41 17.41 

 exp B (95%CI) P exp B (95%CI) P exp B  (95%CI) P 

FRS, % 1.00 0.98 1.02 .816 1.00 0.97 1.02 .725 0.98 0.93 1.03 .414 

South Asian     0.60 0.33 1.10 .098 0.57 0.19 1.67 .302 

African Caribbean     1.08 0.57 2.05 .816 0.60 0.19 1.93 .395 

South Asian*FRS, % 
        1.01 0.95 1.07 .826 

African 

Caribbean*FRS, % 

        1.04 0.97 1.10 .288 

Table 6-28. Generalized linear models 3l, 4l, 5l (women), dependent variable is  WMH volume zones 3 & 4. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold. 
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6.4.3 Independent variable: cerebral blood flow 

6.4.3.1 Dependent variable: cortical volume  

CBF was not associated with cortical volume after adjustment for TIV, age, sex 

and ethnicity (model 7a, Table 6-30).  This relationship was not modulated by 

ethnicity (model 8a, Table 6-30) and there were no sex specific differences 

(model 8b, Table 6-31, model 8c, Table 6-32). 



 

 

 

2
5

8
 

 

Dependent variable: cortical tissue volume (mL), (all participants) 

 Model 6a (n=485) 

 B (95%CI) P 

Adjusted R2   0.92   

Age, years -1.13 -1.34 -0.92 <.001 

Sex, female -0.28 -3.27 2.70 .852 

CBF, mL/100g/min 0.08 -0.09 0.25 .354 

Table 6-29. . Generalized linear model 6a, dependent variable is cortical tissue volume (all participants), Model is 
adjusted for TIV, unstandardised beta coefficients, P <.05 shown in bold.  
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Dependent variable: cortical tissue volume (mL), (all participants) 

 Model 7a (n=485) Model 8a (n=485) 

Adjusted R2   0.92 0.92 

 B (95%CI) P B (95%CI) P 

Age, years -1.09 -1.30 -0.88 <.001 -1.09 -1.30 -0.88 <.001 

Sex, female -0.18 -3.23 2.88   .909 -0.22 -3.31 2.87 .887 

South Asian -0.65 -3.74 2.45   .681 7.64 -11.68 25.36 .421 

African Caribbean -7.66 -11.31 -4.01 <.001 -9.83 -34.77 11.65 .415 

CBF, mL/100g/min 0.02 -0.15 0.19   .821 0.07 -0.18 0.29 .574 

South Asian*CBF, 

mL/100g/min 
    -0.17 -0.53 0.22 .374 

African Caribbean*CBF, 

mL/100g/min 
    0.05 -0.40 0.58 .833 

Table 6-30..  Generalized linear models 7a, 8a, dependent variable is cortical tissue volume (all participants).  Models are 
adjusted for TIV, unstandardised beta coefficients, P <.05 shown in bold.  



 

 

 

2
6

0
 

Dependent variable: cortical tissue volume (mL), (men) 

 Model 7b (n=295) Model 8b (n=295) 

Adjusted R2 0.88 0.88 

 B (95%CI) P B (95%CI) P 

Age, years -1.11 -1.43 -0.79 <.001 -1.10 -1.42 -0.78 <.001 

South Asian -1.45 -5.64 2.73   .495 7.51 -16.49 31.51 .538 

African Caribbean -6.87 -12.30 -1.44 .013 -12.42 -49.75 24.90 .513 

CBF, mL/100g/min -0.03 -0.25 0.20   .827 0.03 -0.28 0.33 .853 

South Asian*CBF, 

mL/100g/min 
    -0.18 -0.66 0.30 .454 

African Caribbean *CBF, 

mL/100g/min 
    0.12 -0.65 0.89 .758 

Table 6-31. Generalized linear models 7b, 8b, dependent variable is cortical tissue volume (men).  Models are adjusted 
for TIV, unstandardised beta coefficients, P <.05 shown in bold   
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Dependent variable: cortical tissue volume (mL), (women) 

 Model 7c (n=190) Model 8c (n=190) 

Adjusted R2 0.91 0.92 

 B (95%CI) P B (95%CI) P 

Age, years -1.06 -1.32 -0.02 <.001 -1.05 -1.31 -0.79 <.001 

South Asian 1.28 -3.31 5.87   .583 -1.10 -30.80 32.99   .946 

African Caribbean -7.56 -12.40 -2.71   .002 -0.43 -31.80 30.94   .979 

CBF, mL/100g/min 0.13 -0.13 0.40   .322 0.17 -0.20 0.55   .368 

South Asian*CBF, 

mL/100g/min 
    0.01 -0.66 0.67   .982 

African Caribbean*CBF, 

mL/100g/min 
    -0.09 -0.83 0.52   .646 

Table 6-32. Generalized linear models 7c, 8c, dependent variable is cortical tissue volume (women).  Models are 
adjusted for TIV, unstandardised beta coefficients, P <.05 shown in bold 
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6.4.3.2 Dependent variable: white matter hyperintensity 

volumes 

Pooled sample 

CBF was not associated with total burden of WMHs, neither in zones 1 & 2 nor 

in zones 3 & 4 after adjustment for TIV, age, sex and ethnicity (model 7d, Table 

6-34; model 7g, Table 6-38; model 7j, Table 6-42).   

 

There was weak evidence that South Asian ethnicity modulated the association 

of WMHs and CBF.  The increase in total WMH volumes for South Asians was 

~2% per 1mL/100mg/min CBF, (exp B 1.03; P = 0.075; [95%CI 1.00, 1.07]), 

compared to small decreases in Europeans (~0.7%), (model 8d, Table 6-34).  

This pattern of effect moderation by ethnicity was also present in both WMH 

zonal models, (model 8g Table 6-38, model 8j, Table 6-42).   

 

Stratified sample 

The trend for South Asian ethnicity to have greater WMH volumes in 

association with increasing CBF was discernible in both sexes (model 8e, Table 

6-35; model 87, Table 6-36; model 8h, Table 6-39; model 8i, Table 6-40; model 

8k, Table 6-43; model 8l, Table 6-44).  This association was strongest in the 

men’s model with WMHs zones 3 & 4 as the dependent variable (exp B 1.05; P 

= 0.053; [95%CI 1.00, 1.11]), (model 8k, Table 6-43).
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Dependent variable: total WMH volume (mm3), (all participants) 

 Model 6d (n=482) 

AIC   19.49 

 exp B (95%CI) P 

Age, years 1.05 1.03 1.07 <.001 

Sex, female 1.23 0.93 1.63 .142 

CBF, mL/100g/min 1.00 0.99 1.02 .702 

Table 6-33. Generalized linear model 6d (all participants), dependent variable is total WMH volume. Models are adjusted 
for TIV, exponentiated beta coefficients, P <.05 shown in bold.  
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Dependent variable; total WMH volume (mm3), (all participants) 

 Model 7d (n=482) Model 8d (n=482) 

AIC 19.50 19.49 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.03 1.07 <.001 1.05 1.03 1.07 <.001 

Sex, female 1.27 0.95 1.71 .108 1.29 0.96 1.74 .094 

South Asian 1.10 0.83 1.46 .504 0.22 0.04 1.32 .097 

African Caribbean 1.17 0.83 1.64 .368 1.26 0.12 12.74 .847 

CBF, mL/100g/min 1.01 0.99 1.02 .591 0.99 0.97 1.02 .585 

South Asian*CBF, 

mL/100g/min 

    1.03 1.00 1.07 .075 

African Caribbean*CBF, 

mL/100g/min 

    1.00 0.95 1.05 .902 

Table 6-34. Generalized linear models 7d, 8d (all participants), dependent variable is total WMH volume. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold
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Dependent variable; total WMH volume (mm3), (men) 

 Model 7e (n=295) Model 8e (n=295) 

AIC 19.61 19.61 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.02 1.08 <.001 1.05 1.03 1.08 <.001 

South Asian 
1.41 1.01 1.97 .041 0.24 0.03 1.80 .166 

African Caribbean 
1.44 0.92 2.24 .107 1.65 0.07 36.58 .751 

CBF, mL/100g/min 
1.00 0.98 1.02 .914 0.99 0.96 1.01 .360 

South Asian*CBF, 

mL/100g/min 
    1.04 1.00 1.08 .082 

African Caribbean*CBF, 

mL/100g/min 
    1.00 0.93 1.06 .904 

Table 6-35. Generalized linear models 7e, 8e (men), dependent variable is total WMH volume. Models are adjusted for 
TIV, exponentiated beta coefficients, P <.05 shown in bold.   
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Dependent variable; total WMH volume (mm3), (women) 

