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Abstract
Background: Eighteen per cent of the UK population have cognitive impairment and 1/3
of older people have chronic kidney disease (CKD). There is a high prevalence of white
coat hypertension (WCH) in this population. Observational studies have associated lower
BP with poor cognitive function. In the CKD population lower BP has been associated
with increased mortality and cardiovascular events. Lowering BP might adversely affect
cognitive function.
Aims: To describe associations between ambulatory blood pressure measurements
(ABPM), white coat effect (WCE) and cognitive function and to determine if carotid
atherosclerosis contributes to this association. Quantitative MRI will be used to analyse
structural correlates for adverse cognitive performance and to ascertain if quality of life
(HRQOL) is affected by lower ABPM.
Methods: 79 people with CKD were recruited. All underwent office and ambulatory BP
measurements, carotid duplex scanning and cognitive testing using a detailed
neuropsychological battery, including a quality of life questionnaire across 2 test sessions
9 months apart. 20 aged matched healthy controls were recruited for comparable
cognitive performance. 30 patients and 6 healthy controls were recruited into a subgroup
to undergo quantitative MRI analysis.
Results: Low BP and WCE adversely affect cognitive performance in those with
cardiovascular disease (CVD). Carotid atherosclerosis did not change the relationship
between BP, WCE and cognitive performance. WCE but not ABPM was associated with
damage on quantitative MRI. HRQOL was not related to lower ABPM or WCE however
scores were lower than controls.
Conclusion: An adverse association between ABPM, WCE and cognition in those with
CVD has not previously been demonstrated in a CKD cohort. Associations were not
found between ABPM, WCE and quantitative MRI. Increased variance of qMT in the CKD
group may represent early tissue inflammation.
controls have not been previously reported.
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Preface
The prevalence of cognitive impairment is approximately 18%1 in the UK population. With
over ¼ of those developing dementia over 3 years2. There are 800,000 people now living
with dementia and 670,000 friends and family members acting as carers. The overall
financial burden to the NHS is £23 billion and is estimated to rise to £28billion pounds in
20183.    March  2012  saw  the  UK  coalition  government  launch  ‘the  dementia  challenge:  the  
fight   against   dementia’.      One   of   4   key   areas   identified   for meeting that challenge is to
boost dementia research. In a statement in May 2012 the research champion group
identified 3 key aims for research: looking at mechanisms behind the disease; targets for
intervention; improving quality of life for those living with dementia4. The aims of this
study are to explore the relationships between blood pressure (BP) and cognitive
impairment and quality of life in a group of older people with kidney disease. This will be
carried out by means of focused cognitive and quality of life testing, novel brain imaging
and carotid vascular assessments in an attempt to identify potential areas for intervention
and prevention of cognitive impairment.
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Chapter  1
1 Introduction
1.1 Chronic Kidney Disease
Chronic kidney disease (CKD) is a major public health problem affecting 7% of the
population and 1 in 3 people between the ages 75-845. It is defined as the estimated
glomerular filtration rate (eGFR) less than 60ml/min/1.73m2 and is a risk factor for
cardiovascular events and mortality, this risk increases as eGFR decreases6 . CKD can
be classified according to the eGFR level (see table 1-1).
Table 1-1. Showing CKD stage according to eGFR (ml/min/1.73m2)
CKD Stage

eGFR (ml/min/1.73m2)

1

>90

2

60-89

3a

45-59

3b

30-44

4

15-29

5

<15

Routine reporting of eGFR has been implemented in order to reduce complication rates
and slow progression of renal disease. CKD quality outcomes framework initiative-targets
for primary care and national nephrology guidelines have promoted the benefits of blood
pressure (BP) reduction in this group, in order to reduce complications7. Evidence of this
benefit comes from trials of younger patients with glomerular or polycystic renal disease8,
however the beneficial effect of BP reduction has not been demonstrated in the general
CKD population which is older with systolic hypertension and a high frequency of
cardiovascular disease (CVD)6. Elderly people also have a higher incidence of isolated
systolic hypertension with normal or low diastolic blood pressure (DBP)9.

There is

concern that aggressive treatment of BP in this group may lead to driving down of DBP,
which is of concern as the coronary arteries are perfused during diastole10 and this may
compromise cerebral perfusion11.
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1.2 Cognitive decline & chronic kidney disease
CKD is significantly associated with cognitive decline. In a study of 3075 community
dwelling elderly people, baseline eGFR is inversely related to cognitive performance as
measured by a modified mini-mental state examination (MMSE), and is related to a
greater decline in cognitive scores over time12. As well as being associated with worse
global scores of cognitive function, patients demonstrate poor performance in executive
function, language and memory13. In a study of 50 patients with CKD and 50 controls
over the age of 61, 46% of those with CKD had impaired verbal recall and had
significantly lower tests of verbal recall and executive function compared to controls14.
The most important pathophysiological link is thought to be small vessel disease (SVD)15
as vascular risk factors such as diabetes, smoking, hypercholesterolaemia and
hypertension are common to each of vascular cognitive impairment, vascular dementia
and small vessel renal disease16,

17 18, 19

.

The brain and the kidney both contain low

resistance vascular beds subject to high pulse pressures from the large arteries and
therefore leaving these organs particularly at risk from vascular damage20.

As well as
21

established vascular risk factors metabolic disturbances such as anaemia , elevated
homocysteine22 and reduced nitric oxide levels have been implicated in the
pathophysiology of CKD and cognitive decline 23.
The significance of cognitive decline associated with CKD should be understood in the
context of the overall burden of cognitive impairment and dementia in the population.
Dementia affects 6.4% of population overall with the prevalence increasing to 28.5% over
the age of 9024. Cognitive decline (without dementia) represents a significant group with a
prevalence of 19.3% and a conversion rate to dementia of 28.6 % over 3 years2.
Vascular cognitive impairment is an umbrella term encompassing a range of subtypes
from mild to severe cognitive impairment and vascular dementia, where disease of arterial
blood vessels and thus problems of inadequate arterial perfusion are the underlying
pathophysiological mechanism and are characterized by traditional vascular risk factors16.
In contrast to Alzheimer’s Disease (AD) which commonly presents with early memory
impairment, vascular dementia is characterised by impairments of attention, executive
function, with slowing of motor performance and information processing 25. This becomes
important when interpreting trials with cognitive endpoints as tests are commonly used
that are not sensitive to these cognitive domains26. To further complicate the picture,
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vascular risk factors significantly contribute to the development of AD27 and there is
significant overlap between AD and vascular cognitive impairment28.

1.3 The effects of high blood pressure on the brain
High BP is a major risk factor for stroke29 and has been inversely associated with
cognitive performance30 although in a recent Cochrane review31, treatment of BP has not
been shown to prevent cognitive decline or dementia. High BP has a number of effects
on the arterial vasculature of both the cerebral and systemic circulations.

Adaptive

changes causes smooth muscle hypertrophy and hyperplasia with subsequent
encroachment of the intima into the lumen32,33. Increase in the collagen content of the
arterial wall also leads to vascular stiffening33.

Hypertension also promotes
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atherosclerotic disease . In CKD several metabolic factors increase the rate of vascular
disease.

This includes endothelial dysfunction35,36, oxidant stress36 and accelerated

vascular calcification37.

Reduced creatinine clearance is a strong independent

determinant of arterial stiffening.38 As a result elderly people with CKD suffer with a higher
degree of systolic hypertension with a normal to low DBP9,39. Hypertension in this group
of patients leads to aggressive antihypertensive prescribing that whilst reducing office BP
may lead to significant hypotension in the home setting suggesting a significant degree of
white coat hypertension (WCH).

1.4 White coat hypertension
Based on the diagnostic criteria for diagnosing hypertension, WCH has been defined
somewhat arbitrarily as clinic BP above 140/90mmHg and mean ambulatory BP below
135/85mmHg40. This definition allows stratification of individuals into different categories
of BP status: WCH, sustained hypertension if they remain hypertensive on ambulatory
measurements (ABPM), masked hypertension if only present on ABPM and normotensive
(see Table 1-2). However, it is important to note that this definition may preclude elderly
patients with systolic hypertension who may experience significant elevations in systolic
blood pressure (SBP) on office measurements. This group would be classed as having
sustained hypertension and not WCH despite having a significant white coat effect (WCE).
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Table 1-2. Summarising the definition of WCH status according to office and ambulatory
BP measurements (Verdeccia P 2002)
White Coat Status

Office BP (mmHg)

ABPM (mmHg)

Normotensive

<140/90

<135/85

White Coat Hypertension

≥140/90

<135/85

Sustained Hypertension

≥140/90

≥135/85

Masked Hypertension

<140/90

≥135/85

It should be noted that by convention unless specified, the mean of ambulatory daytime
BP and not 24 hour BP is used to define white coat status. In order to include and
categorise those that have significant elevations in office BP but both home and office
measurements are above the defined cut off for hypertension, people can be thought of
as having white coat effect (WCE). This is defined as a difference between office and
daytime   BP   and   is   classed   as   significant   if   the   difference   is   ≥   20mmHg   systolic   blood  
pressure  (SBP)  and  ≥10mmHg  diastolic  blood  pressure  (DBP)41. For the purposes of this
study, these 2 different methods of categorising white coat status should be noted and are
used in the study.

60.3%

Figure 1-1.

Scatter plot showing office measured SBP versus mean 24hour SBP with lines

representing accepted cut-offs for hypertension (Tomlinson L 2009)
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Among those patients with office hypertension, the prevalence of WCH is between 1534%42 43. The incidence of WCH in the non-dialysis CKD population has been reported as
high as 31.7%44. WCH is strongly correlated with arterial stiffening and has been shown
to be over 60% in the elderly with CKD (see Figure 1-1)45.
The significance of WCH in terms of risk of cardiovascular disease is controversial with
some authors putting the cardiovascular risk as intermediate between normotensive and
sustained hypertensive individuals46. In one study, subjects with WCH were shown to
have a 71% lower risk of cardiovascular events than those with sustained hypertension47
and another longitudinal study of 1187 patients found no difference in the cardiovascular
risk of the normotensive and white coat groups48. However in a sub-study of the Sys-Eur
Trial, a randomised control trial of nitrendipine, hydrochlorthiazide and placebo, the
cardiovascular risk in the placebo group conferred by SBP>160mmHg was equivocal to a
daytime ABPM of 142mmHg49.

This evidence suggests that target BP is lower if

ambulatory BP is considered, however there is concern that antihypertensive prescribing
prompted by high prevalence of WCH in the CKD population may lead to significant
periods of hypotension and risk of adverse outcomes44. Furthermore, other reasons have
been proposed as to why WCH might confer a greater risk than normotensive individuals,
these include increased BP variability, increased sympathetic activity and increased
oxidative stress50.

1.5 Adverse risk in ambulatory hypotension
In the non-CKD population a number of large trials have demonstrated benefit of BP
reduction in both middle age and elderly populations on cardiovascular endpoints51-53.
However, benefits on cognitive outcomes is less clear with cognitive scores reported as
secondary outcome measures, often using tests which are insensitive to deficits
characteristic of vascular cognitive impairment54.

Furthermore, participants with pre-

existing cognitive impairment or with a history of cerebrovascular disease (CBD) were
generally excluded from these trials54.
Studies have demonstrated linear and curvilinear relationships between BP and a number
of   adverse   outcomes   including   mortality   cardiovascular   disease   and   dementia.      A   ‘J’  
shaped distribution of risk of mortality has been shown with a reduction of DBP below
60mmHg in the elderly with CVD55.

Subgroup analysis of data from the Systolic

Hypertension in the Elderly (SHEP) trial revealed an increase in cardiovascular events
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with DBP less than 70mmHg56. Furthermore in a longitudinal study of 488 subjects over
75, DBP below 70mmHg was associated with 20% increase risk of developing AD over 6
years11. Similar effects on dementia have been reported for SBP in a cross sectional
study of 1642 elderly subjects with SBP below 140mmHg57.
As early as 1986 associations have been reported between low BP and poor cognitive
function. In a prospective study of 52 subjects over 2 years, Meyer et al demonstrated in
a group of patients with multi-infarct dementia that control of blood pressure below
135mmHg lead to worsening of cognitive scores58.

A longitudinal study of 155 older

subjects showed reduced MMSE scores at 3 years follow up with SBP below 150mmHg59.
One cross-sectional study of 2068 subjects over 65 years showed increased error rate on
a brief cognitive test with BP below 130/70mmHg60.
Low BP has previously been associated with a risk of dementia. In a community dwelling
population of 488 people, DBP less than 70mmHg demonstrated a hazard ration of 191
(CI: 1.05;3/48) for dementia61.

It has also been implicated as potentially initiating or

accelerating AD by way of triggering an enzyme cascade that leads to the formation of the
pathological changes classically associated with AD62.

Accumulation of ß-amyloid

plaques is one characteristic feature that leads to the neurodegenerative process
associated with AD63.

Experimental cerebral hypoperfusion in rodents has been

associated with over expression of ß-amyloid precursor protein64.
Similar J and U shape curves have been demonstrated in the CKD population. Low SBP
has been associated with increased stoke in CKD stages 3 and 410, increased mortality65
and increased progression of renal disease66.
Critics of these studies point to a number of problems with these associations.

As

cognition and dementia are strongly correlated with age the survivor effect may allow
those with lower BP at middle age to survive longer than those who die of hypertensive
complications67. Low BP may also be a reflection of frailty and ill health in older people 68.
It has been argued that low DBP is a reflection of those with highest SBP and pulse
pressure, which in itself is a predictor of adverse events69.

Intervention trials to

specifically explore this conundrum are lacking and would come with significant ethical
considerations due to overwhelming evidence to support blood pressure reduction in the
prevention of stoke and heart disease.
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1.6 Cerebral Perfusion and Small Vessel Disease
Optimal function of the brain relies on adequate delivery of oxygen and nutrients to the
brain parenchyma and removal of waste products in the blood. Different brain cell types
have different metabolic requirements for example neurones have higher energy
requirements than glial cells70.
Blood supply to the brain is subjected to important physiological mechanisms in order that
cerebral blood flow (CBF) is maintained despite systemic arterial fluctuations in BP. This
is  termed  ‘cerebral  autoregulation’.    In a normal healthy adult, CBF is maintained within a
range of 60-150mmHg of systemic mean arterial pressure (MAP)71. CBF is dependent on
the cerebral perfusion pressure (CPP) and cerebrovascular resistance (CVR).

Cerebral Blood Flow = Cerebral Perfusion Pressure / Cerebrovascular Resistance

(CBF=CPP/CVR)

Equation 1. Calculation of cerebral blood flow
Normal CBF is 45-50ml/100g/min and remains relatively constant in the normal brain,
however there are small regional differences depending on a person’s activity at the time,
reflecting physiological activation of the corresponding neuroanatomical area.

Grey

matter (GM) has higher CBF than the white matter (WM). Cerebral autoregulation acts
through mechanical and physiological processes. The Mechanical response to changes
in systemic BP requires vasodilatation and constriction of the vascular bed to maintain
cerebral blood flow within its narrow perfusion range.

Physiological parameters

influencing this process are neuronal, chemical and metabolic.

Neuronal factors are

mediated through glutamic acid released by neurones to increase local CBF in response
to increased neuronal activity. Chemical factors include the arterial partial pressures of
carbon dioxide and oxygen (PO2 and PCO2 respectively). Cerebral vessels are
particularly sensitive to elevations in the PCO2, which leads to vascular dilatation.
Hypoxia also leads to dilatation and increased flow thus improving oxygen delivery72.
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Metabolic processes that respond to local oxygen demand are mediated via vasoactive
substances in the vascular endothelium such as prostaglandins in order to increase CBF
and oxygen delivery73.
Although CBF is relatively constant, consideration of CPP and systemic BP parameters is
important to determine where critical thresholds for hypoperfusion may lie.

Cerebral

72

perfusion is determined by the following equations .

Cerebral Perfusion Pressure=Mean arterial pressure – Intracranial Pressure
(CPP=MAP-ICP)

Mean Arterial Pressure = Diastolic blood pressure + 1/3 Pulse Pressure
(MAP=DBP+1/3PP)

Equation 2. Cerebral perfusion pressure

The cerebral arteries are perfused during systole (unlike coronary arteries that are
perfused in diastole) and SBP is generally more variable than DBP, therefore SBP is
probably the most important parameter affecting CPP. However the equations reveal an
important consideration, the larger contribution to the value of CPP in fact comes from the
DBP and therefore should not be ignored.
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Figure 1-2. Illustrating change in CBF by mean arterial pressure in a normotensive
individual (bold) and chronic hypertensive (dotted) (Paulson, O.B. 1989)

It is thought that in chronic hypertension, cerebral autoregulation resets itself at a higher
level33 suggesting that the threshold of BP below which cerebral perfusion is compromised
might be higher. As can be seen Figure 1-2 comparisons of cerebral blood flow between
and an individual with chronic hypertension and an individual without for any given MAP
below a threshold of approximately 120mmHg cerebral blood flow is lower than in a
normotensive individual72.
Arterial border zones between the major arterial trees (e.g. middle and posterior cerebral
arteries) and end-stream zones are areas that have little collateral circulation and could be
vulnerable to reduced perfusion (this is illustrated in Figure 1-3). The periventricular white
matter and the frontal sub-cortical white matter, especially the dorsolateral pre-frontal
circuits are thought to be particularly susceptible to BP reductions74. Indeed in a review of
the effects of BP reduction on cognition by Birns et al 2006, it was observed that
antihypertensive treatment whilst improving tests of memory and global cognition may
worsen attention, executive function and perceptual processing which are associated with
the functioning of the frontal subcortical white matter26.
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Figure 1-3. Axial slice of T1 weighted MRI brain scan showing typical watershed and
end-stream zones with poor collateral circulation (Image from healthy control participant in
this study)

Hypertension is known to be a major risk factor in accelerating arteriosclerotic changes in
the brain75 leading to SVD of the brain. SVD is one of the leading causes of vascular
cognitive impairment16. Intimal proliferation and media thickening lead to a decrease in
luminal diameter, vascular resistance and reduced tissue perfusion76. The pathological
consequences of this are discrete lacunar infarctions or diffuse ischemic change known as
leukoaraiosis54. This is commonly seen on structural Magnetic Resonance Imaging (MRI)
as white matter hyperintensities (WMH). In the context of SVD affecting regions of poor
collateral blood supply and higher set autoregulation, it is possible to see that periods of
hypotension below the critical perfusion threshold may lead to diffuse ischemic injury. It
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follows that characterising these thresholds and the factors influencing them is an
important area of research particularly in the elderly who commonly have conditions
requiring tight BP control.

1.7 Summary
In this group of elderly individuals with CKD, stiff arteries and high rates of WCH,
aggressive BP lowering according to current national guidelines may potentially lead to
significant periods of hypotension. In the presence of SVD of the brain, and higher set
cerebral autoregulation, a threshold maybe reached whereby CPP is lost and further
ischaemia to vulnerable areas of subcortical WM ensues. This might present itself as
poorer performance in cognitive testing.

1.8 Purpose of the thesis
This thesis describes results of a study that has explored the nature of BP and prevalence
of WCH (with its implications of inappropriate BP lowering) in older people with CKD, and
how this is related to cognitive scores with a focus on the potential problems associated
with lower BP.
Chapter 2 describes neuropsychological tests that are sensitive to deficits in cognitive
domains likely to be affected by impaired perfusion of the brain.

These cognitive

endpoints are explored in terms of their relationship with baseline BP and white coat
parameters. The burden of carotid atherosclerosis and carotid stenosis are reported in
chapter 4 both in terms of potential effects on perfusion from luminal diameter reduction
and, intima media thickness (IMT) as a surrogate marker for vascular health and SVD.
MRI of the brain is used as a structural correlate for cognitive scores in order to ascertain
degree of damage to the brain parenchyma. The relationships between these structural
changes and BP are described in chapter 5. In particular, newer imaging modalities are
used in an attempt to decipher subtler changes not seen on more conventional MRI
techniques.

In chapter 6, health related quality of life scores (HRQOL) are used to

ascertain whether adverse relationships with BP control are seen at patient level.
With a significant proportion of people with cognitive impairment going on to develop
dementia its burden to patients, their families and to NHS resources, there is increasing
political drive to improve management in all areas of dementia care including research
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into the mechanisms behind dementia. Cognitive impairment is a significant problem in
those with CKD, which also constitutes a major public health burden with clear aggressive
targets in BP control that rather than improving outcomes may have the potential to
worsen or increase the risk of cognitive impairment and dementia. This thesis aims to
contribute to new information regarding the relationship of BP in this group with cognition
and quality of life.
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Chapter  2
2 Aims and Methods
2.1 Summary of aims
This project aims to investigate the relationship between ambulatory blood pressure
measurements and cognition focussing on attempting to establish if ambulatory
hypotension and white coat hypertension (WCH) are prevalent in this group and if so, the
nature of their association with cognitive scores over time.

I investigated an elderly

population diagnosed with chronic kidney disease (CKD) already recruited into a study
investigating arterial compliance and oxidative stress in relation to adverse outcomes in a
community population. A group with CKD was identified as a good group to explore this
relationship because of the particular problem of hypertension in this group and as
described in chapter 1 the aggressive BP targets set to reduce rates of cardiovascular
morbidity but having the potential for over aggressive treatment potentially leading to
ambulatory hypotension. Within this cohort it has been established that there is a high
prevalence of WCH39 and worse cognitive scores have been associated in those with
WCE and a history of CVD in pilot data77.
Importantly the study did not set out to compare rates of cognitive impairment between
CKD and control groups but a small control group was included to establish normal
cognitive functioning in healthy older people from the local area.
The study also aims to explore the significance of the presence of carotid atherosclerotic
disease on cognitive scores and whether it attenuates the adverse effects of lower blood
pressure, this is described in further detail in chapter 6. Brain MRI was used to establish
structural correlates to cognitive impairments using novel-imaging parameters to fully
investigate potential subtle changes that might be present.
described in chapter 5.

Detailed methods are
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2.2 Hypotheses
As a result of the pilot data the following hypotheses are proposed:
2.2.1

Primary Hypothesis:

1. Lower daytime ABPM is associated with worse cognitive performance
2.2.2

Secondary hypotheses:

1. Greater white coat effect is associated with worse cognitive scores
2. In those with a history of cardiovascular disease lower daytime ABPM is
associated with worse cognitive performance
3. Those with CKD will have significantly worse cognitive scores than aged matched
healthy controls
Hypotheses regarding the interplay between BP, cognitive scores and carotid disease are
detailed in chapter 4. Hypotheses regarding the relationship between BP and brain MRI
are detailed in chapter 5. Outcomes on health related quality of life are described in
chapter 6.

2.3 Outline of the parent study on chronic kidney disease
All participants in this study were recruited from a pre-existing longitudinal study looking at
the determinants of renal decline in a community dwelling population with an established
diagnosis of CKD.

Participants had been recruited from renal outpatient clinics (the

recruitment criteria are given in section 2.8.1).

This study focused on the effects of

vascular stiffness and oxidant stress in this group.

As part of this study participants

underwent a number of vascular measurements. These included office and ambulatory
BP measurements, which were of particular interest to this study. Participants had a
number of blood tests of which estimated glomerular filtration rate (eGFR) and serum
haemoglobin level were pertinent to the cognition subgroup Methodologies for the parent
study have been published elsewhere39, 78.

2.4 Study design
A total of 80 participants with CKD were recruited from the parent study.

Twenty

participants were recruited as age matched healthy controls. Those participants that met
criteria for study inclusion underwent neuropsychological testing across 2 visits at
approximately 9-month intervals. Participants in the CKD group were also invited to the
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Royal Sussex County Hospital, Brighton to undergo carotid duplex scanning during the
first year of the study.

A group of 30 participants with CKD and 6 healthy controls

underwent structural brain MRI at the University of Sussex, Clinical Imaging Sciences
Centre. This is described in further detail in chapter 5.

2.5 Ethical considerations
The study was approved by Brighton and West Research Ethics Committee and The
Research and Development Directorate of Brighton and Sussex Medical School and
Brighton and Sussex Universities Hospitals NHS trust (17/03/2009). Separate approval
was sought for a major amendment for the MRI arm of the study further details of which
are given in chapter 5. The study was conducted in accordance to the principles of the
declaration of Helsinki. An information summary was supplied to each participant and
signed informed consent was obtained at the initial study visit.
Given the age and nature of co-morbidities in this CKD population care was taken to
minimise inconvenience and distress to each participant.

Cognitive testing was carried

out in the home environment thus reducing need for extra hospital visits and reducing he
effect of an alien environment on normal cognitive functioning. Transport was arranged
for those who needed it for carotid duplex scanning and MRI appointments.
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2.6 Power calculation
The short duration of this study and exploratory nature of the analysis does not lend itself
well to a useful power calculation. The sample numbers used were comparable to other
studies of this nature where multiple cognitive tests were used in each testing session79-81.

2.7 Statistical methods
Data were recorded on Excel 2007 and statistical analyses were conducted using SPSS
(version 18.0).

Parametric tests were used for normally distributed data and non-

parametric tests for non-normally distributed data. Parametric tests such as the t-test rely
more on normality of the sampling distribution than the sample itself, the central limit
theorem argues that in larger samples (N>30) the sampling distribution will be normal and
that parametric tests will be robust in this respect regardless of the distribution of the data
collected82, 83. Corrections were not made for multiple analyses, which introduces the risk
that some significant statistical results might be a product of multiple comparisons
therefore borderline results should be taken in this context. Not correcting for multiple
analyses helped reduce the risk of type 2 statistical errors. Potential covariates that might
affect the relationship between predictor and outcome variables were entered into
analyses as covariates using regression methods. Covariates were chosen by selecting
those likely to likely both predictor and outcome variables.

