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Abstract  

 

The introduction of ambulatory blood pressure monitoring in the 1960s provided new insights into the 

nature of high blood pressure disorders. Blood pressure is now categorised into four quadrants: 

normotension, masked hypertension, hypertension and white-coat hypertension. In white-coat 

hypertension blood pressure is elevated when taken at the doctor’s office but normal if taken outside the 

doctor’s office.  

 

Several controversies are associated with white-coat hypertension, which are discussed in Chapter 1. 

Whether white-coat hypertension is a condition of increased cardiovascular risk is the most important 

current issue. The consensus from prospective studies has been that the cardiovascular risk in white-coat 

hypertension is similar to normotensives, but recent studies suggest that white-coat hypertension is 

associated with an increased risk for the development of hypertension, which may mean an increased 

cardiovascular risk is present but delayed in white-coat hypertension. Examining the literature (Chapter 2) 

at the time of the thesis commencement highlighted inconsistencies in the definition for white-coat 

hypertension, which makes it difficult to determine if white-coat hypertension is associated with 

biomarkers of increased cardiovascular risk. 

 

This thesis by publication investigated whether white-coat hypertension is a condition of increased 

cardiovascular risk by determining: (1) if biomarkers of increased cardiovascular risk that are known to 

be present in essential hypertension are present in strictly defined white-coat hypertension based on a 

consensus definition for white-coat hypertension (Chapter 4); (2) if white-coat hypertension is associated 

with an increased morning blood pressure surge (Chapter 5); (3) if white-coat hypertension is associated 

with increased risk for the development of new-onset hypertension; and (4) if biomarkers measured at 

baseline predict the development of sustained hypertension in white-coat hypertension (Chapter 7). 



vi 

 

Participants underwent measurement of artery stiffness, autonomic function, glucose and insulin status, 

circulating measures of inflammation and endothelial dysfunction, and twenty-four hour ambulatory 

blood pressure monitoring to confirm blood pressure status. White-coat hypertension participants required 

two twenty-four hour ambulatory blood pressure monitorings to confirm blood pressure status. 

Participants returned yearly for ambulatory blood pressure monitoring for three years. New-onset 

hypertension was defined based on elevated mean ambulatory blood pressure.  

 

This research has identified that white-coat hypertension is associated with markers of increased 

cardiovascular risk, including an elevated baseline two-hour glucose post glucose load and increased 

progression to sustained hypertension compared to normotensives. Elevated baseline measures of waist 

circumference, artery stiffness and two-hour load blood glucose were elevated in white-coat hypertension 

who progressed to sustained hypertension. 

 

White-coat hypertension was not associated with an increased morning blood pressure surge but 

univariate analysis found lipids were associated with the morning blood pressure surge (Chapter 5), which 

was confirmed in a larger study that included normotensive, treated and untreated hypertensive 

participants (Chapter 6).  

 

White-coat hypertension should be considered a condition of increased cardiovascular risk. Based on the 

results of this thesis treating doctors are advised that they should not focus solely on the white-coat 

hypertensive subject’s blood pressure but on their total cardiovascular risk and such subjects should be 

monitored for the development of both hypertension and type 2 diabetes.  
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1.1 White-Coat Hypertension 

The introduction of ambulatory blood pressure monitoring (ABPM) in the 1960s has provided 

new insights into the nature of high blood pressure (BP) disorders and BP can now be 

categorised into four quadrants: normotension, masked hypertension, hypertension and white-

coat hypertension (WCHT) as shown in Figure 1.1. There is no universal definition for WCHT. 

WCHT has been loosely described as a condition where BP is elevated in a medical environment 

but is normal outside the medical environment. This raises important questions about 

standardisation of BP measurement, and the place of unobserved automated blood pressure 

(UABP) measurement in doctors’ rooms.  

 

 

 

 

Figure 1.1. The four quadrants of BP defined by clinic and ambulatory blood pressure. 
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There are several controversies associated with WCHT including its terminology, definition and 

whether or not it is associated with increased cardiovascular risk. These will now be discussed. 

 

1.1.1 Terminology 

WCHT needs to be distinguished from the white-coat effect (WCE), which is a quantifiable 

numerical value that describes the actual rise in BP in the presence of a medical practitioner,
1
  a 

response that is observed variably across all categories of BP from normotensive subjects to 

subjects with sustained hypertension. Other names have been put forth for this phenomenon, 

such as isolated office/clinic hypertension or out-of-office normotension in an effort to 

distinguish WCHT from the WCE but WCHT continues to be the name most commonly used. 

 

1.1.2 Definition 

There is no universal agreement on what is defined as normal BP outside of a physician’s office 

or how that BP is measured. The 2013 European Society of Hypertension (ESH) and European 

Society of Cardiology (ESC) guidelines for the management of arterial hypertension 

recommends WCHT should be diagnosed when office BP is 140/90 mmHg or above on repeated 

occasions, with an average twenty-four hour (24h) BP less than 130/80 mmHg and average day 

ABPM less than 135/85 mmHg or the average of several home BP readings less than 135/85 

mmHg.
2
 The cut-off value 135/85 mmHg is the most accepted out-of-office definition for both 

mean day ABPM and home BP.
2
   

 

Other important elements defining WCHT are that subjects must not be taking antihypertensive 

therapy,
2,3

 the personnel and methods of recording office BP need to be clearly defined, and the 

3



 

 

diagnosis requires more than one set of day ABPM or home BP recordings.
2
  It is recommended 

that at least two 24h ABPM monitorings are recorded to confirm WCHT.
2,4

   

 

1.1.3 Prevalence and characteristics associated with WCHT 

Two population studies have examined WCHT in untreated participants.
5, 6

 The Pressione 

Arteriose Monitorate E Loro Associazioni (PAMELA) study randomly selected participants 

representative of the city of Monza in Lombardy, Italy. The definition of WCHT was based on 

clinic BP ≥ 140/90 and a 24h ABPM < 125/79 mmHg or home BP < 135/83 mmHg, values 

obtained from population regression analysis of BPs to corresponding clinic BP of 140/90 

mmHg. The PAMELA study estimated a population prevalence of 15% by ABPM, with only 

70% of these participants having WCHT defined by home BP definition.
5
  

The Finn-home study randomly selected participants from the general population of Finland and 

using home BP less than 135/85 mmHg as the out-of-office BP to define WCHT determined a 

general population prevalence of 15.6%. Participants with WCHT were less likely to smoke 

compared to normotensives and sustained hypertensive subjects, had similar body mass index 

(BMI) to normotensives, and mildly elevated clinic BP.
6
  

The prevalence of WCHT amongst untreated hypertensive patients is estimated at 15 to 45% and 

is associated with non-smoking, female sex and increasing age.
7 
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1.3.4 Is WCHT associated with increased cardiovascular risk? 

Cross sectional studies have examined the prevalence of target organ damage (TOD) in WCHT 

with mixed results. Glucose dysregulation has been found in a cross sectional study of Japanese 

subjects.
8
 

Prospective studies in WCHT have found that WCHT is associated with increased progression to 

diabetes
9
 and hypertension

10-12
. Prospective studies examining the risk of cardiovascular events 

have found the risk in WCHT is low. A meta-analysis that examined the risk of stroke found 

WCHT appeared to have an increased risk of stroke in the long term,
13

 suggesting missed 

progression to hypertension. A recent meta-analysis did not find the same result.
14

 

The different definitions used to define WCHT, and the large proportion of subjects with WCHT 

who are commenced on antihypertensive treatment in prospective studies, likely largely based on 

repeated high BP readings in the doctor’s office, have made it difficult to determine if WCHT is 

associated with increased cardiovascular risk compared to normotensives. 

 

 

1.2 Biomarkers of essential hypertension 

Essential hypertension is associated with a number of pathophysiological conditions, particularly 

endothelial dysfunction, vascular oxidative stress and inflammation, artery stiffness, insulin 

resistance and autonomic dysfunction. Figure 1.2 is a schematic representation of the 

interrelationships between BP and these vascular pathophysiological markers. Other 

pathophysiological markers associated with hypertension that are not examined in this thesis, 

such as renal, endocrine and salt status are not shown. 
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Figure 1.2. Schematic representation of interrelationships between BP and vascular 

pathophysiological markers: oxidative stress, inflammation, endothelial dysfunction and arterial 

stiffness. 

 

As WCHT is a condition that is prone to the development of sustained hypertension then WCHT 

should have similar biomarkers seen in hypertension, particularly biomarkers associated with 

early vascular damage (endothelial dysfunction).  
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1.2.1 Endothelia dysfunction  

The vascular endothelium generates nitric oxide (NO), which maintains the integrity of the 

vascular wall by inhibiting inflammation, cellular proliferation, and thrombosis. Endothelial 

dysfunction results in lower production of NO and the loss of its protective effects, resulting in 

atherosclerosis.
15

 Numerous factors have been found to be associated with endothelial 

dysfunction, including ageing,
16

 smoking,
17

 diabetes,
18

 oxidative stress
19 and inflammation.

20
 

Endothelial dysfunction is present in hypertension
21

 and disruption to nitric oxide synthase, 

which generates NO, has been shown to affect BP in hypertensive subjects.
22, 23

  

 

1.2.2 Oxidative stress 

Reactive oxygen species (ROS), such as superoxide (O2
•−

), are highly reactive molecules that are 

important for vascular function but in excess cause damage to the vascular endothelium, 

resulting in a reduction of NO.
24

 Oxidative stress has been implicated in the pathophysiology of 

hypertension.
25-28

  

 

Nitric oxide is an important regulator of baroreceptor function
29

 and ROS has been found to 

modulate baroreceptor function in animal models.
30, 31

 Hypertension is associated with baroreflex 

dysfunction.
32

 

 

1.2.3 Inflammation 

Elevated markers of inflammation have been found in hypertension,
33, 34

  normotensive offspring 

of parents with hypertension,
35

 prehypertension,
36, 37

 and have predicted new onset 
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hypertension.
38

 This has led to the hypothesis that vascular inflammation contributes to the 

pathophysiology of essential hypertension. 

 

 

1.2.4 Artery stiffness 

Artery stiffness is associated with ageing and with pathological conditions such as diabetes
39

  

and hypertension.
40

 It is present in borderline hypertension
41

 and is implicated in the progression 

to sustained hypertension.
42

 Increased artery stiffness predicts cardiovascular events.
43

 The 2013 

ESH/ESC guidelines for the management of arterial hypertension includes artery stiffness as a 

measure of TOD in hypertension.
2
 

 

1.2.5 Insulin resistance  

Insulin resistance is associated with endothelial dysfunction.
44

 It is prevalent in hypertensives 

independent of body fat.
45

 Its deleterious actions include reduced NO by impairment of NO 

synthase,
46, 47

 increased sympathetic nervous system activity
48

 and retention of sodium.
49

 Insulin 

resistance has been found in offspring of hypertensive parents.
50

 

 

1.2.6 Metabolic syndrome 

The 2009 joint statement from the International Diabetes Federation Task Force on 

Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart 

Association; World Heart Federation; International Atherosclerosis Society; and International 

Association for the Study of Obesity defined the metabolic syndrome as the presence of three or 

more of increased waist circumference, elevated blood glucose, low high density lipoprotein, 
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elevated triglycerides and high BP.
51

 The metabolic syndrome is prevalent in hypertension
52, 53

 

and has been associated with incident hypertension.
54

  

 

1.2.7 Autonomic dysfunction. 

Hypertension is associated with increased sympathetic nervous activity.
55

 It is hypothesized that 

sympathetic neural mechanisms are involved in the development and progression of 

hypertension.
56

 Hypertension is also associated with baroreflex dysfunction.
32

 Autonomic 

dysfunction in hypertension is associated with blunting of heart rate and BP variability.
57

 A loss 

of nocturnal BP dipping is an end result. Autonomic dysfunction has been implicated in the 

morning BP surge.
58 

 

1.3 Thesis Questions 

Questions addressed in this thesis are: 

 

1) In strictly defined WCHT, using a consensus definition and two confirmatory ABPM 

recordings, is there evidence of endothelial dysfunction or its associated conditions? 

2) In strictly defined WCHT, using a consensus definition and two confirmatory ABPM 

recordings, is there increased risk for the progression to sustained hypertension? 

3) What biomarkers are associated with the progression to sustained hypertension in 

WCHT? 

4) Is WCHT associated with increased morning BP surge? 
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2.1 Introduction 

The published paper in this Chapter reviewed the evidence for altered mechanical and circulating 

biomarkers in WCHT. Studies were included in the review if they examined biomarkers of artery 

stiffness, endothelial dysfunction, inflammation and oxidative stress in both WCHT and 

normotensives. Studies that examined urinary albumin excretion in WCHT were also reviewed 

as microalbuminuria is considered a biomarker of renal vascular endothelial dysfunction. 