 Model 7f (n=187) Model 8f (n=187) 

AIC 19.30 19.32 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.02 1.08 .001 1.05 1.02 1.09 .001 

South Asian 0.67 0.40 1.11 .119 0.49 0.01 29.14 .731 

African Caribbean 0.82 0.47 1.44 .496 1.89 0.05 72.42 .732 

CBF, mL/100g/min 1.00 0.97 1.03 .988 1.00 0.96 1.05 .893 

South Asian*CBF, 
mL/100g/min 

    1.01 0.92 1.10 .872 

African Caribbean*CBF, 
mL/100g/min 

    0.98 0.91 1.06 .643 

Table 6-36. Generalized linear models 7f, 8f (women), dependent variable is total WMH volume. Models are adjusted for 
TIV, exponentiated beta coefficients, P <.05 shown in bold.  
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Dependent variable: WMH volume zones 1&2 (mm3), (all participants) 

 Model 6g (n = 482) 

AIC   19.49   

 exp B (95%CI) P 

Age, years 1.05 1.04 1.07 <.001 

Sex, female 1.22 0.96 1.55 .109 

CBF, mL/100g/min 1.00 0.99 1.02 .841 

Table 6-37. Generalized linear model 6g (all participants), dependent variable is WMH volume zones 1 & 2. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.   
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Dependent variable: WMH volume zones 1&2 (mm3), (all participants) 

 Model 7g (n=482) Model 8g (n=482) 

AIC 18.44 18.44 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.04 1.07 <.001 1.05 1.04 1.07 <.001 

Sex, female 1.25 0.97 1.61   .089 1.25 0.97 1.61   .085 

South Asian 1.07 0.84 1.36   .577 0.24 0.05 1.11   .068 

African Caribbean 1.05 0.78 1.41   .754 1.42 0.19 10.40   .731 

CBF, mL/100g/min 1.00 0.99 1.02   .806 0.99 0.97 1.01   .447 

South Asian*CBF, mL/100g/min     1.03 1.00 1.06   .053 

African Caribbean*CBF, 

mL/100g/min 
    0.99 0.95 1.03   .710 

Table 6-38. Generalized linear models 7g, 8g (all participants), dependent variable is WMH volume in zones 1 & 2. 
Models are adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold   
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Dependent variable: WMH volume zones 1&2 (mm3), (men) 

 Model 7h (n=295) Model 8h (n=295) 

AIC 18.58 18.58 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.03 1.08 <.001 1.05 1.03 1.08 .001 

South Asian 1.35 1.01 1.82   .045 0.34 0.06 2.00 .233 

African Caribbean 1.32 0.89 1.96   .166 2.77 0.17 44.10 .471 

CBF (mL/100g/min 1.00 0.98 1.02   .938 0.99 0.97 1.01 .416 

South Asian*CBF, 
mL/100g/min 

    1.03 0.99 1.07 .123 

African Caribbean*CBF, 
mL/100g/min 

    0.98 0.93 1.04 .571 

Table 6-39. Generalized linear models 7h, 8h (men), dependent variable is WMH volume in zones 1 & 2. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.   
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Dependent variable: WMH volume zones 1&2 (mm3), (women) 

 Model 7i (n=187) Model 8i (n=187) 

AIC 18.58 18.58 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.03 1.08 <.001 1.05 1.03 1.08 <.001 

South Asian 
1.35 1.01 1.82   .045 0.34 0.06 2.00 .233 

African Caribbean 
1.32 0.89 1.96   .166 2.77 0.17 44.10 .471 

CBF, mL/100g/min 
1.00 0.98 1.02   .938 0.99 0.97 1.01 .416 

South Asian*CBF, mL/100g/min 
    1.03 0.99 1.07 .123 

African Caribbean*CBF, 
mL/100g/min 

    0.98 0.93 1.04 .571 

Table 6-40 Generalized linear models 7i, 8i (women), dependent variable is WMH volume in zones 1 & 2. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.   
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Dependent variable; WMH volume zones 3&4 (mm3), (all participants) 

 Model 6j (n=482) 

AIC   17.54 

 exp B (95%CI) P 

Age, years 1.05 1.02 1.08 .001 

Sex, female 1.25 0.86 1.82 .239 

CBF, mL/100g/min 1.01 0.99 1.03 .493 

Table 6-41. Generalized linear model 6j (all participants), dependent variable is WMH volume in zones 3 & 4. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.   



 

 

 

2
7

2
 

Dependent variable: WMH volume zones 3&4 (mm3), (all participants) 

 Model 7j (n=482) Model 8j (n=482) 

AIC 17.54 17.53 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.02 1.08 .001 1.05 1.02 1.08 .001 

Sex, female 1.29 0.87 1.90 .209 1.33 0.88 2.01 .170 

South Asian 1.11 0.77 1.61 .579 0.18 0.01 2.07 .167 

African Caribbean 1.37 0.87 2.14 .173 1.19 0.05 27.22 .914 

CBF, mL/100g/min 1.01 0.99 1.03 .351 1.00 0.97 1.03 .867 

South Asian*CBF, 
mL/100g/min 

. . . . 1.04 0.99 1.09 .139 

African Caribbean*CBF, 
mL/100g/min 

. . . . 1.00 0.94 1.07 .968 

Table 6-42. Generalized linear models 7j, 8j (all participants), dependent variable is WMH volume in zones 3 & 4. Models 
are adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.
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Dependent variable: WMH volume zones 3&4 (mm3), (men) 

 Model 7k (n=295) Model 8k (n=295) 

AIC 17.63 17.61 

 exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.02 1.08 .004 1.06 1.02 1.09 .001 

South Asian 1.47 0.96 2.26 .078 0.11 0.01 1.55 .102 

African Caribbean 1.62 0.92 2.87 .097 0.67 0.01 34.02 .844 

CBF, mL/100g/min 1.00 0.98 1.03 .730 0.98 0.95 1.02 .322 

South Asian*CBF, 

mL/100g/min 

    1.05 1.00 1.11 .053 

African Caribbean*CBF, 

mL/100g/min 

    1.02 0.94 1.10 .676 

Table 6-43. Generalized linear models 7k, 8kj (men), dependent variable is WMH volume in zones 3 & 4. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold.   
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Dependent variable: WMH volume zones 3&4 (mm3), (women) 

 Model 7l (n=187) Model 8l (n=187) 

AIC 17.35 17.39 

 
exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.00 1.09 .038 1.05 1.01 1.09 .027 

South Asian 0.64 0.32 1.28 .209 2.13 0.01 428.31 .781 

African Caribbean 1.04 0.49 2.20 .923 4.35 0.04 473.79 .539 

CBF, mL/100g/min 1.01 0.96 1.05 .748 1.02 0.96 1.08 .492 

South Asian*CBF, 

mL/100g/min 

    0.98 0.87 1.09 .663 

African Caribbean*CBF, 

mL/100g/min 

    0.97 0.88 1.07 .550 

Table 6-44. Generalized linear models 7l, 8l (women), dependent variable is WMH volume in zones 3 & 4. Models are 
adjusted for TIV, exponentiated beta coefficients, P <.05 shown in bold. 
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6.4.4 SEM mediation analysis  

 

Direct, indirect and total effects of FRS showing potential mediation by CBF on 

cortical volume and WMH volume estimated from SEMs are summarized in 

Table 6-45.  Wald tests for parameter invariance between groups did not 

suggest effect modification by ethnicity for cortical volume or WMH volume 

outcomes (Table 6-46, Table 6-48, Table 6-50 and Table 6-52). Although 

GLMs did not show any relationships between CBF and brain outcomes, SEMs 

were executed to explore potential differences by ethnicity in these 

relationships. 

6.4.4.1 Dependent variable: cortical volume 

As shown in section 6.4.3.1 there was no association between CBF and cortical 

volume.  This result is reflected in the SEMs where there was no evidence to 

suggest a role for CBF as a mediator between FRS and cortical volume (Figure 

6-26, Figure 6-27, Figure 6-28, Figure 6-23, Figure 6-24 and Figure 6-25).  