Only those that showed

significant contribution to variance in both predictor and outcome variables were entered
into analyses.

As no scatter plots revealed non-linear relationships between variables,

non-linear regression analyses were not computed in this study.
The relationship between BP and white coat parameters was assessed using correlation
coefficients.

Pearson’s coefficient was used if normal assumptions were met and

Spearman’s rho if normal assumptions if  they   weren’t.      Student’s  t-test was used to test
the difference in cognitive scores between those grouped according to WCE greater than
or less than 20/10mmHg, and was also used to test the difference in cognitive scores
between those with CKD and healthy controls. Mann-Whitney-U test was used for nonnormally distributed data.

Statistical methods used to analyse carotid, imaging and

HRQOL data is described in detail in their respective chapters.
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2.8 Recruitment and Eligibility
2.8.1

Recruitment of the parent study group

The vast majority of patients were recruited from renal outpatients of the Brighton &
Sussex University Hospitals NHS trust. A few were recruited from diabetes outpatients,
GP practice, southlands & Worthing NHS trust and directly from the community. All
patients with CKD were actively treated according to Renal association guidelines with a
BP target BP of 130/80mmHg or less for patients with urine protein: creatinine ratio less
than 100 and 125/75mmHg for those with protein: creatinine ratio greater than 100.
Choice of antihypertensive was up to the treating clinician in accordance with renal
association and British Hypertension guidelines.
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2.8.2

Eligibility criteria of the parent study group

2.8.2.1 Inclusion Criteria


MDRD eGFR 15-60 ml/min/1.73m2 (CKD stages 3 and 4)



Aged 40-95 years


2.8.2.2 Exclusion criteria


Uncontrolled atrial fibrillation



Aortic stenosis with gradient <30mmHg



Cardiac failure with ejection fraction <35%

2.8.3

Recruitment in the current study

As outlined above, participants in the CKD group were recruited from the parent CKD
study. The database from this study was screened for eligibility. A letter of introduction
along with a patient information sheet was posted, followed by a telephone call to
ascertain willingness to participate at least 24 hours after receipt of the letter. A mutually
agreeable appointment time was arranged for those that agreed verbally and formal
informed consent was taken at the first study visit.
As participants were recruited from the parent CKD study, inclusion and exclusion criteria
were by default similar to those set out as previously published78. Additional criteria for the
cognition study were that patients should be >65years old, not on dialysis and fluent in
English to complete cognitive tests. Of note, frailty and pre-existing cognitive impairment
were not specific exclusions, however care was taken to ensure that participants had
capacity to consent to the study and that commitment was not perceived to be onerous.
Some patients were advised not to take part or were discharged from the study if other
serious medical issues arose e.g. a new diagnosis of cancer, myocardial infarction or
stroke.

Healthy age matched controls were recruited if they had no major systemic

illnesses likely to affect cognitive performance. Of note, musculoskeletal problems were
generally permitted as   were   those   who   had   previous   but   ‘cured’   medical   or   surgical  
problems. Those on medications were excluded however, as required (PRN) medications
and vitamins were permitted (assuming no vitamin deficiency related cognitive problems
were reported).
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2.8.4

Eligibility Criteria for current study

2.8.4.1 Inclusion criteria


Age > 65



Diagnosis of CKD (As defined in Parent study)



Fluency in English (for cognitive testing)

2.8.4.2 Exclusion criteria


Lack of capacity to consent



Patients on dialysis

2.9 Healthy control group
The purpose of the control group was to ascertain cognitive scores in a healthy older
group  as  an  estimate  of  ‘normal’  cognitive  function in this age group. The primary aims of
the thesis were focused on the associations of BP and outcomes within the CKD group
and were not specifically to ascertain differences in between healthy controls and CKD
participants. However, differences in cognitive scores, imaging parameters and HRQOL
were relevant in the wider context of the study and were included as secondary
hypotheses. As the design of the study was not to obtain BP data from the control group,
this limited any interpretation of differences found between CKD and control groups and is
discussed further chapter 7.
2.9.1

Recruitment of healthy controls

Healthy controls were recruited from an existing database of healthy older people who
had taken part in previous studies from within the same research department and who
had expressed interest in participation in further studies. Letters of introduction were sent
out along with separate participant information sheets.

Potential participants were

telephoned at least 24 hours after receipt of the letter and an appointment arranged as
outlined above.
A significant limitation to this recruitment strategy was that the majority of the group had
developed new medical conditions limiting the size of the sampling population with a
resultant effect of a significant difference in gender distribution between the CKD and
control groups. Although some studies in older non-demented groups have reported that
there are no differences in global cognitive scores and verbal memory between the sexes,
performance in visuospacial tasks has been reported as significantly higher in males 84, 85.
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Tests involving visuospacial domains should be interpreted with this in mind where the
control group has proportionally less males than the CKD group.
2.9.2

Eligibility criteria for healthy controls

2.9.2.1 Inclusion criteria


> 65 years old



Absence of any chronic illness (simple musculoskeletal problems such as OA were
permitted)



Fluency in English (for cognitive tests)

2.9.2.2 Exclusion criteria for healthy controls
o

Regular medication (PRN analgesics or vitamins were permitted)

o

Current acute systemic illness

o

Current smoking

o

Current excess alcohol

2.10 Abnormal results
2.10.1 Abnormal Cognitive tests
The mini-mental state examination (MMSE) is the only cognitive test in the battery that is
routinely used as a screening tool for cognitive impairment and dementia in clinical
practice. The Geriatric depression scale is also a validated tool for assessing depressive
symptoms in an older population. Therefore these 2 scores if abnormal had a clinical
relevance and were disclosed to the participant.

Reassurance was given where

necessary and permission was asked to divulge the result to the participants’  GP  (this  was  
also part of the consent form).

2.11 Clinical Measurements
2.11.1 Office blood pressure
Oscillometric BP was measured using the correct cuff size with the patient supine after 5
and 10 minutes of rest (Omron 705 CP, Tokyo, Japan). Measurements were taken by
trained research staff (nurse or doctor) in a quiet temperature controlled room. The mean
of the 2 measurements for systolic blood pressure (SBP) and diastolic blood pressure
(DBP) were recorded.
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2.11.2 Twenty four-hour blood pressure
Twenty four-hour ambulatory blood pressure (ABPM) measurements were taken using
Diasys Integra II recorder (Novacor, Cedex, France). This device has been validated by
the British Hypertension Society86. The recorder was fitted on the non-dominant arm at
the first visit to the parent CKD study and thus the same day as the office BP readings.
The monitor was set to record a BP reading every 30 minutes during the daytime
(7:00am-10:00pm) and every 60 minutes during the night (10:00pm-7:00am) for 24 hours.
Those recordings with greater than 14 daytime readings and 5 night time readings were
used for analysis in accordance with the European Society of Hypertension guidelines87.
2.11.3 White Coat Hypertension Measurements
As described in chapter 1 the white coat syndrome can be defined according to whether
measurements fall above or below accepted cut offs for the definition of hypertension. I
have also described earlier that white coat blood pressure can be thought of as a
continuous   variable   as   ‘white   coat   effect   (WCE)’.      This   is   defined   as   the   difference  
between office-measured BP and ABPM and is considered significant with a difference of
>20mmHg for SBP and >10mmHg for DBP88. Therefore WCE as a continuous variable
was analysed to look for associations with cognitive scores. CKD participants were then
grouped according to those that had significant WCE or did not have significant WCE (i.e.
above and below the threshold difference of 20/10mmHg). This grouping was chosen as
opposed   to   stratification   according   to   ‘white   coat   hypertension’   (as   described   in   section  
1.4) as it gave reasonable sample numbers in each group for statistical analysis and as
previously mentioned incorporated those participants where significant white coat effects
were seen but remained above cut offs for hypertension i.e. so called sustained
hypertensives. Furthermore as I have described in detail in chapter 1, with evidence that
current normal BP values in some older groups may in fact be too low in terms of cerebral
perfusion, for the purposes of this study current hypertension definitions may not be so
useful. As BP is usually described in terms of systolic and diastolic components the same
has been analysed in terms of white coat effect.
2.11.4 Blood tests particular to the cognition study
2.11.4.1 Estimated Glomerular Filtration Rate (eGFR)
Estimated glomerular filtration rate (eGFR) was calculated using the 4-variable equation
derived from the Modification of Diet in Renal Disease Study89 and is a widely accepted
measure of renal function.
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2.11.4.2 Haemoglobin
Haemoglobin has the major function of carrying oxygen around the body and delivering it
to the cells. Haemoglobin is carried in red blood cells produced in the bone marrow. The
hormone erythropoietin is produced by the kidneys and regulated production of red blood
cells by stimulating erythroid progenitor cells. Therefore anaemia is a common problem in
CKD and lower serum haemoglobin has been associated with lower cognitive scores in
CKD90. For this reason data on haemoglobin levels in this group were collected as a
potential covariate.
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2.12 Neuropsychological tests
2.12.1 Rationale for test battery
Neuropsychological tasks that relate selectively to specific neuroanatomical areas are
extremely difficult to define; however with careful selection it is possible to choose tests
that are more likely to be sensitive to areas of the brain potentially affected by
hypoperfusion. As previously described watershed and end-stream areas of the brain are
typically vulnerable to the effects of under perfusion but are also neuroanatomically
related to areas commonly affected by SVD due chronic hypertension. Indeed it is these
areas that following hypertensive damage then become particularly sensitive to the effects
of lowered BP. This is important because cognitive tests that demonstrate significantly
lower scores with lower BP might be useful tools when analysing the subsequent effects
of low BP in this previously damaged territory. Prefrontal cortex and white matter are
known watershed areas likely to be affected by poor perfusion74, therefore executive
function and verbal fluency tests are more likely to be sensitive to these effects. Previous
studies have shown that attention and spe ed of processing are also affected in vascular
type cognitive impairment26. Administration of these tests should also address potential
cognitive confounders such as IQ as well as motor speed and mood.

Studies

investigating the relationship between BP and cognitive function have been sparse in the
range of tests used91. It is likely that the cognitive impairments found in groups where BP
is aggressively lowered might be subtle, therefore it was important to choose tests that
incorporated a broad range of cognitive domains. The entire test battery is reproduced in
appendix A and is given in the order that the test was administered.
2.12.2 Folstein mini-mental state questionnaire92
The Folstein mini-mental state examination (MMSE) is a clinically validated assessment of
global cognitive function93. Scores are out of 30. Scores less than 24 are considered
abnormal (<18 for severe impairment)94. It is widely used in hypertension trials as a
measure of cognitive outcomes95 and is a widespread screening tool for dementia. It has
been criticised for being less sensitive to those with vascular cognitive impairment and
dementia where deficits of attention, executive function and speed of processing
predominate early on. It is this type of cognitive dysfunction we might expect to see in
CKD 96. The MMSE assesses several cognitive domains, which include 1. Concentration:
where  the  participant  is  asked  to  subtract  serial  7s  from  100  or  spell  ‘WORLD’  backwards.  
2.

Language and praxis: repeating a phrase; writing a sentence; naming 2 objects;
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drawing 2 interlinking pentagons. 3. Orientation in time: date and season, and place:
address of current location. 4. Delayed recall: recalling 3 previously stated items. 5.
Attention span or immediate recall: correctly repeating 3 stated objects. The score as a
continuous variable rather than normal or abnormal was used as the outcome variable in
data analysis.
2.12.3 Card Sort Task 97
The card sort task is a test of retrieval and implementing of a previous intention or
‘prospective   memory’. This design was adapted from computerised methods previously
published97. Participants were asked to sort through 2 decks of standard playing cards
sorting them out into suits and placing them into 3 compartments of a box as illustrated in
Figure 2-1. During the task they were required to take out all the 7s and place them into
the 4th compartment.

The number of 7s correctly sorted was recorded (CS7).

The

adaptation to a physical rather than a computerised task sympathetically adjusted for the
older sample population where computer skills might have been more limited.
As well as memory, other cognitive processes such as initiation, ordering and planning are
required in this task; these processes are typically associated with the executive function
of the subcortical frontal circuits97, 98. This is another area associated with poor collateral
blood supply as described in chapter 1. Prospective memory has been shown to be
similarly impaired in vascular and Alzheimer’s   dementia   using   different   prospective  
memory tasks to the one employed in this study99.
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Figure 2-1 Diagrammatic illustration of the division of suits in the card sort test

2.12.4 Rey Auditory Verbal Learning Test (adapted)100
The Rey auditory verbal learning test (RAVLT) is a test of immediate and delayed recall.
In the standard trial, the experimenter reads aloud 15 words at a rate of 1 per second.
The participant is required to recall the list back immediately (trial I) and the number of
correct responses is recorded. The trial is repeated with the same list a further 4 times
(trials II-V), after which an interference list of 15 words is given. Volunteers then recall the
original list again (trial VI) and after a delay of 20 minutes (trial VII). In this study, trial I,
(RAVLTI-immediate recall) and trial VII (RAVLTVII-delayed recall) only were performed.
The finger tap test (section 1.11.1) was performed between the 2 trials to extend the delay
between presentation and recall.
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The drop in score from test I to VII is greater in older subjects101. There is a relatively high
test-retest reliability at 1 month ranging from 0.61-0.86 in trial I and 0.51-0.72 in VII102.
Impairments have been noted   in   those   with   Alzheimer’s   disease103 and mild cognitive
impairment104. This kind of memory and verbal learning is thought to engage the left
hippocampus on the inside fold of the temporal lobe105. Impaired performance on RAVLT
has been associated with moderate kidney disease in women79. Trials investigating BP
control do not report improved or worse verbal learning 26 but as verbal learning is an early
feature of AD, inclusion of RAVLT was important for making this distinction.
2.12.5 COWAT Verbal Fluency Test106
The Controlled Oral Word Association Test (COWAT) assesses working and semantic
memory and fluency. Fluency in particular is associated with the left frontal lobe anterior
to  Broca’s  area107. In this study participants were given 1 minute per letter to list as many
words as they could beginning with each of 3 different letters (F. A. S. in this case)
excluding   proper   nouns   and   similar   meaning   words   with   common   stems   (e.g.   ‘eat’   and  
‘eating’).    The  total  score  for the 3 letters was recorded for analysis.
Test retest reliability is approximately 0.71 for COWAT total score108. Patients with left
frontal lobe lesions have performed poorly in this test109. Poorer performance in this test
has been associated with AD110. Furthermore improved tests of verbal fluency in later life
have been associated with low baseline BP in midlife and thought to represent better
vascular health of subcortical circuits108.
2.12.6 Finger Tapping Test
Finger Tapping Test (FTT) is test of simple motor speed106. It was included as a measure
of a possible confounding variable for tests where motor speed may affect scores. In this
variation of the test, participants were asked to press the lever on a counter device as
many times as possible in 10 seconds. The dominant hand was recorded with 3 tests of
10 seconds duration and the mean of 3 readings is recorded.
2.12.7 Trail Making Test 111, 112
Trail Making Test (TMT) assesses complex visual scanning and speed of processing with
an added executive function component. There are 2 parts to the test: TMT A requires
the participant to connect the sequence of circled numbers randomly dispersed on a sheet
in order (e.g. 1-2-3-4 and so forth); TMT B provides the addition of circled letters to the
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numbers and participants are required to join the numbers and letters sequentially (e.g. 1A-2-B-3-C and so forth). Participants performed a practice component before each trial so
the concept was understood. During the test the participant was required to correct errors
so that the measure of time taken incorporates an adjustment for high error rates. 113.
Allowing the test to continue beyond 4-5 minutes is thought to be unkind to the
participant107 therefore the test was terminated at 4 minutes and an estimate made of the
probable final time based on the number of previously correctly joined circles.
TMT is sensitive to early cognitive deficits in dementia.

In this study, TMT A was

subtracted from TMT B and recorded separately as a measure of executive function (TMT
B-A) and has been strongly associated with cognitive impairment114. TMT-A has also
been associated with worsening renal function115 and hypertension116.
2.12.8 Symbol Digit Modalities Test117
A subset of the Weschler Adult Intelligence Scale118, the Symbol Digit Modalities Test
(SDMT) assesses speed of processing (perceptual and motor) along with visuomotor
scanning and tracking107. Participants were given a key chart with a number assigned to
each of 9 symbols. They were given 90 seconds to assign and write the correct number
next to the symbols listed randomly in columns on a page. The  volunteer’s  score  was  the  
number of symbols correctly substituted in 90 seconds.
Test retest reliability is 0.74119. It is a good discriminator of dementia and depression120.
Worse scores have also been associated with albuminuria (a marker of renal
dysfunction)121 and hypertension122.
2.12.9 Test of Every Day Attention-Map Search123
The Test of Everyday Attention Map Search (TEA-map) is a test of selective visual
attention, vigilance and processing speed. Subjects were required to scan a map and
pick out symbols (in this case small black knife and fork denoting restaurants on a map of
Philadelphia). They were given 2 minutes to circle as many symbols as possible. The
total number of symbols identified was recorded.
Test-retest reliability is 0.83. Robertson et al 1996 in the original validity study of this test
do not ascribe a neuroanatomical basis for attention but suggest a strong frontal
component and demonstrated lower scores in stroke patients compared to controls123.
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2.13 Study Questionnaires
2.13.1 State-Trait Anxiety Inventory124
The Spielberger state-trait anxiety inventory (STAI) was included to assess anxiety levels
at the time of testing; only state anxiety was measured. Scores range between 20-80 with
higher scores denoting increased anxiety levels.
2.13.2 Short Form 12 Health Survey125
The short form quality of life questionnaire (SF-12) is a validated general quality of life
self-assessment questionnaire derived from the longer SF-36 and comprises mental and
physical components. It has been previously used in a trial of exercise in dementia126.
Details of the application and scoring of this questionnaire are outlined in chapter 6.
2.13.3 National Adult reading test127
The national adult reading test (NART) is a commonly used estimate of pre-morbid IQ.
The task involves pronunciation of irregularly spelt words, and pronunciation error score is
recorded. IQ is estimated according to the following formula: 130.6-(1.24xNumber of
errors). Normal or average range is considered to be between 91 and 110.
2.13.4 Geriatric Depression Scale128, 129
The Geriatric Depression Scale is a widely used and well validated tool in the screening of
subclinical depression in the elderly and was included in the battery due to the strong
correlation between depressive symptoms and impaired and slower performance on
cognitive tasks130.

2.14 Test Sessions
2.14.1 Session 1 (baseline assessment)
Appointments   were   arranged   at  the   participant’s   own   home.      Study   questionnaires   were  
sent in advance so that participants could highlight any concerns they had for completion
with the researcher. Formal informed consent was obtained. An updated medication and
medical history was taken. The participant was taken through the cognitive test battery as
outlined in section 1.11.
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2.14.2 Session 2 (follow-up testing)
The follow-up visit was arranged approximately 9 months after the baseline assessments.
Study questionnaires were sent in advance and cognitive tests were conducted.
2.14.3 Carotid duplex scan
A separate appointment was arranged with each participant to undertake a carotid duplex
scan. Scanning was carried out at the Clinical Investigation Research Unit, Royal Sussex
County Hospital, Brighton.

Details of methodologies including data acquisition are

described in section 4.2.
2.14.4 MRI visit
Those that agreed to take part in the MRI sub-study were invited for an additional
appointment at the Clinical Imaging Sciences Centre, University of Sussex, Brighton.
Further details are described in chapter 5.
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Chapter  3
3 The

relationship

between

blood

pressure

and

cognition
3.1 Introduction
It is widely accepted that BP lowering in those with hypertension is beneficial because it
reduces stroke and cardiovascular events however uncertainty remains for doctors
treating high BP in the elderly with significant co-morbidities including established
cognitive impairment. A Cochrane review of randomised controlled trials of BP lowering
published in 2009 which included nearly 15,000 people with a mean age of 75.4 years
concluded that there was no conclusive evidence that BP lowering prevented cognitive
decline31. The Hyvet study51, widely considered to be a landmark study in the treatment of
BP in the elderly, was a randomised placebo controlled trial of the effects of thiazide and
ACE inhibitor treatment in the over 80 year olds. It demonstrated a 30% reduction in
stroke and 21% reduction in mortality, however it had some limitations in the wider
application to the elderly population.

Patients with significant co-morbidities including

dementia, heart failure and CKD were excluded from the trial131. Cognitive impairment
was defined as a drop in MMSE score >3 or below 24 at 1 year and was a secondary
endpoint for the original trial Detailed testing of cognitive domains considered to be more
sensitive to SVD such as attention and speed of processing was not part of the study
design. The HYVET-COG arm of the study showed a hazard ratio of 0.93 (CI 0.82:1.05)
for cognitive impairment and 0.86(CI 0.67:1.09) for dementia, thus demonstrating no
significant beneficial effect of antihypertensive treatment132. Authors have ascribed the
lack of benefit in prevention of dementia and cognitive decline to a relatively short follow
up resulting from early termination of the trial. This highlights the need for caution in the
wider application of BP lowering trials in terms of translating stroke and mortality benefit
into presumed benefits in the prevention of dementia and cognitive decline or indeed the
lack of evidence in groups with significant co-morbidities including established cognitive
impairment.
Several cross sectional studies in the non-CKD populations have demonstrated
associations between worse cognitive performance and lower BP. In a study of 575
people over the age of 85 in Northern Sweden, non-linear associations of office SBP with
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cognitive function (as measured by the MMSE) was observed, showing that both low and
high SBP was associated with worse scores on cross sectional analysis133. Waldstein et
al again described non-linear associations between office measure BP and cognitive
function in a group of 847 individuals with mean age 70.6 years134. Both high and low BP
was associated with poorer performance on tests of executive function, confrontation
naming and perceptuo-motor speed in people >80 years.

Interestingly those, not on

medication did worse with higher and lower BP.
Other studies specifically examined the associations between BP and change in cognitive
function over time. In a community population from Chicago with mean age 74, Herbert et
al reported a non-linear association between DBP and decline in cognitive function over 6
years measured as a composite z score of MMSE, SDMT and immediate and delayed
recall135. It was demonstrated that cognitive function declined above and below a DBP of
75mmHg. In a longitudinal observational study over 4 years of nearly 600 individuals with
mean age 83, Nilsson et al reported lower baseline SBP was associated with greater
cognitive decline and as measured by MMSE136. However other longitudinal data have
shown more complex findings. In a small study of 60 people with hypertension, DBP was
negatively associated with attention at the outset of the study. However in 47 people
followed longitudinally, attention, and executive function improved while immediate and
delayed recall declined after 6 years follow up. The small follow-up sample and wide
range in length of hypertension history (mean 17 years SD 7.5) limits the interpretation of
these findings137.
In a meta-analysis of randomised controlled trials of BP lowering and cognitive outcomes,
Birns et al unpicked the differential effect on specific cognitive domains.

Where a

significant improvement was demonstrated in immediate and delayed logical memory
recall from data incorporating 5 studies and 717 participants, tests on processing speed
as measured by TMT-A in 2396 participants in 4 studies showed a significant decline in
performance26.
Very little has been published regarding the relationship between WCH or WCE and
cognitive performance. On the whole researchers have reported the potential adverse
cardiovascular risk profile seen in this group. Mario et al in a study of 273 people with
mean age 72 years showed that there was no difference in WCE between those with and
without Dementia (both Alzheimer’s and vascular type). Shehab et al in a much smaller
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sample of 69 younger people showed that those with WCH did worse on the memory
component of the Cambridge neuropsychological test automated battery. The authors did
not offer a pathophysiological explanation to these findings138.
The literature described above challenges the assumption that improved stroke and
cardiovascular events demonstrated in randomised control trials of BP lowering translates
into prevention of cognitive decline and dementia. It is also note-worthy that few of the
large placebo controlled trials have used cognitive tests likely to be sensitive to vascular
related cognitive impairment or had dementia or cognitive decline as primary endpoints.
Up until very recently, UK CKD and hypertension guidelines did not include the use of
ABPM in guiding treatment with raises the prospect that patients with WCH will undergo
aggressive antihypertensive treatment.
In the following chapter, I will describe the relationships between ABPM and cognitive
performance in a wide range of cognitive domains in an elderly CKD cohort (detailed
description of the neuropsychological battery is described in chapter 2). In particular I will
attempt to determine if this data shows relationships indicating adverse effects of lower
BP on cognitive outcomes. The high incidence of CVD in this group highlights the need to
consider the additional impact of co-morbid cardiovascular disease in changing the risk
profile in this group of patients and will be considered additionally in my analysis. I will go
on to analyse whether those with significant WCE perform differently to those patients
without significant WCE and similarly analyse the relationship between continuous
measures of WCE on cognitive measures.
The clinical application of this analysis will be to understand the nature of cognitive
performance in this particular group of older people with CKD. More specifically in a
group where BP is purposefully tightly controlled, whether treatment impacts negatively on
cognitive performance or indeed whether it is maintained and by implication safe. It will
also provide information as to the nature of WCH in this group and thus whether office BP
measurements are reflective of true BP or whether in fact BP is somewhat different on
ambulatory measures and should be considered routine in the risk stratification of older
people when considering its effect on cognition.
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3.2 Methods
3.2.1

Blood pressure and white coat measurements

Methods for measuring office and ambulatory BP measurements and details of the
definition and calculation of white coat parameters have been described in section 2.11.
3.2.2

Data analysis

Statistical tests used have been described and justified in chapter 2.