 

Questions addressed 

 Is WCHT associated with endothelial dysfunction? 

 Is WCHT associated with oxidative stress? 

 Is WCHT associated with vascular inflammation? 

 Is WCHT associated with artery stiffness? 
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SUMMARY

1. This review examines the current evidence for altered
mechanical and circulating biomarkers in isolated clinic
hypertension and their potential significance.

2. Arterial stiffness, as assessed by central pulse wave velocity,
is influenced by multiple cardiovascular risk factors; however,
an independent association with isolated clinic hypertension
(ICHT) has not been convincingly shown in four small studies.

3. Endothelial dysfunction, as assessed by brachial artery
flow-mediated vasodilation, circulating levels of endothelial
markers (e.g. nitrite/nitrate, von Willebrand factor, endothelin-1)
and/or circulating levels of inhibitors of vascular nitric oxide
(plasma asymmetric dimethylarginine, homocysteine), has been
shown to be present in established hypertension and to a variable
and inconsistent extent in subjects with ICHT.

4. Evidence of increased oxidative stress in ICHT versus
normotensive subjects was found in two of three studies.

5. Circulating inflammatory markers C-reactive protein and
plasminogen activator inhibitor-1 were significantly increased
in two of three and two of two studies, respectively, in ICHT
compared with normotensive subjects.

6. Urinary albumin excretion is a marker of both arterial and
renal disease. The consensus from seven studies in patients with
ICHT is that albuminuria is not an independent marker for
ICHT.

7. Studies to date assessing biomarkers in ICHT have been
small and cross-sectional. Larger, long-term longitudinal studies
of arterial functional and circulating biomarkers are required
to assess the potential vascular impact of ICHT.

Key words: arterial stiffness, endothelial dysfunction,
inflammation, isolated clinic hypertension, oxidative stress.

INTRODUCTION

Blood pressure measured in the doctor’s office or clinic has been
the most established biomarker of future cardiovascular disease, but
it is no longer sufficient if used as the sole method of assessing the
usual blood pressure of an individual. Twenty-four hour ambulatory
blood pressure and home blood pressure monitoring have identified
the discrepancy that exists between clinic and out-of-clinic blood
pressures in a significant number of patients and in these patients,
with either isolated clinic or masked hypertension, risk calculations
based on clinic readings may lead to erroneous risk prediction of
cardiovascular risk and inappropriate treatment.

Isolated clinic hypertension (ICHT), also known as ‘white-coat’
hypertension, is a common clinical condition, where clinic measure-
ments are elevated (systolic blood pressure (SBP) ≥ 140 mmHg
and/or diastolic blood pressure (DBP) ≥ 90 mmHg) but home and
24 h ambulatory blood pressure measurements are within the normo-
tensive range (day average SBP < 135 mmHg and day average
DBP < 85 mmHg). The prevalence depends on blood pressure cut-off
levels and accurate classification requires more than one 24 h blood
pressure recording.1 There has been considerable debate about the
significance of the condition in predicting future cardiovascular
disease.2 In an 8-year follow-up period in the Ohasama study, ICHT
was identified as a significant predictor for the development of
hypertension as assessed by home measurement3 confirming the
results of an earlier study.4 Recently, Verdecchia et al.5 described a
trend towards increasing incidence of stroke, with the hazard curve
for isolated clinic hypertension crossing that of the established
hypertensive group at 9 years of follow-up.

Over the past 10 years there has been a concerted effort to explore
the clinical usefulness of surrogate markers of arterial function.
There have been many indices proposed for this purpose, including
those indicative of arterial stiffness in central or peripheral arterial
segments (pulse wave velocity, stiffness index), indices of arterial
compliance (systemic arterial compliance, distensibility) and a
composite measure of wave reflection and systemic arterial stiffness
(aortic augmentation index). Dynamic or functional influences
such as endothelial-mediated changes can influence these indices,
but the scope of these dynamic components has generally not
been well characterized. Central (aorto-femoral) pulse wave velocity
(PWV) is the index of arterial stiffness with most promise as a
functional biomarker.6 Other surrogate non-mechanical biomarkers
of cardiovascular disease can be broadly classified into three cate-
gories: measures of endothelial function, circulating inflammatory
markers and markers of oxidative stress (Fig. 1). In established
hypertension there is good evidence for disturbed vascular
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function and structure as shown by changes in each of these
biomarkers.

This review examines the evidence for alteration in biomarkers
of vascular disease in ICHT.

ARTERIAL STIFFNESS

Central PWV in a variety of patient groups and in normal individuals
has consistently been shown to be an independent predictor of
cardiovascular outcome;7 it tends to track appropriately with disease
severity and there is a strong case for its inclusion in risk assessment
algorithms.8 An age-adjusted reference curve for PWV has recently
been reported with demonstrable construct validity in regards to
identification of groups at medium and high risk of cardiovascular
disease.9

Four studies of PWV measurement in patients with ICHT are
reported10–13 (Fig. 2). Only two of the studies used central (carotid/
aortic to femoral) PWV, which is now generally accepted as the
best mechanical predictor of cardiovascular disease. Tillin et al.14

reported that central (carotid-femoral) PWV was significantly
associated with coronary artery calcification score and with carotid
or femoral artery intima-media thickness, whereas carotid-radial
PWV and femoral-posterior tibial PWV were not. Pannier et al.15

showed that only central PWV, not brachial artery or femoro-tibial
PWV, was able to predict cardiovascular mortality in patients with
end-stage renal failure.

Silva et al.10 showed that, unadjusted for concomitant risk factors,
there was a progressive increase in mean carotid-femoral PWV from
a normotensive to an ICHT group and then to an established hyper-
tensive group. Ribeiro et al.11 found that patients with ICHT had
significantly higher aorto-femoral PWV compared with normotensive
subjects, but that this was influenced by the number of coexisting risk
factors. In patients at low overall risk, with one or no cardiovascular
risk factors, this difference was not significant. A recently reported
study in Japanese subjects used radial-femoral PWV measurements
and showed that after adjustment for age, gender, body mass index
(BMI), habitual alcohol drinking, lifetime smoking and SBP during
PWV measurement, there was no significant difference between
normotensive and ICHT subjects.12 Longo et al.13 who used carotid
to radial PWV, found a significant difference between the ICHT
group and the normotensive group after adjusting for age, sex, heart
rate, weight, height, blood pressure, smoking, alcohol use, physical
activity, fasting glucose, total cholesterol and triglycerides. However
this should be interpreted with caution given the lack of outcome
predictability of this measure as discussed above. There have been
no long-term studies of ICHT that have looked at baseline central
PWV as an outcome predictor.

BIOMARKERS OF ENDOTHELIAL FUNCTION

Vascular endothelial cells have multiple, often counter-regulatory
activities relating to vasodilatation and vasoconstriction, thrombosis
and fibrinolysis, platelet aggregation and adhesion, leucocyte
adhesion and activation, smooth muscle cell proliferation and
migration, immunological and inflammatory processes. Nitric oxide
(NO) is produced by endothelial cells in response to various stimuli,
with shear-stress being the most important. It has been estimated
that NO tonically restrains BP in humans by approximately
30 mmHg.16

Fig. 1 Schematic representation of interrelationships between blood
pressure and vascular pathophysiological markers: oxidative stress,
inflammation, endothelial dysfunction and arterial stiffness.

Fig. 2 Pulse wave velocity (PWV)
in four published studies of isolated
clinic hypertension (ICHT) (shaded
bars) versus normotensive controls
(open bars). baPWV, brachial-ankle
PWV; cfPWV, carotid-femoral PWV;
crPWV, carotid-radial PWV; NS, not
significant at the 5% level. #P-value
ICHT versus normotension not given.
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Shear-stress induced NO can be assessed by the technique of
brachial arterial flow-mediated dilation (FMD) in response to
postischaemic reactive hyperaemia, to determine a measure of
endothelium-dependent dilation (EDD). This is impaired in
established hypertension.17 Gomez-Cereza et al.18 reported a linear
relationship between 24-h SBP and EDD (r = –0.48, P = 0.0001),
with significant differences between ICHT and normotensive groups.
Although not statistically significant, there were higher proportions
of females (57% versus 33%) and overweight subjects (57% versus
36%) in the ICHT group. Pierdemenico et al.19 found no significant
difference in EDD between ICHT and normotensive subjects (Fig. 3).

Plasma levels of NO can be estimated by levels of its metabolites,
NO2 and NO3. Karter et al.20 showed that mean plasma nitrite/nitrate
was reduced in ICHT compared with normotensive controls (42 ± 2
versus 48 ± 6 mmol/L, Fig. 3) and further reduced in established
hypertension (32 ± 3 mmol/L, P < 0.001). Curgunlu et al.21 reported
very similar results, with the same numbers of subjects and likely
from the same population. Pierdomenico et al.19 found no significant
difference between normotensive and ICHT groups (Fig. 3), but
mean plasma nitrite/nitrate level on a standardized low-nitrate diet
was lower in established hypertension compared with ICHT (22 ± 8
versus 31 ± 12 mmol/L, P < 0.05).

Von Willebrand factor (vWF) is a glycoprotein, required for
platelet aggregation and adhesion and for factor VIII survival. It is
stored in endothelial cells and secreted into the plasma. Increased
vWF levels are associated with hypertension and progression of

cardiovascular disease.22 Two studies have examined vWF levels
in groups of normotensive, ICHT and established hypertensive
subjects.23,24 Both showed increased vWF levels in groups of subjects
with established hypertension, but only the study by Coban et al.24

showed a difference between ICHT and normotensive groups
(Fig. 3). In that study groups were matched for age, gender and body
mass index. Kario et al.23 studied an older population, in which
groups were age-matched, but not matched for other factors.

Endothelin-1 (ET-1) is a potent vasoconstrictor expressed by
endothelial cells in response to a number of stimuli and has been
found to be elevated in hyperlipoproteinaemia, insulin resistance,
diabetes, smokers and obese subjects with metabolic syndrome.
High concentrations have also been found in atherosclerotic plaques.
Plasma levels of ET-1 are normal in most subjects with essential
hypertension but are elevated in other types of hypertension such as
renal hypertension. Plasma ET-1 and vascular endothelial growth
factor levels were increased in subjects with ICHT compared with
normotensive controls in the study of Karter et al.25 Urinary ET-1
excretion was reported to be increased in male adolescent ICHT
subjects26 compared with male adolescent normotensives. Although
the male ICHT group had a higher mean BMI, the difference
persisted after adjustment for BMI. No difference was found in
females. Potential confounders other than BMI were not reported.

INHIBITORS OF VASCULAR NO

Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor
of NO synthesis. ADMA levels are elevated in chronic renal disease,
hypercholesterolaemia, hyperhomocysteinaemia and hypertension.
ADMA synthesis is triggered by shear stress and this is the likely

Fig. 3 Summary of published studies of biomarkers of endothelial function
in isolated clinic hypertension (ICHT) (shaded bars) versus normotensive
controls (open bars). FMD, brachial artery flow-mediated dilation; NO,
plasma nitrite and nitrate; NS, not significant at the 5% level; vWF: Von
Willebrand Factor.

Fig. 4 Summary of published studies of plasma levels of inhibitors of nitric
oxide (NO) synthesis, asymmetric dimethylarginine (ADMA, top panel) and
homocysteine (bottom panel) in isolated clinic hypertension (ICHT) (shaded
bars) versus normotensive controls (open bars). NS, not significant at the
5% level.
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cause for increased levels in hypertension. It is inversely related
to endothelial function in hypertension as measured by peak haemo-
dynamic response to acetylcholine.27 Oxidative stress may also
increase ADMA levels by inhibiting dimethylaminohydrolase
(DDAH), which metabolises ADMA to citrulline.28 As shown in
Fig. 4 only one study was found that measured ADMA levels in
ICHT subjects.21 Mean ADMA level in ICHT subjects was statistically
increased when compared with the normotensive group, but less than
that of the established hypertensive group (3.21 ± 0.49 versus
2.84 ± 0.58 versus 4.24 ± 0.38).

Increased plasma total homocysteine is associated with increased
risk of cardiovascular disease, particularly in hypertensive subjects.
Three studies have compared mean plasma homocysteine levels in
ICHT and normotensive subjects;21,29,30 in two of these levels were
significantly higher in ICHT subjects21,30 (Fig. 4). However these
studies did not adjust for potential confounding factors, such as renal
function.