 

6.4.4.2 Dependent variables: total WMHs, WMHs zones 1 & 2, 

WMHs zones 3 & 4 

There was also no evidence to suggest CBF was a mediator between FRS and 

total WMHs (Figure 6-32, Figure 6-33, Figure 6-34, Figure 6-29, Figure 6-30 

and Figure 6-31), WMH zones 1 & 2 (Figure 6-38, Figure 6-39, Figure 6-40, 

Figure 6-35, Figure 6-36 and Figure 6-37) nor WMH zones 3 & 4 (Figure 

6-44, Figure 6-45, Figure 6-46, Figure 6-41, Figure 6-42 and Figure 6-43).
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 Sample Direct Effect Indirect Effect Total Effect 

SEM path   P  P  P 

FRS(%)>CBF(mL/100g/min)>> 

Cortical Volume (mL) 

White European -0.04 .160 0.00 .536 -0.04 .111 

South Asian -0.14 <.001 0.00 .767 -0.14 <.001 

African Caribbean -0.10 .005 0.00 .780 -0.10 .005 

Table 6-45. Direct, indirect and total effects of FRS mediated by CBF on cortical volume estimated from SEMs, 
standardised beta coefficients, P<.05 in bold.  

 

Wald test    

>>Cortical volume Chi2 df P 

CBF 1.69 2 .429 

FRS 5.03 2 .081 

TIV 2.83 2 .243 

>>CBF    

FRS 7.51 2 .023 

>>Joint test 16.05 8 .042 

Table 6-46. Wald tests for invariance of parameters across ethnic groups for SEMs including cortical volume using multi 
group option, P<.05 in bold. 
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 Sample Direct Effect Indirect Effect Total Effect 

SEM path   P  P  P 

FRS(%)>CBF(mL/100g/min)>> 

log Total WMHs (mm3) 

White European 0.00 .981 0.02 .213 0.02 .785 

South Asian 0.22 .004 0.00 .811 0.22 .004 

African Caribbean 0.15 .143 0.01 .555 0.16 .121 

Table 6-47. Direct, indirect and total effects of FRS mediated by CBF on log total WMHs volume estimated from SEMs, 
standardised beta coefficients P<.05 in bold. 

 

Wald test    

>>Log total WMH volume Chi2 df P 

CBF 4.84 2 .089 

FRS 4.30 2 .117 

TIV 2.43 2 .296 

>>CBF    

FRS 7.28 2 .026 

>>Joint test 21.75 8 .005 

Table 6-48. Wald tests for invariance of parameters across ethnic groups for SEMs including log total WMH volume 
using multi group option, P<.05 in bold. 
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 Sample Direct Effect Indirect Effect Total Effect 

SEM path   P  P  P 

FRS(%)>CBF(mL/100g/min)>> 

log WMH Z12 (mm3) 

White European 0.03 .668 0.02 .244 .05 .473 

South Asian 0.23 .002 0.00 .811 .23 .002 

African Caribbean 0.19 .063 0.01 .580 .20 .054 

Table 6-49. Direct, indirect and total effects of FRS mediated by CBF on log WMHs zones 1 & 2 volume estimated from 
SEMs, standardised beta coefficients, P<.05 in bold. 

 

Wald test    

>>Log WMH zones 1 & 2 Chi2 df P 

CBF 4.09 2 .129 

FRS 4.07 2 .131 

TIV 1.72 2 .422 

>>CBF    

FRS 7.28 2 .026 

>>Joint test 19.61 8 .012 

Table 6-50. Wald tests for invariance of parameters across ethnic groups for SEMs including log WMH zones 1 & 2 
volume using multi group option, P<.05 in bold.  
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 Sample Direct Effect Indirect Effect Total Effect 

SEM path   P  P  P 

FRS(%)>CBF(mL/100g/min)>> 

log WMH Z34 (mm3) 

White European -0.05 .497 0.02 .214 -0.03 .685 

South Asian 0.18 .021 0.00 .814 0.18 .020 

African Caribbean 0.08 .460 0.01 .547 0.09 .401 

Table 6-51. Direct, indirect and total effects of FRS mediated by CBF on log WMHs zones 3 & 4 volume estimated from 
SEMs, standardised beta coefficients, P<.05 in bold. 

 

Wald test    

>>Log WMH zones 3&4 Chi2 df P 

CBF 4.06 2 .131 

FRS 4.28 2 .118 

TIV 4.11 2 .128 

>>CBF    

FRS 7.28 2 .026 

>>Joint test 23.07 8 .003 

Table 6-52. Wald tests for invariance of parameters across ethnic groups for SEMs including log WMH zones 3 & 4 
volume using multi group option, P<.05 in bold. 
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Figure 6-23. SEM diagram examining the role of CBF as a mediator between FRS and cortical volume; Europeans.  
Connectors show standardised beta coefficients, (95% CIs) and P-values.  

Cortical Volume (mL) ε1

Framingham Score(% risk/10yr)

Cortical Cerebral Blood Flow (mL/100g/min)

ε2

Total Intracranial Volume (mL)

-0.04 (-0.09, 0.01)

P=0.160

0.02 (-0.03, 0.07)
P=0.529

0.94 (0.92, 0.96)

P=0.000

-0.22 (-0.35, -0.10)

P=0.001
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Figure 6-24. SEM diagram examining the role of CBF as a mediator between FRS and cortical volume; South Asians.  
Connectors show standardised beta coefficients, (95% CIs) and P-values.  

Cortical Volume (mL) ε1

Framingham Score(% risk/10yr)

Cortical Cerebral Blood Flow (mL/100g/min)

ε2

Total Intracranial Volume (mL)

-0.14 (-0.19, -0.09)

P=0.000

-0.03 (-0.08, 0.02)
P=0.271

0.96 (0.95, 0.97)

P=0.000

0.02 (-0.13, 0.17)

P=0.758
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Figure 6-25. SEM diagram examining the role of CBF as a mediator between FRS and cortical volume; African 
Caribbeans.  Connectors show standardised beta coefficients, (95% CIs) and P-values 

Cortical Volume (mL) ε1

Framingham Score(% risk/10yr)

Cortical Cerebral Blood Flow (mL/100g/min)

ε2

Total Intracranial Volume (mL)

-0.10 (-0.16, -0.03)

P=0.005

0.01 (-0.06, 0.08)
P=0.747

0.96 (0.94, 0.97)

P=0.000

-0.06 (-0.27, 0.15)

P=0.572
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Figure 6-26. SEM diagram examining the role of CBF as a mediator between FRS and cortical volume; Europeans vs 
South Asians.  Connectors show unstandardised beta coefficients, (95% CIs) and P-values. 

Cortical Volume (mL) ε1

Framingham Score(% risk/10yr)ε2

Cortical Cerebral Blood Flow (mL/100g/min)

ε3

Total Intracranial Volume (mL)

Ethnicity (Eur v SA)

-0.23 (-0.33, -0.13)
P=0.000

-0.04 (-0.25, 0.16)
P=0.689

0.32 (0.31, 0.33)

P=0.000

2.30 (-1.14, 5.74)

P=0.190

4.77 (1.77, 7.76)
P=0.002

-0.05 (-0.10, -0.01)

P=0.022

-3.60 (-5.02, -2.17)

P=0.000
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Figure 6-27. SEM diagram examining the role of CBF as a mediator between FRS and cortical volume; Europeans vs 
African Caribbeans.  Connectors show unstandardised beta coefficients, (95% CIs) and P-values. 

Cortical Volume (mL) ε1

Framingham Score(% risk/10yr)ε2

Cortical Cerebral Blood Flow (mL/100g/min)

ε3

Total Intracranial Volume (mL)

Ethnicity (Eur v AC)

-0.15 (-0.27, -0.03)
P=0.016

0.08 (-0.16, 0.31)
P=0.521

0.31 (0.30, 0.32)

P=0.000

-4.07 (-6.18, -1.95)

P=0.000

-0.12 (-1.85, 1.60)
P=0.890

-0.09 (-0.15, -0.04)

P=0.001

-2.76 (-3.62, -1.90)

P=0.000
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Figure 6-28. SEM diagram examining the role of CBF as a mediator between FRS and cortical volume; South Asians vs 
African Caribbeans.  Connectors show unstandardised beta coefficients, (95% CIs) and P-values.

Cortical Volume (mL) ε1

Framingham Score(% risk/10yr)ε2

Cortical Cerebral Blood Flow (mL/100g/min)

ε3

Total Intracranial Volume (mL)

Ethnicity (SA v AC)

-0.31 (-0.42, -0.21)
P=0.000

-0.08 (-0.32, 0.15)
P=0.488

0.31 (0.30, 0.33)

P=0.000

-10.38 (-13.68, -7.09)

P=0.000

-5.01 (-8.90, -1.11)
P=0.012

-0.00 (-0.05, 0.05)

P=0.993

-1.65 (-3.34, 0.04)

P=0.056
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Figure 6-29. SEM diagram examining the role of CBF as a mediator between FRS and log total WMHs; Europeans.  
Connectors show standardised beta coefficients, (95% CIs) and P-values   

Log Total WMH (mm3) ε1

Framingham Score(% risk/10yr)

Cortical Cerebral Blood Flow (mL/100g/min)

ε2

Total Intracranial Volume (mL)

-0.00 (-0.14, 0.14)
P=0.981

-0.09 (-0.23, 0.04)
P=0.180

-0.01 (-0.15, 0.13)

P=0.933

-0.22 (-0.35, -0.10)

P=0.001
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Figure 6-30. SEM diagram examining the role of CBF as a mediator between FRS and log total WMHs; South Asians.  
Connectors show standardised beta coefficients, (95% CIs) and P-values.  