In summary

correlation coefficients have been used to test associations between predictor variables
and outcomes, and   group   differences   have   been   analysed   using   Student’s   t-test. Nonparametric equivalents have been used for non-normally distributed data where
appropriate. Analysis of results will be presented under the following subsections.
1. Associations between daytime BP and baseline cognitive scores
2. Description of results of WCE and baseline cognitive scores including group
comparisons and WCE as a continuous variable
3. Associations between daytime BP, WCE and baseline cognitive scores in the CVD
sub-group
4. Associations between daytime BP and follow-up cognitive scores
5. Description of results of WCE and follow-up cognitive scores including group
comparisons and WCE as a continuous variable
6. Associations between daytime BP, WCE and follow-up cognitive scores in the
CVD sub-group
7. Analysis of cognitive scores across visits
8. Associations between daytime BP, WCE and change in cognitive scores across
visits.
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3.3 Results
3.3.1

Screening results

Two hundred people previously recruited into the parent study were available for
screening. One hundred and twenty eight were excluded due to age criteria, extreme
frailty, dialysis or because they declined to participate for miscellaneous reasons (Table
3-1). Thus, 79 people were recruited into the cognition study. One hundred people were
screened as healthy controls from an established database of healthy volunteers. Eightytwo were excluded due to new medical diagnoses, starting medication or because they
declined. In total, 18 healthy controls without CKD were recruited.
Table 3-1. Summarising reasons for exclusion into the study
Reasons

Frequency

Dialysis

6

Death

11

Frailty Serious Illness

15

Age

41

Time

5

No ABPM (declined or unable)

15

Withdrawn (from parent study)

11

Reason not given

14

Other

6

3.3.2

Subject level characteristics

Table 3-2 summarises the main demographic characteristics of the patient group. The
mean age was 75 years and 67% were male. The mean estimated glomerular filtration
rate (eGFR) was 33.5 ml/min/1.73m2, with a third due to small vessel renal disease, the
majority of patients having either stage 3b or 4 CKD (Figure 3-1). Of the control group the
mean age was 75 and a third were male. The CKD and control groups were well matched
on age (75.3 and 74.7 years respectively) but not in gender distribution (67% and 33%
male respectively). Estimated IQ calculated from the NART score gave higher average
scores to the control group than the CKD group however this difference was not
significant.
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Table 3-2. Summarising main characteristics of patient and control groups
CKD group (n=79)
Mean age years (SD)

75.3 (6.2)

Gender

67.1% Male

32.9% Female

Ethnicity

96.2% Caucasian

3.8% Asian

eGFR ml/min/1.73m2

33.5 (14.5)

Haemoglobin g/dl (SD)

12.6 (1.4)

Diabetes

26.6%

Cerebrovascular disease

11.4%

Cardiovascular disease

20.3%

Mean IQ (SD)

114.1 (11.6)

Control (n=18)
Mean age years (SD)

74.7 (6.6)

Gender (%)

33% Male

Ethnicity (%)

100% Caucasian

Mean IQ (SD)

111.0 (12.3)

66.7% Female

Figure 3-1. Pie chart showing the distribution of patients according to CKD stage

3.3.3

Blood pressure parameters within the CKD group

3.3.3.1 Daytime ambulatory and office blood pressures
Mean office BP was approximately 150/78 mmHg and was lower on daytime ambulatory
measurements at 123/72mmHg (Table 3-3).
Table 3-3. Mean and standard deviations of office and ambulatory BP parameters
Daytime ABPM

Mean (SD)

(mmHg)

Office BP

Mean (SD)

(mmHg)

SBP

123.4 (14.6)

SBP

149.7 (19.0)

DBP

72.4 (8.8)

DBP

78.4 (9.9)

PP

51.1 (11.4)

PP

70.8 (18.2)

MBP

89.4 (9.7)

MBP

102.1 (10.9)

3.3.3.2 White Coat status
The mean levels of SWCE and DWCE are given in Table 3-4. There was an average
increase in office-measured BP of 26/16mmHg from ambulatory readings.
Table 3-4. Mean and standard deviations of WCE measurements
White coat effect

Mean (SD)

SWCE

26.2 (20.3)

DWCE

16.5 (18.3)

The proportions of patients with significant WCE are given in Figure 3-2 and Figure 3-3.
This shows that systolic WCE was much more common than diastolic WCE.
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Figure 3-2. Bar graph showing the frequency of those with and without SWCE

Figure 3-3. Bar graph showing the frequency of those with and without DWCE
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3.3.3.3 Comparison of patient demographics with parent study
BP parameters did not deviate significantly from the parent study group (see Table 3-5).
The study group was significantly older than the parent group representing the recruitment
criteria. Male to female ratio was similar in both groups with 75.5% male in the parent
study  compared  to  70.5%  in  the  current  study  (χ =0.54, p=0.46). Rates of diabetes were
similar between groups with 20% in the parent group and 19% in the current study
(χ=0.11   p=0.74).      It   was   not   possible   to   compare   rates   of   cardiovascular   disease   as  
different definitions were used by investigators of the parent study. Here cardiovascular
disease was recorded including other organ vascular disease such as cerebrovascular,
renovascular and peripheral vascular disease as oppose to the current study where
cardiovascular where these entities were recorded separately.
Table 3-5 showing Students t-test analysis comparing means of BP parameters in the
current and parent studies
Parent Study

Current

t

p

Study

Confidence
intervals

Age

66.0 (12.7)

72.3 (6.9)

3.95

<0.01

3.2;9.5

eGFR

31.2 (10.3)

34.0 (11.8)

1.61

0.11

-0.63;6.15

No. BP Meds

2.0 (1.3)

2.1 (1.2)

0.49

0.63

-0.3;0.5

Office SBP

151.4 (22.0)

150.3 (19.0)

-0.34

0.74

-7.3;5.2

Office DBP

83.2 (12.6)

79.2 (9.8)

-2.29

0.02

-7.5;-0.6

Daytime SBP

120.6 (14.9)

123.4 (14.1)

1.24

0.22

-1.2;7.2

Daytime DBP

75.1 (9.8)

72.5 (8.7)

-1.79

0.08

-5.4;0.3

SWCE

30.8 (19.4)

27.0 (20.7)

-1.24

0.22

-10.0;2.3

DWCE

8.1 (8.7)

6.7 (8.0)

-1.14

0.26

-4.0;1.1

3.3.4

Results of analysis of baseline cognitive testing within the CKD group

3.3.4.1 Summary of baseline cognitive scores
A summary of the mean cognitive test scores at study entry is given in Table 3-6.
Table 3-6. Mean and standard deviations of the cognitive scores of the CKD and control
group
Cognitive Test

CKD Group

Control Group

Mean (SD)

Mean (SD)

TMT B-A (mean time in seconds)

112.5 (113.5)

70.3 (31.8)

TEA (mean symbols checked)

55.1 (13.6)

64.1 (7.3)

FTT (mean number of clicks of 3,

41.1 (8.0)

42.6 (5.5)

5.2 (2.1)

7.3 (1.8)

3.7 (1.9)

5.2 (1.6)

COWAT (total number of words)

35.5 (13.8)

40.7 (9.7)

SDMT (number of correctly

32.6 (11.0)

39.2 (7.8)

ESTIMATED IQ

114.1 (11.6)

111.0 (12.3)

GDS

2.7 (3.0)

1.1 (1.6)

MMSE* (max score 30)

28.0 (2.0)

28.0 (1.0)

CS7* (number of correctly

7.0 (2.0)

8.0 (2.0)

1min sets)
RAVLT I (number of correctly
recalled words)
RAVLT VII (number of correctly
recalled words after delay)

matched symbols)

retrieved  ‘7’  cards)
* Median and interquartile range is displayed for non-normally distributed data

3.3.4.2 Daytime ambulatory blood pressure measurements & baseline cognitive
scores
Baseline   Pearson’s   correlations   between   daytime   ABPM   values   for   SBP and DBP and
cognitive test scores were calculated. With 2 ABPM predictor measurements (SBP and
DBP) there were 9 cognitive outcome scores giving a total of 18 correlations computed.
No significant associations were found for analyses that included the full CKD sample
(n=78). A full table of correlations is included in Appendix B section I.
3.3.4.3 Analysis of daytime ambulatory blood pressure measurements & baseline
cognitive scores in the cardiovascular subgroup
Analysis of the subgroup with a history of CVD (n=16) revealed statistically significant
associations between lower BP and lower cognitive scores on some tests. As with
baseline correlations, 18 correlations were computed and results for these tests are
summarised in
Table 3-7. Higher Daytime SBP was associated with better scores on TEA-map (r=0.52,
p=0.04) and SDMT (r=0.67, p<0.01). Higher DBP was associated with better scores on
MMSE (rho=0.62, p=0.01), TEA (r=0.5, p=0.04) and SDMT (r=0.66, p<0.01). Scatter plots
for associations of DBP and cognitive scores are illustrated in Figure 3-4, Figure 3-5 &
Figure 3-6. A full table of correlations across all tests can be seen in Appendix B section
II.

Table 3-7. Summary of statistically significant correlations between daytime ABPM and
cognitive scores in those with cardiovascular disease
Daytime SBP

Daytime DBP

r

p

r

p

TEA

0.52

0.04*

0.50

0.04*

SDMT

0.67

<0.01*

0.66

<0.01*§

MMSE†

0.22

0.41

0.62

0.01*§

*Significant p values at 0.05 level
†

Spearman’s  rho  displayed  for  non-normally distributed data

§

Not significant when corrected for age

Figure 3-4. Scatterplot showing TEA-map score vs. daytime DBP

Figure 3-5. Scatter plot showing SDMT score vs. daytime DBP
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Figure 3-6. Scatter plot showing MMSE score vs. daytime DBP
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3.3.4.4 White coat effect & baseline cognitive scores
Correlations between continuous variables of SWCE and DWCE and cognitive scores did
not reveal any statistically significant associations (see appendix B section III) When
grouped according to significant WCE (see Figure 3-2 & Figure 3-3),   Student’s   t-test
analysis revealed significantly lower mean COWAT scores on verbal fluency in the group
with diastolic WCE (t=2.45, p=0.01, CI 1.3,13.07). The result is illustrated in Figure 3-7.
Differences between scores in other cognitive tests were not significant (full table of
results are found in appendix B, sections IV & V).

Figure 3-7. Bar plots showing mean of COWAT scores between groups with and without
significant DWCE
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3.3.4.5 Correlations between white coat effect and baseline cognitive scores in
those with cardiovascular disease
Analysis in the subgroup with CVD (n=16) revealed statistically significant associations
between WCE and some cognitive tests. DWCE was negatively associated with TEAmap (r= -0.59, p=0.01) and SDMT (r= -0.52, p=0.04) scores, such that the greater the
WCE the worse the cognitive performance (see Table 3-8).
correlations are shown in Figure 3-8 and Figure 3-9.

Scatter plots of these

A full table of correlations are

displayed in Appendix B section VI.
Table 3-8. Correlations between DWCE and TEA-map and SDMT in the CVD subgroup
Cognitive test

DWCE
r

p

TEA-Map

-0.59

0.01§

SDMT

-0.52

0.04§

§

Not significant when corrected for age
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Figure 3-8. Scatter plots of DWCE vs. TEA-map score with regression line displayed

Figure 3-9. Scatter plots of DWCE vs. SDMT score with regression line displayed

3.3.5

Results of follow-up cognitive scores

3.3.5.1 Participant dropout characteristics
Fifteen people withdrew from the study between baseline and follow-up cognitive testing
at approximately 9 months (19% of the original cohort). Reasons for participant drop out
are given in Table 3-9. The mean number of days to follow up was 312.2 days (SD 34.53)
and the range to follow up was 265 to 469 days.
Table 3-9. Reasons for participant study withdrawals
Frequency

Comments

Deaths

3

1 stroke 1 vasculitis, 1 unknown

Serious Illness

6

3 Cancer, 1 Ischaemic heart disease,
1 Stroke, 1 Dementia

Other

2

Commenced Dialysis

4

Total

15

1 Anxiety, 1 time constraints

3.3.5.2 Relationship between ambulatory blood pressure and follow-up cognitive
scores
Daytime SBP and DBP did not show any statistically significant associations with cognitive
outcomes at follow-up. Daytime SBP revealed a negative association with MMSE score
(rho -0.26, p=0.03); the scatter plot is shown in Figure 3-10. The full correlation matrix is
shown in appendix B section VII.
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Figure 3-10. Scatter plot showing daytime SBP vs. MMSE score at follow-up visit

3.3.5.3 Analysis of daytime ambulatory blood pressure measurements & follow-up
cognitive scores in the CVD subgroup
Analysis of the CVD subgroup   (N=13)   didn’t reveal statistically significant associations.
Full tables of correlations are included in the appendix B section VIII.
3.3.5.4 White coat effect and follow-up cognitive scores
Correlations between WCE and follow-up cognitive scores did not reveal any significant
associations. A full table of this analysis can be found in Appendix B section IX.
3.3.5.5 Correlations between WCE and follow-up cognitive scores in those with
cardiovascular disease
A negative correlation was found when DWCE was associated with follow-up RAVLTVII
score (r= -0.63 p=0.02). A scatter plot showing this distribution is illustrated in Figure
3-11. Associations between other cognitive tests, SWCE and DWCE did not show any
statistically significant correlations (the full correlation matrix is displayed in appendix
section X).
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Figure 3-11. Scatter plot DWCE vs. RAVLTVII follow-up score in the cardiovascular
subgroup with regression line displayed

3.3.6

Analysis of cognitive scores across visits

3.3.6.1 Progression of cognitive scores at follow up within the CKD cohort
General linear measure analysis with repeated measures across the whole CKD group
revealed divergent progression of scores in different cognitive domains (see table 3-10).
Table 3-10 showing results of GLM repeated measures analysis of cognitive scores
between visits 1 and 2
Cognitive

Mean

Mean V2

test

V1

TMTBA

102.84

101.56

TEA map

56.35

RAVLT1

Mean

CI

F

p

-1.28

-20.19,17.62

0.02

0.89

54.33

-2.02

-4.01, -0.02

4.08

0.04*

5.31

6.05

0.74

0.34,1.14

13.46

<0.01*

RAVLTVII

3.72

4.38

0.66

0.24,1.08

9.97

<0.01*

COWAT

36.58

37.67

1.09

-0.87,3.06

1.24

0.27

SDMT

33.73

34.51

0.78

-0.98,2.54

0.79

0.37

MMSE†

28.0

28.0

0

CS7†

7.0

7.0

0

difference

*Significant at 0.05 level
†

GLM analysis not performed on non-normally distributed data, median values difference between

the medians are displayed

TEA-map test showed significantly worse scores from baseline to follow-up visits. RAVLT
I and VII (representing immediate and delayed recall respectively) showed statistically
significant improved scores over time. Other cognitive domains did not show statistically
significant changes.
3.3.6.2 Analysis of change in cognitive scores according to day ABPM and WCE
Correlations between Daytime ABPM, WCE and the difference between baseline and
follow-up cognitive scores (i.e. the change in cognitive scores) were calculated.

No

significant associations were seen. The full correlation matrix for this analysis is illustrated
in Appendix B sections XI & XII.
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3.3.7

Comparison of CKD participants with cognitive scores in the healthy control
group

3.3.7.1 Differences in cognitive scores between CKD and control groups at
baseline
There were statistically significant differences in a number of the cognitive scores between
the CKD and controls groups. These are summarised in Table 3-11. Scores in TEA-map,
RAVLT I, VII, TMTBA and SDMT were significantly worse in the CKD group. (Dot plots
are shown in figure 8). For the remaining tasks, although scores were lower, these did not
reach significance.
Table 3-11. Results   of  Student’s  t-test of differences between mean cognitive scores in
the CKD and control groups
Control Mean

CKD mean

t

p

CI

(N=18)

(N=79)

1.81

1.90

-1.17

0.25

-0.25, 0.06

TMTBA

70.3

112.51

-2.81

<0.01*

-72.08,-12.35

TEA

64.11

55.16

3.85

<0.01*

4.28,13.63

RAVLTI

7.33

5.22

4.03

<0.01*

1.07,3.16

RAVLTVII

5.22

3.67

3.26

<0.01*

0.61,2.50

COWAT

40.72

35.47

1.89

0.07

-0.38,10.88

SDMT

39.17

32.63

2.37

0.02*

1.07,12.02

MMSE†

28

28

-0.36

0.72

8

7

-0.79

0.43

Log10
TMTBA

†

CS7

*Statistically significant results at 0.05 level
†

Median n values and Mann-Whitney-U test results are displayed for non-normally distributed data

(z standardised test statistic and p value).
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Figure 3-12. Dot plots showing differences in TEA-map score between CKD and control
groups

Figure 3-13. Dot plots showing differences in RAVLT I score between CKD and control
groups
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Figure 3-14. Dot plots showing differences in SDMT scores between CKD and control
groups

Figure 3-15 Dot plots showing difference in TMTBA scores between CKD and control
groups. (Non-significant difference when scores logged to account for skewed distribution)

3.3.7.2 Differences in cognitive scores between CKD and control groups at followup visit
Differences in cognitive scores between control and CKD group were also seen on the
second visit. Scores for COWAT, SDMT and CS7 were significantly worse in the CKD
group Table 3-12. Scores in the remaining tests were all lower in the CKD group but
these differences did not reach significance.
Table 3-12. Student’s   t-test showing the difference in mean cognitive scores between
CKD and control groups at follow-up
Cognitive tests

Control Mean

CKD mean

t

p

CI

(N=18)

(N=64)

TMTBA

71.72

101.56

-1.60

0.11

-66.88,7.21

TEA

58.17

54.33

1.16

0.25

-2.88,10.55

COWAT

48.11

37.29

2.23

0.02*

1.16,20.48

RAVLTI

6.67

6.05

1.05

0.30

-0.59,1.83

RAVLTVII

4.78

4.38

0.70

0.49

-0.75,1.54

SDMT

42.29

34.24

3.08

<0.01*

2.84,13.26

MMSE

29

28

-1.03

0.30

CS7

7.5

7

-0.05

0.96

*Statistically significant results at 0.05 level
†Median  n  values  and  Mann-Whitney-U test results are displayed for non-normally distributed data
(z standardised test statistic and p value)

3.3.7.3 Differences in progression of cognitive scores across visits between CKD
and control groups
Students’  t-test was used to assess the difference in mean change in scores in the CKD
group compared to the control group (see Table 3-13). The   ‘change’   in   score   was   first  
obtained by subtracting the baseline scores from the follow-up scores and a new variable
calculated. The new variable represented the change in scores across visits and was
entered into the analysis. This showed that there was a statistically significant divergence
between the CKD and control groups for RAVLT I & VII, in so much as to say there was
an increase in the CKD cognitive scores as opposed to a decrease in control group
cognitive scores.
Table 3-13. Results of differences in change in cognitive scores across visits between
CKD and control groups
Cognitive

Control

CKD

t

p

Confidence

test

(mean change)

(mean change)

TMTBA

1.42

-1.28

0.14

0.89

-38.0, 42.41

TEA

-5.94

-2.01

-1.76

0.08

-8.38, 0.52

RAVLTI

-0.67

0.74

-3.26

<0.01

-2.26, -0.055

RAVLTVII

-0.44

0.66

-2.43

0.02

-2.01, -0.20

COWAT

7.39

1.09

0.93

0.36

-7.90, 20.49

SDMT

3.71

0.78

1.67

0.10

-0.57, 6.43

MMSE

0

0

-1.06

0.29

CS7

0

0

0.85

0.39

interval

3.4 Discussion
3.4.1

Baseline observations

My study population had higher rates of CVD, cerebrovascular disease and diabetes
(20.3%, 11.4% and 26.6% respectively) compared to a community based US population
(see Table 3-14)139. In part, this may reflect the older age average age in this study
compared to the US population (75.3 vs. 67.4 years).
Table 3-14 showing relative characteristics of an American community based CKD
population (Go AS et al NEJM 2004)
Mean Age (years)

55.5

Gender (% male)

55

Cardiovascular (%)

14.9

Stroke or TIA (%)

6.8

Diabetes (%)

14.2

3.4.2

Relationships between ambulatory blood pressure and cognitive function

Within the CKD group no significant associations were observed between daytime ABPM
measurements and cognitive scores at baseline or follow-up apart from a negative
association between follow-up MMSE scores and SBP. This indicated a worse global
cognitive score with higher SBP values at follow-up visit however the scatter plot is less
convincing of a genuine association as is the lack of similar associations at baseline and
in any other cognitive domains in order to give context to this finding.
Analysis of the CVD subgroup revealed some interesting findings. Although it was a small
sample (n=16), higher BP was associated with better scores at baseline testing in global
cognitive function, attention, and speed of processing. Associations between BP and
these particular cognitive domains were also reported by Waldstein et al in a non-CKD
population134. The cardiovascular subgroup was smaller on follow up testing at 9 months)
(n=13) and these associations did not persist. The possibility that those with poorest
cognitive function in this group were more likely to withdraw from the study might explain
this finding.

One previous study has shown poorer performance on global cognitive

scores and motor speed in patients with low ejection fraction and low mean BP140. It is
note-worthy that subgroup analysis of the INVEST trial of Verapamil and ACE inhibitor
treatment reported increased all-cause mortality and cardiovascular death (but not stroke)
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with BP reduction below 119/89 in the subgroup with coronary artery disease however
cognitive endpoints were not reported68.
3.4.3

Relationships between white coat effect and cognitive scores

This analysis suggested that on some analyses, the presence of significant WCE and the
degree of WCE is adversely associated with cognitive scores. Scores of verbal fluency as
measured by the COWAT test were lower in the group with significant DWCE. Although
no other associations were observed within the CKD group, analysis in the subgroup with
a history of CVD showed that the degree of white coat effect is negatively associated with
tests of attention and processing speed at baseline testing.

At follow up testing no

associations were found between WCE and cognitive scores however a negative
association with delayed recall was found when the cardiovascular subgroup was
analysed.
3.4.4

Cognitive scores in the CKD patient group compared to healthy controls

It has been noted previously that patients with CKD have higher rates of cognitive
impairment12. Aside from impairments in global cognitive function, poorer scores on tests
of executive function, memory, and language have all been reported13. Differences in
cognitive scores between groups both at baseline and at follow up were observed.
Interestingly, despite the similar global scores of cognition measured using MMSE, there
were significant deficits in other cognitive domains implying that MMSE might not be a
sensitive enough tool for screening in this patient group. Lower scores were observed on
tests of attention (TEA), immediate and delayed recall (RAVLTI & VII), verbal fluency
(COWAT) and speed of processing (SDMT). Despite a high dropout rate (almost 20%)
differences persisted at follow-up cognitive testing in attention, and speed of processing
and executive function (TMTBA).
The differences observed between the CKD and control groups in my data can in part be
explained by the common pathophysiological mechanisms that are common to SVD of the
brain and CKD which is more commonly small vessel renal disease in the elderly15. The
proportion of vascular related renal disease in this cohort was 52% including 5 % with
diabetic nephropathy. In common with the renal vascular beds, the brain possesses low
resistance vascular beds that are vulnerable to damage from high pulse pressures from
the main conduit arteries20.

Vascular risk factors common to both disease states

accelerate the vascular damage. Deficits in attention and speed of processing in the
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presence of similar global cognitive test scores is supported by previous concern about
the relative insensitivity of MMSE to disease of vascular aetiology96.
3.4.5

Cognitive scores across study visits

Across study visits progression of cognitive scores was not uniform across domains.
Within the CKD group alone, there was a significant reduction in mean TEA-map scores
on follow-up testing however RAVLT I immediate recall score (which also tests attention)
increased across visits. TEA-map test however employs other cognitive functions such as
speed of processing and visuo-spacial skills, which might explain the disparity of these
findings.

This is in keeping with some hypertension trials demonstrating benefits to

memory but not these other cognitive domains26.

No associations were found when

ABPM and WCE were correlated with change in cognitive scores across visits. This is
most likely due to the relatively short time to follow-up testing (mean number of days was
312) that prevented any meaningful change in cognition to become apparent.
Comparing change in cognitive scores between CKD and healthy control groups revealed
a greater change in the CKD group for immediate and delayed recall. As these scores
were significantly greater at baseline in the control group this suggests that some factor in
the CKD group lead to greater improvement in these scores. This result would seem
counter intuitive in that one would expect change in scores to be in the negative direction
and worse than that of the healthy control group.

This significance of this seems

uncertain however the CKD group being treated within a research study will have had
vascular parameters closely monitored which might have led to better treatment, that
these cognitive domains responded well to, over and above the control group.

As

previously described, vascular cognitive impairment and vascular dementia is
characterised by relative sparing of memory, this is thought to be due to better collateral
supply to areas of the brain responsible for these cognitive functions25.

Medical

treatments in this group may have led to particular beneficial effects on the vasculature
affecting these cognitive domains. Indeed a review of the effects of BP lowering on
differing   cognitive   domains   reported   improvements   in   immediate   and   delayed   ’logical’  
memory tasks26.