BIOMARKERS OF OXIDATIVE STRESS

Oxidative stress occurs when reactive oxygen species (ROS) react
with and damage tissue and organs. It is hypothesized that oxidative

stress plays a role in the pathogenesis of hypertension.31 but this has
been challenged.32 Results of three studies that have examined
various markers of oxidative stress in ICHT are summarized in
Table 1.33–35 Two of the three studies reported evidence of increased
oxidative stress in ICHT compared with normotensive controls.34,35

CIRCULATING INFLAMMATORY MARKERS

Inflammation is well established as a major contributing factor in
atherogenesis. Cardiovascular risk factors, including smoking,
obesity, hypertension, hyperglycaemia and atherogenic lipoproteins
all cause injury to the vascular endothelium, which initiates a local
inflammatory response. The inflammatory biomarker that is most
extensively studied is C-reactive protein (CRP), an acute phase protein
considered the most sensitive circulating marker of inflammation.
CRP has been associated with cardiovascular events36,37 and has been
suggested as an independent risk marker for cardiovascular disease.38

Recent evidence suggests that CRP itself is deleterious to the
vascular endothelium: CRP induces coronary and aortic endothelial
release of inflammatory cytokines39 increases expression of
angiotensin II type 1 receptors in vascular smooth muscle cells,40

reduces production of NO and increases the uptake of low-density

Table 1 Oxidative markers and anti-oxidant activity 

NT ICHT EHT

LDL oxidation
Pierdomenico et al. 1998 n = 21 n = 15 n = 27

FPL URF/mg LDL protein 10.1 ± 1.9 10.4 ± 3.6 14.2 ± 3.8 NS ICHT versus NT
P < 0.05 ICHT versus EHT

Lag phase min 89 ± 9 86.5 ± 10 62 ± 19 NS ICHT versus NT
P < 0.05 ICHT versus EHT

PR Nmol diene/min 
per mg LDL-C

4.8 ± 1.3 5.1 ± 1.8 8.1 ± 2.3 NS ICHT versus NT

P < 0.05 ICHT versus EHT
LDL Nmol/mg LDL-C 10.5 ± 1.5 10.5 ± 1.9 8.8 ± 1.3 NS ICHT versus NT
Vitamin E P < 0.05 ICHT versus EHT
Plasma Vitamin C mmol/L 58 ± 13 56 ± 7.5 45 ± 14 NS ICHT versus NT

P < 0.05 ICHT versus EHT
Uzun et al. 2004 n = 26 n = 30 n = 30

MDA mmol/L 4.54 ± 0.67 5.22 ± 0.62 5.9 ± 0.9 P = 0.026 ICHT versus NT
NS ICHT versus EHT

oxLDL U/L 51.21 ± 16.35 60.15 ± 20.33 70.54 ± 25.75 P = 0.023 EHT versus NT
NS ICHT versus NT
NS ICHT versus EHT

PON1 U/L 94.05 ± 39.17 48.49 ± 16.54 46.81 ± 21.43 P < 0.001 ICHT versus NT
NS ICHT versus EHT

Protein oxidation
Caner et al. 2006 n = 37 n = 37 n = 37

PCO nmol/L/mg pr 0.65 ± 0.04 0.70 ± 0.07 0.82 ± 0.12 P < 0.01 ICHT versus NT
NS ICHT versus EHT

P-SH mM 562.56 ± 44.45 516.35 ± 52.09 475.97 ± 53.84 P < 0.01 ICHT versus NT
NS ICHT versus EHT

GSH mmol/g Hb 4.32 ± 0.39 3.68 ± 0.28 3.44 ± 0.28 P < 0.001 ICHT versus NT
NS ICHT versus EHT

SOD U/mL 24.43 ± 2.36 22.76 ± 2.91 22.60 ± 2.4 P < 0.01 ICHT versus NT
NS ICHT versus EHT

EHT, essential hypertension; FPL, fluorescent products of lipid peroxidation in native LDL; GSH, glutathione; ICHT, isolated clinic hypertension; lag
phase, a measure of LDL resistance to oxidation in vitro; LDL, low-density lipoprotein; MDA, malondialdehyde; NS, not significant at the 5% level; NT,
normotension; oxLDL, oxidized low-density lipoprotein; PCO, protein carbonyls; PON1, paraoxonase; P-SH, protein thiol; PR, peroxidation rate which is
an indication of the autocatalytic chain reaction of lipid peroxidation after depletion of anti-oxidant content; SOD, superoxide dismutase.
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lipoprotein (LDL) by macrophages.41 CRP has been found in other
prospective studies to be an independent predictor for the develop-
ment of hypertension42,43 suggesting that inflammation may precede
hypertension and endothelial dysfunction, but causal evidence is yet
to be established.

Results of studies comparing inflammatory markers in ICHT and
normotensive subjects are shown in Fig. 5. Three studies were
identified that compared CRP in ICH subjects in comparison to
normotensives and sustained hypertensives.44–46 These studies used

similar definitions of ICH and were matched for age and gender. Two
of the studies showed significant difference in CRP (between ICH
and normotensive groups).44,45

Plasminogen activator inhibitor-1 (PAI-1) is a marker of impaired
fibrinolysis and atherothrombosis. PAI-1 is induced by CRP.47 Both
PAI-1 and CRP are increased in obesity, diabetes and the metabolic
syndrome. PAI-1 is also found in platelets and can be released
during blood taking.48 PAI-1 levels are elevated in established
hypertension49 and PAI-1 levels were found to be associated with

Fig. 5 Summary of published studies
of plasma levels of inflammatory
biomarkers, C-reactive protein (CRP,
top panel), plasminogen activator
inhibitor-1 (PAI-1, middle panel) and
fibrinogen (bottom panel), in isolated
clinic hypertension (KHT) (shaded
bars) versus normotensive controls
(open bars). P-value KHT versus
normotension not given.
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blood pressure levels in children with hypertensive parents.50 In a
study of the Framingham population both CRP and PAI-1 were
found to be independent markers of incident hypertension.51

Two studies were identified that compared PAI-1 in ICH subjects
compared to normotensives and sustained hypertensives.52,53 Both
studies report a significant difference between PAI-1 levels in the
ICHT group and the normotensives group.

URINARY ALBUMIN EXCRETION

Seven studies have reported urinary albumin excretion in ICHT.21,54–59

Although increased urinary albumin excretion was reported in
established hypertension in four of the seven studies, in only one study
was there a significant difference between ICHT and normotensive
groups.

CONCLUSIONS

Established hypertension is associated with arterial stiffness,
endothelial dysfunction, increased vascular oxidative stress and an
increase in circulating inflammatory markers. It is likely that ICHT
is a prehypertensive state that requires close monitoring. This review
of many cross-sectional studies provides suggestive evidence for
altered vascular function in ICHT, as shown by arterial endothelial
dysfunction and circulating markers of oxidative stress and
inflammation, but arterial stiffness is not increased. There is a need
for large, long-term longitudinal studies of arterial functional and
circulating biomarkers to assess the potential vascular effect of
ICHT. These studies need to take into account the multiple variables
that can influence these biomarkers.
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 Objective 

This purpose of this chapter is to comprehensively describe the methods that form the basis 

of the following chapters which include published and unpublished work.  

 

3.1 Sample size  

A total sample size of 64, assuming the proportion of normotensives who progress to 

sustained hypertension in three years is 10% , was 80% powered to pick up a 30% difference 

in the WCHT group progressing to sustained hypertension, one sided, α=0.05. To take into 

account 20% dropout a total sample of 77 was required.  

 

This sample size was powered to pick up a minimum difference of one metre per second in 

the cross-sectional analysis of central pulse wave velocity (PWVc), with standard deviation 

of one metre per second, between the normotensive and WCHT groups. This sample size was 

also powered to pick up a ratio of 1.25 in the two-hour plasma glucose post glucose load 

(2hPG) between the normotensive and WCHT groups. Significance level α=0.05, two-sided 

comparisons. 

 

3.2 Participants 

Ethics approval for the study was obtained from Monash Health and Monash University 

human research ethics committees. 

Participants were included if they were aged 18 to 80 years. Participants were excluded if 

they were smokers, had known diabetes, were taking anti-hypertensive medication, or had 

existing liver, renal, autonomic or cardiovascular disease or any malignancy. Hypertensive 

participants were recruited from the Department of Vascular Sciences at the time of referred 

ambulatory blood pressure (BP) measurement (ABPM), before antihypertensive treatment 
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was commenced. WCHT participants were recruited by 1) screening all new patients 

presenting to the Department of Vascular Sciences for ABPM. 2) screening the ABPM 

records of the Department of Vascular Sciences, Monash Health and from a private 

cardiology group, both services located in Dandenong, Victoria, for patients who had an 

ABPM reported as WCHT and 3) by advertisements.  

Figure 3.1 shows a pamphlet that was mailed out to patients who had had a previous ABPM 

reported as WCHT at the Department of Vascular Sciences, Monash Health or the private 

cardiology group. 

An advertisement was placed in local newspapers, Dandenong hospital hallways and the 

Monash University staff newsletter asking for participants who have been told by general 

practitioner that they have WCHT and for people who had normal BPs taken at their general 

practitioner‟s room. All normotensive participants were recruited by advertisement. A 

Participants Information sheet was sent out and the person was rung a week later and asked if 

they were happy to participate. The participant was then given a visit date and asked to fast 

(except water) from 9pm the night before their appointment.  Patients presented at 9am to the 

Department of Vascular Sciences.   

The order of testing after arrival was sitting observed and unobserved blood pressure, 

autonomic function testing, artery stiffness testing, fasting blood sampling, oral glucose 

tolerance test, after which the ABPM was applied.  
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WHITE COAT HYPERTENSION STUDY 

            (Blood Pressure Study) 

 

 

 

 

 

 

 
 

 

 

 

 

 
White Coat Hypertension, has been 

considered for many years by doctors to 

be not important. This has meant that if 

you are labeled as having White Coat 

Hypertension then you are considered at 

low risk for developing problems that are 

associated with hypertension, such as 

stroke or heart attack. Some researchers 

think that if you have White Coat 

Hypertension you will eventually develop 

hypertension.   

 
We want to see if we can predict which 

people with White Coat Hypertension 

develop hypertension. To be able to 

answer this question we need your 

participation over a few years.  

 

BENEFITS OF BEING INVOLVED IN 

THIS STUDY. 

 

 

 

 Yearly assessment of blood pressure 

status. (24-hour blood pressure 

monitoring) 

 

 
 

 Yearly assessment of `stiffness` of 

arteries. A good indicator if blood 

pressure is causing any organ 

damage. 

 

At the first year visit only you will have:  

 Cholesterol testing-good and bad 

cholesterol checked.  Triglyceride testing-

another blood fat.  

 Oral Glucose Tolerance Test-tests diabetic 

status. This means whether you have 

diabetes or are have pre-diabetes. 

 Autonomic Nervous System function 

testing 

All results can be given to your doctor. 

 

 

 
 

 

Twenty four hour recording of blood pressure 

showing a normal blood pressure pattern, 

except for one raised blood pressure recording 

during  a visit to the doctors. To be eligible for 

this study you must -not be on any blood 

pressure medication -not have diabetes 

-not have any cardiovascular illness 

-not have any other major illnesses such as 

cancer, kidney or liver disease. 

I hope you will really consider being 

involved in this study so that we can help 

to determine whether White Coat 

Hypertension should be considered a 

minor condition or not. 

If you want further information or want to 

book to participate in the study please 

contact Cathy Martin 

  

Or Email 

 

Figure 3.1. Pamphlet sent out to potential WCHT participants 
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3.3 Blood pressure measurement 

The 2013 ESH/ESC guidelines for the management of arterial hypertension recommend “To 

take at least two BP measurements, in the sitting position, spaced 1–2 min apart, and 

additional measurements if the first two are quite different”. The guidelines recommend that 

the BP should be taken after resting in an isolated room for 3-5 minutes.
1
 ABPM is not 

currently subsidised by Medicare in Australia and in the United States of America ABPM is 

subsidised only if WCHT is suspected. Hence the diagnosis of hypertension is generally 

based on clinic BP. 

 

ABPM has been shown to better predict cardiovascular events
2, 3

 or target organ damage
4
 

than clinic BP. Home BP also better predicts cardiovascular events than clinic BP
5
 but as 

with clinic BP, night BP and the morning rate of BP rise cannot be assessed.  

 

Methods for the diagnosis of hypertension by clinic BP have been proposed using automatic 

unobserved BP, particularly in an attempt to eliminate the white-coat response.
6
 Myers et al 

(2010) proposed an algorithm assessing clinic BP using automated BP measuring instead of 

using manual clinic BP.
7
 The algorithm proposed three pathways to follow depending on the 

unobserved automated BP (UABP). For an UABP ≥ 140/90 mmHg a diagnosis of 

hypertension is made. For an UABP 130-139/80-89 mmHg ABPM or home BP monitoring is 

recommended and for an UABP < 130/80 mmHg the recommendation is the patient goes 

down the “continue to follow” pathway.  