Log Total WMH (mm3) ε1

Framingham Score(% risk/10yr)

Cortical Cerebral Blood Flow (mL/100g/min)

ε2

Total Intracranial Volume (mL)

0.22 (0.07, 0.36)
P=0.004

0.10 (-0.05, 0.24)
P=0.200

0.13 (-0.02, 0.28)

P=0.090

0.02 (-0.13, 0.17)

P=0.807
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Figure 6-31. SEM diagram examining the role of CBF as a mediator between FRS and log total WMHs; African 
Caribbeans.  Connectors show standardised beta coefficients, (95% CIs) and P-values. 

Log Total WMH (mm3) ε1

Framingham Score(% risk/10yr)

Cortical Cerebral Blood Flow (mL/100g/min)

ε2

Total Intracranial Volume (mL)

0.15 (-0.05, 0.35)
P=0.143

-0.15 (-0.35, 0.05)
P=0.160

0.14 (-0.07, 0.34)

P=0.197

-0.07 (-0.28, 0.14)

P=0.515
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Figure 6-32. SEM diagram examining the role of CBF as a mediator between FRS and log total WMHs; Europeans vs 
South Asians.  Connectors show unstandardised beta coefficients, (95% CIs) and P-values. 

Log total WMHs (mm3) ε1

Framingham Score(% risk/10yr)ε2

Cortical Cerebral Blood Flow (mL/100g/min)

ε3

Total Intracranial Volume (mL)

Ethnicity (Eur v SA)

0.01 (0.00, 0.02)
P=0.029

0.00 (-0.02, 0.02)
P=0.938

0.00 (-0.00, 0.00)

P=0.433

-0.13 (-0.41, 0.15)

P=0.373

4.92 (1.91, 7.92)
P=0.001

-0.06 (-0.10, -0.01)

P=0.019

-3.62 (-5.04, -2.20)

P=0.000
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Figure 6-33. SEM diagram examining the role of CBF as a mediator between FRS and log total WMHs; Europeans vs 
African Caribbeans.  Connectors show unstandardised beta coefficients, (95% CIs) and P-values.

Log total WMHs (mm3) ε1

Framingham Score(% risk/10yr)ε2

Cortical Cerebral Blood Flow (mL/100g/min)

ε3

Total Intracranial Volume (mL)

Ethnicity (Eur v AC)

0.00 (-0.01, 0.01)
P=0.524

-0.02 (-0.04, 0.00)
P=0.078

0.00 (-0.00, 0.00)

P=0.599

-0.04 (-0.22, 0.13)

P=0.625

-0.17 (-1.91, 1.56)
P=0.844

-0.09 (-0.15, -0.04)

P=0.001

-2.81 (-3.67, -1.94)

P=0.000
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Figure 6-34. SEM diagram examining the role of CBF as a mediator between FRS and log total WMHs; South Asians vs 
African Caribbeans.  Connectors show unstandardised beta coefficients, (95% CIs) and P-values   

Log total WMHs (mm3) ε1

Framingham Score(% risk/10yr)ε2

Cortical Cerebral Blood Flow (mL/100g/min)

ε3

Total Intracranial Volume (mL)

Ethnicity (SA v AC)

0.02 (0.01, 0.03)
P=0.001

0.00 (-0.02, 0.03)
P=0.830

0.00 (0.00, 0.00)

P=0.029

0.22 (-0.10, 0.53)

P=0.182

-5.27 (-9.19, -1.34)
P=0.008

-0.00 (-0.05, 0.05)

P=0.912

-1.70 (-3.39, -0.01)

P=0.048
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Figure 6-35. SEM diagram examining the role of CBF as a mediator between FRS and log WMHs in zones 1 & 2; 
Europeans.  Connectors show standardised beta coefficients, (95% CIs) and P-values.   

Log WMHs Zones 1&2  (mm3) ε1

Framingham Score(% risk/10yr)

Cortical Cerebral Blood Flow (mL/100g/min)

ε2

Total Intracranial Volume (mL)

0.03 (-0.11, 0.17)
P=0.668

-0.09 (-0.22, 0.05)
P=0.215

0.01 (-0.13, 0.15)

P=0.878

-0.22 (-0.35, -0.10)

P=0.001
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Figure 6-36. SEM diagram examining the role of CBF as a mediator between FRS and log WMHs in zones 1 & 2; South 
Asians.  Connectors show standardised beta coefficients, (95% CIs) and P-values.  

Log WMHs Zones 1&2  (mm3) ε1

Framingham Score(% risk/10yr)

Cortical Cerebral Blood Flow (mL/100g/min)

ε2

Total Intracranial Volume (mL)

0.23 (0.09, 0.37)
P=0.002

0.10 (-0.05, 0.24)
P=0.188

0.13 (-0.02, 0.28)

P=0.094

0.02 (-0.13, 0.17)

P=0.807
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Figure 6-37. SEM diagram examining the role of CBF as a mediator between FRS and log WMHs in zones 1 & 2; African 
Caribbeans.  Connectors show standardised beta coefficients, (95% CIs) and P-values. 

Log WMHs Zones 1&2  (mm3) ε1

Framingham Score(% risk/10yr)

Cortical Cerebral Blood Flow (mL/100g/min)

ε2

Total Intracranial Volume (mL)

0.19 (-0.01, 0.39)
P=0.063

-0.11 (-0.31, 0.09)
P=0.292

0.11 (-0.10, 0.31)

P=0.309

-0.07 (-0.28, 0.14)

P=0.515
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Figure 6-38. SEM diagram examining the role of CBF as a mediator between FRS and log WMHs in zones 1 & 2; 
Europeans vs South Asians.  Connectors show unstandardised beta coefficients, (95% CIs) and P-values. 

Log  WMHs zones 1 & 2 (mm3) ε1

Framingham Score(% risk/10yr)ε2

Cortical Cerebral Blood Flow (mL/100g/min)

ε3

Total Intracranial Volume (mL)

Ethnicity (Eur v SA)

0.01 (0.00, 0.02)
P=0.008

0.00 (-0.01, 0.02)
P=0.859

0.00 (-0.00, 0.00)

P=0.320

-0.18 (-0.45, 0.09)

P=0.198

4.92 (1.91, 7.92)
P=0.001

-0.06 (-0.10, -0.01)

P=0.019

-3.62 (-5.04, -2.20)

P=0.000
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Figure 6-39. SEM diagram examining the role of CBF as a mediator between FRS and log WMHs in zones 1 & 2; 
Europeans vs African Caribbeans.  Connectors show unstandardised beta coefficients, (95% CIs) and P-values. 

Log  WMHs zones 1 & 2 (mm3) ε1

Framingham Score(% risk/10yr)ε2

Cortical Cerebral Blood Flow (mL/100g/min)

ε3

Total Intracranial Volume (mL)

Ethnicity (Eur v AC)

0.01 (-0.00, 0.02)
P=0.187

-0.01 (-0.03, 0.00)
P=0.140

0.00 (-0.00, 0.00)

P=0.556

-0.10 (-0.27, 0.07)

P=0.246

-0.17 (-1.91, 1.56)
P=0.844

-0.09 (-0.15, -0.04)

P=0.001

-2.81 (-3.67, -1.94)

P=0.000
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Figure 6-40. SEM diagram examining the role of CBF as a mediator between FRS and log WMHs in zones 1 & 2; South 
Asians vs African Caribbeans.  Connectors show unstandardised beta coefficients, (95% CIs) and P-values.  

Log  WMHs zones 1 & 2 (mm3) ε1

Framingham Score(% risk/10yr)ε2

Cortical Cerebral Blood Flow (mL/100g/min)

ε3

Total Intracranial Volume (mL)

Ethnicity (SA v AC)

0.02 (0.01, 0.03)
P=0.000

0.00 (-0.02, 0.03)
P=0.692

0.00 (0.00, 0.00)

P=0.048

0.15 (-0.17, 0.46)

P=0.367

-5.27 (-9.19, -1.34)
P=0.008

-0.00 (-0.05, 0.05)

P=0.912

-1.70 (-3.39, -0.01)

P=0.048
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Figure 6-41. SEM diagram examining the role of CBF as a mediator between FRS and log WMHs in zones 3 & 4; 
Europeans.  Connectors show standardised beta coefficients, (95% CIs) and P-values.  