3.4.6

Learning effects

The progression of scores across visit gives some idea as to whether learning effects
have played apart. This was indeed the purpose of the healthy control group. It was
expected that there would be carry over from one test session to the next and therefore
the healthy control group aimed to control for this effect by demonstrating what can be
normally expected. However the results described above show that these effects are
complex given that there was greater improvement in memory measures in the CKD
group than the control. The relatively small control sample may have played a role
however as mentioned previously the differential effects of vascular health on cognitive
domains may also have been a factor.
3.4.7

Summary

Results from my study show that detailed explorations of associations between cognitive
scores and BP parameters are not neutral and implicate cognitive domains associated
with cerebrovascular pathology resulting from impaired brain perfusion. Cognitive scores
were lower in the CKD group compared to controls despite similar global scores. This has
implications over the types of cognitive endpoints used in CKD and hypertension trials and
lends support to the idea that MMSE alone may not be enough to pick up deficits in
cognition. There is a suggestion that an additional history of cardiovascular disease may
require higher BP to maintain cognitive function and further studies of this cohort are
indicated.

Given the high prevalence of CVD in the CKD population, this may have

important implications on the management of this group. The presence of white coat effect
has adverse associations with some cognitive scores in those with CVD disease, which
should be considered when evaluating this group in future studies.

Chapter  4
4 Significance of carotid vascular measurements and
their relationship with cognition and daytime blood
pressure
4.1 Introduction
4.1.1

Carotid atherosclerosis and cognition

The internal carotid artery provides the main blood supply to the parietal, temporal and
frontal lobes of the brain and therefore is of critical importance when considering factors
impacting brain perfusion. The anatomical proximity of the carotid artery to the surface of
the skin at the neck has allowed development of accurate, detailed and reproducible
techniques, in the form of carotid ultrasonography, for the measurement of the internal
structures of the vessels. The bifurcation of the common carotid artery into the internal
and external carotid arteries causes interruption of the laminar flow through the vessels
and is the most common site for carotid plaque formation, which is one of the most
important risk factors for the development of stroke141.
Plaque formation occurs when turbulent flow at the bifurcation leads to endothelial
damage.
formation

Inflammation followed by lipid cholesterol deposition leads to plaque
142

. Progression of carotid atherosclerosis leads to increasing plaque size will

eventually interrupt flow leading to stenotic lesions that are the major risk factor for
stroke143.

European Carotid Surgery Trial (ECST) criteria for carotid stenosis showed

that endarterectomy of lesions >70% stenosis within 2 weeks can significantly reduce the
risk of major stroke in individuals who have had neurological symptoms144.
4.1.2

Carotid atherosclerosis and cognitive function

More recently, a number of studies have shown significant associations between the
presence of asymptomatic carotid atherosclerosis and cognitive impairment. The Trømso
study examined 189 community-based people without history of stroke and with
asymptomatic carotid stenosis compared to 201 controls with a mean age of 67145. They
found that patients with carotid stenosis scored significantly lower on standardised
neuropsychological tests of attention and psychomotor speed (as measured by digit span
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and TMTA&B) and memory (in immediate and delayed visual recall and immediate verbal
recall) independent of MRI findings of degree of WMH or lacunar infarcts. This suggests
that recurrent embolic events from ruptured plaques, may not be the full explanation of
reduced cognitive function of those with carotid stenosis. However other authors have
suggested recurrent embolic events are a significant contributor to cognitive decline 146.
Findings from the Trømso study were consistent with results from the Framingham
offspring study which examined 1971 patients with asymptomatic carotid stenosis and
found that carotid stenosis >50% was associated with poorer tests of executive function
independent of MRI markers (as measured by volume and WMH)147. The same study
also reported associations of cognitive impairment with increased prevalence of WMH and
lower total brain volume; however associations were independent of structural damage as
measured on brain MRI.

There is also evidence that removal of carotid stenosis by

carotid endarterectomy provides protection against cognitive decline. In a study of 75
patients over the age of 65 with symptomatic (i.e. pervious TIA) and asymptomatic carotid
stenosis, Baracchini et al demonstrated that scores on the MMSE and Montreal Cognitive
Assessment improved in the symptomatic group following surgery but remained
unchanged in the asymptomatic group 148.
4.1.3

The interrelationship of carotid atherosclerosis, blood pressure and chronic
kidney disease

Elevated BP has been reported as a risk factor for atherosclerotic disease.

In the

Framingham cohort, an odds ratio of 1.22 (CI 1.10,1.37) for carotid atherosclerosis was
reported for an elevation of 10mmHg of SBP, however there have been studies reporting
no difference in atherosclerotic burden between hypertensive and non-hypertensive
individuals149.

The relationship becomes more complex when the risk of stroke and

cerebrovascular disease is taken into consideration. Although BP reduction has been
shown to be effective in the secondary prevention of stroke53, subjects with severe
bilateral carotid stenosis >70% occlusion and complete carotid occlusion have worse
outcomes (in terms of stroke complications following carotid endarterectomy) in the lowest
quartile of BP150. The presence of collateral circulation in the brain is an important factor
as to whether stenotic lesions are likely to cause cognitive impairment 151.

There is,

however, little literature examining the effects of low BP on cerebral perfusion and
cognitive end-points in the context of severe carotid disease.
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Carotid plaques appear to be more common in patients with CKD compared to healthy
control participants152. In a re-examination of the data from North American Symptomatic
Carotid Endarterectomy Trial (NASCET), Mathew et al reported that those with
symptomatic carotid plaques and CKD stage 3 have an increased risk of stroke than those
without CKD but that they benefit most from carotid endarterectomy with the number
needed to treat to prevent stroke or death was 1 in 4 as oppose to 1 in 10 in those without
CKD. Cognitive end-points however were not reported153.
4.1.4

The relationship between intima-media thickness and cognition

Intima media thickness (IMT) refers to the thickness of the inner 2 layers of the carotid
artery wall. Eighty per cent of this measurement is the media layer of smooth muscle and
20 % is the inner endothelial layer, however high-resolution ultrasound is unable to
distinguish between the two154.
atherosclerosis
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IMT is considered as a surrogate marker for

. IMT thickening is due to medial smooth muscle hypertrophy caused by

hypertension and is considered a clinical precursor to atherosclerotic disease and as such
is often considered as part of the same disease process156. IMT is associated with age,
increasing 0.004mm per year to a maximum of 0.78mm by age 76155. It is relatively easy
to measure using B mode ultrasound and is usually measured at the distal common
carotid artery (CCA)157. An example from measurements taken in this study is illustrated
in Figure 4-1. Because of ease of measurement and reproducibility it has become a
marker of interest in CVD.
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Figure 4-1. High resolution B mode ultrasound image of the intima-media layer
(highlighted in white lines with selection box by Qlab software) within the common carotid
artery

IMT is independently associated with cognitive impairment. Romero et al reported that in
a subgroup of 1971 participants with a mean age of 58 years from the Framingham
offspring study who underwent neuropsychological testing there was a negative
correlation between IMT of the ICA and verbal memory factor (incorporating factor
analysis of several domains of immediate and delayed verbal recall) and non-verbal
memory factor147. Interestingly this relationship was not found for the CCA. In contrast, in
a study of 3386 participants with mean age 67 years, Sander et al demonstrated that
common carotid IMT was an independent predictor of cognitive decline. The study was
limited by the use of the brief 6-item cognitive impairment test (6-CIT) as the sole measure
of cognitive function158.
IMT is also an independent predictor of cardiovascular outcomes including stroke and
myocardial infarction159. In the CKD population IMT is an independent risk factor for
CKD160 and is associated with CKD stage and mean arterial pressure but interestingly not
traditional Framingham vascular risk factors such as diabetes, hypertension, and high
cholesterol161.
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4.1.5

Summary

It is apparent that carotid disease is an important risk factor for future adverse events
including cognitive impairment. There is some evidence in the post stroke population that
low BP in the presence of severe carotid stenosis is associated with poorer post carotid
surgery outcomes. There appears to be no literature investigating this problem in the
CKD population. Examining the associations between ABPM and cognitive scores in the
context of carotid disease might improve our understanding of this problem.
4.1.6

Aims and hypothesis

Evaluating the presence of disease in the carotid arteries was an opportunity to
investigate the prevalence in older people with CKD. In particular, the study aimed to
discover whether if in the presence of carotid disease there is a relationship between BP
and cognition. The following hypotheses are proposed:
1. In those with carotid atherosclerosis, lower daytime ABPM is associated with
worse cognitive scores
2. Those with carotid disease will have significantly worse cognitive scores than
those without
3. Greater intima media thickness is associated with worse cognitive performance

4.2 Methods
4.2.1

Data collection

All patients within the CKD group were invited to undergo a Carotid Doppler Ultrasound
Scan using high resolution B-mode ultrasound. If patients declined they remained within
the study to complete the rest of the protocol. Appointments were made at the Clinical
Investigation Research Unit (CIRU), Royal Sussex County Hospital, Brighton. Images
and measurements were obtained by a trained operator and each procedure lasted no
more than 20 minutes.
4.2.1.1 Carotid artery evaluation
Carotid assessment was carried out using a PHILIPS HD11XE ultrasound scanner with a
linear 12-3MHz-ultrasound probe. Vascular pre-sets were used on carotid settings. B
mode images of the distal common carotid artery, carotid bulb and internal carotid arteries
were made. Spectral and colour Doppler velocities were recorded for the ICA measuring
peak systolic velocity (PSV) and end diastolic velocity (EDV). Peak systolic velocity ratio
(PSVR) was calculated by the formula shown in equation 3.

PSVR= PSV (internal carotid artery) / PSV (common carotid artery)
Equation 3. Calculation of peak systolic velocity ratio

4.2.1.2 IMT measurements
Estimated diameter reduction was calculated according to Society of Radiologists in
Ultrasound Consensus Conference 2003162. IMT was recorded using PHILIPS Q-Lab
software (Philips Healthcare, Eindhoven, Netherlands).

This allowed automated

recognition of the intima media and calculated multiple measurements from a 2cm
section, recording a mean IMT measurement.

Percentage of accurate IMT

measurements within a 2cm segment was also given allowing for the IMT window cursor
to be moved to a more accurate position of for a more accurate calculation of the IMT.
Measurements were taken from the posterior wall of the CCA within 2-3cm from the bulb
in both the right and left CCA. Use of the software has been validated elsewhere and has
been shown to give significantly lower readings than manual measurements but with
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higher inter-observer correlation and is thought to be more accurate163. There is little in
the literature regarding reporting intra-observer variability on automated software
preferring mostly to focus on interobserver data between manual and automated
procedures.

In a IMT feasibility study of 7 patients with rheumatoid arthritis of

rheumatology clinicians and not vascular ultrasonographers intraobserver, using Qlab IMT
software coefficient of variation was reported as 9.3% with an intra-class correlation coefficient of 0.61 (95%CI: 0.46,0.71)164. Other automated software have reported intraclass
co-efficient of variation of 0.93 (95%CI: 0.91,0.94)165, 166. Coefficient of variation from our
unit was not obtained introducing a potential significant limitation on interpretability of the
measurements, which is discussed further in chapter 7.
4.2.2

Stratifying severity of carotid disease

4.2.2.1 Stratification of carotid atherosclerotic plaques
Grading of carotid stenosis is calculated according to doppler flow recordings of the PSVR
as outlined previously.

Percentage diameter reduction was estimated according to

NASCET criteria (Table 4-1)162.
Table 4-1. Grading of carotid stenosis (Grant EG 2003)
Percentage stenosis

Peak Systolic Velocity ratio

<50

<2

50-69

2-4

≥70

>4

Near Occlusion

Variable

Total Occlusion

NA

4.2.2.2 Stratification of intima media thickness
IMT results were recorded as absolute values and also grouped according to risk
stratification (see 4-2)167.
Table 4-2. Cardiovascular risk stratification of carotid intima media thickness (mm)
Risk stratification

IMT value (mm)

Low

<0.8

Intermediate

0.8-0.99

High

>0.99
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4.2.3

Data analysis

Although the presence of carotid disease was recorded according to percentage diameter
reduction, in practice the numbers in the severe grades of atherosclerotic disease were
too small to enable meaningful statistical analysis. As the purpose of this study was not
so much to assess how the severity of disease was related to cognitive outcomes rather it
was to see if the presence of disease altered the relationships between BP and cognitive
scores. Therefore the presence of disease was treated as a binary variable (any disease
present or not). In practice the groups were divided as follows:
Group 1.

No atherosclerotic disease present defined as the absence of any

atherosclerotic change within the common, internal or external carotid arteries on carotid
doppler ultrasound.
Group 2.

Atherosclerotic disease present defined as the presence of atherosclerotic

disease within the common, internal or external carotid arteries with or without diameter
reduction.

4.2.4

Statistical tests

The difference in cognitive performance between those with and without carotid disease
was   analysed   using   Student’s   t-test to test the difference between the means. MannWhitney-U test was used for non-normally distributed variables. The association between
IMT  values  and  cognitive  tests  was  analysed  using  Pearson’s  correlation  co-efficient and
Spearman’s  rho  for  non-normally distributed variables. Similar correlations were used to
test the associations between BP parameters and cognitive scores in those with carotid
disease.

IQ was identified as a potential co-founding factor and was entered into

analyses using regression models where appropriate.
4.2.5

Ethical Considerations (abnormal results)

Screening 80 people for carotid disease with a high atherosclerotic risk meant that
abnormal results were common. Findings from carotid duplex scanning were explained to
every participant. Critical stenoses were referred directly to a consultant surgeon and
geriatrician for evaluation. Non-critical lesions and normal studies were summarised in a
letter to the GP.
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4.3 Results
4.3.1

Baseline carotid parameters

Seventy-one patients underwent carotid Doppler ultrasound scanning. 8 people did not
undergo scanning, 3 had withdrawn from the study due to ill health, 1 was deceased, 2
had commenced dialysis and 2 declined to make the extra visit to the hospital. Mean IMT
scores are displayed in Table 4-3. The distribution of IMT measurements according to
cardiovascular risk is shown in Figure 4-2, with the greater proportion falling in the low risk
category.
Table 4-3. Mean and standard deviation of IMT measurements in the CCA
Vessel

Mean IMT (mm)

SD +/-

Right common carotid artery

0.75

(0.15)

Left common carotid artery

0.76

(0.17)

Figure 4-2. Distribution   of   patients’   IMT   measurements   according   to cardiovascular risk
categories
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The numbers of patients with no plaque disease and any plaque disease were roughly
equal in distribution (see Figure 4-3).

Only 4 patients were identified with clinically

significant stenoses i.e. >70% whereby surgical intervention might be indicated.

Figure 4-3.
Bar chart showing frequency of patients with and without carotid
atherosclerosis
4.3.2

Relationship between carotid disease and cognitive scores

Using the presence of carotid disease as the grouping factor, independent t- tests were
run on each of the cognitive test measures (non-parametric equivalent was used for nonnormally distributed data). Those with no carotid disease scored better on all cognitive
tests apart from the prospective memory task; however none of the differences reached
statistical significance (see Table 4-4).
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Table 4-4. Mean cognitive scores in those with and without cognitive disease and
corresponding  Student’s  t-test score and significance value
Cognitive tests

Carotid disease

No Carotid disease

t

p

TMT BA

107.8

98.8

-0.41

0.68

TEA-map

53.4

57.3

1.22

0.23

RAVLTI

5.0

5.7

1.39

0.17

RAVLTVII

3.4

4.1

1.68

0.10

COWAT

33.1

37.3

1.28

0.21

SDMT

31.2

35.5

1.66

0.10

MMSE*

28

28

-0.81

0.42

CS7*

7

7

-0.06

0.95

*Mann-Whitney-U test is displayed for non-normally distributed data (Z score and significance
value displayed)

Results of correlations between IMT of both right and left common carotid arteries and
cognitive test scores revealed that higher TMTBA time correlated with right-sided IMT
(r=0.38 p<0.01). No cofounding variables were found for this association. The scatter
plot for this analysis is illustrated in Figure 4-4. No other significant correlations between
cognitive scores and IMT values were identified (the full correlation matrix is displayed in
appendix section XIII).
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Figure 4-4. Scatter plot showing the correlation between IMT of the right CCA vs. TMTBA
time
4.3.3

The relationship between BP parameters and baseline cognitive scores in
those with carotid disease

Re-analysing the relationships between BP and cognitive scores after selecting only those
with carotid disease did not reveal any associations between daytime SBP, DBP and
cognitive scores. Correlation coefficients are displayed in Table 4-5.

Table 4-5 showing correlation coefficients between daytime SBP and cognitive scores in
those with carotid disease
Cognitive test

SBP

DBP

r

p

r

p

TMTBA

0.21

0.24

0.30

0.09

TEA

0.13

0.47

0.04

0.82

REYI

-0.07

0.67

0.05

0.77

REYVII

-0.05

0.78

0.11

0.51

COWAT

-0.15

0.40

-0.23

0.18

SDMT

0.04

0.84

-0.05

0.77

MMSE*

-0.23

0.17

-0.18

0.29

CS7*

0.12

0.49

0.01

0.94

*Spearman’s  rho  is  displayed  for  non-normally distributed data
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4.4 Discussion
Carotid disease was present in a little over 50% of this cohort this compared with other
studies reporting an incidence of carotid atherosclerosis in the non-dialysis CKD
population of 46.2% in a group with mean age of 51 years152.

The slightly higher

incidence may reflect the higher average age (75.3 years) in this cohort.
4.4.1

The influence of carotid disease on the relationship between blood pressure
and cognition

Examining the relationships between daytime BP and cognitive scores in those with any
carotid disease did not show any significant associations. Therefore the hypothesis that
‘those  with  lower  BP  do  worse  on  cognitive  testing  in  the  presence  of  carotid  disease’  is  
not supported by this study. Although little has been published to specifically address this
question, there is some evidence that BP lowering in the context of severe bilateral carotid
stenosis can have adverse effects on cognitive performance150. The small numbers in this
cohort with severe disease makes it difficult to ascertain any meaningful comparison. The
actual numbers with any carotid disease was only thirty-six members of the cohort and the
majority of these had minor disease only.
4.4.2

Cognitive function in those with and without carotid disease

Although mean cognitive scores were worse in all but the prospective memory (CS7) task
in those with carotid disease versus those without, none of the differences reached
statistical significance. The relatively small sample size limits the interpretation of these
results, but this suggests that carotid disease does not add any additional risk for
cognitive decline over and above the impact of CKD.

In the Trømso study of 189

participants with mean age of 69 years, with asymptomatic carotid stenosis, impairments
in tests of attention, psychomotor speed and memory were reported relative to a healthy
control sample without carotid stenosis145. In the Trømso study, carotid stenosis was
considered significant with a diameter reduction >35% as  opposed  to  ‘any  atherosclerosis’  
as defined in my group, which may explain the difference and lack of significance with my
findings.

Plaque disease is generally reported as the percentage degree of stenosis

estimated from the PSVR and not as a continuous variable. The numbers in the group
with severe diameter reduction were small therefore making analysis of the data
according to severity of plaque disease problematic without much larger sample numbers.
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4.4.3

The significance of intima media thickness in this cohort

Higher right IMT values predicted worse executive function score when measured using
TMTBA. Although no other associations between IMT and cognitive scores were found,
this result is supported by findings from Romero et al, which showed that IMT of the ICA
was associated with worse scores on an executive function factor (which incorporated
TMT)147. The same study also showed associations with scores of verbal and non-verbal
memory factors. Interestingly they measure IMT at both common and internal carotid
sites. As IMT was not measured at the internal carotid artery in this study, it may explain
the lack of association with tests in other cognitive domains. The raises the possibility that
IMT measured at the ICA is a better marker for vascular damage.
Another reason why IMT values did not show negative association with other cognitive
tests may have been the low mean IMT values recorded. For example in the study by
Sander et al which showed that increased IMT values were independently associated with
cognitive decline measure by the brief 6-item cognitive impairment test (6-CIT)158, the
mean IMT values were 0.86mm vs. 0.75mm in this study. Indeed measurements below
0.80mm are considered low risk in large population based studies167. Reasons for a low
mean IMT value in this cohort are not immediately apparent given the generally high
cardiovascular risk in a CKD population, however a number a factors may contribute to a
selection bias in this cohort. Firstly given that IMT is regarded as a marker of early
hypertensive damage156, this is a cohort with well monitored and well controlled BP
(123/72mmHg). Secondly given patients were allowed to opt in to this arm of the parent
study, the potential that those with poorer health had higher IMT may have been a factor.
Thirdly the prevalence of cardiovascular disease was lower in this cohort than the general
CKD population.
Evaluating the effect of IMT measurements on cognitive scores was important no less
because of its potential use as a surrogate marker for vascular disease and ease and
accessibility of the measurements. Using automated software has the potential to speed
up these measurements and may have implications for future clinical applications.
Recording of IMT measurements taken from the ICA in addition to the CCA (as was
measure in this study) would be an important consideration in future studies.
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4.4.4

Summary

The presence of any carotid disease did not reveal adverse associations between lower
BP and cognitive scores. This study showed that increased right IMT values predicted
executive function score as measure by TMTBA, however in this cohort with low risk IMT
values, and with small numbers of severe carotid disease, IMT values were not
associated with poorer performance in other cognitive tests.
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Chapter  5
5 Relationships between blood pressure, cognitive
performance and the brain on structural Imaging
5.1 Introduction
5.1.1
As

Brain white matter disease, chronic kidney disease and blood pressure
stated

previously

estimated

glomerular

filtration

rate

(eGFR)

less

than

2

60ml/min/1.73m significantly increases the risk of cardiovascular events and poorer
cognitive performance6. Perhaps it is unsurprising that CKD is associated with more white
matter lesions168 and white matter hyperintensity volume (WMH)169.

Historically the

significance of WMH, also referred to as leukoaraiosis on pathological specimens was
controversial, even considered benign, however there is now substantial evidence that
they are pathological in nature. WMH are associated with age, history of stroke and
myocardial infarction and cholesterol levels170.
dementia172

They are also predictive of stroke171,

and poorer cognitive performance170 and are considered to be due to

cerebral SVD173. The adverse cardiovascular risk profile seen in CKD is strongly linked to
WMH, however it has been shown that CKD is predictive of WMH volume independent of
these risks even excluding high BP174. Therefore, factors specific to CKD may contribute
to SVD of the brain. Increased pulse wave velocity (a measure of vascular stiffness) is
independently associated with renal decline78 coronary artery calcification175 and SVD176.
Inflammatory mediators and oxidative stress in renal failure are also thought to lead to
accelerated atherosclerosis 177.
Hypertension is a major risk factor for both cerebral SVD178 and CKD179. The complex
interplay between BP, cerebral autoregulation and cerebral perfusion has been described
in Chapter 1. The potential for cerebral perfusion to be compromised in the context of
treating BP has been demonstrated in a diabetic population with established
microvascular complications180 but has not been clearly demonstrated in a CKD
population.

It is known that diastolic and systolic hypertension increases the risk of severe WMH on
MRI168. However there is evidence to suggest a decrease in DBP is also associated with
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significant WMH suggesting a J shaped distribution of risk. In a study of 1800 people,
both high and low DBP predicted severe white matter lesions181. In another study of 1077
people, DBP again showed a J shaped distribution of risk of white matter lesions 5 and 20
years from baseline BP measurements. CBF has been shown to be reduced in
periventricular areas in people with leukoaraiosis on perfusion MRI182. A cross sectional
study of 88 patients with hypertensive cerebrovascular disease on MRI showed higher
night time BP predicted reduced infratentorial WML volume80. As outlined in chapter 1
patients with CKD have a high incidence of WCH, which might predispose to over
aggressive BP treatment44.

Although in community dwelling subjects WCH was not
183

associated with greater WMH

the same may not be true for those with established CKD

and with possible undiagnosed SVD.
5.1.2

Diffusion tensor imaging

Although WMH can be seen on T2 weighted MRI, subtle structural changes in the brain
tissue might not be visible to conventional techniques. Advances in MRI have led to the
development of a number of imaging modalities able to detect subtle change in normal
appearing brain tissue.

Diffusion tensor imaging (DTI) measures diffusion of water

molecules in tissues. The signal obtained is dependent on the main direction of the
diffusion of water through the tissues, resulting in the diffusion coefficient varying with the
direction along which it is measured. This property is termed anisotropy. Different tissue
types have different anisotropy whereby water diffuses along the direction of tissue fibres
such as nerve bundles. Fractional anisotropy (FA) is one of the parameters that can be
derived from DTI to measure this effect of water diffusion within tissue. Damage to tissue
and thus loss of tissue integrity and/or organisation leads to a reduction in FA value.
Another useful index derived from DTI is the mean diffusivity (MD), also known as
apparent diffusion coefficient (ADC), which provides a directionally averaged measure of
the magnitude of diffusion. From a practical point of view, DTI is obtained by applying
diffusion gradients along different planes, and thus obtaining images that are weighted by
the diffusion coefficient along that specific direction. Areas where water is able to diffuse
fast in many directions will have a high MD such as CSF or damaged tissue. A decrease
in FA values and increased MD has been associated with ageing and poorer scores in
tests of executive function, speed of processing, working memory and attention 184, 185. FA
values have also been shown to be lower in patients with end-stage renal failure186.
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5.1.3

Quantitative magnetization transfer imaging

DTI is specifically sensitive to tissue fibre density and directionality, which can be affected
by several factors. A complementary approach is magnetisation transfer imaging (MTI)
which is a modality that takes advantage of the properties of free protons and protons
bound to macromolecules, such as proteins and lipids187. In these two states, protons
exchange magnetisation when in proximity (see Figure 5-1) and this can be measured as
the magnetisation transfer ratio (MTR). Myelin is believed to dominate this process in the
WM. Quantitative magnetisation transfer (qMT) is a closely related modality that uses
mathematical modelling to estimate the bound proton fraction (F) and is thought to be
more accurate188 as an index of myelin damage.
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Figure 5-1. Diagrammatic representation of the transfer of magnetisation between bound
and free water molecules (diagram used with kind permission from Dr Nicholas Dowell,
University of Sussex)

Images are obtained by the application of a radiofrequency (rf) pulse at an offset
frequency to the free proton pool signal. This leads to saturation of the bound pool and
magnetisation transfer can then be measured as the percentage reduction in the
subsequent free pool signal, i.e. the magnetisation transfer ratio (MTR). This is obtained
by collecting an image with, and an image without rf saturation, and then computing the
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percentage difference between the two. It follows that a reduced MTR indicates a smaller
bound proton pool and may imply damage to macromolecular structures. The closely
related method of qMT relies on the mathematical modelling of this signal saturation and
requires the application of several rf pulses at offset frequencies. The model is fitted to
these measurements to give a number of parameters including the bound proton fraction
(F), assessing the density of bound protons with respect to the total protons. A lower
fraction is considered suggestive of myelin loss or tissue damage188.
MTR and qMT have been studied extensively in multiple sclerosis (MS) and a number of
other conditions. Mean MTR has been shown to be lower in patients with mild cognitive
impairment  (MCI)  and  Alzheimer’s  disease  (AD)  compared  to controls189. Very little work
has been done using MTR or qMT in the context of SVD or the elderly and as yet no work
has looked at its use in evaluating normal appearing brain tissue in CKD. Patients with
cerebral

autosomal

dominant

arteriopathy

with

subcortical

infarcts

and

leucoencephalopathy (CADISIL) have extensive white matter disease and could be
considered analogous to SVD in renal failure.