 

This algorithm does not propose clinic observed BP to be taken, which means that a patient 

with WCHT cannot be identified.  It is important to identify patients with WCHT as several 

recent studies have suggested that patients with WCHT are at increased risk of developing 
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diabetes and sustained hypertension. These patients require close monitoring and should be 

discriminated from normotensives. 

 

Observed clinic BP tends to overestimate a patient‟s true BP whereas UABP potentially can 

underestimate the true BP as it reflects resting conditions and not the BP of active daily life. 

UABP provides a better baseline BP in the clinic setting than observed clinic BP. How 

UABP relates to WCHT will be dealt with in this thesis. ABPM although inconvenient is 

more likely to reflect a patient‟s typical daily activity. 

 

Algorithms for the detection of hypertension should incorporate both observed clinic BP and 

UABP, which will enable patients to be categorized into one of the four quadrants of BP. A 

letter was published in the journal “Hypertension” regarding our concerns about the 

algorithm and the statistical method used in the paper (See appendix 1).
8 

 

3.3.1 Blood pressure devices 

 Observed and unobserved BPs were taken using an automated oscillometric blood pressure 

device (Task Force monitor
®
, CNSystems, Graz, Austria). ABPM was performed using a 

portable device (MeditechCardiotens, Meditech Ltd, Hungary). 

 

3.3.2 Recruited participants-definition of BP category 

In this study the definition of BP category was determined as per the 2007 Guidelines for the 

Management of Arterial Hypertension of the European Society of Hypertension, which were 

current at the time of study commencement and data analysis.
9
 The definition of BP category 

remains unchanged in the new 2013 ESH/ESC guidelines for the management of arterial 

hypertension.
1
 Normotension was defined as both clinic systolic BP < 140 mmHg and 
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diastolic < 90 mmHg, and both day ABPM systolic < 135 mmHg and diastolic < 85 mmHg.  

WCHT was defined as either general practitioner clinic systolic BP ≥ 140 mmHg or diastolic 

≥ 90 mmHg, and both day ABPM systolic < 135 mmHg and diastolic < 85 mmHg. Sustained 

hypertension was defined as either clinic systolic BP ≥ 140 mmHg or diastolic BP ≥ 90 

mmHg and either day ABPM systolic ≥ 135 mmHg or diastolic ≥ 85 mmHg. In this thesis 

sustained hypertensive participants refer to untreated hypertensive subjects. 

 

WCHT was also determined by two confirmatory ABPM recordings as previous studies have 

shown that approximately 50% of WCHT on a second ABPM were found to be 

hypertensive.
10, 11

  

 

Four WCHT subjects did not have a second confirmatory ABPM and were not included in 

published results. One subject that met the criteria for WCHT based on 24h day ABPM but 

had a night BP of 140/87 mmHg was classified as hypertensive. One WCHT subject was also 

removed from analysis as it was found out after recruitment that the participant had 

undisclosed IgA nephropathy. One normotensive participant was also removed from further 

analysis after recruitment as it was later revealed the participant had known elevated glucose 

and was undergoing investigation for diabetes.  

 

3.4 Morning blood pressure surge 

Four measures were used to assess the morning BP surge. Figure 3.2 displays the schematic 

example of BP definitions used to define two measures of the morning BP surge. 

“Morning BP” was defined as the average of the first four BPs post waking and the “BP 

before waking” was the average of the last four BPs before waking. 
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Figure 3.2. Definition of components of the morning blood pressure surge (Kario et 

al. 2003). 

Sleep-trough surge = Morning BP – BP before waking 

Pre-awake surge= BP before waking - lowest sleep BP, where the lowest sleep  BP is the 

average of three BP reading centred by lowest night BP (”trough”) reading. 

 

Figure 3.3, along with equations I and 2 describes the methods as per Head et al. (2005).
12

 

Briefly six parameters are determined from fitting ABPM data using double logistic 

regression analysis.  

 

(Equation 1) 

 

 

The non-symmetrical double logistic equation (Equation 1) is used to model the 24h blood 

pressure profile. Where P1 is the nighttime plateau, P2 is the difference between the day and 

night plateau, P3 is the rate of transition from day to night, P5 is the rate of transition 
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between night and day, P4 and P6 are the mid times for these transitions and x represents 

time. The morning BP surge, termed the „rate of rise‟ by Head et al (2005) is calculated as 

(P2 x P5)/4. 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.  Non-symmetrical double logistic analysis of ABPM recordings. (Figure courtesy 

of Professor Geoffrey Head) 

 

A Power function was derived by Head (2010)
13

, to take into account the rate of rise as well 

as the magnitude of the rise. The Power function (Equation 2) is equal to the first derivative 

of Equation 1, with respect to time (x),  multiplied by the amplitude (the day-night BP 

difference).  

 

(Equation 2) 
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ABPM 2008 software was used to analyse twenty four hour ABPM. A copy of the software 

was given for use by Professor Geoffrey Head from the Baker IDI Heart and Diabetes 

Institute. 

 

The published paper in Chapter 5 describes the results of the analysis of the morning BP 

surge in WCHT. The submitted paper in Chapter 6 expands on the findings from Chapter 5. 

 

3.5 The Metabolic Syndrome and glucose status definitions. 

The metabolic syndrome was defined according to the joint statement of the International 

Diabetes Federation Task Force on Epidemiology and Prevention; National Heart, Lung, and 

Blood Institute; American Heart Association; World Heart Federation; International 

Atherosclerosis Society; and International Association for the Study of Obesity.
14

 Glucose 

status was defined as per World Health Organisation “Definition, Diagnosis and 

Classification of Diabetes Mellitus and Its Complications” (1999).
15 

 

3.6 Hypertension risk calculation. 

The hypertension risk score developed from the Framingham Heart study was used to 

determine the risk of near-term hypertension in each subject.
16

 

 

3.7 Biomarkers   

Figure 3.4 is a schematic representation of interrelationships between BP and vascular 

pathophysiological markers: oxidative stress, inflammation, endothelial dysfunction and 

arterial stiffness, which were first shown in the introduction (figure 1.2). The chosen 

methodologies for each marker have been added to the figure in blue. Each marker and its 

chosen methodology are discussed. 
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Figure 3.4.  Schematic representation of interrelationships between BP and vascular 

pathophysiological markers: oxidative stress, inflammation, endothelial dysfunction and 

arterial stiffness (shown in red) and chosen methods of assessment (shown in blue). 

 

3.7.1 Artery stiffness 

The gold standard for measuring artery stiffness is central pulse wave velocity (PWVc).
17

 

PWVc has good repeatability
18

 and predicts incident cardiovascular events in a range of 

disease populations.
19-21

 PWVc has several important confounders that must be adjusted for 

 

 INFLAMMATION 
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                 ARTERY STIFFNESS - PWVc  

INSULIN RESISTANCE - OGTT 

AUTONOMIC DYSFUNCTION- HRV, AFscore 

 

ENDOTHELIAL DYSFUNCTION - vWF, ADMA 
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in any analysis. Arterial stiffness increases with age and analysis of PWVc has shown that 

the association is curvilinear.
22

 Although healthy artery walls are elastic an increased 

pressure load on the artery wall can cause the artery to stiffen, hence analysis of PWVc must 

adjust for mean arterial pressure (MAP).
23

  

 

3.7.1.1 Assessment of PWVc 

PWVc measurements were performed by the same two operators (CM and SC) in all 

participants, in a quiet air-conditioned room after 10 minutes of rest and with the subject 

lying supine. Continuous pulse pressure wave signals were recorded with hand-held 

tonometers (Millar Mikro-tip, SPT-301; Millar Instruments, Houston, Texas, USA) 

positioned at the base of the right common carotid artery and over the right common femoral 

artery. Transit distance was defined as the measured distance from the sternal notch to 

femoral artery minus distance from sternal notch to carotid. At the time of commencement of 

this study the method used for estimating the transit distance was one of three acceptable 

methods and the same method has been applied for consistency.
24

 More recently magnetic 

resonant imaging has shown that the most accurate determination of transit distance is 80% 

of the direct measure between the carotid and femoral sites, which is the current 

recommended method.
25

 The start of systole was defined by the local maximum of the first 

derivative of the pressure signal. Mean transit time (∆t) between the feet of simultaneously 

recorded waves was determined from 10 consecutive cardiac cycles. MAP was estimated 

from an oscillometric BP measurement taken immediately post recording of the arterial 

waveforms. 

 

3.7.1.2 PWVc repeatability 

Twenty-four participants recruited for this study underwent repeat PWVc at three months. 
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Analysis of variance (ANOVA) was used to calculate the within-subject standard deviation. 

The mean difference between the two measures of PWVc was -0.33 m/sec, with the 95% 

coefficient of precision estimated at ± 1.19 m/sec. Figure 3.5 shows the Bland-Altman plot of 

PWVc difference versus PWVc average. There was no apparent drift with increasing PWVc. 

 

 

 

Figure 3.5. Bland-Altman plot of PWVc repeatability. 

 

3.7.2 Autonomic function 

TaskForce monitor 

Autonomic function testing was done using the TaskForce monitor (CN Systems, Graz, 

Austria),  which allowed continuous real time beat-to-beat heart rate and BP recording. The 

patient wore electrocardiographic monitoring leads, an arm BP cuff and a finger BP 

monitoring device. 

 

Ewing’s bedside autonomic function tests 

For almost 40 years doctors and researchers have used different combinations of Ewing‟s 

autonomic function tests
26

 to assess autonomic dysfunction. Ewing‟s autonomic function 
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tests are comprised of five tests: heart rate response to standing, heart rate response to deep 

breathing, heart rate response to the Valsalva manouevre, BP response to standing, and BP 

response to a sustained hand grip.  

Heart rate response to standing 

Ewing described the methodology for this test as “The subject lies quietly on a couch and 

then stands up unaided”. The maximum heart rate response occurs at around, the 15
th
 beat, 

followed by a bradycardia around the 30
th
 beat. Ewing termed this the 30:15 ratio, which is 

the ratio of the longest R-R interval around the 30
th
 beat divided by the ratio of the shortest 

R-R interval around the 15
th
 beat. The ratio of the maximum and minimum heart rate in the 

first 30 seconds from standing has also been proposed to take into account individual 

differences.
27

  

Figure 3.6 shows the heart rate response to standing in a normal subject with the 15
th
, 30

th
, 

maximum and minimum beats identified.  

 
           Figure 3.6. Heart rate response to standing in a normal control subject. 

 

For the purpose of this study both ratios were measured. To ensure consistency the 30:15 

ratio was defined as  
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Repeatability of heart rate response to standing 

The mean difference in repeated lying-standing heart rate ratio obtained in 13 participants, at 

three months, was -0.01. The 95% confidence interval (CI) of the mean difference was -0.1 

to 0.08. The 95% limits of agreement were -0.30 to 0.29 and the Bland-Altman plot is shown 

(See figure 3.7). 
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Figure 3.7. Bland-Altman plot of lying-standing heart rate ratio repeatability. 

 

Heart rate response to deep breathing 

Ewing described the methodology for this test as “The patient sits quietly and breathes 

deeply at six breaths a minute (five seconds in and five seconds out) for one minute”. The 

mean of the difference between the maximum and minimum heart rates for the six measured 

cycles is calculated. The result can also be expressed as the average of the 

maximum/minimum ratio, which is known as the E:I ratio. Alternative methods to assess the 
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heart rate response to deep breathing include the heart rate response to a single deep breath,
28

 

which has poorer repeatability than the six breaths.
29

 The addition of a single deep breath, 

along with the average of six deep breaths was added to a battery of autonomic function tests, 

which predicted increased mortality in type 2 diabetes .
30

  

In this study the heart rate response to deep breathing was assessed by a single deep breath 

and for one minute at six breaths per minute. Only the response to six breaths in participants 

with normal fasting plasma glucose was published (See Chapter 4). Table displays results of 

a single deep breath and for six breaths for the entire study population.  

 

 

Figure 3.8. Heart rate and blood pressure response to controlled respiration in a 

normal control subject (In: participant breathed in over 5 seconds, Out: participant 

breathed out over 5 seconds). 