Log WMHs Zones 3&4  (mm3) ε1

Framingham Score(% risk/10yr)

Cortical Cerebral Blood Flow (mL/100g/min)

ε2

Total Intracranial Volume (mL)

-0.05 (-0.19, 0.09)
P=0.497

-0.09 (-0.23, 0.04)
P=0.182

-0.07 (-0.21, 0.07)

P=0.318

-0.22 (-0.35, -0.10)

P=0.001



 

 

 

2
9

9
 

 

Figure 6-42. SEM diagram examining the role of CBF as a mediator between FRS and log WMHs in zones 3 & 4; South 
Asians.  Connectors show standardised beta coefficients, (95% CIs) and P-values.  

Log WMHs Zones 3&4  (mm3) ε1

Framingham Score(% risk/10yr)

Cortical Cerebral Blood Flow (mL/100g/min)

ε2

Total Intracranial Volume (mL)

0.18 (0.03, 0.32)
P=0.021

0.07 (-0.08, 0.22)
P=0.359

0.10 (-0.05, 0.25)

P=0.192

0.02 (-0.13, 0.17)

P=0.807
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Figure 6-43. SEM diagram examining the role of CBF as a mediator between FRS and log WMHs in zones 3 & 4; African 
Caribbeans.  Connectors show standardised beta coefficients, (95% CIs) and P-values.. 

Log WMHs Zones 3&4  (mm3) ε1

Framingham Score(% risk/10yr)

Cortical Cerebral Blood Flow (mL/100g/min)

ε2

Total Intracranial Volume (mL)

0.08 (-0.13, 0.28)
P=0.460

-0.17 (-0.37, 0.04)
P=0.112

0.14 (-0.06, 0.35)

P=0.172

-0.07 (-0.28, 0.14)

P=0.515
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Figure 6-44. SEM diagram examining the role of CBF as a mediator between FRS and log WMHs in zones 3 & 4; 
Europeans vs South Asians.  Connectors show unstandardised beta coefficients, (95% CIs) and P-values. 

Log  WMHs zones 3 & 4 (mm3) ε1

Framingham Score(% risk/10yr)ε2

Cortical Cerebral Blood Flow (mL/100g/min)

ε3

Total Intracranial Volume (mL)

Ethnicity (Eur v SA)

0.01 (-0.00, 0.02)
P=0.209

-0.00 (-0.02, 0.02)
P=0.883

-0.00 (-0.00, 0.00)

P=0.836

-0.12 (-0.48, 0.24)

P=0.510

4.92 (1.91, 7.92)
P=0.001

-0.06 (-0.10, -0.01)

P=0.019

-3.62 (-5.04, -2.20)

P=0.000
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Figure 6-45. SEM diagram examining the role of CBF as a mediator between FRS and log WMHs in zones 3 & 4 
Europeans vs African Caribbeans.  Connectors show unstandardised beta coefficients, (95% CIs) and P-values. 

Log  WMHs zones 3 & 4 (mm3) ε1

Framingham Score(% risk/10yr)ε2

Cortical Cerebral Blood Flow (mL/100g/min)

ε3

Total Intracranial Volume (mL)

Ethnicity (Eur v AC)

-0.00 (-0.02, 0.01)
P=0.705

-0.02 (-0.05, 0.00)
P=0.062

-0.00 (-0.00, 0.00)

P=0.813

0.02 (-0.20, 0.24)

P=0.853

-0.17 (-1.91, 1.56)
P=0.844

-0.09 (-0.15, -0.04)

P=0.001

-2.81 (-3.67, -1.94)

P=0.000
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Figure 6-46 SEM diagram examining the role of CBF as a mediator between FRS and log WMHs in zones 3 & 4; South 
Asians vs African Caribbeans.  Connectors show unstandardised beta coefficients, (95% CIs) and P-values.

Log  WMHs zones 3 & 4 (mm3) ε1

Framingham Score(% risk/10yr)ε2

Cortical Cerebral Blood Flow (mL/100g/min)

ε3

Total Intracranial Volume (mL)

Ethnicity (SA v AC)

-0.00 (-0.02, 0.01)
P=0.705

-0.02 (-0.05, 0.00)
P=0.062

-0.00 (-0.00, 0.00)

P=0.813

0.02 (-0.20, 0.24)

P=0.853

-0.17 (-1.91, 1.56)
P=0.844

-0.09 (-0.15, -0.04)

P=0.001

-2.81 (-3.67, -1.94)

P=0.000
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6.5 Discussion 
Cerebral atrophy and increases in WMHs are well documented as typical brain 

characteristics in old age.  Much evidence supports the theory that these 

alterations are exacerbated by vascular risk.  However, the mechanisms 

responsible for these changes, the wide range of inter-individual variation and 

variation by ethnicity and gender are not entirely understood.  Chapter 5 

described associations of vascular risk with CBF and indicated this relationship 

was modified by ethnicity and sex.  In the current chapter it was hypothesised 

that FRS and CBF (calculated using the method of individualised Hct), would 

each be associated with cortical volume and burden of WMHs.  It was further 

hypothesised that the strength of these relationships would differ between 

WMHs zones 1 & 2 and WMHs zones 3 & 4 to reflect differing aetiologies of 

WMHs in these areas.  Ethnicity and sex were also tested as effect modifiers on 

these relationships.  Furthermore, it was hypothesised that CBF is a mediator 

between vascular risk and MRI brain outcomes.   

 

6.5.1 Main Findings 

6.5.1.1 Associations of age, FRS and cortical tissue volume 

 

1. Increasing age was associated with decreased cortical tissue volume. 

The decrease in cortical volume with increasing age agrees with most previous 

evidence supporting a largely linear decline of GM volume in this age group. 

(266) (267) (54) (268).   

 

2. FRS was negatively associated with cortical volume.  

The majority of previous work supports the theory that more adverse vascular 

risk factors are associated with cerebral atrophy.  Findings from the current 

study using FRS as a composite measure of vascular risk agree with a range of 

investigations that employed various vascular risk factors such as hypertension 

(130), diabetes (235) (243) multiple VRFs and clustering of vascular risk factors 



 

 305 

such as metabolic syndrome (269) (270).  These factors have all been 

mechanistically implicated in neurodegenerative changes in old age.  

 

3. Europeans had less decline in cortical tissue volume in association with 

increasing FRS than South Asians or African Caribbeans. 

The steeper gradient of decline in cortical volume in association with increasing 

vascular risk in South Asians and African Caribbeans compared to Europeans 

is an interesting finding.  One explanation of this finding may be the greater 

prevalence of diabetes in non-European ethnic groups, (Europeans 18%, South 

Asians 38%, African Caribbeans 30% in the present study).  T2DM has been 

associated with cortical tissue loss in many previous studies (271).  Diabetes is 

included in the FRS algorithm, but may be insufficiently weighted (and may 

differ by ethnicity) to account for the effect of diabetes on the outcomes for this 

study, resulting in residual confounding by differences in prevalence and toxicity 

of diabetes across ethnic groups.  There is some evidence that diabetes exerts 

more adverse effects on stroke risk in South Asians which is consistent with this 

suggestion (238).  Diabetes is a binary factor in the FRS and therefore does not 

capture the deleterious effects of duration of diabetes, level of glycaemic control 

or hyperglycaemia below the threshold for diagnosis of diabetes.  Age also has 

potential for residual confounding in this study.  There is considerable evidence 

that brain atrophy accelerates in old age and the coefficient for age in FRS may 

not wholly account for the effect of age on cortical volume.  However, the mean 

and distribution of age were similar across ethnic groups in the pooled sample 

and is therefore unlikely to have had a major influence on findings relating to 

ethnicity. 

 

4. European men had less decline in cortical volume in association with 

increasing FRS than South Asian or African Caribbean men.   

5. South Asian women had less decline in cortical volume in association with 

increasing FRS than European or African Caribbean women.   

Stratified analyses revealed sex-specific effect modification by ethnicity.  The 

difference in trends of effect modification by sex cannot be explained by 
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differences in diabetes prevalence as this is similar in men and women in each 

ethnic group.  South Asian women were slightly younger than women in other 

ethnic groups so there may be some residual confounding by age if FRS does 

not fully account for age effects.  This study cannot exclude the possibility of 

omitted lifestyle variables or omitted information such as the duration of 

vascular risk factors or other unmeasured factors confounding results.  These 

findings also may be due to chance as 95% CI margins mostly overlapped, and 

sex-interactions were generally not statistically significant.  However, when the 

data were stratified by sex and ethnicity, sample sizes were small limiting the 

power of the study to detect meaningful differences.   