A study of 33 patients with CADISIL

compared to 12 controls reported that the mean MTR values of the normal appearing
tissue was reduced190. A study of patients with subcortical ischaemic vascular dementia
reported that MTR values were reduced in the WMH of the periventricular area compared
to controls191.
In the context of Alzheimer’s disease, MTR has been shown to correlate with MMSE
scores192 and temporal lobe MTR has been shown to predict MMSE scores across AD
and control groups in another study193. Age has been shown to correlate with MTR values
in a study of 64 healthy volunteers; however the authors found that DTI was a more
sensitive marker of age-associated white matter damage and better correlated with
cognitive testing194. As a complementary measure of tissue damage it may have the
potential to pick subtle changes in this cohort that other modalities do not.
5.1.4

Voxel based morphometry

Unlike AD where structural damage to brain tissue commonly starts in the medial temporal
lobe, the damage from SVD has a more sporadic distribution although as previously
described areas of poor arterial supply are more susceptible and explains common finding
of WMH in the periventricular white matter195. When looking for subtle differences in brain
damage between groups or, correlations between tissue damage and BP it is difficult to
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predict with any accuracy where potential damage may occur.

Assessing volume

differences in order to pick out regions that are potentially affected would be one such
method. Voxel based morphometry (VBM) on T1 weighted MR images is an unbiased
automated technique that aims at estimating local GM and WM volume on a voxel by
voxel basis, therefore highlighting potentially affected areas of disease196. This method
consists of a combination of segmentation of images into GM, WM, and CSF, and of
normalisation (i.e. warping of a single subject image to match a reference image, in
standardised space). This procedure outputs grey matter and white matter probabilistic
images, on a voxel by voxel basis, that provide the probability of that voxel containing a
given tissue. Again, VBM has been used in AD to detect volume differences in grey and
white matter

197, 198

but less so in the context of SVD; there are no reports of its use in

analysing volume differences in SVD of patients with CKD.
An area of interest analysis can be performed using this technique, localising areas most
likely to be affected by the hypothesis in question however where considerable uncertainty
exists as to the most likely affected areas and the potential for all areas to be affected, I
felt using an unbiased technique would deflect uncertainty and criticism that other brain
regions were ignored and may have yielded unexpected findings.

5.1.5

Aims and hypotheses

As outlined in chapter 1 patients with CKD have a high incidence of WCH, which might
predispose to over aggressive BP treatment44. Although in community dwelling subjects
WCH was not associated with greater white matter disease183 the same may not be true
for those with established CKD and with possible undiagnosed small vessel damage.
Our primary hypothesis is:
1. Microscopic changes in brain tissue demonstrated by quantitative MRI in those with
WCH is greater compared to matched controls without WCH in a cross-sectional study
Secondary hypotheses are:
1. Lower daytime ABPM is associated with worse indices of brain damage as
measured on MRI by VBM and histograms of DTI and qMT
2. Greater WCE is associated with worse indices of brain damage as measured on
MRI by VBM and histograms of DTI and qMT.
3. Those with CKD have worse indices of brain damage as measured on MRI by
histograms

of

DTI

and

qMT

than

age

matched

healthy

controls.
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5.2 Methods
5.2.1

Funding

A grant of £6000 was awarded from the British Geriatrics Society Start-up Grant in order
to fund the MRI sub-study.
5.2.2

Ethical considerations and abnormal results

A major amendment was submitted to Brighton West Research Ethics committee and was
granted 21/04/2010 to undertake 36 MRI scans. Approval for the amendment was also
granted by the local research and development committee of Brighton & Sussex
Universities NHS trust 20/09/2010.

Care was taken to arrange transport for frailer

participants and warn them of the nature of the procedure and screen for tendency to
claustrophobia.
The MRI protocol was designed to answer a specific research question, however
elements of the protocol were standard for clinical evaluation. This was explained to
every participant. No formal clinical neuroradiological report was obtained; however if
abnormalities   were   found   incidentally,   participants   were   informed,   the   participant’s   GP  
was notified in writing and referrals to appropriate specialists were made as the findings
dictated. Minor small vessel disease was not routinely reported; however, severe disease
or disease that was unexpected given the risk factor profile was reported to the participant
and GP and a routine consultation with a specialist geriatrician was arranged.
5.2.3

Study design

The MRI substudy recruited 30 participants from the primary study. Recruitment to the
primary study is described in chapter 2.

Participants were screened from the study

database and were selected if they met criteria for white coat hypertension or
normotension40.

Six control participants were also recruited from the primary control

group. Recruitment criteria for the primary control group are also described in chapter 2.
Potential participants to the MRI substudy were sent an introductory letter along with a
MRI specific patient information sheet. Potential participants were called and invited to
undergo MRI alongside the existing study. They were screened for contraindications to
MRI according to local safety protocols as laid out by MHRA 2007. Participants were
required to tolerate confined spaces for a period of 42 minutes as well as have an
appropriated body habitus to fit in the MRI scanner and have the ability to lie flat and still.
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An appointment was arranged at Clinical Imaging Science Centre, University of Sussex.
Study participants were offered taxi or travel expenses.
5.2.4

Defining white coat hypertension (MRI subgroup)

It should be noted that that for the MRI subgroups, WCH hypertension was defined
according to definitions set out in

Table 1-2. This was different to the WCE model defining groups as an elevation above
20/10mmHg in the office setting as outlined in chapter 3.
5.2.5

MRI acquisition

All images were acquired on a Siemens 1.5 T Avanto MRI scanner (Siemens, Erlangen,
Germany). High-resolution anatomical images were acquired using a 3D T1-weighted MPRAGE sequence, using TR = 1160 ms, TE = 4.44 ms, TI = 600 ms with a FOV = 230 x
230 mm2. The acquisition matrix was 256 x 256, the flip angle = 15°, resulting in voxel
dimension of 0.9 x 0.9 x 0.9 mm3. The acquisition time was 4m 58s.
B0 gradient echo field maps were acquired with TR = 513ms, TE = 5.78 mm, FOV = 192
mm, acquisition matrix = 64 x 64 and a flip angle of 60°. The resulting voxel dimensions
were 3 x 3 x 3 mm3. The acquisition time was 1 min.
Proton density (PD) and T2-weighted images were acquired using a turbo spin echo
sequence using TR = 3420 ms, TE 11ms, 89ms, inter-slice gap=1.5 mm, FOV read=230 x
194 mm2. The acquisition matrix was 256 x 216. The acquisition time was 4m11s.
Diffusion-weighted images were acquired using an EPI sequence acquired with TR = 12.4
s, TE = 111ms and an echo spacing of 0.83ms. The FOV was 240 x 240 mm2, the
acquisition matrix equalled 96 x 96, resulting in voxel dimensions of 2.5 x 2.5 x 2.5 mm3.
Diffusion gradients were applied with maximum b-value = 1000 s/mm2 applied along 30
non-collinear directions. A non-diffusion-weighted   (b   ≈   0)   was   also   acquired.   Total  
acquisition time was 6m 38s.
The qMT data was acquired using a MT-weighted 3D gradient echo pulse sequence with
TR = 40ms and TE = 5ms. Twelve MT-weighted volumes were collected using two MT
pulse powers (described by their on-resonance excitation flip angles 212°, 843°) for each
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of 6 MT pulse frequency offsets (400, 875, 1912, 4182, 9146, 20000 Hz) (Sled and Pike,
2001). The FOV was 240 x 180 x 160 mm3 using a matrix size of 256 x 96 x 32
(interpolated to 256 x 192 x 32) to yield voxel volume dimensions of 0.94 x 0.94 x 5 mm3.
The excitation flip angle set to 5°. The total acquisition time was less than 25 minutes. T1
map was obtained according to the DESPOT1 method (ref) and required two acquisition
of two 3D gradient echo sequences with flip angles 3 and 19, respectively, and otherwise
identical parameters: Slices = 32 TR = 10ms TE = 5ms Slice Thickness = 5 mm FOV read
= 240 mm FOV Phase = 75% (increase if head size exceeds R/L FOV) Averages = 1
Acquisition Matrix = 256(read) x 50%(phase). flip angles=3,19
5.2.6

Diffusion Tensor analysis

Eddy current distortions were corrected and the diffusion tensor maps were computed in
order to obtain MD and FA maps using the FSL software package199. The non-diffusion
weighted  images  (b  ≈  0)  were  extracted and segmented into GM, WM tissue types using
the statistical parametric mapping (SPM8) software (Wellcome Department of Cognitive
Neurology, London, UK). Binary masks were generated using a probability threshold of
0.8 and applied to the FA and MD maps to give tissue-specific measures using in-house
software (written in the Matlab computing environment).

Examples of the images

obtained are illustrated in Figure 5-2 and Figure 5-3. FA and MD properties of white and
grey matter were analysed using histograms. A histogram is a frequency distribution
showing the proportion of voxels in an image with a given range of signal intensity. Some
numerical features can be selected to characterise the shape of the resulting graph. For
the purpose of this study we used peak height, peak position and histogram mean (this is
described in further detail in section 5.2.10).
5.2.7

Quantitative Magnetization Transfer analysis

Brain T1 maps were calculated using the DESPOT1 technique200. The T1 map and MT
data were fitted
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to a simple two-pool model that was proposed by Henkelman et al.
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and later modified by Ramani et al to describe the MT phenomenon203. By fitting the
model to the data with a super-Lorentzian line shape, one can extract five MT parameters;
one has particular biological relevance: the bound proton fraction (F). qMT images were
co-registered with the anatomical images and GM and WM masks were created from the
high-resolution anatomical images following the steps outlined above, using a masking
threshold of 0.75204 (example of a qMT image is shown in Figure 5-4). Histograms were
created from the bound proton fraction value and noise was reduced by applying a
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Gaussian smoothing function (SD = 0.1). Text files were created and imported into Excel
(Microsoft Excel 2011).
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Figure 5-2. Example of an axial MR image using MD mapping in healthy older adult
(subject from healthy control arm of current study)

Figure 5-3. Example of an axial MR image using FA mapping in healthy older adult
(subject from healthy control arm of current study)
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Figure 5-4. Example of an axial MR image using qMT in a healthy older adult (subject
from healthy control arm of current study)
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5.2.8

Voxel-Based Morphometry analysis

SPM8 was used to perform voxel by voxel analysis on T1 structural images that were
normalized in common space and segmented to WM and CSF.

Images were then

modulated and smoothed using a 10mm Gaussian kernel. General linear models based
on Gaussian field theory205 were used for statistical analysis. A design matrix was created
for dual contrasts to create a ‘t’ statistic and from there a z score was calculated from the
normal distribution.

Contrasts were created to compare CKD and control groups i.e.

volume in CKD group was greater than or less than control group. Contrasts were also
created for correlations of continuous variables i.e. brain volumes were negatively or
positively correlated with individual BP parameters.

Age, gender and intracranial volume

(ICV) were entered into the matrix as covariates. Entering ICV corrects for differences in
brain volume sizes in particular accounting for differences in brain sizes between males
and females.
recorded.

Peak voxel-wise thresholds was set to p<0.001 and only these were

Significance at the peak and cluster level adjusted for family wise error

correction were identified if p<0.05. Voxel clusters greater than 30 were considered to be
statistically (as used in previous VBM studies of similar sample sizes)206.
5.2.8.1 Neuroanatomical mapping using Talairach co-ordinates
Each contrast analysis also yielded Talairach coordinates.

These represent

neuroanatomical locations where significant correlations were identified (surviving family
wise error corrections). ‘XjView’ (Cui X, Li J, Baylor College of Medicine, Houston, USA) a
neuroanatomical viewing software programme was used to enter in the co-ordinates in
order to ascertain the neuroanatomical location of interest. It should be noted that VBM
analysis relies on mapping   actual   brain   images   to   a   ‘standard’ space brain image as a
template. Probability maps were generated to identify grey and white matter regions. The
resulting Talairach co-ordinates therefore have the potential to map to overlapping brain
tissue regions resulting in some co-ordinates from GM correlations mapping to a WM
location and visa versa. In this situation locations were recorded for the corresponding
nearest correct adjacent tissue location (usually within 10 voxels). For example if a GM
correlation gave a neuroanatomical location in a white matter tract then the nearest
adjacent grey matter location was recorded.
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5.2.8.2 Unbiased vs. area of interest approach
An area of interest analysis can be performed using this technique, localising areas most
likely to be affected by the hypothesis in question however where considerable uncertainty
exists as to the most likely affected areas and the potential for all areas to be affected. In
an exploratory study of this nature I felt using an unbiased technique would deflect
uncertainty and criticism that other brain regions were ignored and may have yielded
unexpected findings.
5.2.9

Brain tissue type

It should be noted that imaging results were extrapolated according to the 2 major
macrostructural tissue types of grey and white matter.

These terms reflect the

appearance of the tissue on pathological specimens and reflect the broad cellular
composition of the tissue. GM consists of neuronal cell bodies, dendrites and capillaries
whereas WM consists of myelinated neuronal axons and as such these constitute the
tracts that transmit messages to other parts of the brain and ultimately the rest of the
body. The grey matter is highly vascularised whereas the white matter much less so and
therefore is much more prone to damage related to poor blood arterial supply.

Because

of these significant differences in tissue type, the imaging modalities used in this study
differentiate between white matter and grey matter and are recorded and analysed
separately.
5.2.10 Interpreting imaging results using histogram modeling
Using imaging histograms is an established approach to the evaluation of brain tissue
damage

207, 208

. Extracting histograms from qMT and DTI datasets enables identification

of 3 relevant parameters. 1. The Peak Height (PKHT) or the number of voxels where the
most common value lies i.e. the frequency distribution across the sample. 2. The Peak
Position (PKPOS) where the peak height intersects the x-axis, similar to the median value.
3. The Histogram Mean (HISTMEAN) i.e. the sum of all the values multiplied by the
number of voxels divided by the area under the histogram (see Figure 5-5).
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qMT Histogram
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Figure 5-5. Illustration of a typical histogram plot of normalised voxel count vs. bound
proton fraction acquired from a qMT image

The histograms were normalised (i.e. area under curve=100 voxels), to account for
differences in brain size across participants. The number of bins for each of FA, MD and
qMT are summarised in Table 5-1. As the area under the curve is fixed, PKHT value can
also be interpreted as a measure of homogeneity or spread of values. It can be caused
by values moving from the average or centre of the histogram and moving to the
extremes. This could happen in one direction or both directions, therefore needs to be
interpreted with PKPOS and HISTMN values.

Table 5-1. Summary of set bin values for DTI and qMT histogram datasets
FA

MD x10-3mm2s-1

qMT

No. Bins

200

360

290

Bin Width

0.005

0.005

0.1

Range

0.01-1.01

0.2-2.0

1.0-30.0
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5.2.11 Statistical analysis
Statistical analysis was performed using SPSS (version 18.0) for Mac. Histogram datasets
were extracted as described for DTI and qMT data. Differences between groups were
assessed   using   Student’s   t-test and Mann-Whitney-U test (for non-normally distributed
data) to assess the difference between WCH and normotensive groups and CKD and
controls groups. Associations between BP, WCE and histogram parameters were tested
using  correlation  coefficients  (Spearmen’s  rho  for  non-normally distributed data). Similar
tests were also used to assess the associations between MRI histogram parameters and
cognitive scores. VBM analysis was analysed according to general linear models as
outlined in section 5.2.8.
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5.3 Results
5.3.1

Characteristics of the MRI subgroup

The CKD study population was screened for eligibility to undergo MRI scanning.
Participants were compared according to WCH status. Participants were selected if they
met criteria for WCH or were normotensive according to the criteria defined in section 1.4.
This left 63 people eligible for recruitment. Fifteen declined and 18 were not approached
as recruitment was completed. Reasons for declining scan are stated in Table 5-2. One
person attended but did not tolerate the scan due to claustrophobia.
Table 5-2. Summary of the reasons for declining brain MRI
Reason

Frequency

Family/ personal commitments

2

Claustrophobia

3

Frailty/ illness / physical incapacity

4

No reason given

5

Scan not tolerated

1

Not approached (recruitment complete)

18

6 healthy controls were recruited from the 20 controls who volunteered for the primary
study. Characteristics of the MRI CKD and control groups are given in Table 5-3. Groups
were well matched for age and smoking but the CKD group had a higher percentage of
men. Of those in the MRI subgroup that had CKD, 21 met criteria for systolic WCH and 9
were normotensive (see Figure 5-6).
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Table 5-3. Characteristics of CKD group and control characteristics
CKD (N=30)

Control (N=6)

Age (years)

75.7 (6.7)

74.2(5.2)

Smoking (pack years)

14.5 (22.7)

13.7(12.5)

Alcohol (units/week)

8.7(11.4)

4.7(2.6)

Sex (%male)

80

50

Diabetes %

16.7

0

Cardiovascular disease %

13.3

0

Cerebrovascular disease %

6.7

0

No. antihypertensives

2.2 (1.3)

0

eGFR

38.1 (14)

NA

Figure 5-6. Bar graph showing frequency of patients grouped according to white coat
status
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5.3.2

Comparisons between MRI subgroup and primary study group

5.3.2.1 CKD MRI subgroup
Participants in the MRI subgroup with CKD were similar in age and were on similar
numbers of antihypertensive medication. There were more males and a lower burden of
CVD in the MRI group however this did not reach significance.

Renal function as

measured by eGFR and was significantly higher in the MRI group (p=0.02).
Table 5-4. Comparison of the characteristics of the MRI and non-MRI groups from within
the CKD cohort
MRI

Non MRI

Age (years)

75.7

75.1

Male (%)

80%

59.2%

eGFR (ml/min/1.73m2)

38.1

30.7

CVD (%)

13.3%

25.5%

No. Antihypertensives (median)

2

2

Mean office and ABPM parameters are summarised in appendix 2 section XIV.

Office

measurements in the MRI subgroup were similar to the rest of the primary study group.
Daytime SBP and PP were significantly lower in the MRI subgroup but this did not
translate into significant differences in WCE.
Baseline cognitive testing in the CKD group was largely similar in the MRI subgroup
compared to the non-MRI group. Only GDS scores differed significantly being lower in the
MRI group (p=0.01). A full summary of these results are given in appendix B section XV.
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5.3.2.2 Control MRI subgroup
Control participants were similar in age in the MRI subgroup compared to the non-MRI
group (Mean age 74.1 years vs. 74.9 years). There were more males in the MRI group
(50% vs. 33%) however again this did not reach significance. Baseline cognitive scores in
the control MRI subgroup were largely similar to the non-MRI control group except anxiety
scores, which were found to be lower (p=0.01). Results are summarised in appendix B
section XVI.
5.3.3

Results of Diffusion Tensor Imaging

Data parameters extracted from the diffusion tensor were MD and FA as described
previously. Normalised histograms were created for GM, WM. Median values for PKHT,
PKPOS and HISTMN are summarised in Table 5-5 for FA and Table 5-6 for MD. No
statistically significant differences were seen in the histogram parameters measured
between CKD and control groups.

Table 5-5. Comparison of the difference between FA histogram results for brain GM and
WM between control and CKD groups*
FA Control group

FA CKD group

z

p

Median (IQ range)

Median (IQ range)

GM PKHT

3.48 (0.35)

3.47 (0.54)

0.04

0.97

GM PKPOS

0.10 (0.02)

0.11 (0.03)

0.75

0.47

GM HISTMN

0.14 (0.02)

0.14 (0.02)

0.00

1.0

WM PKHT

1.43 (0.10)

1.41 (0.07)

-0.72

0.49

WM PKPOS

0.30 (0.05)

0.30 (0.02)

0.43

0.69

WM HISTMN

0.34 (0.06)

0.34 (0.03)

0.09

0.95

* Mann-Whitney-U used to test for differences between Control and CKD groups.
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Table 5-6. Comparison of the difference between MD histogram results for brain GM and
WM between control and CKD groups*
MD Control group

MD CKD group

z

p

Median (IQ range)

Median (IQ range)

GM PKHT

11.34 (2.67)

11.06 (2.47)

-0.26

0.82

GM PKPOS

0.92 (0.07)

0.94 (0.13)

0.17

0.89

GM HISTMN

1.03 (0.06)

1.05 (0.09)

0.59

0.58

WM PKHT

23.13 (2.05)

20.53 (3.47)

-1.61

0.11

WM PKPOS

0.77 (0.06)

0.79 (0.04)

0.70

0.49

WM HISTMN

0.79 (0.04)

0.80 (0.08)

0.93

0.37

* Mann-Whitney-U used to test for differences between Control and CKD groups.
5.3.3.1 Relationships between daytime BP, WCE and DTI parameters in the CKD
group
Spearman’s   Rho   correlations were calculated between continuous variables of daytime
SBP, DBP and DTI histogram parameters and no significant correlations were found.
Spearman’s  rho correlations between WCE and FA and MD histogram parameters in the
WM and GM were calculated. The degree of systolic WCE correlated with white matter
MD HISTMEAN (rho=0.48, p=0.01). The degree of diastolic WCE correlated with white
matter MD HISTMEAN (rho=0.45, p=0.01) and negatively with white matter FA
HISTMEAN (rho= -0.436, p=0.016). This suggests that greater WCE was associated with
reduced tissue integrity and greater tissue damage.

No significant correlations were

demonstrated between WCE and other histogram parameters of PKPOS and PKHT. The
full correlation matrix can be found in appendix B section XVII.
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Figure 5-7. Scatter plot to show the association between histogram means (HISTMN) of
white matter MD and SWCE

Figure 5-8. Scatter plot to show the association between histogram means (HISTMN) of
white matter FA and DWCE
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Figure 5-9. Scatter plot to show the association between histogram means (HISTMN) of
white matter MD and DWCE

When grouped according to white coat status, the peak height for white matter FA was
lower in the normotensive group (z=2.42, p=0.02) with a significantly higher peak position
(z= -2.02, p=0.04). This lower PKHT in the normotensive group might be explained by the
higher peak position and therefore suggests better FA and tract integrity.

Other

histogram values for white or grey matter FA or MD were not significantly different
between groups. A summary of this analysis is found in appendix B section XVIII.

118

Figure 5-10. Box plots demonstrating statistically significant difference in peak height of
WM FA between WCH and normotensive groups
5.3.3.2 Relationships between DTI histogram parameters and cognitive scores
Main significant associations between DTI histogram parameters and cognitive scores are
displayed in appendix B sections XIX and XX. Histogram means of white matter MD were
associated with worse scores on TMTBA (rho=0.43, p<0.01). Histogram means of grey
and white matter FA was associated with better scores TMTBA (rho =-0.43, p=0.01 for
GM and rho= -0.37, p=0.03 for WM)).
Histogram peak heights of WM MD were associated with better scores on RAVLTI
(rho=0.45, p<0.01), RAVLT VII (rho=0.47, p<0.01), COWAT (rho=0.48, p<0.01) and
SDMT (rho=0.49, p<0.01), implying that a lower peak height or a broadening of the mean
diffusivity values provide indices of damage, being associated with worse cognitive scores
and greater variance in brain MD indices across the sample.
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5.3.4

Results of the quantitative magnetization transfer (qMT)

5.3.4.1 Associations between BP parameters and qMT values
SBP and DBP were not associated with parameters of qMT histograms. There were no
associations between WCE and qMT and furthermore there were no differences between
group means of qMT according to white coat status (the full correlation matrix can be
found in appendix 2 section XXI.
5.3.4.2 Group differences of qMT parameters between CKD and control groups
Histograms of mean qMT results between control and CKD groups are displayed in Figure
5-11 and Figure 5-12.