 

To assess heart rate response to six breaths a metronome was used, with the instructor (CM) 

counting out aloud “in, 2, 3, 4, 5, 6, out, 2, 3, 4, 5, 6 …” for one minute. Figure 3.8 shows the 

heart rate and BP response to one minute of deep breathing in a normal subject.  
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Repeatability of controlled breathing 

The mean difference in heart rate (HR) during repeated controlled breathing obtained in 14 

participants, at three months, was -0.09 beats/min. The 95% CI of the mean difference was  

-2.8 to 2.6 beats/min. The 95% limits of agreement were -9.4 to 9.2 beats/min and the Bland-

Altman plot is shown (See Figure 3.9).  

 

 

                      Figure 3.9. Bland-Altman plot of controlled respiration repeatability. 

 

 

Heart rate response to Valsalva Manoeuvre 

The Valsalva test was performed as per Ewing
31

 “The test is performed by the patient 

blowing into a mouthpiece connected to an aneroid manometer or a modified 

sphygmomanometer and holding it at a pressure of 40 mm Hg for 15 seconds while a 

continuous electrocardiogram is recorded. The manoeuvre is performed three times with one 

minute intervals between”. A small air leak was induced to prevent the subject generating 

pressure from the buccal muscles, ensuring that the pressure generated was from contraction 

of the expiratory muscles.   
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The Valsalva manoeuvre is divided into four phases. Phase I:  The increase in intrathoracic 

pressure compresses the aorta causing a rise in BP, which induces a reflex bradycardia. Phase 

II: The prolonged increase in intrathoracic pressure causes a reduction in venous return, 

lowering BP. The baroreceptor reflex is activated, causing vasoconstriction and tachycardia, 

raising BP towards normal. Phase III: The strain is abruptly ceased; intrathoracic pressure 

suddenly drops causing blood to pool in the pulmonary vessels, which results in a further BP 

drop and associated further rise in heart. Phase IV: Venous return is restored and due to the 

raised systemic vascular resistance induced in phase II, BP overshoots inducing a 

baroreceptor mediated bradycardia. Ewing termed the result the Valsalva Ratio, which is 

defined as the ratio of longest R-R interval after the manoeuvre to the shortest R-R interval 

during the manoeuvre.  

 

 

  

Figure 3.10. Heart rate and BP response to the Valsalva manouevre (normal control 

subject). 

O‟Brien et al. (1986) proposed only one Valsalva is required.
28

 In this study three Valsalvas 

were obtained and the average taken. 
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To ensure consistency of measurement the minimum heart rate post Valsalva was determined 

at ± 2 beats from the peak systolic BP during the BP overshoot (phase IV) (See figure 3.10). 
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Where MAXRR=maximum RR interval and MINRR=minimum RR interval. 

 

Repeatability of Valsalva manoeuvre 
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Figure 3.11. Bland-Altman plot of valsalva repeatability. 

 

The mean difference in Valsalva ratio obtained in 12 participants, at three months, was -0.08. 

The 95% CI of the mean difference was -0.23 to 0.07. The 95% limits of agreement were  

-0.55 to 0.39 and the Bland-Altman plot is shown (Fig 3.11). 
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Normal values of autonomic function  

Ewing reported normal values for the three heart rate response tests for the total population 

as determined the responses were independent of age
26

 whereas others found an age 

relationship.
28, 32 

 

The following table displays age values obtained from this study and the repeatability. The 

normal age values were obtained after exclusion of participants that had a 2hPG ≥ 7.8 mmol/l 

or who said they regularly drank ≥ three standard drinks of alcohol per day. 

 

Table 3.1: Values of heart rate response to autonomic function tests by age categorisation 

 30:15 ratio Deep breathing (bpm) Valsalva ratio 

Age (years) 40-49 50-59 60-69 40-49 50-59 60-69 40-49 50-59 60-69 

Number 10 33 19 7 21 11 10 32 21 

Median 1.37 1.26 1.14 15.1 14.4 11.7 1.73 1.43 1.30 

Range 1.06-1.85 1.05-1.70 0.95-1.32 7.0-33.7 4.8-27.9 4.9-20.8 1.21-2.14 1.12-2.22 1.07-1.79 

bpm: beats per minute, N: Number, IQR: Inter-quartile range. 

 

BP response to standing 

Oscillatory BP was taken whilst the participant was supine, after two minutes of rest. The 

participant was asked to stand, in a timely fashion, in less than 5 seconds, without assistance. 

The participant was instructed to stand still, no talking or movement until the BP was 

finished. BP was taken one minute post standing. 
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Repeatability of BP response to standing 

The mean difference in systolic BP to standing in 12 participants was 3 mmHg. The 95% CI 

of the mean difference was 0 to 6 mmHg. The 95% limits of agreement were -13 to 7 mmHg 

and the Bland-Altman plot is shown (See Figure 3.12).  

 

 
                      Figure 3.12. Bland-Altman plot of lying-standing SBP repeatability. 

 

The mean difference in diastolic BP to standing in 12 participants, at three months, was 0 

mmHg. The 95% CI of the mean difference was -3 to 2 mmHg. The 95% limits of agreement 

were -8 to 8 mmHg and the Bland-Altman plot is shown (See Figure 3.13).  

 

Figure 3.13. Bland-Altman plot lying-standing DBP repeatability  
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BP response to sustained hand grip 

The participant was asked to use their dominant hand to grip a slightly inflated BP cuff. They 

were asked to squeeze the BP cuff as hard as possible. The maximum rise in pressure mmHg 

was noted. The participant was rested until heart rate and BP returned to baseline values. The 

participant was then asked to grip the inflated BP and apply pressure so that the mercury in 

the manometer reached one-third of the noted grip pressure. They were asked to hold the grip 

at this pressure for five minutes. Minutely oscillatory BPs were recorded. BP was taken on 

the non-dominant arm. The BP response was recorded as the difference between the 

maximum diastolic BP during the grip and the diastolic BP pre grip. 

 

Repeatability of BP response to sustained hand grip test 

 

 

Figure 3.14. Bland-Altman plot of sustained hand-grip repeatability. 

 

 

 

The mean difference in sustained grip diastolic BP in eight participants, at three months, was 

0 mmHg. The 95% CI of the mean difference was -3 to 2 mmHg. The 95% limits of 

agreement were -8 to 8 mmHg and the Bland-Altman plot is shown (See Figure 3.14).  
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Ewing autonomic function score 

Ewing developed a scoring system to grade the results of the five  tests.
31 

A score of  zero is 

given for a normal result, half a score for a borderline result and a score of one for an 

abnormal result for each test. The individual scores are added, with a potential range for the 

total score of zero to five. The total score results were published for subjects with normal 

fasting glucose (chapter 4). 

                   

Mental arithmetic stress test 

After resting for two minutes an oscillometric BP was taken. Subjects were then instructed to 

subtract out loud the value 13 from the value 4,300. Subjects were instructed to either start 

again or continue from the current value if they felt they had made a mistake and that no 

assistance would be given by the examiner. If a subject verbalised an inability to do this 

subtraction then they were offered the subtraction of 13 from 430. An oscillometric BP 

measurement was taken at one minute. The difference in diastolic BP at one minute, from the 

resting diastolic BP was calculated. 

 

Repeatability of the mental stress test 

The mean difference in diastolic BP to the mental stress test in 7 participants, at three 

months, was -1 mmHg. The 95% CI of the mean difference was -9 to 8 mmHg. The 95% 

limits of agreement were -19 to 18 mmHg and the Bland-Altman plot is shown (See Figure 

3.15).  
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 Figure 3.15. Figure 3.15. Bland-Altman plot of mental stress test repeatability. 

 

 

Other methods assessing heart rate variability 

Other methods to assess heart rate variability include Time Domain analysis and Frequency 

Domain analysis. Time domain analysis generally requires 24h recording whereas Frequency 

Domain analysis can be assessed using two to five minutes of heart rate recordings. 

 

Frequency Domain analysis 

Heart rate can be decomposed into different cycles. The heart rate cycle related to respiration 

(sinus arrhythmia), usually > 9 cycles per minute (0.15-0.4 Hz) is considered a high 

frequency (HF) cycle. Heart rate from 2.4 to 9 cycles per minute (0.04-0.15 Hz) is low 

frequency (LF). Ultra low (<0.03 Hz) and very low (0.03-04 Hz) frequency cycles can only 

be measured when heart rate is monitored for 24 hours. To assess autonomic function the 

ratio of LF/HF is used as a measure of autonomic function (Task Force of The European 

Society of Cardiology and The North American Society of Pacing and Electrophysiology 

1996). The HF cycle is considered a measure of parasympathetic function. Many researchers 

have used the LF cycle as a measure of sympathetic function, hence the LF/HF ratio is used 

as a measure of sympathetic /parasympathetic balance but this use is controversial.
33-35 
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Respiratory rate confounds the LF/HF ratio. If a person breaths at < 9 breaths per minute the 

result is respiratory cycling in the low frequency range. As the testing is done with the patient 

resting it is possible the respiratory rate could fall below this level.  

 

The TaskForce
®
 monitor (CN Systems, Graz, Austria), assesses real time heart rate 

variability using an autoregressive algorithm. Recordings were taken for ten minutes in the 

supine position and for two minutes with the participant breathing at a rate of 15 breaths per 

minute with the aid of a metronome. Figure 3.12 shows the effect on LF and HF when the 

heart rate is cycled at 15 breaths per minute Controlled respiration (15 breaths per minute) 

caused the LF to drop from 27.6% during uncontrolled respiration (the participant controlled 

own respiratory rate) to 16.6% , whereas HF rose from 72.4% to 83.4%.  

 

  

Figure 3.16. The effects of controlled respiration on heart rate cycling (normal control 

subject). 

 

Autonomic function testing protocol 

Autonomic function testing was done under standardised conditions. All participants were 

tested, in a quiet room, at a comfortable temperature around 21
o
C. Participants were all tested 
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in the morning after fasting (except water) from 9pm the night before. Participants on 

medication that are known to affect autonomic function were excluded from analysis. 

Subjects lay supine for five minutes before testing began.  

 

The order of autonomic function testing (TaskForce® monitor recording) was 1) five 

minutes lying supine in a quiet room, alone, before 10 minutes electrocardiography (HRV) 

recording, 2) two minutes electrocardiography recording (HRV), with the participant 

breathing at 15 breaths per minute with the aid of a metronome, 3) lying-standing heart rate 

and BP, 4) sitting-deep breathing for one minute with one minute practice prior to recording, 

5) sitting-three Valsalva manouevres, 6) mental stress test and 7) sustained hand grip test. 

 

3.7.3 Insulin resistance/glucose status 

The gold standard for measurement of insulin resistance is the hyperinsulinaemic euglycemic 

clamp test,
36

 which is invasive and labour intensive. The oral glucose tolerance test (OGTT) 

is considered an acceptable alternative for research studies.
37

 The reproducibility of the 

OGTT is a limitation
38

 but the OGTT reflects physiological conditions rather than those 

under laboratory conditions. 

 

Derived indices from OGTT include measures based on fasting plasma insulin and glucose. 

The most commonly used are the Homeostasis model assessment (HOMA)
39

 and quantitative 

insulin sensitivity check index (QUICKI)
40

 tests, which have been validated against the gold 

standard.  

 

22.5

insulin plasma Fasting  glucose plasma Fasting
 HOMA  
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The QUICKI formula attempts to normalize the right skewed nature of plasma insulin and 

glucose levels by taking their logarithms. Lower levels reflect insulin resistance. 

 

mg/dL) glucose glog(Fastin )  U/mLinsulin  glog(Fastin

1
QUICKI  

 

Both formulas are functions of fasting plasma glucose and insulin hence can be considered 

surrogate markers of hepatic insulin resistance.  

The classification of insulin resistance with tests based on the oral glucose administration 

may allow earlier identification of insulin resistance than indices based on the fasting 

measures.
42

 Measures that utilize glucose and insulin plasma levels obtained immediately 

prior to and two to three hours post OGTT have been used to derive estimates of both hepatic 

and peripheral insulin resistance, these include area-under-the-curve insulin and glucose and 

mathematical models that include both of these measures.
37

 The 2hPG can be considered a 

measure that reflects peripheral insulin resistance,
41 

which is known to be present in 

hypertension.
44 

 

Many of these derived tests have not been validated in longitudinal studies, whereas the 

2hPG has been shown to be associated with endothelial dysfunction in hypertensives
45

 and 

has been shown to predict future hypertension.
46, 47

 

 

Participants had an OGTT with insulin and glucose measured at 0, 30, 60 and 120 minutes. 

The 2hPG was used as a measure of peripheral insulin resistance and the area-under-the-

curve glucose and insulin (using trapezoid method to calculate the area) was used as a 
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measure of hepatic and peripheral insulin resistance. Chapter 4 displays results of these 

measures in subjects with normal fasting glucose, comparing the different groups. 