 

6.5.1.2 Associations of age, Framingham risk score and white 

matter hyperintensity volumes 

 

6. Increasing age was associated with increased WMH volume. 

The well documented relationship of increasing severity of WMHs with old age 

was replicated in this study (131, 161, 272) (62).  The trajectories of WMH 

increase with age were similar in both PV (WMH zones 1 & 2) and DWM areas 

(WMH zones 3&4) giving no suggestion of differing aetiologies of WMHs by 

zone.   

 

7. European women had a greater volume of WMHs than European men in 

age adjusted models.  There was little difference between WMH volumes 

between sexes in South Asian and African Caribbean ethnic groups. 

The finding that European women had a greater volume of WMHs than 

European men in models adjusted for age aligns with the Rotterdam study (62) 

which was a largely Caucasian sample.  However, in the present study there 

was little difference in WMH volume between sexes in South Asian and African 

Caribbean groups.   
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8. FRS was positively associated with volume of WMHs.  

The increase in WMH severity with old age is a well-documented characteristic 

of brain ageing (262) (62).  Evidence regarding the relationship of WMHs with 

vascular risk is more controversial.  The present study found a positive 

association of WMHs with FRS, but taking into consideration evidence from 

previous studies, it is possible that age is the component of the algorithm most 

influential on this result.  Although the association of vascular risk with WM 

damage is supported by evidence such as the Framingham study that found 

increased WMHs with higher composite vascular risk scores and hypertension 

(148), and another study using FA found vascular risk interacted with age to 

undermine WM integrity (273), the Lothian study found that only a small amount 

of variance in WMHs was explained by vascular risk (132).  This study also 

argued that lack of convincing evidence regarding the effect of BP lowering 

medication on progression of WMHs supported this observation.  While the use 

of a composite risk score including age in the current study has a number of 

advantages as previously discussed, it does not make it possible to disentangle 

the impact of each component on the outcome.  

 

9. The strength of association of FRS with WMH volume in zones 1 & 2 and 

zones 3 & 4 could not be differentiated. 

There was no evidence of differences in the strengths of association of FRS 

with WMHs in zones 1 & 2 or 3 & 4.  No difference in aetiology between WMHs 

in inner and outer zones can be inferred from this result.  This finding disagrees 

with previous literature that suggested different causal pathways for WM 

damage in PV and DWM regions due to their differing vascular architectures 

(63, 115).  However, more recent evidence indicates a much more complex 

picture: phenotypes displaying PV hyperintensities and DWM hyperintensities 

have both shared and differing genetic loci which are also variously associated 

with vascular pathologies (274). Heritability may be an important factor in the 

development of WMHs which cannot be captured in the present study due to 

the absence of genetic data. 
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10. South Asians and African Caribbeans had a greater increase in WMH 

volume in association with increasing FRS than Europeans.  This was the 

case in both sexes in stratified models. 

Ethnicity as an effect modifier in the relationship of WMHs and vascular risk is in 

accordance with previous studies (161).  The ARIC study, that found greater 

progression in WMHs in African Americans compared to Caucasians, 

considered this could be due to longer duration of hypertension in African 

Americans (244).  The greater prevalence of anti-hypertensive medication in 

African Caribbeans of both sexes and South Asian women compared to 

Europeans in the current sample reflects a greater prevalence of hypertension 

diagnosis and may be indicative of longer duration of pathological levels of BP.  

Systolic BP measured in clinic was also lower in Europeans.  However, the 

ethnic variation in WMH volume may also be due to residual confounding by 

age or diabetes.  Longitudinal studies indicate that one of the strongest 

predictors of WMH volume is higher baseline readings. i.e. participants with the 

largest volume of WMHs at the beginning of a study experience the greatest 

progression of WMH volume over the period until follow-up (132).  Furthermore, 

non-vascular predictors of WMHs that vary by ethnicity are not included in this 

study and may act as confounders, such as genetic variants implicated in 

causal inflammatory pathways leading to WMHs (275). 

 

6.5.1.3 Associations of CBF with cortical tissue volume and 

WMH volume 

 

11. CBF was not associated with cortical volume nor WMH volumes and did 

not mediate the relationship of FRS with brain outcomes. 

CBF was not associated with brain outcomes in GLM analyses and this lack of 

association was unsurprisingly reflected in the null results for CBF as a 

mediator in SEMs.  Comparisons with previous studies are difficult due to 

variation in cohort characteristics and methodological differences for acquiring 

flow data and estimating flow.  Studies that have found associations of CBF and 



 

 309 

brain atrophy have generally included clinic cohorts with memory problems or 

AD or have included participants with other severe neurodegenerative changes 

(168).  A previous study found associations between CBF and atrophy in AD but 

not controls (169). Other studies did not find convincing associations of CBF 

and atrophy after adjustment for age (114), or if they did only reported regional 

brain flow (80, 261).  Measurement of regional CBF may be more sensitive to 

early changes in vulnerable regions of the brain associated with neurovascular 

degeneration and cognitive decline.  There may be reverse causation due to 

matching of perfusion to the demands of reduced brain volume or lower 

metabolic demands of rarefied tissue.  The direction of causality between 

perfusion and brain volume remains obscure, although there is some evidence 

of bi-directionality in old age (117).  The independent effect of atrophy on both 

CBF and brain volume may also act as a confounder.  Consideration of total 

blood flow to the brain by PC-MRI could be used as an additional indicator of 

brain health, although adjustment for head size is still necessary (114), and this 

method does not measure tissue perfusion directly.  

 

The lack of a cross-sectional association between WMHs and CBF in the 

current study is in conflict with the majority of previous evidence summarised in 

a recent systematic review (171).  However, the diversity of methodological 

approaches used to quantify WMHs and to measure CBF make direct 

comparisons difficult.  For example, in a small study (n = 26) Crane et al (276) 

observed a negative association of WMH volume with GM CBF using PCASL  

in regional areas but did not report global results, and Bastos-Leite et al (168), 

using the Fazekas scale to categorise WMH volume, found an association of 

diffuse confluent WMHs with lower global and whole brain CBF using PASL.  In 

contrast, Wagner et al (277) found no associations between GM CBF, 

measured using PASL, and WM changes measured using T2* mapping.  

Furthermore, this systematic review suggested that many investigations were 

confounded by inadequate adjustment for age which is often associated with 

both CBF and WMH burden, and some results may have been biased by over-

representation of participants with dementia.  Age was not associated with CBF 

in the current work (see Chapter 4).  As discussed above this may reflect the 
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limited age range in the sample and may partially explain why these findings 

disagree with some but not all others (116).  The sample in the present study 

was healthier and younger than many previous studies.  In these circumstances 

cerebral autoregulation is more likely to be preserved, at least under resting 

conditions.  ASL as implemented in the present study cannot detect abnormal 

blood flow rates that only occur in response to a stimulant such as a 

hypercapnic challenge or a drop or elevation of BP.  Alternatively, low CBF may 

be the consequence not the cause of WMHs so that the relatively healthy 

individuals observed in the current study may be too early in the process of 

WMH development for lesions to detectably affect CBF.  It would be interesting 

to investigate whether CBF decreased in individuals with high WMH burden in 

follow up scans as observed in a previous longitudinal study (112).   

 

There were no differences in the strength of associations of CBF with WMHs in 

zonal analysis.  This finding may reflect the limitations in detecting small 

changes in resting CBF in relatively healthy populations in the early stages of 

WMH development as mentioned above.  Ten Dam et al. did not find an 

association of WMHs and CBF in cross-sectional analysis, although longitudinal 

data in this elderly sample revealed an association of decline in CBF with an 

increase in PV WMHs, indicative of diffuse hypoperfusion, but not DWM 

hyperintensities which would be indicative of localised perfusion deficits (115) .  

The cross-sectional design of the current study precludes speculation about 

causality and is unable to detect intra-individual changes in WMH severity or 

perfusion.  