Differences between qMT histogram parameters in CKD and

control groups are summarised in Table 5-7. Peak heights were significantly lower in the
CKD group compared to controls in both grey and white matter, while histogram means
were significantly higher. Therefore, although there was greater variance in estimates of
bound proton fraction in the CKD group, mean bound proton fraction was significantly
higher. This suggests that the tissue damage may involve more complex pathological
processes that play a role in increasing the fraction of bound protons.
5.3.4.3 Relationships between qMT values and cognitive scores
Results of correlations between qMT histogram parameters and cognitive scores are
summarised in Table 5-8. WM PKHT was associated with better RAVLT I score and GM
PKHT was associated with higher MMSE scores. Grey and white matter PKPOS were
associated with better COWAT score, as was WM HISTMN.

Associations with other

cognitive tests were not found. These results imply that higher median bound proton
fraction was associated with better COWAT scores in both grey and white matter.
Furthermore higher homogeneity of qMT values is associated with better memory and
global cognitive scores.

GM HISTMN

GM PKPOS

GM PKHT

1.17

9.19

7.56

1.65

CKD

11.72

1.48

8.12

7.38

2.1

Control

-3.15

-1.25

4.9

-5.58

-2.24

5.96

t

<0.01*

0.22

<0.01*

<0.01*

0.03*

<0.01*

p

-2.18,-0.47

-1.37,0.33

0.18,0.44

-1.45,-0.68

-0.34,-0.02

0.3,0.6

CI

Table 5-7. Student’s  t-test of the differences in qMT histogram parameters between CKD and control groups in GM and WM

WM PKHT
12.24
12.33

MRI qMT

WM PKPOS
13.65

Parameter

WM HISTMN

*Significant at p<0.05 level

p

-0.28

rho

0.22

0.09

p

0.01

0.36

0.30

rho

0.95

0.03*

0.07

p

0.48

-0.05

0.25

rho

<0.01*

0.76

0.15

p

0.36

-0.15

-0.15

rho

0.02*

0.39

0.39

p

WM HISTMN
rho

0.52

-0.21

0.09

WM PKPOS

p

-0.11

0.87

0.2

WM PKHT

rho

0.02*

-0.03

<0.01*

GM HISTMN

0.39

0.09

0.45

GM PKPOS

MMSE
0.28

0.51

GM PKHT

Table 5-8. Correlations of qMT histogram parameters vs. cognitive scores (main significant results are displayed)
Cognitive

RAVLT I

-0.11

test

COWAT

*Significant at p<0.05 level
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Figure 5-11. Histograms of bound proton fraction in the WM of CKD and control groups
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Figure 5-12. Histograms of qMT bound proton fraction in the GM of CKD and control
group
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5.3.5

Results of voxel-based morphometry

5.3.5.1 Correlations between grey and white matter volumes and blood pressure
parameters
Positive correlations of ABPM and brain volumes on VBM analysis are shown in Table
5-9. Corresponding neuroanatomical areas that reach adjusted significance at cluster
level are illustrated in Figure 5-13. Daytime DBP and SBP were associated with greater
grey matter volume in a number of areas. This reached cluster level significance for
daytime DBP in the region of the left corona radiata. Regions of negative correlation
between BP and brain volumes are summarised in Table 5-11. Daytime DBP and SBP
were associated with lower grey matter volume in a number of different regions but did not
reach cluster level significance.

Figure 5-13. Neuroanatomical regions of cluster level significant positive correlations of
grey matter positively correlated with daytime DBP

Table 5-9. Positive correlations of BP parameters with GM and WM volumes

-20 -12 -20

X

58

950

size

3.81

3.79

4.54*

Z score

L corona radiata (caudate nucleus)

30 -13 -8

55

3.62

Voxel

GM positive
R putamen

-3 -12 18

126

3.45

Talairach Co.

correlation with
L cingulate gyrus

-14 22 -0

145

4.01

Brain Region

GM positive
L corpus callosum (caudate head)

-15 -9 -12

168

3.81

Analysis

correlation with

L posterior internal capsule (hippocampus)

-32 27 -2

161

Z

daytime SBP
L middle frontal gyrus

28 27 -11

Y

WM positive

R frontal cerebral white matter

daytime DBP

correlation with
daytime SBP

*Adjusted (PFWE) p value significant at cluster level

Table 5-10. Negative correlations for BP parameters and GM and WM volumes

-60 -1 -18

X

163

511

size

3.9

4.03

4.07

Z score
L medial temporal gyrus

62 -31 43

119

4.38

Voxel

GM negative

R supramarginal gyrus

-48 -64 10

153

3.79

Talairach Co.

correlation with

L occipital cortex

10 -34 36

795

3.73

Brain Region

daytime DBP

R cingulate gyrus

60 -31 40

53

Analysis

GM negative

R supramarginal gyrus

-63 -52 22

Z

Correlation with

L supramarginal gyrus

Y

daytime SBP
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Table 5-11. Negative correlations for BP parameters and GM and WM volumes

X

511

size

4.03

4.07

Z score
-60 -1 -18

163

3.9

Voxel

L medial temporal gyrus

62 -31 43

119

4.38

Talairach Co.

GM negative
R supramarginal gyrus

-48 -64 10

153

3.79

Brain Region

correlation with
L occipital cortex

10 -34 36

795

3.73

Analysis

daytime DBP

R deep cerebral white matter (R cingulate gyrus)

60 -31 40

53

Z

GM negative
R supramarginal gyrus

-63 -52 22

Y

Correlation with daytime SBP
L supramarginal gyrus
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5.3.5.2 Correlations between brain volumes and white coat effect
Positive correlations where higher brain volumes were associated with higher WCE are
summarised in Table 5-12. In the region of the left cerebral white matter, white matter
volume was associated with a greater DWCE (see Figure 5-14). Correlations were also
seen between the grey and white matter and SWCE in the left parietal cortex, right frontal
cortex and left cerebral WM but this did not survive family wise error correction. Areas of
negative associations between WM volume and systolic WCE were seen in the right
fronto-orbital cortex. Further negative associations were seen between GM volume and
diastolic WCE in both the right and left occipital cortices.

Figure 5-14. Neuroanatomical regions of white matter positively associated with DWCE
(significant at cluster level).

Voxel size

3.74

Z score

Table 5-12. Positive correlations between brain volumes and WCE

269

3.84

Talairach

-36 -30 -24

32

3.68

Brain Region

L Parieto-opercular cortex

28 15 46

200

3.72

Analysis

GM positively
R Fronto-orbital cortex

-51 -34 -12

99

4.62†

Z

169

Y

-33 -12 -24

X

Coordinates

correlated with

L cerebral WM, L medio-temporal gyrus

54 -34 -15

systolic WCE
WM positively

L cerebral WM, Infero-temporal gyrus

L cerebral WM

Not significant

correlated with
systolic WCE
GM positively
correlated with
diastolic WCE
WM positively
correlated with
diastolic WCE

†Significant  at  peak  level  with  family  wise  error  correction  (PFWE)  correction
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Voxel size

3.46

Z score*

Table 5-13. Negative correlation of brain volumes with WCE

30

4.46

Talairach

28 17 47

177

3.78

correlation with
systolic WCE
WM negative
correlation with
systolic WCE

Brain Region

R fronto-orbital cortex (mid frontal gyrus)

-9 -93 16

50

Analysis

L occipital cortex,

34 -87 -0

76

X

Y

Z

Coordinates

GM negative

R lateral occipital cortex,

14 -90 19

No significance

correlation with

R lateral occipital cortex

68

GM negative

diastolic WCE

42 11 37

No significance

3.45

3.59

R Infero-frontal gyrus
WM negative
correlation with
diastolic WCE

*No scores survived family wise error correction at peak or cluster level
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5.4 Discussion
5.4.1

Interpretation of DTI and qMT results

DTI data shows a number of patterns relating to WCH. Greater systolic and diastolic WCE
were associated with higher mean MD and lower mean FA values in the WM.
Explanations for this association might include the high incidence of vascular stiffness in
CKD, which correlates strongly with WCH78, though data is not available to explore this.
Another explanation includes the possibility of under or over treatment with
antihypertensive prescribing.

Although studies have shown that lowering DBP below

certain levels is associated with greater WM disease burden, when corrected for
antihypertensive prescribing the association remained, suggesting BP medication
prescribing is not the sole explanation for this observation209, further more in this study,
antihypertensive prescribing and BP levels were similar between WCH and normotensive
groups in the MRI subgroup.
Compared to those with systolic WCH, normotensives have less homogeneity of FA (as
measured by lower PKHT) along with higher peak position for FA. The lower PKHT in the
normotensive group might be explained by the higher peak position and thus may reflect
slightly better tissue integrity within the group; however, if the reduction in peak height is
interpreted as a greater variance in indices of FA in the brain tissue in the normotensive
group then this is contradictory to the finding that greater systolic and diastolic WCE are
associated with lower FA (i.e. worse tissue integrity).
An unexpected finding was there were no differences in DTI results between CKD and
control subjects. With an incidence of diabetes of 16% and cardiovascular disease 13%
one might expect that this translate to some evidence of mild brain tissue damage or loss
of neuronal integrity. A number of reasons might explain this. This group appear to be
healthier than one would expect from the general CKD population. A higher prevalence of
approximately 76% of cardiovascular disease or cerebrovascular disease would be
expected in a community CKD population139. As this study recruited from a pre-existing
study on renal failure, there might be a survival bias in that frailer participants did not
remain long enough to volunteer for the cognition or MRI arms of the study. Another
reason for this lack of difference might be the possible relative insensitivity of DTI to subtle
parenchymal damage of the brain. Although MTR has not been demonstrated as more
sensitive to DTI in assessing age-related brain damage210, qMT potentially is thought to
be a more sensitive measure211.
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The lack of any correlation between BP or white coat measures and qMT parameters may
be a reflection that the level of BP controlled in this group does not compromise cerebral
perfusion leading to tissue damage in this group. However the presence of associations
between DTI measures and WCE (that were not found with qMT) may indicate that qMT is
indeed not more sensitive than DTI at detecting structural brain damage.
There were interesting differences in qMT histogram measures between CKD and control
groups. A lower PKHT in the CKD group suggests greater variance in proton density;
however histogram means were higher in the CKD group, suggesting less tissue damage.
Shifts in peak positions to the right and higher histogram means in the context of lower
peak heights have been reported in other studies of neuropsychiatric systemic lupus
erythematosus and MS212, 213. In these studies it was suggested that increased exchange
of protons from macromolecular to free pool states might be due to increased
inflammation. In the context of CKD stage 3-4 with lower rates of IHD, it is possible that
the present cohort have early inflammation which has been picked up on qMT
measurements before it is offset by demyelination, atrophy and parenchymal damage that
would shift histogram means to the left.
5.4.2

How do DTI and qMT interact with cognitive scores?

MD was associated with neuropsychological scores in a number of cognitive domains.
Greater white matter MD histogram means were associated with lower scores of
executive function and motor speed. Better homogeneity of MD as measured by WM
histogram peak heights were associated with better verbal fluency, and better immediate
and delayed recall. Histogram means of WM FA were associated with better executive
function.
Bound proton fraction as measured by qMT also associated with scores in several
cognitive tests. Higher peak positions in both GM and WM were associated with better
verbal fluency. Histogram PKHT was associated with better scores on immediate recall
and global cognition in the WM and GM respectively. Although associations between
cognitive scores and DTI and qMT imaging parameters are somewhat scattered across
different cognitive domains the overall impression is that qMT along with DTI might be a
useful adjunct in the assessment of SVD in the CKD population.
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5.4.3

Interpretation of voxel based analysis

VBM was used to identify voxel by voxel volume differences in grey and white matter
between WCH and normotensive groups as well as correlations with WCE and BP
parameters. Unadjusted positive and negative associations were observed in the GM
however most did not survive family error wise correction.

Increased grey matter

volumes were associated with higher DBP in the basal ganglia (see Table 5-9).

An

observation is that the basal ganglia are supplied by the lenticulo-striatal branch of the
middle cerebral artery. This branch is a deep penetrating vessel with poor collateral blood
supply and therefore might be vulnerable to reduced tissue perfusion from low BP, thus
explaining the association of DBP with increased GM volume. It should be noted that sub
cortical and periventricular WM is generally thought to be most vulnerable to reduction in
cerebral perfusion; however no associations were seen on VBM analysis suggesting that
WM brain volume is not adversely affected by BP in this group. A finding that greater
systolic WCE was associated with higher WM volume in the left cerebral hemisphere is
more difficult to explain, as it is contrary to other findings associating WCE with greater
tissue disruption.
Overall, No clear patterns in terms of BP and volume were demonstrated. This may
reflect the relatively normotensive (118/71 mmHg in the MRI subgroup on ambulatory
recordings) BP scores of this cohort, or the relative good health of this group compared to
most CKD populations. In a non-demented population with SVD, volume may not be the
best  index  of  early  tissue  damage  as  it  might  be  in  Alzheimer’s  disease.
5.4.4

Limitations of MRI sub-study

Interpretation of the MRI results is limited by a number of factors. 1. The relatively small
sample size particularly with the control group. 2. Survival bias as previously outlined. 3.
Correction for multiple statistical analyses. This was not carried out for several reasons.
The groups of parameters used such as cognitive tests, BP or histogram parameters in
the analyses are highly correlated. Using Bonferroni corrections may not have been the
most appropriate tool and may have led to a risk of type 2 errors. A number of authors in
imaging studies advise the use of a more conservative significance threshold of 0.01 as a
more pragmatic approach190. I have decided to be more candid and display significance
levels as found and interpret them in the context of feasibility.
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5.4.5

Summary

From these results there was no evidence that ABPM was associated with parameters of
structural brain damage as measured by DTI or qMT. This is in keeping with the lack of
associations between AMPM and cognitive performance. There was some evidence that
increased WCE was associated with tissue disruption and reduced fibre integrity however
increased variance of FA in the normotensive group was potentially a contradictory
finding. The lack of any difference in DTI parameters between CKD and control groups
might be a reflection of the relative health of the CKD group however, the increased
variance of qMT in the CKD group but with higher mean values was an interesting finding
that might represent early inflammation in this group.
MRI parameters suggestive of damage to brain parenchyma showed negative
associations with variable cognitive tests indicating that these are useful adjuncts to
neuropsychological profiling however in this small sample clear relationships with specific
cognitive domains were not identified.
Correlations between GM volume in the basal ganglia with higher DBP and an apparent
contradictory finding of a negative correlation between GM volume in the right temporal
cortex could be explained by differences in collateral blood supply in these regions.
However VBM analysis revealed patchy correlations that failed to reach significance in
most areas of the brain.
5.4.6

Clinical context

Evidence linking increased rates of stroke in the CKD population in those with the lowest
BP10 and evidence in other disease states that perfusion and autoregulation are affected
when microvascular end-organ damage is established180 might predict a role for qMT
measurements in the early identification of subtle brain inflammation. This might be of
particular relevance where over-aggressive treatment of BP especially in those with WCH
is of concern. Randomised control trials with sophisticated cognitive assessments and
brain imaging as primary endpoints have been promoted26 and this is particularly relevant
in the CKD population.

Recent changes to the national hypertension guidelines214

supporting the more routine use of ABPM indicate that these concerns are becoming
prominent in routine practice.
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Chapter  6
6 The relationship between blood pressure, white coat
hypertension and CKD on health related quality of life
6.1 Introduction
Recently, interest has been shown in the in health related quality of life (HRQOL) scores
of the pre dialysis CKD population. A number of predictors of poor HRQOL have been
reported215 but few studies have looked at the impact of hypertension in this group and the
effect of aggressive BP lowering on HRQOL.
6.1.1

Health related quality of life and chronic kidney disease

In a prospective observational study of 1186 subjects with CKD, Mujais et al showed that
physical component summary (PCS) scores and mental component summary (MCS)
scores of the short form-36 (SF-36) health survey was significantly worse with worsening
CKD stages III-V215. A number of associations were reported including anaemia, history
of CVD and beta-blockers, however adjustment for BP level was not reported. In the
same study a history of CVD as well as age and anaemia predicted HRQOL deterioration
over time. A further study by Perlman et al in a group of 634 subjects with a mean age of
60.7 and mean estimated glomerular filtration rate (eGFR) of 23.6 ml/min/1.73m 2 showed
that those with CKD scored lower on all items of the SF36 when compared to
haemodialysis subjects and the general population216.

Demonstrating that CKD is

associated with lower scores on HRQOL becomes even more important when examining
its effect on clinical outcomes. In a Korean study of 944 subjects with mean age 74.8 and
eGFR of 70, lowest tertile of PCS and MCS scores predicted mortality after adjusting for
multiple variables217.
6.1.2

Health related quality of life and blood pressure lowering

Although hypertension has been inversely associated with HRQOL218, the effect of BP
lowering on HRQOL has shown a mixed picture219. Using the sickness impact profile,
investigators of the Systolic Hypertension in the Elderly (Syst-Eur) randomised controlled
trial of nitrendipine vs. placebo reported that social interaction was lower in the treatment
group. Interestingly they also report cognitive impairment in the active treatment group in
the same arm using trail making tasks220. However the study on cognition and prognosis
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in the elderly (SCOPE trial), a placebo-controlled trial of candesartan vs. placebo (with
other antihypertensives added to control BP as required), the treatment arm demonstrated
some in improvements in HRQOL, these included the psychological general well-being
‘anxiety’  index,  and  positive  well-being index, the subjective symptoms assessment profile
cardiac score and the EuroQOL health utility index221. This raises the possibility that
factors other than the side effects of medications such as worse cognitive function might
be a factor in worsening HRQOL for patients being treated for hypertension.
It has not always been clear what effect the knowledge of having hypertension contributes
to HRQOL scores222.

In an observational study of 1858 people with mean age 50,

HRQOL was compared between hypertensive and normotensive groups using the SF-12
health survey. PCS but not MCS scores were found to be significantly higher in the
normotensive group however those with hypertension not on medication scored higher
HRQOL scores compared to those with hypertension uncontrolled on medication or those
with hypertension controlled by medication. This implies that side effects of medication
may adversely affect HRQOL in those with hypertension223.
No studies appear to have investigated the possibility that the reduction of BP with
antihypertensives might worsen HRQOL independent of the potential side effects of BP
medication. Furthermore, there are no publications looking at the association between
WCE and HRQOL; one might postulate that an association could potentially exist either
mediated through over aggressive BP treatment or a tendency to hypertension.
One randomised controlled trial of BP treatment in a CKD population by Kusek et al,
looked at HRQOL scores over time using the SF-36 questionnaire. In this study, groups
were randomised according to normal mean arterial pressure goals 102-107mmHg or low
mean arterial pressure goal (<92mmHg). Although at baseline HRQOL was negatively
associated with mean arterial pressure224, no difference was found at 4-year follow up225.
However this was in a group, that was younger (mean age 54) and with hypertensive
nephrosclerosis.
6.1.3

Aims and hypotheses

Along with data obtained on cognitive performance, I aimed to explore whether quality of
life was also affected in the same CKD group recruited for cognitive testing. The aim of
this chapter is to investigate whether there are negative associations between daytime

134

BP, WCE and HRQOL in a cohort with CKD and high rates of WCH with aggressively
controlled BP.
The following primary hypotheses are proposed.
1.

Lower Daytime ABPM is associated with lower HRQOL scores as measured by
the SF12

2.

Greater WCE is associated with worse HRQOL scores

Secondary hypotheses are
1. HRQOL scores are lower in those with CKD compared to healthy controls
2. Worse CKD as measured by eGFR is associated with worse HRQOL scores
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6.2 Methods
6.2.1

Choice of QOL questionnaire

The QOL questionnaire was selected to satisfy the following requirements. 1. A
questionnaire that covered commonly accepted domains of HRQOL. 2. A survey that is
easy to understand, simple to complete and appropriate for an elderly population. 3. That
results could be comparable with other surveys.

4.

Is a validated tool with good

sensitivity and specificity.
The short form-12 (SF-12) health survey is a well-established and validated tool in the
investigation of QOL scores in patients with chronic diseases125. It is not disease specific,
and has well established normative values in the general population226. Normal values for
CKD and hypertensive populations are listed in the SF-12 user’s manual226. This survey
has been used as previously described in the investigation of hypertension and
hypertension treatment on HRQOL measures223.
The SF-12 is a shortened version of the widely used SF-36222. It measures 8 HRQOL
domains with 12 questions from which the mental component score (MCS) and physical
component scores (PCS) are derived. The 8 domains are summarised in Table 6-1. The
participants are asked to rate questions on a scale.

The types of responses vary

according to which item is being answered but generally pertain to how much time each of
the items occurs or interferes with activity during the day over the previous 4 weeks (full
details are found in the questionnaire itself displayed in appendix C).
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Table 6-1. Summary of the 8 QOL scale items scored in the SF-12 survey
Physical functioning
Role physical
Bodily pain
General health
Vitality
Social functioning
Role emotional
Mental Health
6.2.2

Collection of SF-12 data

On study entry and at follow up of approximately 9 months, participants from both the
CKD group and the healthy control group were sent the SF-12 questionnaire through the
post with instructions. At the home visit for cognitive testing, the SF12 was inspected and
any difficulties in answering the questions were resolved.
6.2.3

Scoring of the SF-12

A detailed description of the scoring of the SF-12 are found in its manual226. Each of the
12 questions was scored separately. 4 of the scores were transformed (3 were reverse
scored and 1 was recalibrated to allow a more linear fit of the question and the health
concept it defined). Scores were then transformed to a 0-100 rating scale using the
following formula:
Transformed scale = (raw score-lowest possible raw score)/raw score rangex100.
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This importantly allows comparison with other short form surveys (e.g. SF-36). Norm
based scoring (NBS) was then applied using linear transformations to achieve a mean
score of 50 and standard deviation of 10. Physical and mental component summaries
were calculated using factor coefficients calculated from previous population samples
multiplied by the z score of each of the 8 scale components of the SF-12 to produce an
aggregate score for each of PCS and MCS for this sample.

6.3 Statistical analysis
Correlation coefficients were used to assess associations between daytime ABPM and
WCE and between kidney function and HRQOL. To assess the difference in HRQOL
scores between CKD and control groups, Mann-Whitney-U test were used to assess the
mean differences in the ranked scores.
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6.4 Results
6.4.1

Baseline characteristics of the CKD and control group

Baseline characteristics of the CKD and healthy control groups have been described in
chapter 1 and are summarised in Table 6-2.
Table 6-2. Baseline characteristics of CKD and control groups
CKD group

Controls

Mean Age (SD)

75.3 (6.2)

74.7 (6.6)

Gender (%Male)

67.1

33.3

Mean eGFR (SD)

33.5 (14.5)

Not measured

6.4.2

Analysis of CKD and controls groups and comparison with previous
published norms

Mean scores along with standard deviations and median scores are summarised in Table
6-3.      Scores   published   ‘normal’   values   for   the   general   US   CKD   population   are   also  
illustrated for comparison226. All 8 scale item scores and component summary scores
were significantly lower in the CKD group compared to the control group.

35.85 (11.03)
47.96 (10.24)

46.45 (9.43)

-2.70

-3.02

-3.48

<0.01

<0.01

<0.01

<0.01

43.09 (9.20)

36.93 (11.53)

40.46 (10.85)

39.02 (10.70)

38.64 (11.76)
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means

Table 6-3. Mann-Whitney-U test for differences mean ranked scores of the SF-12 components along with published norms for CKD (Ware
JE 2002).

Published*

Physical function
39.24 (10.64)

50.08 (9.12)

-4.31

<0.01

41.49 (11.25)

Significance

Role Physical
40.05 (14.29)

49.41 (9.10)

-3.65

0.01

42.97 (12.61)

MWU z score

Bodily pain
36.09 (10.80)

53.34 (7.89)

-2.58

0.01

Mean Controls (SD)

General health
43.59 (10.08)

53.76 (6.76)

-2.50

Mean CKD (SD)

Vitality
46.07 (11.91)

54.22 (3.84)

SF-12 Scale

Social Functioning
47.80 (10.38)

for CKD

Role emotional

46.32 (10.31)

37.88 (11.17)

<0.01
<0.01

45.18 (10.13)

-2.69
-3.74

0.02

56.07 (8.13)
45.60 (9.65)

-2.38

50.24 (9.37)

Component 33.84 (11.91)

57.67 (5.87)

Mental Health
Physical

Component 52.39 (9.13)

Summary (PCS)
Mental
Summary (MCS)
*(Mean age for published norms is 56.8 years and percentage of male subjects was 42.7%)
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6.4.3

Correlations between HRQOL and kidney function

The SF-12 scale items of physical function, role physical, general health and vitality were
positively associated with eGFR. PCS but not MCS was positively associated with eGFR
(see Table 6-4).
Table 6-4. Correlations between SF-12 scores and eGFR
SF-12 Scale

Spearman’s  Rho

Significance (p)

Physical function

0.23

0.047

Role Physical

0.29

0.01

Bodily pain

0.17

0.15

General health

0.30

0.01

Vitality

0.30

0.01

Social Functioning

0.18

0.12

Role emotional

0.12

0.30

Mental Health

0.11

0.35

Component 0.27

0.02

Component 0.09

0.44

Physical
Summary (PCS)
Mental

Summary (MCS)
6.4.4

Correlations between blood pressure parameters and HRQOL outcomes

6.4.4.1 Daytime ambulatory blood pressure and HRQOL
Significant correlations were recorded for SBP vs. bodily pain (rho=0.24, p=0.04) such
that higher BP was negatively associated with bodily pain score. Physical function score
was positively associated with DBP (rho= -0.24, p=0.04).