 

3.7.4 Endothelial Dysfunction 

Flow mediated-dilatation 

Flow-mediated dilatation (FMD) is a procedure that measures brachial artery response to 

shear stress. Shear stress induces nitric oxide vasodilation. FMD can be considered a 

surrogate measure of oxidative stress and endothelial dysfunction. Studies have found 

reduced FMD in hypertensives
48

 and FMD was associated with cardiovascular events in 

hypertensives.
49 

 

Two prospective studies found no association between FMD and risk of development of 

hypertension.
50,51

  

 

Participants rested for ten minutes prior to FMD measurement. A BP cuff was placed above 

the antecubital fossa and a baseline rest image was acquired. Arterial occlusion was created 

by cuff inflation to 50 mmHg above systolic pressure (measured just prior to FMD) for five 

minutes. The longitudinal image of the artery was recorded continuously for two minutes 

after cuff deflation. The diameter of the brachial artery (the media-adventitia interfaces) was 

identified manually with electronic calipers. The change in artery diameter was assessed at 

60 seconds post deflation. Analysis of the change in artery diameter was undertaken using 

linear regression adjusting for baseline artery diameter. FMD was measured by the same 

person (SC). 
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Repeatability of FMD 

 

 

Figure 3.17. Bland-Altman plot of flow-mediated dilation repeatability. 

 

The mean difference in diastolic BP to the mental stress test in 16 participants, at three 

months, was 0.6% mmHg. The 95% CI of the mean difference was -1.3 to 2.5%. The 95% 

limits of agreement were 6 to 8% and the Bland-Altman plot is shown (See Figure 3.17).  

 

3.7.5 Circulating biomarkers 

Chapter two reviewed studies that measured circulating biomarkers in WCHT. Circulating 

measures of vascular endothelial dysfunction, inflammation and fibrinolytic measured were 

 

 Von Willebrand factor (vWF). vWF  is released by endothelial cells and has been 

found to negatively correlate with FMD
52

  and is associated with target organ 

damage in hypertensives.
53
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 Asymmetric dimethylarginine (ADMA) is an inhibitor of NO synthase
54 

and 

elevated levels are associated with conditions associated with increased 

cardiovascular risk including hypertension,
55

 and insulin resistance
56

 and predicts 

cardiovascular events.
57

 

 High sensitivity c-reactive protein (hsCRP) is commonly used to assess vascular 

inflammation in research.  

 Plasminogen Activator 1 (PAI-1) assesses fibrinolytic vascular function and 

inflammation as it is induced by CRP.
58

 

 

Two of these circulating biomarkers (CRP and PAI-1) along with urinary albumin-creatinine 

ratio were associated with incident hypertension in a multivariate analysis of biomarkers 

from the Framingham Offspring Study.
59

 

 

3.7.6. Plasma biochemistry methods 

Bloods for lipid profiling, insulin and glucose were sent immediately to Southern Cross 

pathology, Monash Health for analysis. Blood samples for cRP, vWF, plasminogen activator 

I (PAI-1), ADMA were spun and the plasma frozen at -70
oC

 until analysis.  

Table 3.2 shows the repeatability of the bloods. Information was obtained from available 

information sheet from the kit. 
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Table 3.2: Repeatability of circulating biomarkers. 

Test 

 

 Coefficient of Variation 

(Intra-assay) 

Kit Information 

sheet 

 

Triglycerides Beckman Coulter 

commercial enzymatic 

assay 

 

7.4% at 1.0 mmol/l 

4.7% at 2.0 mmol/l 

389951AA  1A TG  

Cholesterol Beckman Coulter 

commercial enzymatic 

assay 

 

1.9% at 3.4 mmol/l 

1.3% at 7.0 mmol/l 

 

389895AA  5A 

CHOL  

High density 

lipoprotein 

Beckman Coulter 

commercial enzymatic 

assay 

 

4.4% at  0.65 mmol/l 

4.5% at 1.4 mmol/l 

 

389918AA  8A 

HDLD  

 

Low density 

lipoprotein 

CHOL – HDLC – 

(TRIG/2.25)   

 389918AA  8A 

HDLD  

 

Glucose Beckman Coulter 

commercial rate assay 

 

2.6% at 4.7 mmol/l  

1.6%at 15.7 mmol/Ll  

389747  AA GLU3  

Insulin Beckman Coulter 

Access/DXI 

Ultrasensitive Insulin 

assay 

 

6.9% at 14.2 mIu/l 

6.1% at 50.4 mIU/l 

4.6% at 127.7 mIU/l 

N/A 

ADMA ImmunDiagnostik AG 

Bensheim ELISA 

assay 

 

9.3% at 0.43 µmol/l 

13.5% at 0.74 µmol/l 

N/A 

Plasminogen 

activator 1 

Behring  commercial 

assay kit 

7.7% at 2.6 Inhibitory 

units/ml  

7.3% at 4.1 Inhibitory 

units/ml  

 

N/A 

Von Willebrand 

factor 

DakoCytomation  

ELISA assay 

7.1% at 1.29 U/ml 

5.1% at 0.44 U/ml 

N/A 

 

Leptin 

 

N/A N/A N/A 

 

Urinary protein 

 

Beckman Diagnostics 

Nepholemetric 

technology on a 

Beckman Immage 

Analyser 

 

4.2% at 12.1 mg/l 

5.3% at 45.0 mg/l 

 

Beckman Immage 

Chemistry 

information 

manual. 988643, 

Sept 2003 

N/A: Not available.
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Leptin 

Leptin analysis was performed by Dr Nina Eikelis at the Baker Institute. Leptin is an 

adipokine that is associated with insulin resistance,
60

 induces oxidative stress
61

 and the 

sympathetic nervous system
62

 and is implicated in the development of hypertension.
63

 

 

 

Figure 3.18. Scatter plot of leptin and waist circumference. 

 

Leptin is known to be right skewed and is associated with waist circumference, which was 

confirmed in this study (see figure 3.13) hence leptin measurements were log-transformed 

and adjusted for waist circumference in all analyses. 

 

3.7.7 Proteinuria 

Microalbuminuria can be considered a marker of renal vascular endothelial dysfunction.
64

 

The gold standard for assessing microalbuminuria is a 24h urine collection but is logistically 

inconvenient for studies, particularly the cost and storage. An early morning spot urine test is 

considered an acceptable screening test for microalbuminuria.
65
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guidelines suggest a normal albumin-creatinine ratio: < 22 mg/g for males and < 31 mg/g for 

females.  

Participants were asked to provide an early morning urine specimen. Urine samples were 

frozen at at -70
oC

 until analysis.  

As the results were given in mg/mmol, the albumin-creatinine ratio was converted to mg/g by 

being multiplied by 8.85. 

(http://www.sydpath.stvincents.com.au/other/Conversions/ConversionMasterF3.htm) 
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4.1 Introduction 

The published paper in Chapter 2 showed that studies looking at biomarkers in WCHT have 

reported mixed results. The studies used different definitions for WCHT and many of the 

studies did not adjust for potential confounders making it difficult to determine if WCHT is 

associated with any biomarkers of cardiovascular disease. 

 

The published paper in this chapter reported the results of a carefully controlled study in a 

WCHT group (non-smoking, normal fasting plasma glucose and no known diabetes), defined 

by strict criteria (two ABPM recordings) and using a consensus definition for WCHT. This 

study examined markers of specific pathophysiological mechanisms that may potentially be 

involved in WCHT.  

 

Questions addressed: 

 Is WCHT associated with glucose dysregulation or insulin resistance? 

 Is WCHT associated with artery stiffness? 

 Is WCHT associated with autonomic dysfunction? 

 Is WCHT associated with circulating biomarkers of endothelial dysfunction and 

inflammation? 

 

The addendum to Chapter Four reports the results of an analysis looking at specific sub-

groups (across blood pressure and glucose dysregulation spectra) and individual test 

components.  
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Two hour glucose post loading
: a biomarker of cardiovascular
risk in isolated clinic hypertension
Catherine A. Martina, James D. Cameronb, Suzi S. Chena and
Barry P. McGratha
Background Isolated clinic hypertension (ICHT) may be an

indicator of both future hypertension and diabetes. This

study examines the 2-h plasma glucose level post load

(2hPG), and measures of arterial stiffness, autonomic

function and circulating biomarkers in ICHT, normotension

and hypertension.

Methods Participants aged 39–75 years, who were

untreated for hypertension, nonsmokers and not known

diabetic (n U 105) were categorized as normotension, ICHT

and hypertension, based on clinic and mean daytime

ambulatory blood pressures. Participants had

measurements of autonomic function, aorto-femoral

pulse wave velocity (PWVc), as well as blood sampling for

lipids and potential circulating biomarkers [high sensitivity

C-reactive protein (hsCRP), plasminogen activator inhibitor

1 (PAI-1), asymmetric dimethylarginine (ADMA), and von

Willebrand factor (vWF)], followed by a glucose tolerance test.

Results A total of 8.3% normotension, 37.9% ICHT and 15%

hypertension patients had impaired glucose tolerance.

Mean 2hPG adjusted for age and waist circumference was

5.7 mmol/l [interquartile range (IQR) 5.2–6.4] for

normotension, 7.4 mmol/l (IQR 6.5–8.3) for ICHT (P U 0.002

vs. normotension) and 6.2 mmol/l (IQR 5.6–6.9) for

hypertension group. Other measures of insulin resistance

were similar in the three groups. Mental stress testing

induced a greater blood pressure response in the ICHT

group (P U 0.01 vs. normotension); other autonomic
opyright © Lippincott Williams & Wilkins. Unauth
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function measures were similar in the three groups. Mean

PWVc, adjusted for age and blood pressure, was similar in

ICHT and normotension but increased in the hypertension

group. Circulating biomarker levels were not different in the

three groups.

Conclusion Assessment of total cardiovascular risk in

patients with ICHT should include measurement of

postprandial glucose. J Hypertens 29:749–757 Q 2011

Wolters Kluwer Health | Lippincott Williams & Wilkins.
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Introduction
Isolated clinic hypertension (ICHT), also known as

‘white coat’ hypertension, is estimated to have a popu-

lation prevalence of about 15% [1,2]. In the Pressioni

Arteriose Monitorate E. Loro Associazioni (PAMELA)

study patients with ICHT were not only more likely to

progress to sustained hypertension compared to normo-

tensive participants [3], but were also more likely to

develop blood glucose abnormalities [4]. It was con-

sidered that the progression towards blood glucose

abnormalities was predominantly attributable to meta-

bolic abnormalities associated with presence of ICHT.

Two large prospective studies have found an association

between 2-h plasma glucose post oral glucose load

(2hPG) and incident hypertension. The Australian Dia-

betes, Obesity and Lifestyle (AusDiab) study, which

followed 4413 participants, found a baseline 2hPG was

associated with incident hypertension over a 5-year
period with the results remaining statistically significant

after adjusting for confounding factors [5]. A Mauritian

study which prospectively followed 3581 participants

found that at 5 years the baseline 2hPG was also asso-

ciated with incident hypertension after adjusting for

similar confounders [6].

Previous studies have shown that the 2hPG appears to be

an important biomarker of cardiovascular risk. In the

AusDiab study cardiovascular and all-cause mortality

rates were linearly associated with the 2hPG in nondia-

betic individuals after adjustment for age and sex [7].

A large meta-analysis, involving 95 783 participants,

showed a progressive relationship between the 2hPG

and cardiovascular events [8]. In addition therapy tar-

geted at exaggerated postprandial glucose rise in diabetic

patients has cardiovascular benefit [9].

In this cross-sectional study we compare the 2hPG,

adjusted for confounding variables (age and waist
orized reproduction of this article is prohibit   
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circumference), in groups of participants with normal

blood pressure (normotension), isolated clinic hyperten-

sion (ICHT) and hypertension. Only individuals with

normal fasting plasma glucose were included in the

analysis. To investigate potential mediators that might

cluster with, or be potential mediators of ICHT, we also

examined central aorto-femoral pulse wave velocity

(PWVc), autonomic function, and circulating markers

of endothelial dysfunction and inflammation.

Methods
The study was approved by the institutional human

research ethics committee. Adult individuals (18–

79 years) were recruited through referrals to an ambu-

latory blood pressure monitoring service and by adver-

tisement. Patients with ICHT were recruited by review

of all ABPM reports, for the previous 2 years. This service

receives referrals from 120 general practitioners from a

service population of 150 000 people. Any patient

reported as having ICHT or hypertension and not receiv-

ing antihypertensive drug therapy were contacted

by mail inviting them to participate in this study.