 

It is also possible that associations with CBF were not observed as non-

vascular mechanisms such as inflammation, oedema, vessel wall leakage 

(132), and increased genetic risk (278) (275) may be more strongly causally 

related to the development of WMHs and may have obscured weak 

associations.   
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6.5.2 Study Strengths and Limitations 

This study shares many of the strengths and limitations discussed in Chapters 4 

and 5.  In brief, strengths include the ethnically diverse and well-defined 

population cohort.  The study was entirely conducted in a single centre, 

cardiovascular data were robust with few missing data points.  Imaging 

strengths include robust MRI protocol application and advanced automated 

processing of brain segmentation and WMH volumetry.  Analyses of stratified 

models avoided confounding by ethnicity and sex and revealed potential 

differences in associations of vascular risk and brain outcomes.  The inclusion 

of participants reflecting ethnically diverse populations is important for future 

studies to consider in order to confidently generalise results to wider 

populations and to inform clinical decisions oriented to individualised precision 

medicine.  Such advances in preventative care result in saving health care 

costs, more timely effective interventions at the most effective stage in an 

individual’s life course to promote the optimum cognitive outcomes in old age.  

However, this cohort may have been too heathy to detect changes in CBF due 

to preserved cerebral autoregulatory function. 

 

As discussed previously in this thesis, the use of individually measured Hct in 

the Buxton equation for calculation of CBF from ASL improved the accuracy of 

CBF estimation in this elderly ethnically diverse cohort. 

 

Limitations of the study emerge in the stratified analyses which were 

underpowered to detect the small effect sizes of vascular risk on brain 

outcomes.  This resulted in wide and overlapping confidence margins which 

made many results uncertain. 

 

The cross-sectional design precludes any conclusions about causal 

relationships between variables.  Longitudinal data would have yielded 

information regarding the progression of WMHs as there is much inter-individual 

variation.  Furthermore, this study measured brain volume which is a surrogate 

marker for brain atrophy(56).  
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Visualisation of WMHs using a FLAIR sequence provides evidence of late stage 

damage.  The rate of WMH expansion may be a more relevant marker of 

cognitive function.  FA from DTI would provide more sensitive evidence at an 

earlier stage of WM connective deterioration.  

6.5.3 Future studies 

Further investigation using a larger population cohort to provide more robust 

results particularly regarding the modifying effects of ethnicity and sex is 

warranted, as the present study is limited by lack of power.  Longitudinal studies 

would also be able to indicate possible direction of causality and risk factors 

linked to trajectories of change.  It remains unknown whether CBF remains 

matched to cortical volume in the atrophied brain or whether the brain shrinks 

due to loss of blood flow.  It is also not clear whether the aetiology of WMHs 

includes a response to restricted blood flow, or if CBF decreases as WMHs alter 

metabolic demand (112).  Use of the FRS to represent composite vascular risk 

means that age cannot be disentangled from other risk factors.  Testing of the 

individual components of the algorithm would give a better indication whether 

age was the driving factor between FRS and brain outcomes, but inclusion of 

the individual risk factors would complicate statistical modelling considerably.  

Use of more sensitive or dynamic measures such as imaging CBF under 

hypercapnic challenge to detect vasoreactivity deficiencies and use of 

increasingly sophisticated DTI sequences to examine FA, MD and tractography 

enable detection of earlier as well as more subtle localised WM pathology (279).  

Separation of the components of vascular risk instead of use of a composite 

metric would reveal those factors most closely related to unhealthy brain ageing 

and would facilitate clinical decision-making for effective and timely 

interventions tailored more closely to the individual.  The close association of 

age with brain volume and WMH severity makes it possible the associations of 

FRS with brain markers found in this study are largely due to the age 

component of the composite risk algorithm.   
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6.5.4 Summary 

The findings of this chapter support the hypothesis that vascular risk is 

associated with MR markers of brain ageing.  Ethnicity and sex appear to 

modify these complex relationships.  CBF was not associated with any of the 

brain outcomes tested in this study.  Future studies on larger population cohorts 

could provide further evidence of the extent of ethnic and gender variations on 

these relationships.  More sensitive methods of brain imaging are required to 

detect earlier and more subtle signs of brain ageing. 
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 . Summary of results and future directions 

 

The final chapter reviews the main findings of this thesis.  Strengths and 

limitations of the study are briefly recapped, followed by a discussion of future 

directions and a final summary. 

 

This thesis investigated the relationships of CBF, estimated using an improved 

method employing measured as opposed to estimated Hct.  This facilitated the 

investigation of associations between CBF, vascular risk and the MR markers of 

accelerated brain ageing.  Analyses focused on the roles of sex and ethnicity as 

effect modifiers on these relationships.  

7.1 Review of hypotheses and results 

7.1.1 Chapter 4 

Chapter 4 was an investigation of the effect of variation of Hct on CBF 

estimation.  The impact on sex and ethnic groups of using the population Hct 

mean rather than individually measured Hct to calculate the T1 of blood was 

evaluated in a tri-ethnic elderly population cohort. 

 

1. Hypothesis: 

a) The inclusion of individualised measurements of Hct in the 

calculation of CBF from ASL improves accuracy when 

investigating group associations of cerebral perfusion. 

 

Summary of Findings 

Compared to quantification using a fixed Hct of 43.5% as recommended in the 

ISMRM white paper, use of measured individual Hct decreased CBF estimates 

from ASL in all ethnic and sex categories except European men.  The size of 
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this effect differed by ethnicity and sex: cortical CBF estimates from ASL in 

women, non-European ethnicities and individuals with diabetes are 

overestimated.  Individually measured Hct should be used to calculate the 

longitudinal relaxation time of blood but if this is not practical, a group mean 

value adjusted for ethnicity and sex would improve accuracy of CBF 

estimations.  Hct corrected ASL could be potentially important both in research 

for group investigations and in clinical use for CBF threshold decision making in 

the fields of neurodegenerative disease and neuro-oncology. 

 

7.1.2 Chapter 5 

Chapter 5 analysed the association of vascular risk, represented by separate 

VRFs and a composite vascular risk score (FRS), with CBF estimated using the 

method described in Chapter 4.  Interactions of vascular risk with ethnicity 

aimed to detect group differences in these relationships.  To explore possible 

effect modification by sex and diabetes, secondary analyses were performed on 

groups stratified by sex and diabetes status. 

 

1. Hypotheses 

a) Individual components of the FRS are associated with CBF in 

elderly populations. 

b) Sex and ethnicity are in some instances effect modifiers of this 

relationship. 

 

2.  Hypotheses 

a) Elevated combined vascular risk represented by the FRS is 

associated with decreased cortical CBF in elderly populations.  

b) Sex and ethnicity are effect modifiers in this relationship.  
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Summary of Findings 

Systolic BP was inversely associated with CBF and HDL cholesterol was 

positively associated with CBF in the pooled sample, although effect sizes were 

small.  Diabetes was weakly associated with decreased CBF.  In sex stratified 

samples the relationship of systolic BP with CBF was only seen in men. 

 

Increased combined vascular risk (FRS) was associated with decreased CBF.  

However, there was no indication of a synergistic effect of multiple VRFs.  

Ethnicity moderated this result.  Europeans with low FRS had higher CBF than 

other ethnicities with comparable vascular risk scores, but their CBF decreased 

more with increasing FRS than other ethnicities.  The corollary of this result may 

be that South Asians and African Caribbeans displayed a ‘floor’ effect: their 

CBF was low but did not decline further with increase in FRS.  Earlier onset and 

longer duration of vascular disease may explain this result.  On inspection of 

sex stratified samples, the role of ethnicity as an effect modifier was only 

apparent in women in these analyses.  As the association of age with CBF was 

strongest in European women, age may be the component of the FRS algorithm 

accounting for this finding.  It is possible that South Asian and African 

Caribbean women experience the effects of vascular risk on CBF earlier in their 

life course. 

 

Groups stratified by diabetes were under-powered which made evidence from 

these analyses unconvincing.  Additionally, omitted variables including duration 

of diabetes and glycaemic control may have confounded results.  However, 

there was some evidence that non-European participants in the ‘no diabetes’ 

group displayed a phenotype of vascular risk similar to all participants in the 

‘with diabetes’ group.  In the ‘no diabetes’ group, Europeans were differentiated 

from other ethnicities as they had higher CBF at low FRS, whereas there were 

no ethnic differences in this relationship in the ‘with diabetes’ group.  This result 

aligns with the hypothesis that South Asians and African Caribbeans may be 

more at risk of neurodegenerative disease and cognitive impairment than 

Europeans in relation to level of vascular risk.  
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7.1.3 Chapter 6 

Chapter 6 investigated associations of FRS and CBF, estimated using the 

method described in Chapter 4, with cortical tissue volume and WMH volumes.  

The role of CBF as a potential mediator between vascular disease and the MR 

markers of brain ageing was evaluated.   