Scatter plots of these

associations are displayed in Figure 6-1 & Figure 6-2. Full correlation matrix for this
analysis can be found in appendix B section XXII.
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Figure 6-1. Scatter plots showing association of physical function score vs. DB

Figure 6-2. Scatter plots to show the association between bodily pain score vs. SBP
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6.4.4.2 WCE and HRQOL
Most scale items and summary component scores were not associated with measures of
white coat effect (WCE) however an association was seen between mental health score
and DWCE (Rho=0.25 p=0.03).

For all correlations for this analysis see appendix 2

section 1.14.
6.4.4.3 BP medication and HRQOL
Mental health scale item (rho=0.28 p=0.01) and MCS score (rho=0.28 p=0.01) were
positively correlated with the number of BP medications. Associations between other
SF12 scale items and PCS score were not found.
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6.5 Discussion
6.5.1

Associations between ABPM and HRQOL

DBP was found be associated with higher physical functioning and higher SBP was
associated with more bodily pain. These 2 results give a mixed picture about the nature
of the relationship between BP and HRQOL. These single item associations were not
sufficient to translate into significant associations with the physical and mental component
summary, which limits interpretation. While other published work has demonstrated that
higher BP levels were associated with worse scores on HRQOL measures218, randomised
control trials on BP lowering have not always led to improved HRQOL scores227. The
mean daytime SBP and DBP in this group were 123.4 (SD: 14.6) and 72.4 (SD: 8.8)
respectively, which gives some idea that BP was effectively lowered below nationally set
guidelines228. There was no evidence that lower BP was associated with worse HRQOL
however there was an association between increased WCE and better scores on the
mental health scale item. This is out of keeping with results in other chapters that have
generally revealed that greater WCE was associated with worse scores in some cognitive
domains and greater scores on indices of brain tissue disruption. The absence of any
other associations between WCE and other HRQOL domains again limits interpretation of
this result.
6.5.2

Differences in HRQOL between CKD and Control groups

HRQOL was lower in all measured domains of the SF-12 in the CKD group compared to
the age matched control group. This was in line with previous work using the SF-36215
however that study compared a pre-dialysis CKD group with a haemodialysis group and
used population norms for comparison. No previous study has directly comparing a CKD
group with an age matched control group in an older population. A number of scale items
and PCS but not MCS were found to be associated with better renal function. These
results were consistent with those published by Mujais et al who reported declining PCS
and MCS scores across declining CKD stages215. The major limitation with these findings
is that the healthy control group did not undergo ABPM therefore BP could not be entered
in as a covariate. Therefore as interesting as this finding is, very little can be inferred
regarding possible reasons for this difference i.e. renal function or BP levels (neither of
which were measure in the healthy group, only that it was inferred from the lack of any
history of the aforementioned medical conditions).
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6.5.3

BP medications and HRQOL

An unusual finding was that there was a positive correlation between number of BP
medications and mental health item score and MCS.

One might have expected that

greater medication prescribing may have had a negative impact on HRQOL scores from
physical side effects to the possible psychological effects. Again, no other SF-12 items
showed any association with number of BP medications. This is out of keeping with other
evidence that those with BP controlled by medication have worse scores than those with
uncontrolled BP not on medication223. The current study group have had BP closely
scrutinised as part of the wider parent study and medication has been reviewed regularly.
It is possible that a psychological benefit of being part of the study may have influenced
the results. Furthermore, the nature of prescribing in an older group with smaller doses of
more medications to reduce side effects might have played a part. Evidence to address
these alternatives remains to be explored in future studies.
6.5.4

Limitations of methods including choice of questionnaire

There are some potential criticisms of the choice of questionnaire used. Part of what is
implied by the aims of this study is that over aggressive BP control may contribute to
problems with cognition. And therefore in some respects its is the effect of medication
that might have been of more interest in exploring quality of life in group.

This

questionnaire is a general health questionnaire having been validated in certain medical
conditions. It is possible that other questionnaires may have been more appropriate in
terms of the potential side effects of medication.

Examples include the Subjective

Symptoms Assessment profile and EuroQol Health Utility Index221.

Some side effects,

such as frequency of urine with diuretics or transient postural hypotension may have been
disregarded by participants as not related to health but related to medication. This is a
concept they may separate in their minds thus affecting the answers given.

Some

reviewers might comment on the idea that 12 questions are enough to ascertain a broad
picture of HRQOL. Indeed validation studies reported in the user manual used sample
sizes >400 and thus is recommended for this type of questionnaire226. This implies the
study was most likely underpowered for the use of this particular questionnaire.
SF-12 questionnaires were sent out in the post, but participants were not supervised when
filling out the forms. This may have introduced error in some answers. Findings may not
be applicable to the wider CKD population as participants may have benefited from close
monitoring of symptoms during the study and gained better well-being from the close
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personal contact with researchers which may have affected mental health and social
functioning scores. As with other components of this study, as an optional addition to the
parent study, a selection bias existed in that those with poorer health and poorer quality of
life were possibly less likely to participate in this study and therefore, were potentially
underrepresented in this sample.
6.5.5

Conclusions and new observations

This study did not find any evidence to associate WCE or daytime ABPM negatively with
quality of life. HRQOL scores as measured by the SF-12 were lower in the CKD group
compared to the age matched healthy control group and that declining renal function may
be associated with worse HRQOL. This might be the first observational study to directly
compare HRQOL in CKD with a healthy control group.
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Chapter  7
7 Study overview and future work
7.1 Post hoc power calculations
As described in the methods in chapter 2, the exploratory nature of the study meant that a
prospective power calculation was not useful and therefore not performed. Results from
statistical analysis have enabled calculation of post-hoc power estimates. In the following
example I have used 2 tests considered to be sensitive to assessing end organ damage
due to cerebrovascular disease and impairment of brain arterial perfusion.

Power

calculations are for correlation coefficients for the primary hypothesis of chapter 3:
Lower daytime ABPM is associated with worse cognitive performance
A sample size of 80 would allow us to detect a correlation of 0.3 between SBP and
cognitive function with power set at 80% and threshold of significance at 5%. Using the
correlation between SDMT and SBP, R=0.003 (-.219; 0.225). Should we consider the
upper limit of the 95% CI interval as clinically significant, the power of the present study to
detect such a correlation is: 52%. Using a correlation between TEA and SBP, R=0.14 (0.085; 0.351). Should we consider the upper limit of the 95% CI interval as clinically
significant, the power of the present study to detect such a correlation is: 90%

7.2 Limitations of methodology
7.2.1

Predictor measurements

The objectives of the study had 2 major components corresponding to the 2 predictor
variables of ambulatory blood pressure and white coat hypertension. The first question is
whether these 2 measurement techniques used were accurate in themselves and further
more were they a suitable parameter for the concept they represent. In undertaking this
study would other parameters have been more accurate in testing out hypothesis?
There were 2 concepts, firstly the real BP of a person as they undertake their activities of
daily living and whether this is the most physiologically important BP in terms of brain
perfusion and cognition. The measurement techniques used for office measurements
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have been previously published39 and those for ambulatory measurements were
measured in accordance with the European Society of Hypertension87. There has been
discussion in the past as to which BP components are more physiologically important
such as Mean arterial pressure (MAP) or pulse pressure. It has been reported that the
combination of these 2 variables are not superior to SBP combined with DBP in predicting
cardiovascular risk229. More recently literature has focused on the concept and predictive
value of BP variability, with some reports that greater BP variability when recorded on
ambulatory measurements or as visit-visit variability predict adverse outcomes230.
Although these physiological parameters would have been available in this study, I
decided that this work should better reflect commonly measured parameters with a
greater potential to influence clinical practice. There is no consensus as yet as to which
parameters are the most important and elucidating the most physiological important one
was beyond the scope of this limited study, but unfortunately limits interpretation as lack of
association justifiably could prompt criticism in some quarters that other parameters might
be more useful rather than absolute values used here.
In terms of the first major concept that lower BP might impair brain perfusion, which could
be reflected in the outcome variables measured, there were some limitations that were
unforeseen. The WHO definition of hypotension is <100mmHg (in females) systolic231.
My study sample showed that 84% of the sample (mean123mmHg SD14) remained
above this cut-off.

Although there is some evidence from a nicely designed trial in

diabetics that evidence of vascular end organ damage elsewhere coincided with a
reduction in both static and dynamic cerebral autoregulation, it was hoped that in studying
a group with predominantly small vessel renal disease that this could be a surrogate
marker of impaired cerebral autoregulation. However, to properly test this hypothesis the
CKD group should have been compared to a control group. Instead in this study the
control  group  were  used  only  as  a  reference  for  ‘normal’ cognitive function and therefore
in this sense this was a major limitation in the study design. Furthermore only 1/3 of the
sample had small vessel renal disease, other causes and unknown accounted for the
causes of CKD in the rest of the sample.
Of the second concept of white coat hypertension there is considerable controversy as to
what constitutes the most important measure of white coat BP. This was included in the
study as a significant proportion of patients with CKD have BP controlled according to
office measurements however in this same group it has been shown that up to 63% of
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patients have WCH with significantly lower BP on ambulatory measurements39, therefore
it was important to explore WCH as to whether adverse relationships exist between this
parameter and outcomes in the brain. I encountered several problems including this
measure. The standard definitions of WCH as described in section 1.4 did not include
those who were hypertensive in both office and ambulatory readings (so called sustained
hypertensives) but also have significant elevations on office measurements (e.g. an
elevation of SBP from 145mmHg to 170mmHg). I decided that the absolute difference
between office and ambulatory measures was an easier and more useful tool as this
corrects for this problem as especially in the older co-morbid age group it has not been
established what BP is safe in terms of protecting cognition. It also gave 2 groups with
reasonable sample numbers. However some authors have ascribed this measure as less
important and not having a clinical significance50. The reason for its inclusion in this study
was that it was this effect we postulated determined antihypertensive prescribing and
therefore vulnerability to hypotensive episodes. Furthermore there is very little in the
literature as to the physiological mechanism behind the WCE and why some are prone
and some are not therefore interpreting any results become very limited for this reason.
A potential limitation in ABPM measurements existed in the timing of applying the ABPM
monitor, which was usually carried out shortly after the initial consultation in the parent
study. Initial BP reading recorded by the monitor may have been elevated reflecting the
white coat effect of office measurements that had just been recorded. In practice this may
mean that the first readings were higher and therefore average daytime measurements
are higher than the true ambulatory measurement thus minimising the true white coat
effect. As all measurements were taken in a similar fashion this might to some extent
mitigate the effect of this problem. It is also important to note that groups in the imaging
study were recruited according to different white coat criteria. The grouping analysed in
chapter 3 that looked at cognitive end points grouped participants according to whether
WCE was present (i.e. greater than 20/10mmHg increase in BP). In the imaging sub
study, the participants were recruited according to traditional definitions described in table
1.2. This was mostly due to the fact that the MRI participants were selected before all
participants  were  recruited  into  main  study  and  thus  it  wasn’t  foreseen  that  WCE  grouping  
was much more useful way of analysing the data and the limitations of using the other
methods were recognised.
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7.2.2

Choice of study group

A group with CKD was chosen because of the specific issues of hypertension and its
management in this group that may have demonstrated interesting associations between
BP and cognitive scores. It should be noted that this group were a secondary care cohort
and therefore likely to differ in terms of frailty, co-morbidity and antihypertensive use.
Furthermore selection bias is likely to have been an important factor potentially affecting
the results. This potentially happened at 2 points during the study. The sample was
selected from a parent study and could opt in or out of this cognition arm of the study. This
raises the possibility that generally healthier people felt able to continue with additional
research commitments. Additionally as with other trials of cognition and dementia, there
can be a tendency for people with undiagnosed genuine problems not to take part due to
fear of exposing the problem they suspect. It is also possible that the opposite is true and
that those perceiving memory problems may have been more keen to take part in the
study in order to reassure themselves of their cognitive health.
7.2.3

Choice of control group

A major limitation in the design of the study was the choice of the control group. The
intention was that an internal control group would exist that could allow comparison of
cognitive scores between those who were hypotensive and those with normotension.
However, as indicated in the last paragraph the majority of subjects were not hypotensive
and many studies have reported adverse effects on cognition and cardiovascular
outcomes at levels considered to be within normotensive limits58-60. Therefore in terms of
ABPM parameters only exploratory associations were possible of the whole CKD group.
Comparisons between WCE and non-WCE groups were possible but any differences
were harder to interpret because of the complex nature of WCE and considerable
variation in reported outcome. A healthy control group was recruited in order collect data
on the nature of normal cognition in this age group. As these were recruited separately
from the parent CKD study where the BP parameters were measured, ethics was not
sought to measure office BP and ABPM in this group as the intention was to record
cognitive scores purely as a reference for cognitive scores using this battery of tests in a
healthy group.
7.2.4

Variation in testing

Data was not collected routinely to account for intraobserver variation. Therefore it has
not been possible to present data for the co-efficient of variation.
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7.2.5

Cognitive testing

Location of cognitive testing may have had an influence on the scores obtained.
Cognitive’  testing  was  carried  out  in  the  participant’s  home  environment.    This  introduced  
an element of variability in the environmental parameters in particular distractions.
Testing   in  the   home   environment   would   be   a   better   representation   of   a   person’s   normal  
daily cognitive functions. Certainly in people with established cognitive impairment or
dementia familiarity of surroundings is an important part of maintaining function. However
in practice I found that many distractions occurred such as well-meaning partners or
relatives, pets, doorbells, telephones, and noisy kitchen appliances.

In retrospect

controlling for these parameters in a controlled research setting would have help to
eliminate these variables.
Another major limitation was that cognitive testing was not blinded. Therefore if I had a
preconceived   idea   relating   to   a   participant’s performance with knowledge of their BP
measurements this may have affected the scores I recorded. Although in practice I was
not familiar with individual BP results prior to initial cognitive testing, this may have
affected follow-up scores, as preliminary analysis of 1st visit cognitive scores would have
made me aware of individual BP results.

The reasons for this were linked to funds

unavailable to train other external researchers to undertake cognitive testing. Given the
challenging nature and extensive scope of the cognitive battery, the use of other
assessors would have introduced the risk of interobserver variability. Even with extensive
training it would have been difficult to apply a test battery that was uniform between
testers.
7.2.6

MRI testing

The second inbuilt selection bias relates to the imaging substudy. Apart from being a
second selection from the original study group, MRI tends to favour healthier people as
involves lying flat in a tunnel for a prolonged period.

Additionally as one assumes

claustrophobic people would not take part, the relationship between claustrophobia and
BP or brain function is unknown and data was not collected to assess this. In practice
only 3 people cited claustrophobia as a reason to decline participation however 5 people
did not give a reason and given the small sample size this may have been significant.
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The size of the control group (n=6) was an important factor affecting interpretability of
some results. Although funding was initially sought for 12 subjects local limitation on
resources meant that no more could be obtained. As with the healthy control group in the
overall study, the purpose again was to ascertain a reference sample of images on which
the study sample could be compared. However the tiny size of this group means that
analyses comparing the healthy and CKD groups were underpowered.
7.2.7

Carotid duplex scanning

Obtaining carotid duplex results in almost all of the study group was successful. However
a few minor factors may have affected the results. Each image was obtained by myself
and crosschecked by a trained operator at the time of the scan. Data from another trained
operator was not obtained but would have allowed collection of interobserver variation
data. Furthermore, data on intraobserver variation was also not obtained to ascertain
reproducibility of the results. Although IMT Qlab software has been validated in previous
studies163, to date it has not been extensively used in the literature or established as the
gold standard measurement technique for IMT and therefore may limit comparison with
other studies using IMT.
7.2.8

Quality of life questionnaire

The study was designed so that the participants received the questionnaire through the
post. The advantage of this was that it helped prevent any influence being exerted by an
external researcher and in effect partially blinded the test. However a drawback was that
there was a possibility that some of the questions were not answered according to the
quality of life measures the participant was trying to report. Although participants were
given an opportunity to ask questions and clarify points of the questionnaire at the time of
cognition testing, this in no way to reliably confirm that the participant understood and
properly answered each question. Another potential factor influencing the answers may
have been the presence of partners or family members at the time of answering the
questionnaires. Participants when asked personal details on difficulties with quality of life
may not answer truthfully in their presence. Lastly, in the reliability studies looking at the
effectiveness of this tool, it is reported that a sample size of greater than 400 is needed to
demonstrate differences and given the sample size of 100 in this study may have been a
factor contributing to lack of meaningful associations125.
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7.3 Overall conclusions and interpretability
7.3.1

Conclusions in cognitive outcomes

WCE and ABPM mostly showed no relationship with cognitive outcomes. The lack of an
adverse relationship with higher or lower BP may be important as it may suggest that in a
group with aggressively controlled BP there was no harm according to BP level. However
it is likely that any effect on cognition by level of BP is likely to take years to become
apparent and is unlikely to be seen in a cross-sectional observational study.

Other

methodological issues such as selection bias and lack of BP data in the healthy control
group limits applicability to a general community population. Studies that did show an
adverse relationship between BP and poor outcomes generally had greater numbers
suggesting that this study was underpowered60. Better performance in cognitive tests in
those with higher BP in the small cardiovascular subgroup was an interesting finding. It is
consistent with concerns that patients with significant co-morbidities may require higher
BP to maintain cerebral perfusion however this was a very small subgroup and further
analysis correcting for the many potential co-founders was not possible.

This would

certainly not be enough to change current practice but should be considered in the design
of any future trial looking into this area. The adverse relationship seen between degree of
WCE and cognitive scores in this small subgroup would require a very different study in
order to interpret the results. As WCE is closely linked not only to vascular stiffness78 but
also is likely to be linked to antihypertensive prescribing and biochemical makers such as
adrenaline, a study taking into account these factors would be needed to fully investigate
the significance of this. There is also very little in the literature regarding the physiology
around WCE in order to properly explain results from other studies showing an adverse
relationship between WCH and cognitive scores some of which have assumed a causal
relationship linked to a tendency to hypertension232. Overall the study did not meet the
aims it set achieve to confidently accept or reject the null hypothesis.
7.3.2

Conclusions regarding the presence of carotid disease

The presence of carotid disease did not reveal an adverse association between lower BP
and worse cognitive scores. However as per other studies higher IMT was associated
with worse executive function147. Where IMT has been likened to LVH as evidence of
hypertensive end organ damage156 this is an important finding given that in diabetics,
evidence of end organ damage is linked to disruption of cerebral autoregulation180. Lack
of associations with other cognitive tests I suspect are related to the low average IMT
levels in this group raising the possibility that aggressive BP treatment has been effective
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in preventing progression of IMT. Given the ease of using an automated system for
measuring IMT further work may look into the clinical application of this technique in
guiding clinicians on the evidence of hypertensive damage. Future studies should take
into consideration IMT at the internal carotid artery that has also been linked to worse
cognitive scores147.
7.3.3

Conclusions of MRI outcomes

ABPM measurements were not associated with DTI parameters in either direction. In this
group with CKD it might suggest that BP control does not adversely affect indices of brain
damage but methodological issues such as selection bias may have been a particular
factor given the nature of MRI scanning. Furthermore the sample size was small making
associations of continuous variables difficult to assess. There was however evidence that
WCE was associated with indices of greater tissue disruption but many explanations are
possible including vascular stiffness, tendency to hypertension, duration and nature of
antihypertensive prescribing. This was supported by the finding that normotensives had
less tissue disruption as measured by FA. qMT also did not demonstrate a relationship in
either direction.

The limited scope and cross-sectional nature of this study makes

statements on causality difficult. The relatively limited literature base for qMT at present
also makes putting negative finding into any sort of context difficult, as it has not been
used previously in patients with vascular cognitive problems or with CKD. However, along
with findings in cognitive outcomes suggests that further work to investigate the
pathophysiological reasons why WCE might confer worse outcomes would be useful.
Disappointingly no difference was found in DTI between CKD and healthy control groups,
the extremely small size of the control group would have played a major role in this
finding. Furthermore the rather counterintuitive finding that qMT were increased in the
CKD group may be a further reflection of the small sample size of the control group.
However, as previously stated similar findings have been reported with the explanation
that early inflammation of brain tissue may actually increase proton transfer212.

The

primary hypothesis aimed to look at differences between the WCH and normotensive
groups, difficulty in recruiting equal numbers highlighted problems with the undertaking a
sub study from an existing limited pool of participants and as such meant the aims were
not effectively met. Associations between DTI and worse cognitive scores encouragingly
did show that DTI might be a useful adjunct in studies of cerebral function.
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Looking at associations between BP and brain volumes using voxel-based morphometry
did not reveal many significant associations. An association between higher volume in the
grey matter of the basal ganglia and DBP did survive family error wise correction however
the identification of one association in one neuroanatomical location, but not in any other
location limits interpretation. The arterial supply in this area as poor collateral supply
supporting the idea that it might be an area vulnerable to lower BP and impaired cerebral
perfusion however this is true for many parts of the brain. It is possible and has been
previously published that certain areas of the brain are particularly prone to impaired
perfusion80 and a region of interest analysis might have been a more efficient use of this
analysis however given the sporadic nature of cerebrovascular damage could equally
have prompted criticisms that other neuroanatomical regions were not assessed and
therefore remained an unknown quantity.
7.3.4

Conclusions of HRQOL outcomes

Overall there were not any consistent correlations between continuous variables of
different QOL measures and BP and WCE. There was no difference in HRQOL between
those with and without WCE. There were some disparate associations in that higher DBP
was associated with better physical functioning but SBP was associated with more
physical pain. Higher WCE showing better mental functioning is in contrast to results in
previous chapters higher WCE tended to be associated with negative outcomes in terms
of MRI and cognition. Given the methodological problems outlined earlier in this chapter
including the relatively small sample size in reference to the use of this questionnaire it is
difficult to reliably state whether an absence of associations indicates that BP levels have
no consistent bearing on quality of life. The finding that HRQOL scores were all lower in
the control group as one would expect for a comparison of a group with health problems
and a healthy group suggests that on the whole, the questionnaire did pick out HRQOL
problems and that on cross-sectional analysis there was no evidence to suggest that
those treated for hypertension with CKD demonstrate adverse HRQOL with lower BP.

7.4 Future
Conducting this study did allow me to show the challenges in demonstrating adverse
effects for a given level of BP. Further cross-sectional studies into this area would not be
useful as much has been demonstrated in several subject groups but have not been able
to address causality.

Given that the primary physiological link is based on cerebral

perfusion, a future study needs to include some measure of static and dynamic cerebral
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autoregulation, preferably one that has the potential for easy clinical application. As it
would now not be possible ethically withhold hypertension treatment, the study need not
be interventional but could use comparative groups such as those with impaired dynamic
cerebral autoregulation and those without, and with all subjects having hypertension
treated according to current guidelines. As has been reported here and in other studies,
cognitive testing should include tests of attention, executive function and processing
speed all of which are thought to represent areas of the brain more prone to vascular
damage.
MRI would be an important part of a future study as research continues to explore the
uses of various modalities including qMT that was explored in this study, to see if imaging
can detect damage at an earlier stage. Therefore baseline and follow-up imaging would
be important for this reason.

Functional MRI is gaining increasing prominence as a

research tool. This would have the advantage of mapping neuroanatomical areas to
certain cognitive tasks thus matching both cognitive performance and degree of functional
brain activation in time.

Arterial spin labelling (ASL), which utilises the properties of

magnetically labelled blood water molecules, is able to give information regarding cerebral
blood flow and thus perfusion. Although a low signal to noise ratio gives some limitation
to  it’s  interpretation  it  does  have  the  advantage of being a harmless repeatable technique
that in using endogenous tracers excludes the need for potentially harmful contrast
injections233.
Importantly a future study should be longitudinal with a long enough follow-up time to
demonstrate effect. As our population ages and nationally set targets for treatment are
becoming more intensive such as the Commissioning for Quality and Innovation payment
framework (CQUIN).

Questions of applicability across patient groups and ages and

comorbidities need to be answered in the near future in order to prevent potential harm
whilst trying to do good.
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Appendix  A
A. Neuropsychological test battery
I. Mini-mental State Examination
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II. Geriatric Depression Scale
GERIATRIC DEPRESSION SCALE (GDS)

Name ______________________________ Date ____________________
1

Are you basically satisfied with your life?

No

2

Have you dropped many of your activities or interests?

Yes

3

Do you feel that your life is empty?

Yes

4

Do you often feel bored?

Yes

5

Are you in good spirits most of the time?

No

6

Are you afraid that something bad is going to happen to you?

Yes

7

Do you feel happy most of the time?

No

8

Do you often feel helpless?

Yes

9

Do you prefer to stay at home, rather than going out and doing new Yes
things?

10

Do you feel you have more problems with your memory than most?

Yes

11

Do you think it is wonderful to be alive now?

No

12

Do you feel pretty well worthless the way you are now?

Yes

13

Do you feel full of energy?

No

14

Do you feel your situation is hopeless?

Yes

15

Do you think that most people are better off than you are?

Yes

> 5 problems indicates probable depression

TOTAL

THE GERIATRIC DEPRESSION SCALE (GDS)
1.

The GDS short form (15 questions) has been derived from the 30-question version. It has been designed for the
assessment of depressive symptomatology in elderly people and excludes any questions relating to the physical
symptoms of depression common in old age.

2.

The  GDS  is  a  screening  device  and  should  not  be  used  as  a  diagnostic  tool.    It  can  be  used  to  monitor  the  client’s  
emotional state in relation to treatment or change in physical health. The questionnaire can guide further clinical
interviews and when used this way has been found very acceptable to clients.

3.

The questions are read out and the patient is asked how they have felt over the past week using a Yes/No
response format. No further explanation or interpretation should be given to the question.