Hypertensive and normotensive individuals were also

recruited by advertisements in local newspapers in the

same geographic areas as the referring general prac-

titioners.

Individuals were excluded if they were smokers, had

known diabetes, were taking antihypertensive medi-

cation, or had existing liver, renal or cardiovascular dis-

ease or any malignancy. Written informed consent was

obtained from all participants.

Participants presented in the morning, after a minimum

fast of 10 h. Two sitting blood pressure measurements

were taken on the left arm at 1-min intervals using an

automated oscillometric blood pressure device (Task

Force monitor; CNSystems, Graz, Austria). One of the

authors (C.M.) remained in the room for these measure-

ments in order to mimic usual clinical practice. The

study participant was then left alone in the room and

after a further 5 min of rest three sitting blood pressure

measurements were automatically recorded at 3-min

intervals. All anthropomorphic measurements were then

taken by the same person (S.C.). Waist circumference

was measured at the halfway point between the inferior

margin of the ribs and the superior border of the

iliac crests.

Each participant completed a questionnaire about

previous and present illnesses, family history, medi-

cation, diet, physical activity and alcohol habits. Alcohol

consumption was categorized into none, low health risk

(regular� two standard drinks on any day or occasio-

nal� four standard drinks) or high health risk (regular

> two standard drinks on any day or occasional > four

standard drinks). Presence of the metabolic syndrome
opyright © Lippincott Williams & Wilkins. Unautho
was defined on the basis of waist circumference, blood

pressure and lipid profile [10].

Measurement of autonomic function

Heart rate variability

Testing was performed and analysed by the same operator

(C.M.) using the Task Force monitor, which uses an

adaptive autoregressive parametric algorithm allowing

time-varying spectral estimation of heart rate variability

(HRV). Testing occurred in a quiet, air-conditioned room

with the participant resting supine for 10 min prior to

testing. Two recordings for analysis of HRV were taken:

one of 10 min with no constraints on the participant’s

breathing rate and the second for 2 min with the participant

breathing at a rate of 15 breaths per minute (0.25 Hz) with

the aid of a metronome. Analysis was performed on the

middle 5 min of the 10-min unconstrained measurements

and on the entire 2-min recording during constrained

breathing. Any participant’s data displaying more than

three ectopics perminutewere not includedin theanalysis.

Low frequency (LF) was defined as 0.05–0.15 Hz and high

frequency (HF) was defined as 0.15–0.4 Hz. Normalized

LF (LF_nu) is defined as LF/(LFþHF) and normalized

HF (HF_nu) as HF/(LFþHF).

Postural blood pressure and heart rate responses

After lying supine for 2 min an oscillometric blood pres-

sure measurement was taken. The participant was then

asked to promptly stand, without assistance, and to stand

still with no movement or talking for 1 min. Standing

oscillometric blood pressure was taken 1 min post stand-

ing. From the continuous recording, the maximum heart

rate at 15� 2 s and the minimum heart rate at 30� 2 s

were identified.

Heart rate responses to respiration

Participants were asked to take a deep breath in and out.

The minimum heart rate during expiration was sub-

tracted from the maximum heart rate during inspiration.

Each participant then had controlled breathing, at a rate

of six breaths per minute for 1 min, with the operator,

using a metronome, pacing the participant’s breathing

rate. The maximum heart rate during inspiration and the

minimum heart rate during expiration were identified in

each cycle and the difference calculated. The average of

the difference for the six cycles was calculated.

Heart rate response to the Valsalva manoeuvre

Each participant performed three Valsalva manoeuvres in

the sitting position with continuous beat-to-beat finger

blood pressure recording. Participants rested for 2 min

between each manoeuvre. The maximum heart rate,

during the forced exhalation strain against a closed glottis

(phase 2), and the minimum heart associated with the

maximum systolic blood pressure immediately after

exhalation ceased (phase 4), were measured.
rized reproduction of this article is prohibited.
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Mental arithmetic stress test

After resting for 2 min an oscillometric blood pressure was

taken. Participants were then instructed to subtract out

loud the value 13 from the value 4300. Participants were

instructed to either start again or continue from the

current value if they felt they had made a mistake and

that no assistance would be given by the examiner. If a

participant verbalized an inability to do this subtraction

then they were offered the subtraction of 13 from 430. An

oscillometric blood pressure measurement was taken at

1 min. The difference in systolic and diastolic blood

pressures at 1 min, from the resting systolic and diastolic

blood pressures was calculated.

Sustained handgrip test

After resting for 2 min an oscillometric blood pressure

was taken. Participants were asked to squeeze a cuff

connected to a sphygmomanometer and the maximal

pressure was noted. Participants were then asked to

squeeze the cuff to one-third of the noted maximum

pressure for 5 min, and oscillometric blood pressure

measurements were taken on the other arm at 1-min

intervals. The diastolic blood pressure difference from

resting to the peak response during the grip was

calculated.

Central pulse wave velocity

Central aorto-femoral PWV (PWVc) measurements

were performed by the same two operators (C.M.,

S.C.), in a quiet air-conditioned room after 10 min of

rest and with the participant lying supine. Continuous

pulse pressure wave signals were recorded with hand-

held tonometers (Millar Mikro-tip, SPT-301; Millar

Instruments, Houston, Texas, USA) positioned at the

base of the right common carotid artery and over the

right common femoral artery. Transit distance was

defined as the measured distance from the sternal notch

to femoral artery minus distance from sternal notch to

carotid. The start of systole was defined by the local

maximum of the first derivative of the pressure signal.

Mean transit time (Dt) between the feet of simul-

taneously recorded waves was determined from 10

consecutive cardiac cycles. Mean arterial pressure

(MAP) was estimated from an oscillometric blood pres-

sure measurement taken immediately post recording of

the arterial waveforms.

Biochemical measures
Blood samples were taken under fasting conditions,

following which participants consumed a 75 g glucose

solution over a period of 5 min. Plasma glucose was

measured at 30, 60 and 120 min post glucose load. Blood

samples were processed immediately after collection.

Plasma glucose was analysed by the glucose oxidase

method and insulin determined by the Access/DXI

Ultrasensitive one-step immunoenzymatic assay. WHO

criteria were used to define newly diagnosed diabetes as a
opyright © Lippincott Williams & Wilkins. Unauth
2hPG level at least 11.1 mmol/l and impaired glucose

tolerance (IGT) was defined as a 2hPG level at least

7.8 mmol/l and less than 11.1 mmol/l [11].

Plasma samples for fasting plasma cholesterol, triglycer-

ides, low-density lipoprotein (LDL), and high-density

lipoprotein (HDL) were analysed immediately, whereas

plasma for asymmetric dimethylarginine (ADMA), von

Willebrand factor (vWF), plasminogen activator inhibi-

tor-1 (PAI-1), and C-reactive protein (hsCRP) was stored

at �708C until analysis. Commercial assay kits were used

for these analyses.

Ambulatory blood pressure monitoring
Ambulatory blood pressure monitoring was performed

using a portable device (Meditech Cardiotens; Meditech

Ltd, Hungary) and was commenced after the glucose

tolerance test between 1200 and 1400 h. The blood

pressure cuff was placed on the nondominant arm.

Participants wore the device for 24 h with blood pressure

measurements recorded every 30 min day and night. Day

and night-time periods were determined from diary

information provided by the participant noting the time

they fell asleep and the time they woke and stayed

awake. Participants were told to continue normal acti-

vities during the 24-h blood pressure monitoring period.

Normotensive individuals were defined as reported clinic

blood pressure below 140/90 mmHg and daytime ABP

(dABP) less than 135/85 mmHg. ICHT was defined as

reported clinic blood pressure at least 140/90 mmHg and

dABP less than 135/85 mmHg. Sustained hypertension

was defined as reported clinic at least 140/90 mmHg and

dABP at least 135/85 mmHg. Repeat 24-h ABPM within a

12-month period was required in all patients with ICHT

to confirm this diagnosis.

Statistical analysis
For each participant the observed blood pressure

recorded was the second reading. The average sitting

blood pressure (no observer present) was calculated as the

average of the three recordings. Participants were classi-

fied as having the metabolic syndrome based on measure-

ments of waist circumference, blood pressure and lipid

profile [10]. As ICHT is a condition in which ambulatory

and home BP readings are within the normal range, two

blood pressure measurements were used in determining

if a participant had the metabolic syndrome. In the first of

these, the observed blood pressure was used consistent

with usual clinical practice. The second determination

was based on the average daytime ambulatory blood

pressure. An autonomic function score was obtained

[12]. Normal fasting blood glucose was defined as less

than 5.6 mmol/l [10].

Statistics

STATA, version 10, (StataCorp LP, College Station,

Texas, USA) was used to analyse the data. Normally
orized reproduction of this article is prohibited
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Table 1 Baseline characteristics of study participants

NT ICHT HT P value ICHT vs. NT P value HT vs. NT

Number 36 29 40
Age (years) 54.9�9.3 55.8�8.3 57.9�9.4 0.70 0.15
Female 26 (72.2) 25 (86.2) 23 (57.5) 0.17 0.18
Female menopause 24 (92.3) 22 (88.0) 22 (95.5) 0.85 0.66
Alcohol consumption

None 11 (32.3) 15 (45.4) 13 (33.3) 0.22 0.55
Low health risk 19 (55.9) 10 (33.5) 18 (46.2)
High health risk 4 (11.8) 4 (13.8) 8 (20.5)

Waist (cm) 86.0�13.1 84.1�11.1 93.2�10.7 0.50 0.009
BMI (kg/m2) 26.3 (22.8–28.5) 25.4 (22.2–26.4) 26.4 (24.2–28.7) 0.76 0.21
Metabolic syndrome defined on basis of:
observed BP 7 (19.4) 6 (20.7) 16 (40.0) 0.44 0.05
ambulatory daytime BP 7 (19.4) 2 (6.9) 21 (52.5) 0.15 0.003
Cholesterol (mmol/l) 5.6�1.1 5.4�0.9 5.5�1.0 0.47 0.67
Triglycerides (mmol/l) 0.95 (0.60–1.40) 1.01 (0.60–1.30) 1.25 (0.75–1.55) 0.57 0.16
HDL (mmol/l) 1.41�0.39 1.43�0.36 1.21�0.40 0.91 0.03
LDL (mmol/l) 3.60�1.10 3.52�0.84 3.70�0.97 0.75 0.65

Data presented as mean� standard deviation, number (%) or median (25th–75th quartile). HDL, high-density lipoprotein; HT, hypertension; ICHT, Isolated clinic
hypertension; LDL, low-density lipoprotein; n, number; NT, normotension.
distributed data are expressed as mean� standard devi-

ation, whereas skewed data are expressed as median

[interquartile range (IQR)]. Categorical data are expressed

as percentages. Positive skewed data was log-transformed

prior to analysis.

The 2hPG is positive and right skewed, hence it required

log-transformation for analysis. Sample size was calcu-

lated using the method of sample size calculation for log-

transformed data [13]. Estimated sample size was 33

participants per group, based on the coefficient of varia-

tion of 2hPG in a normotensive population in the

AusDiab study [5] and allowing a ratio of 1.25 in

the 2hPG of the ICHT group compared to the normoten-

sive group. To allow the comparisons of the two hyper-

tensive groups against the normotensive group the follow-

ing conditions were applied: power¼ 0.8 and a¼ 0.025. All

comparisons were two-sided. Logistic regression was used

to analyse binary outcomes, whereas linear regression was

used to analyse continuous outcomes. Fisher’s exact test

was used to analyse count data. Statistical significance was

considered to be met at a¼ 0.05.

Results
One hundred and twenty-eight participants were

recruited. Eight individuals were excluded as their

fasting plasma glucose was elevated (> 5.6 mmol).

Two individuals with ICHT were commenced on drug

therapy by their general practitioners before repeat

ABPM. Two individuals with ICHT had elevated repeat

ABPM showing borderline or elevated dABP (�135/85).

One met the definition of ICHT (based on average

daytime blood pressure on two occasions) but had an

elevated night-time blood pressure and the decision was

made to classify this patient in the hypertensive group.

To control for the disparity in age ranges of the groups,

the analysis was confined to the age range 39–75 years.

Thirty-six normotension, 29 ICHT and 40 hypertension
opyright © Lippincott Williams & Wilkins. Unautho
patients remained in the analysis. Nineteen of the 29

ICHT patients were recruited via our ABPM service with

the remainder by advertisement. Twelve of the 40

untreated hypertensive patients were recruited via our

ABPM service and 28 by advertisement. All of the

normotensive patients were recruited by advertisement.