 

1. Hypotheses 

a) Elevated combined vascular risk represented by the FRS is 

associated with decreased cortical tissue volume and increased 

WMH volume in an elderly ethnically diverse population. 

b) Sex and ethnicity are in some instances effect modifiers of the 

association of combined vascular risk and brain outcomes. 

 

2. Hypotheses 

a) Hypoperfusion is associated with decreased cortical tissue volume 

and increased WMH volume in elderly populations.   

b) Sex and ethnicity are in some instances effect modifiers of the 

associations of CBF and brain outcomes. 

 

3. Hypothesis 

a) Cortical CBF is a mediator in associations of combined vascular 

risk with cortical tissue volume and WMH volume in elderly 

populations. 

b) The strength of CBF as a mediator in the association of combined 

vascular risk with WMH volume will vary with zonal location. 

Summary of findings 

Decreased cortical tissue volume and increased WMH volumes were 

associated with increased FRS.  However, the use of the composite FRS did 

not provide evidence as to which elements of the algorithm were most closely 
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correlated.  The strong association of cortical volume and WMH volumes with 

age indicates that the relative effect size of vascular risk on these relationships 

is small.  The stronger association of FRS with brain volume and WMHs in 

South Asians and African Caribbeans may have been due to confounding by 

diabetes prevalence which has a disproportionate effect on brain ageing not 

captured by the FRS.  South Asian women appeared to experience less decline 

in cortical volume with FRS but differences in associations by ethnicity in sex 

stratified models were difficult to interpret with confidence due to lack of power 

and small effect sizes.   

 

CBF did not mediate the effect of FRS on cortical tissue volume or any WMH 

volume variable.  This finding may be due to the relatively healthy study sample 

who were mostly in early old age or were brain ageing successfully.  They were 

therefore more likely to be able to maintain perfusion at rest via cerebral 

autoregulation within a normal range.  Alternatively, it cannot be discounted that 

the mechanisms of vascular risk on the acceleration of brain ageing may be 

unrelated to hypoperfusion. 

7.2 Strengths and Limitations 

The main strength of this study was its large sample size relative to previous 

studies using ASL to measure brain perfusion.  However, statistical power was 

limited when samples were stratified by sex and diabetes.  The SABRE study 

was a community-based population cohort and therefore is more representative 

of the general population than symptomatic cardiovascular disease cohorts or 

those drawn from memory clinics.  However, it did not include individuals with 

very severe cognitive symptoms or mobility limitations which may have led to a 

selection bias towards more healthy individuals than in the general population.  

This may have impacted the ability of this study to detect hypoperfusion under 

resting conditions. 
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A major strength of this study was the use of individually measured Hct for the 

calculation of CBF from ASL which improved accuracy of CBF estimation in this 

elderly ethnically diverse cohort. 

 

The cross-sectional design of the study had a number of drawbacks.  Brain 

volume is a surrogate measure of brain atrophy and is difficult to interpret due to 

inter-individual variation of brain size and the possible non-linear association of 

atrophy with age (56).  Tracking of individual changes in longitudinal studies 

over a period of years provides a more robust measure.  Similarly, rate of 

progression of WMHs is a more accurate predictor of cognitive function than 

cross-sectional measurement (280).  The detection of WMHs using the FLAIR 

MR sequence supplies evidence of late stage WM damage.  Use of DTI would 

have provided earlier and more sensitive evidence of deterioration in WM 

connectivity.   

 

The cross-sectional design also discounted consideration of variables such as 

duration and pattern of VRFs including variation of BP e.g. periodic 

hypertension/hypotension, and duration of diabetes or history of glycaemic 

control.  The cross-sectional design also excludes inference of causal direction, 

so it is not possible to speculate whether CBF is a result of increasing vascular 

risk, whether it is a concurrent parallel process with vascular risk or whether 

CBF promotes vascular disease.  Many studies (75) have indicated that 

vascular disease in middle age is an important predictor of cognitive decline in 

old age.  However, this pattern of association can only be captured in 

longitudinal studies (244) (107) (105).   

 

This study cannot discount unmeasured confounders affecting the relationship 

between VRFs and CBF.  Furthermore, these may be more prevalent in non-

European ethnic groups, thus confounding results that indicate effect 

modification by ethnicity.  Although some factors that have been implicated in 

brain outcomes were omitted, including obesity, vascular stiffness, cardiac 

index, exercise (281) and genetic factors such as  APOE4 (281), the variables 
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included in the models for this thesis were selected a priori according to strong 

evidence-based research on predictors of cardiovascular events.  FRS was 

selected as a measure of combined vascular risk as it has undergone extensive 

international validation.  However, it has been criticised for failing to perform 

equally well in all ages, ethnicities and sexes (195) (250) (196). 

 

The measurement of CBF in mL/100g/min neglects the role of brain atrophy in 

assessing the effects of VRFs on cerebrovascular disease in old age.  Severely 

atrophied brains that are reasonably perfused will not be identified if CBF is 

considered in isolation.  Without longitudinal studies it is not possible to 

disentangle whether an atrophied brain is the result of decreased blood flow or 

whether decreased blood flow is the result of the reduction in metabolic demand 

from smaller rarefied brain tissue.  Inclusion of brain volume, adjusted for 

intracranial volume, in conjunction with CBF might provide more useful 

biomarkers of brain health in ageing populations.   

 

7.3 Future Directions 

ASL in elderly populations is a challenging technique but promises to become a 

useful biomarker of dementia in advance of symptomatic disease onset.  

Measurement errors can be introduced due to slow flow and vessel 

collateralisation leading to delayed bolus arrival.  Susceptibility artefacts caused 

by dental work affect the MR signal, and tortuosity of the neck vessels may 

affect the efficiency of RF blood labelling.  Improvements in ASL sequences 

such as 4D fast acquisition using multi TIs to visualise arrival of the full bolus 

(282) (283), improved bolus labelling such as velocity selective ASL (284), 

correction for off-resonance effects in the labelling plane caused by factors such 

as dental implants (285), and improvements in SNR (286) (287) may extend 

robust measurement to perfusion of WM and regional CBF and to the use of 

ASL at higher field strengths.  The present study did not include regional CBF 

measurements as global cortical measurement was considered to be more 

reliable using current techniques.  However, future studies investigating flow in 
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brain areas associated with AD such as temporal and parietal lobes, might 

provide stronger evidence for the role of decreased CBF in brain ageing and 

cognitive decline.  Assessment of vasoreactivity such as the hypercapnic 

challenge used by Glodzik et al (166), might also be more sensitive to early 

signs of hypoperfusion, possibly prior to symptoms of cognitive decline.   

 

The literature review in this thesis included examples of the value of longitudinal 

studies for assessing the MR markers of brain ageing.  Progression of WMHs 

and acceleration of brain atrophy were often strongly associated with vascular 

risk and CBF when cross-sectional data did not show correlations (112) (117) 

(115) (130).  Longitudinal studies also provide valuable information regarding 

the effects of VRFs throughout the life-course.  Confidence in some of the 

results in this thesis, particularly those in highly stratified models, are hampered 

by relatively small sample sizes in relation to effect sizes.  If possible, future 

investigations would benefit from a focus on very large prospective studies such 

as UK Biobank (288) or meta-analyses of cohorts from multiple studies which 

are able to produce comprehensive stratified phenotyping including genetic, 

metabolic and environmental data.  
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 . Appendices 

 

 

Figure 8-1. Scatter plots showing the correlation of systolic BP and age. 

 

 

Figure 8-2. Scatter plots showing the correlation of pulse pressure and 
age.
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Dependent variable: total WMH volume (mm3) (all participants) 

 Model 1d (n=482) Model 2d (n=482) Interaction model (n=482) 

AIC 
19.49 19.49 19.49 

 exp B (95%CI) P exp B (95%CI) P exp B (95%CI) P 

Age, years 1.05 1.03 1.07 <.001 1.05 1.03 1.07 <.001 1.03 1.00 1.06 .025 

Sex, female 1.23 0.93 1.63   .141 1.27 0.95 1.71 .108 1.30 0.96 1.75 .085 

South Asian . . . . 1.10 0.83 1.45 .524 0.04 0.00 1.06 .054 

African Caribbean 
. . . . 1.15 0.82 1.60 .419 0.43 0.01 16.82 .654 

South Asian*age, years 
. . . . . . . . 1.05 1.00 1.09 .047 

African Caribbean*age, 
years 

. . . . . . . . 1.01 0.96 1.07 .595 

Table 8-1.  Dependent variable: total white matter hyperintensities volume (all participants). Models are adjusted for TIV 
exponentiated beta coefficients, P <.05 shown in bold. 