4.

Each answer indicating depression counts one point. Scores greater than 5 are indicative of probable depression
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III. Trail Making Test
A (sample)
On this page are some numbers. Begin at number one and draw a line from one to two,
two to three, three to four and so on in order until you reach the end. Draw the lines as
fast as you can, without lifting the pen from the paper.
Test
On this page are numbers from one to twenty-five. Do this the same way. Remember to
work as fast as you can without lifting the pen from the paper.
B (sample)
On this page are numbers and letters. Draw a line from one to A, A to two, two to B, B to
three, three to C and so on, in order until you reach the end. Remember first you have a
number, then a letter, then a number, then a letter and so on. Draw the lines as fast as
you can without removing the pen from the paper.
Test
On this page are both numbers and letters. Do this the same way. Begin at number one
and draw an line from one to A, A to two, two to B, B to three, three to C and so on in
order until you reach the end. Remember first you have a number, then a letter, then a
number, then a letter and so on. Draw the lines as fast as you can without lifting the pen
from the paper.
TEST
A
B

TIME
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IV. Rey Auditory Verbal Learning Test
INSTRUCTIONS
Trial I: I am going to read a list of words. Listen carefully, for when I stop, you are to say
back as many words  as  you  can  remember.  It  doesn’t  matter  in  what  order  you  repeat  
them. Just try to remember as many as you can.
Trials II – V: Now I am going to read the same list again, and once again when I stop I
want you to tell as many words as you can remember, including words you said the first
time.    It  doesn’t  matter  in  what  order  you  say  them.    Just  say  as  many  words  as  you  can  
remember, whether or not you said them before.
Now I am going to read a new list of words, and I want you to do exactly

Trial B:

the same thing again. You are to say back as many words of this new list as you can
remember. Again, the order in which you say the words does not matter. Just try to
remember as many as you can.
Now you are to recall as many words from the first list as you can.

Trial VI:

(Delay – after Tapping Test)
Now you are to recall as many words from the first list as you can.

Trial VII:
List A

I

II

III

IV

V

I-V

List B

B

VI

Drum

Desk

Drum

Curtain

Ranger

Curtain

Bell

Bird

Bell

Coffee

Shoe

Coffee

School

Stove

School

Parent

Mountain

Parent

Moon

Glasses

Moon

Garden

Towel

Garden

Hat

Cloud

Hat

Farmer

Boat

Farmer

Nose

Lamb

Nose

Turkey

Gun

Turkey

Color

Pencil

Color

House

Church

House

River

Fish

River

 recall

XXXXX

XXXX

VII

162

V. TEA - Map search
The symbol here shows where restaurants can be found in the Philadelphia area. There
are many symbols like this on the map.
Point to one on left side of map, then top, bottom etc. Check acuity! Turn map over.
Let’s  say  you  are  with  a  family  member  or  a  friend.  They  are  driving  while  you  are  
navigating. You want to know where restaurants are located in case you decide to stop for
a meal. What I would like you to do is to look at the map for two minutes and circle as
many symbols as you can. I will stop you when a minute has gone by to ask you to swap
pens.
Check understanding, turn map over, red pen first minute, blue pen next.

Minute 1

Minute 2
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VI. Symbol Digit Modalities Test
Each one of these symbols is paired with a different number. When I point to a symbol, I
would  like  you  to  tell  me  which  number  it  is  paired  with.    For  example….    
We will work down each of the columns in turn. Try to respond as quickly as you can.

Number in 90 s

-  

L 

o   

1 2 3 4 5 6 7 8 9
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VII. Finger tapping
Arm resting on the table, hold the counter in your hand so that your thumb rests on the
button. When I say go, press the button as quickly as you can for 10 seconds. I will tell
you when to stop.
Dominant, then non-dominant. Each x 3

1
Preferred
hand
Non-preferred
hand

2

3

mean
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VIII. Controlled Oral Word association Test
I will say a letter of the alphabet. Then I want you to give me as many words as possible
beginning with that letter,  as  quickly  as  possible.  For  instance  if  I  say  ‘B’,  you  might  give  
me  ‘bed’,  ‘bottle’,  ‘battle’…  do  not  use  proper  names  such  as  ‘Bob’  or  ‘Birmingham’.  Also  
do  not  use  the  same  word  again  but  with  a  different  ending  such  as  ‘eat’  then  ‘eating’.
FAS

Trial 1

Trial 2

Trial 3
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IX. Card Sort or Prospective Memory Task
INSTRUCTIONS FOR PROSPECTIVE MEMORY TASK.
The next task I want you to do is a card-sorting task. (Check that participant has ever
played cards and is familiar with a deck of cards: ask them to name the 4 different suits
in response to cards that you hold up in front of you).
This box on the table has four compartments. I want you to sort the playing cards so
that the HEARTS go into this tray (indicate tray labelled with a heart symbol), SPADES
go into this tray (indicate tray with spade symbol). And I want you to put the CLUBS
and DIAMONDS into this third tray (indicate). BUT IF YOU COME ACROSS ANY
NUMBER 7 CARDS - PLEASE CAN YOU PUT THEM INTO THE 4TH TRAY HERE,
BECAUSE  I’D  LIKE  TO  CHECK  THAT  ALL  4  OF  THE  7S  ARE  STILL  IN  THIS  PACK.  
I am going to give you the pack to hold with the cards face down and I want you to turn
each  one  over  in  turn  and  put  them  in  the  trays  I’ve  indicated.    (go  through  6  cards  as  
examples: make sure all 4 suits represented in first six cards of pack) Okay lets do a
few test runs: Turn over the first card: where would you place that particular card?
(continue for five more cards – make certain there are no 7s).
Okay, so can we just check that you know what you are c=going to do? Tell me each
of  the  instructions  I  have  given  you  just    one  more  time….  (if  they  get  them  wrong,  start  
the  explanation  again  from  the  beginning)  ….if/when  they  get  them  right:  GOOD,  now  
you can do this with the whole pack.
AT THE END OF THE SORT TASK:
1. ASK VOLUNTEER TO REPEAT BACK INSTRUCTIONS A FINAL TIME AND
NOTE VOLUNTEERS WHO FAIL TO RECALL PM INSTRUCTION
2. COUNT NUMBER OF CORRECTLY SORTED CARDS – 4 SCORES: HEARTS,
SPADES, OTHERS, 7S.
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Appendix  B
B. Tables of statistical analyses
I. Correlations between daytime ABPM and baseline
cognitive scores
Cognitive Test

SBP

DBP

r

p

r

p

TMTBA

0.08

0.49

0.08

0.48

TEA

0.14

0.22

0.11

0.36

RAVLT1

-0.08

0.51

0.06

0.62

RAVLTVII

-0.06

0.60

0.08

0.47

COWAT

0.01

0.90

0.03

0.55

SDMT

0.003

0.98

0.07

0.55

MMSE*

-0.09

0.43

0.01

0.97

CS7*

-0.08

0.46

-0.02

0.85

*Spearman’s  rho  is  displayed  for  non-normally distributed data

II. Correlations between daytime ABPM and cognitive scores
in the cardiovascular sub-group
Cognitive Test

SBP

DBP

r

p

r

p

TMTBA

-0.40

0.14

-0.28

0.32

TEA

0.52

0.04

0.50

0.049

RAVLTI

-0.12

0.67

0.26

0.32

RAVLTVII

-0.19

0.48

0.27

0.31

COWAT

-0.13

0.64

0.27

0.30

SDMT

0.67

<0.01

0.66

<0.01

MMSE*

0.22

0.41

0.62

0.01

CS7*

0.20

0.44

0.03

0.92

*Spearman’s  rho  is  displayed  for  non-normally distributed data
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III. Correlations between systolic and diastolic WCE
and cognitive scores
Cognitive test

Systolic WCE

Diastolic WCE

r

p

r

p

TMTBA

-0.07

0.56

0.08

0.48

TEA-map

-0.07

0.54

-016

0.17

RAVLTI

-0.21

0.06

-0.12

0.27

RAVLTVII

-0.15

0.20

-0.10

0.40

COWAT

-0.13

0.26

-0.14

0.20

SDMT

-0.07

0.53

0.01

0.96

MMSE*

0.04

0.73

0.01

0.90

CS7*

0.01

0.93

-0.00

0.10

*Spearman’s  rho  is  displayed  for  non-normally distributed data

IV. Analysis of the difference in baseline cognitive
scores between SWCE and non-SWCE groups
Cognitive test

WCE (mean)

Non-WCE

t

p

(mean)
TMTBA

108.7

118.7

0.37

0.71

TEA

55.2

55.2

0.01

0.99

RAVLTI

4.9

5.7

1.62

0.11

RAVLTVII

3.5

3.9

0.95

0.35

COWAT

34.1

37.9

1.07

0.29

SDMT

32.1

33.6

0.39

0.56

MMSE*

28.5

28

0.40

0.69

CS7*

7.0

8.0

-1.93

0.05

*Median value displayed for non-normally distributed data and Mann-Whitney-U test displayed
showing the difference between mean of ranked scores.
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V. Analysis of the difference in baseline cognitive
scores between DWCE and non-DWCE groups
Cognitive test

WCE (mean)

Non-WCE

t

p

(mean)
MMSE

27.7

27.9

0.45

0.66

TMTBA

124.0

108.4

-0.52

0.61

TEA

52.7

56.1

0.92

0.36

RAVLTI

5.0

5.3

0.69

0.50

RAVLTVII

3.5

3.7

2.45

0.02

COWAT

30.3

37.5

2.45

0.02

SDMT

33.4

32.3

-0.34

0.73

MMSE*

28.0

28.0

-0.28

0.78

CS7*

7.0

8.0

-1.60

0.11

**Median value displayed for non-normally distributed data and Mann-Whitney-U test displayed
showing the difference between mean of ranked scores.

VI. Correlations between SWCE, DWCE and baseline
cognitive scores in the cardiovascular subgroup
Cognitive tests

Systolic WCE

Diastolic WCE

r

p

r

p

MMSE

0.21

0.43

-0.08

0.77

TMTBA

0.12

0.66

0.11

0.70

TEA

-0.35

0.18

-0.60

0.02

RAVLTI

-0.27

0.32

-0.49

0.05

RAVLTVII

-0.25

0.35

-0.43

0.10

COWAT

-0.12

0.66

-0.42

0.11

SDMT

-0.40

0.14

-0.52

0.048

MMSE*

0.35

0.19

0.00

1.00

CS7*

-0.16

0.56

-0.18

0.52

*Spearman’s  rho  is  displayed  for  non-normally distributed data
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VII. Correlations between daytime ABPM and follow-up
cognitive scores
Cognitive Test

SBP

DBP

r

p

r

p

TMTBA

0.11

0.39

0.06

0.67

TEA

0.07

0.61

0.02

0.91

RAVLT1

0.03

0.81

0.14

0.28

RAVLTVII

0.004

0.97

0.04

0.76

COWAT

-0.03

0.84

0.07

0.59

SDMT

-0.09

0.51

-0.13

0.30

MMSE*

-0.26

0.03†

0.01

0.94

CS7*

-0.13

0.30

-0.02

0.87

*Spearman’s  rho  is  displayed  for  non-normally distributed data
†Statistically  significant  at  0.05  level
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VIII. Correlations between daytime ABPM and follow-up
cognitive scores in the cardiovascular sub-group
Cognitive test

SBP

DBP

r

p

r

p

TMTBA

0.09

0.78

0.01

0.97

TEA

0.54

0.06

0.34

0.26

RAVLTI

0.15

0.63

0.36

0.23

RAVLTVII

0.09

0.75

0.49

0.09

COWAT

-0.05

0.89

0.17

0.57

SDMT

0.49

0.11

-0.06

0.85

MMSE*

-/036

0.23

0.23

0.46

CS7*

-0.13

0.67

0.05

0.87

*Spearman’s  rho  is  displayed  for  non-normally distributed data

IX. Correlations between WCE and follow-up cognitive
scores
Cognitive tests

SWCE

DWCE

r

p

r

p

TMTBA

0.05

0.73

0.12

0.37

TEA-map

-0.12

0.33

-0.19

0.12

RAVLT I

-0.14

0.28

-0.20

0.11

RAVLT VII

-0.03

0.81

-0.20

0.11

COWAT

-0.12

0.35

-0.20

0.10

SDMT

-0.07

0.60

0.02

0.86

MMSE*

0.03

0.80

0.08

0.51

CS7*

0.01

0.99

-0.16

0.20

*Spearman’s  rho  displayed  for non-normally distributed data
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X. Correlations between SWCE, DWCE and follow-up
cognitive scores in the cardiovascular sub group
Cognitive Test

SWCE

DWCE

r

p

r

p

MMSE

0.32

0.28

0.07

0.83

TMTBA

0.09

0.76

0.29

0.33

TEA

-0.42

0.16

-0.51

0.08

RAVLTI

-0.23

0.45

-0.47

0.10

RAVLTVII

-0.34

0.26

-0.63

0.02

COWAT

-0.31

0.31

0.47

0.10

MMSE*

0.32

0.29

-0.19

0.53

CS7*

0.06

0.85

-0.17

0.58

*Spearman’s  rho  displayed  for  non-normally distributed data

XI. Correlations between daytime BP parameters and
change in cognitive scores across visits
Cognitive tests

SBP

DBP

r

p

r

p

TMTBA

0.05

0.68

-0.09

0.51

TEA

0.04

0.78

0.05

0.70

RAVLTI

0.13

0.32

0.03

0.80

RAVLTVII

0.08

0;69

-0.08

0.51

COWAT

-0.05

0.69

0.01

0.97

SDMT

-0.04

0.19

-0.89

0.49

MMSE*

-0.18

0.15

0.01

0.91

CS7*

-0.20

0.11

-0.07

0.60

*Spearman’s  rho  is  displayed  for non-normally distributed data
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XII. Correlations between systolic and diastolic WCE
and the difference between the baseline and
follow-up cognitive scores
Cognitive test

SWCE

DWCE

r

p

r

p

TMTBA

0.08

0.53

-0.09

0.48

TEA

-0.12

0.36

-0.06

0.62

RAVLTI

-0.08

0.54

-0.05

0.70

RAVLTVII

0.12

0.35

-0.14

0.26

COWAT

0.14

0.27

0.03

0.81

SDMT

-0.06

0.66

-0.13

0.32

MMSE*

0.10

0.41

0.09

0.49

CS7*

0.13

0.32

-0.08

0.51

*Spearman’s  rho  is  displayed  for  non-normally distributed data

XIII. Correlations between IMT of the right and left CCA
and cognitive test scores
Cognitive tests

Right IMT

Left IMT

r

p

r

p

MMSE

-0.01

0.43

-0.06

0.64

TMTBA

0.38

<0.01

0.18

0.14

TEA-map

-0.18

0.14

-0.13

0.30

RAVLTI

-0.03

0.83

0.02

0.90

RAVLTVII

-0.06

0.62

-0.07

0.54

COWAT

0.05

0.69

-0.02

0.85

SDMT

-0.10

0.41

-0.11

0.20

MMSE*

-0.12

0.32

0.02

0.90

CS7*

0.03

0.79

-0.08

0.49

*Spearman’s  rho  is  displayed  for  non-normally distributed data
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XIV. Comparison of ABPM and WCE in the MRI
subgroup compared to those that did not have MRI
MRI group Mean (SD)

Non MRI group Mean (SD)

Daytime SBP

118.7 (11.1)

126.3 (15.8) *

Daytime DBP

71.6 (6.9)

72.8 (9.8)

SWCE

29.1 (18.7)

24.4 (21.3)

DWCE

8.0 (8.3)

5.0 (8.4)

*Groups are significantly different (p<0.05)

XV. Comparison of average cognitive test scores
between the MRI and non MRI groups within the
CKD cohort
MRI

No MRI

TMTBA

103.3 (107.7)

118.5 (117.9)

TEA

57.5 (13.5)

53.6 (13.7)

RAVLT I

5.0 (2.2)

5.4 (2.0)

RAVLT VII

3.5 (2.1)

3.8 (1.7)

COWAT

35.0 (12.5)

35.8 (14.5)

SDMT

33.5 (11.2)

32.1 (11.0)

MMSE*

28.0 (3.0)

28.0 (3.0)

CS7*

7.0 (2.0)

7.0 (2.0)

*Median values and interquartile range (in parenthesis) are given for non-normally distributed
data
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XVI. Comparison of average baseline cognitive scores
between MRI and non-MRI control groups
Cognitive tests

MRI

Non MRI

MMSE

28.3 (2.1)

28.3 (1.2)

TMTBA

69.7 (28.9)

70.6 (34.4)

TEA

63.5 (3.5)

64.4 (8.8)

RAVLT I

7.8 (2.1)

7.1 (1.6)

RAVLT VII

5.5 (1.6)

5.1 (1.6)

COWAT

37.5 (5.1)

42.3 (11.2)

SDMT

36.0 (8.2)

40.8 (7.5)

MMSE

28.0 (3.0)

28.0 (3.0)

CS7

7.0 (2.0)

7.0 (2.0)

*Median values and interquartile range (in parenthesis) are given for non-normally distributed
data
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XVII. Correlations between WCE and DTI histogram
parameters
DTI Parameter

SWCE

DWCE

rho

p

rho

p

GMFA PKHT

0.05

0.79

0.09

0.64

GMFA PKPOS

0.02

0.90

0.10

0.60

GMFA HISTMN

-0.20

0.29

-0.22

0.26

WMFA PKHT

0.31

0.10

0.37

0.047*

WMFA PKPOS

-0.33

0.08

-0.43

0.02*

WMFA HISTMN

-0.26

0.17

-0.44

0.02*

GMMD PKHT

-0.21

0.26

-0.06

0.76

GMMD PKPOS

0.42

0.02*

-0.25

0.20

GMMD HISTMN

0.32

0.08

0.17

0.36

WMMD PKHT

-0.35

0.06

-0.37

0.047*

WMMD PKPOS

0.37

0.047*

0.37

0.048*

WMMD HISTMN

0.48

0.01*

0.45

0.01*

*Statistically significant at 0.05 level
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XVIII. Mann-Whitney-U test results for the difference in
DTI histogram parameters between WCH and
normotensive groups
DTI parameter

z

p

GMFA PKHT

0.34

0.73

GMFA PKPOS

0.82

0.41

GMFA HISTMN

-0.75

0.46

WMFA PKHT

2.42

0.02*

WMFA PKPOS

-0.02

0.04*

WMFA HISTMN

-1.56

0.12

GMMD PKHT

0.34

0.73

GMMD PKPOS

0.57

0.71

GMMD HISTMN

0.20

0.84

WMMD PKHT

-0.39

0.70

WMMD PKPOS

1.48

0.14

WMMD HISTMN

1.88

0.06

*Statistically significant at 0.05 level

XIX. Correlation matrix of FA vs. cognitive scores
White matter FA

rho
0.02*

p

0.06

-0.06

rho

0.72

0.73

0.73

p

0.02

-0.001

0.20

-0.43

rho

0.26

0.91

0.99

0.24

0.01*

p

-0.09

-0.26

-0.31

-0.13

0.11

0.30

rho

0.36

0.60

0.13

0.07

0.42

0.53

0.08

p

0.21

0.06

0.04

0.17

0.21

-0.002

0.01

-0.41

rho

0.23

0.72

0.82

0.32

0.22

0.99

0.94

0.01*

p

0.10

0.10

-0.05

0.14

0.08

-0.05

0.22

-0.37

rho

0.26

0.57

0.77

0.43

0.65

0.75

0.20

0.03*

p

Grey Matter FA

0.40
0.22
-0.06
0.34

0.19

0.63

-0.16

0.43

Cognitive

TMTBA
-0.21
0.72
-0.21

0.54

-0.09

0.30

-0.14

HISTMNMN

TEA
-0.06
0.59
-0.11

0.22

0.18

0.77

PKPOS

RAVLT I
-0.10
0.06
-0.21

0.96

0.05

PKHT

RAVLTVII
-0.32
0.77

-0.01

0.77

HISTMN

COWAT
0.05
0.36

-0.05

PKPOS

SDMT
-0.16
0.99

PKHT

MMSE
0.002

test

CS7

*Statistically significant at 0.05 level
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XX. Correlation matrix of MD vs. cognitive scores
White matter MD

rho
0.89

p

-0.32

0.30

rho

0.11

0.06

0.08

p

-0.10

-0.22

0.54

0.19

rho

0.91

0.57

0.2

<0.01*

0.28

p

0.49

0.48

0.47

0.45

0.59

-0.41

rho

0.07

<0.01*

<0.01*

0.01*

0.01*

<0.01*

0.01*

p

-0.20

-0.17

-0.13

-0.14

-0.09

-0.02

-0.28

0.40

rho

0.26

0.34

0.45

0.42

0.61

0.89

0.11

0.01*

p

-0.22

-0.16

-0.18

-0.23

-0.28

-0.18

-0.30

0.43

rho

0.21

0.35

0.31

0.19

0.10

0.30

0.08

0.01*

p

Grey Matter MD

-0.03
0.07
-0.28
0.33

0.02

0.78

0.31

0.36

Cognitive

TMTBA
-0.31
0.30
-0.17
0.60

-0.05

0.31

0.16

HISTMNMN

TEA
0.18
0.93
-0.09

0.30

-0.18

0.62

PKPOS

RAVLT I
0.02
0.54
-0.18

0.16

0.09

PKHT

RAVLTVII
-0.11
0.71
-0.25

0.83

HISTMN

COWAT
-0.06
0.63

0.04

PKPOS

SDMT
0.09
0.28

PKHT

MMSE
-0.19

test

CS7

*Statistically significant at 0.05 level

GM PKHT
0.10

-0.13

rho

0.96

0.59

0.50

p

-0.29

0.11

0.13

-0.13

rho

0.17

0.13

0.57

0.49

0.50

p

-0.37

-0.35

0.14

0.29

-0.28

0.16

rho

0.047

0.06

0.46

0.12

0.13

0.40

p

-0.27

-0.34

-0.07

-0.12

-0.11

0.13

rho

0.14

0.06

0.71

0.58

0.56

0.49

P

DWCE

GM PKPOS
-0.01
0.32

0.26

0.19

SWCE

GM HISTMN
-0.19
0.36

0.25

DBP

WM PKHT
0.18
0.46

SBP

XXI. Correlations between ABPM, WCE and qMT histogram parameters
qMT Histogram

WM PKPOS
0.14

Parameter

WM HISTMN

XXII. Correlations between SF-12 components and ABPM and WCE

Vitality

General health

Bodily pain

Role Physical

Physical function

-0.06

-0.04

-0.05

-0.24

-0.06

0.13

r

0.66

0.60

0.74

0.67

0.04*

0.59

0.27

p

-0.10

0.10

0.06

0.10

0.11

-0.02

0.10

0.24

r

0.23

0.42

0.39

0.62

0.38

0.37

0.88

0.41

0.04*

p

0.14

-0.08

0.16

0.08

0.01

0.04

0.08

0.03

-0.04

-0.18

r

0.23

0.52

0.18

0.52

0.97

0.75

0.50

0.82

0.73

0.12

p

0.14

-0.08

0.25

-0.02

-0.06

0.02

0.03

0.03

-0.09

-0.20

r

0.24

0.47

0.03*

0.90

0.62

0.87

0.79

0.77

0.45

0.08

p

DWCE

Social Functioning
0.05
0.72

0.14

0.76

SWCE

Role emotional
-0.04

0.67

-0.04

DBP

Mental Health
-0.05

0.88

SBP

PCS
-0.02

SF-12 Scale

MCS

Appendix  C
C. Short Form 12
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3. During the past 4 weeks, how much of the time have you had any of the
following problems with your work or other regular daily activities as a
result of your physical health?
All of
the time
a

b

Most of
the time

Some of
the time

A little of
the time

None of
the time

Accomplished less than you
would like ......................................

1

..............

2

..............

3

..............

4

..............

5

Were limited in the kind of
work or other activities..................

1

..............

2

..............

3

..............

4

..............

5

4. During the past 4 weeks, how much of the time have you had any of the
following problems with your work or other regular daily activities as a
result of any emotional problems (such as feeling depressed or anxious)?
All of
the time
a

b

Most of
the time

Some of
the time

A little of
the time

None of
the time

Accomplished less than you
would like ......................................

1

..............

2

..............

3

..............

4

..............

5

Did work or other activities
less carefully than usual ................

1

..............

2

..............

3

..............

4

..............

5

5. During the past 4 weeks, how much did pain interfere with your normal
work (including both work outside the home and housework)?
Not at all

1

A little bit

Moderately

2

3

Page 2

Quite a bit

4

Extremely

5
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6. These questions are about how you feel and how things have been with you
during the past 4 weeks. For each question, please give the one answer that
comes closest to the way you have been feeling. How much of the time
during the past 4 weeks…
All of
the time
a

b

c

Most of
the time

Some of
the time

A little of
the time

None of
the time

Have you felt calm and
peaceful?........................................

1

..............

2

..............

3

..............

4

..............

5

Did you have a lot of energy? .......

1

..............

2

..............

3

..............

4

..............

5

Have you felt downhearted
and low? ........................................

1

..............

2

..............

3

..............

4

..............

5

7. During the past 4 weeks, how much of the time has your physical health or
emotional problems interfered with your social activities (like visiting with
friends, relatives, etc.)?
All of
the time

1

Most of
the time

Some of
the time

2

3

A little of
the time

4

None of
the time

5

Thank you for completing these questions!

Page 3
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