As shown in Table 1, baseline characteristics in the ICHT

group were similar to the normotension group. The

hypertension group is statistically different from the

normotension group with regard to greater waist circum-

ference, lower HDL and presence of the metabolic

syndrome. This is the case whether the metabolic syn-

drome was defined using observed or ambulatory daytime

blood pressure measurements.

The groups were similar in ethnicity with the majority of

patients being of British or European descent (97% for

normotension, 90% for both ICHT and hypertension

groups) with the remainder being of Asian descent.

Comparison of blood pressure measurements in the
three groups
These results are shown in Table 2. The observed sitting

blood pressure, average unobserved sitting blood pres-

sure and first ABPM blood pressures for the ICHT group

were intermediate between those of the normotension

and hypertension groups. In all three groups unobserved

readings were lowest. The average 24-h, day and night

ABPM blood pressures in the ICHT group were similar

to those of the normotension group. The observed sitting

blood pressure for the normotension and ICHT groups

were similar to their first ABPM blood pressure; their

unobserved sitting average blood pressures were similar

to their 24-h day average ABPM blood pressure.

2hPG measurements and indices of insulin resistance
Two normotension (5.5%), two hypertension (5.0%) and

one ICHT patients (3.0%) were found to be diabetic on
rized reproduction of this article is prohibited.
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Table 2 Blood pressure measurements by blood pressure category

NT ICHT HT

Observeda sitting BP 121/80�9/8 133/87�9/10 143/92�19/9
Average sitting BP, no observer present 117/77�9/6 124/81�9/8 137/89�14/9
First ABPM BP 123/75�13/9 134/83�14/9 150/89�21/9
Average day ABPM BP 121/72�9/7 126/76�6/5 143/85�9/5
Average night ABPM BP 104/59�8/6 106/60�7/6 121/69�13/8

Data is displayed as mean�SD. ABPM, ambulatory blood pressure monitoring; BP, blood pressure; HT, hypertension; ICHT, isolated clinic hypertension; NT,
normotension. Measures, mmHg. a Observer: registered nurse.
the 2hPG. Three (8.3%) normotension, 11 (37.9%) ICHT

and 6 (15.0%) hypertension patients were diagnosed with

IGT (Table 3). No statistical difference was found, after

adjusting for age and waist circumference, between

measures of insulin resistance and sex. After adjusting

for age and waist circumference, there was a statistical

difference in the 2hPG in the ICHT group compared to

the normotension group. The estimated geometric mean

values for the average study age of 56 years and average

study waist circumference of 88.6 cm was 7.4 mmol/l (95%

CI 6.5–8.3) compared with 5.7 mmol/l (95% CI 5.2–6.4) for

a normotension patient of same age and waist circumfer-

ence (P¼ 0.002). The 2hPG for the hypertension group

was elevated at 6.2 mmol/l (95% CI 5.6–6.9) but was not

statistically different from the normotensive group

(P¼ 0.28). Although not statistically significant and con-

sidering the constraint on fasting plasma glucose levels in

this study, there was a trend towards higher mean fasting

plasma insulin and homeostasis model of insulin resistance

(HOMA_IR) levels in the hypertension group. The ICHT

group had a significantly higher glucose area-under-the-

curve (AUC) (P< 0.001) compared to the normotensive

group. As women predominated in the normotensive and

ICHT groups, a separate analysis of glucose and insulin

measures was performed for women (Table 4). The ICHT

group had higher estimated geometric mean values for

2hPG and glucose AUC, adjusted for age, menopause

status and waist circumference.

The ICHT group displayed a similar median glucose

profile over time to that of the hypertension group
opyright © Lippincott Williams & Wilkins. Unauth

Table 3 Measures of insulin resistance

NT ICHT

Female/male 26/10 25/4
Diabetes 2 (5.6) 1 (3.4)
Impaired glucose tolerance 3 (8.3) 11 (37.9)
Unadjusted values

Fasting glucose (mmol/l) 4.8�0.3 4.9�0.3
Fasting insulin (mmol/l) 4.4 (2.8–6.3) 4.2 (3.2–5.1)
2hPG (mmol/l) 5.8 (4.5–7.0) 7.1 (5.9–9.0)

Adjusted values [b (95% CI)]a

HOMA_IR 0.89 (0.76–1.03) 0.96 (0.81–1.14
2hPG (mmol/l) 5.7 (5.2–6.4) 7.4 (6.5–8.3)
Glucose AUC (mmol/l. 120 min) 822 (766–882) 1015 (938–1098
Insulin AUC (mmol/l. 120 min) 5391 (4483–6483) 6218 (5054–764

Data presented as mean� standard deviation or number (%). 2hPG, 2-h plasma gluco
insulin resistance; HT, hypertension; ICHT, isolated clinic hypertension; NT, normotensio
average waist 88.6 cm.
(see Fig. 1). Log-transformed glucose AUC and log-

transformed insulin AUC were significantly correlated

with unobserved systolic blood pressures (r¼ 0.32,

P< 0.001; r¼ 0.32, P¼ 0.001) and dABPs (r¼ 0.23,

P¼ 0.02; r¼ 0.24, P¼ 0.01) across the study population.

Pulse wave velocity
Central pulse wave velocity was positive and right skewed

so was log-transformed for analysis. Age and mean arterial

pressure were linearly associated with log PWVc (r¼ 0.50,

P< 0.001 and r¼ 0.49, P< 0.001, respectively). There was

no statistical difference in PWVc between the sexes, or for

different levels of alcohol use. At the average age of

56 years and average MAP of 95mmHg, mean PWVc

was 7.8m/s in NT, 8.0m/s in ICHT and 8.6 m/s in HT

group (P¼ 0.006 for HT vs. NT) (Table 5). PWVc corre-

lated with fasting insulin (r¼ 0.29, P¼ 0.003), fasting

glucose (r¼ 0.24, P¼ 0.01) and HOMA_IR (r¼ 0.30,

P¼ 0.002) but not with the 2hPG.

Autonomic function, endothelial function and circulating
biomarkers
Normalized low frequency and high frequency, during

constrained (15 breaths per minute) and unconstrained

breathing, did not differ statistically between the blood

pressure groups (Table 6). Values given are estimates for

women, nonalcohol drinkers aged 56 years. Normalized

low frequency coefficients were 44.8% (IQR 35.8–53.8)

in normotensive, 46.5% (IQR 38.1–54.9) in ICHT and

48.9% (IQR 40.4–57.5) in the hypertensive group. The

greatest fall in normalized low frequency and the greatest
orized reproduction of this article is prohibited.

HT P value ICHT vs. NT P value HT vs. NT

23/17
2 (5.0) 0.69 0.91
6 (15.0) 0.004 0.38

4.9�0.4 0.18 0.64
5.1 (3.6–6.3) 0.89 0.05
6.3 (5.5–7.4) 0.002 0.12

) 0.97 (0.84–1.13) 0.49 0.39
6.2 (5.6–6.9) 0.002 0.28

) 906 (846–970) < 0.001 0.06
9) 5919 (4942–7089) 0.30 0.48

se post glucose load; AUC, area under curve; HOMA_IR, homeostasis model of
n. a Estimated geometric means [b (95% CI)] for study average age of 56 years and
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Table 4 Measures of insulin resistance (women)

NT ICHT HT P value ICHT vs. NT P value HT vs. NT

Number (postmenopause) 26 (24) 25 (22) 23 (22)
Waist (cm) 81.8�11.2 82.5�10.6 90.3�10.8 0.65 0.008
Diabetes 2 (7.7) 1 (4.0) 1 (4.3) 0.52 0.55
Impaired glucose tolerance 2 (7.7) 9 (36.0) 3 (12.0) 0.018 0.56
Unadjusted values

Fasting glucose (mmol/l) 4.8�0.3 4.9�0.2 4.9�0.4 0.14 0.37
Fasting insulin (mmol/l) 3.9 (2.7–6.2) 4.2 (3.2–5.1) 4.9 (3.6–5.7) 0.68 0.07
2 hPG (mmol/l) 5.7 (4.5–6.5) 6.8 (5.9–8.6) 6.6 (5.6–7.5) 0.008 0.10

Adjusted values [b (95% CI)]a

HOMA_IR 0.85 (0.71–1.01) 0.91 (0.76–1.09) 0.94 (0.77–1.15) 0.56 0.44
2 hPG (mmol/l) 5.8 (5.2–6.5) 7.0 (6.3–7.9) 6.3 (5.5–7.1) 0.016 0.39
Glucose AUC (mmol/l, 120 min) 817 (751–888) 978 (898–1066) 880 (800–968) 0.003 0.26
Insulin AUC (mmol/l, 120 min) 5366 (4314–6676) 5898 (4727–7359) 6084 (4766–7765) 0.54 0.46

Data presented as mean� standard deviation or number (%). 2hPG, 2-h plasma glucose post-glucose load; AUC, area under curve; HOMA_IR, homeostasis model of
insulin resistance; HT, hypertension; ICHT, isolated clinic hypertension; NT, normotension. a Estimated geometric means b and (95% CI) for postmenopausal female study
average age of 58 years and average waist 84.9 cm.
rise in normalized high frequency, from unconstrained to

constrained breathing occurred in the ICHT group, but

these were not significantly different from the changes

seen in the normotensive group.

The mean increases in DBP with the mental stress test

were 12 mmHg (IQR 6–18) in normotensive, 21 mmHg

(IQR 15–27) in ICHT (P¼ 0.01 vs. normotensive) and

17 mmHg (IQR 10–23) in the hypertensive group

(P¼NS vs. normotensive). There were no significant

differences in handgrip blood pressure responses among

the three groups (Table 6).

There were no significant differences in numbers of

patients with autonomic dysfunction: six (17%) in normo-

tensive, seven (24%) in ICHT and five (13%) in the

hypertensive group (Table 6).
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Mean values for circulating inflammation markers

(hsCRP, PAI-1) and endothelial function (vWF, ADMA)

were not significantly different in the three groups

(Table 7).
Discussion
The study found that in an ICHT group, with normal

fasting plasma glucose, the 2hPG glucose was signifi-

cantly elevated compared to a normotensive group,

similar for age and mean waist circumference. Women

were predominant in this study, in particular in the ICHT

group, and a separate analysis of women, with the

additional adjustment of menopausal status again showed

that the 2hPG was significantly elevated in the ICHT

group compared to normotension.
rized reproduction of this article is prohibited.
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Table 5 Pulse wave velocity

PWVc (m/s) NT ICHT HT

>12 0 0 3 (7.5)
9–12 5 (13.9) 6 (20.7) 15 (37.5)

P value ICHT vs. NT P value HT vs. NT

Adjusted values [b (95% CI)]a 7.8 (7.4–8.2) 8.0 (7.6–8.4) 8.6 (8.2–9.0) 0.38 0.006

CI, confidence interval; HT, hypertension; ICHT, isolated clinic hypertension; NT, normotension; PWVc, central pulse wave velocity; PWVc, number (%). a Estimated mean
values (95% CI) for PWVc adjusted for average study population arterial pressure (95 mmHg) and age (56 years).
The prevalence of IGT in the ICHT group (38%) was

much higher than expected for age and sex [14], and

could not be readily attributed to the metabolic syn-

drome, whether defined on observed or ambulatory blood

pressure measurements. The ICHT group displayed a

similar median glucose profile across time as the hyper-

tensive group. Two previous studies have examined the

2hPG in the ICHT population. A Turkish study, which

enrolled consecutive clinic patients aged 15–75 years,

including smokers, diabetic patients not on insulin and

patients with known coronary artery disease, reported a

prevalence of IGT or diabetes of 17.2% in the ICHT

group (n¼ 324) compared with 7.2% in the normotensive

group (n¼ 510) and 32.2% in the hypertensive group

(n¼ 121) [15]. However, in that study ABPM was only

performed on a single occasion in patients with high

home or office blood pressure and no information was

given regarding antihypertensive medication use. In the

20-year follow-up of participants in the Uppsala longi-

tudinal study of adult Swedish men, aged 70 years, patients

with ICHT had an average 2hPG of 7.9 mmol/l compared

to 6.9 mmol/l in the normotensive group and 8.2 mmol/l in
opyright © Lippincott Williams & Wilkins. Unauth

Table 6 Measures of autonomic function

ICHT
NT b (95% CI)

LF_nu (%) 44.8 (35.8–53.8) 46.5 (38.1–54.9)
HF_nu (%) 55.2 (46.2–64.2) 53.5 (45.1–61.9)
Controlled respiration 0.25 Hz
LF_nu D �3.4 (�13.4–6.5) �10.5 (�20.5–0.5)
HF_nu D 3.3 (�6.2–12.8) 11.2 (1.6–20.8)
MST, MAP difference 12 (6–18) 21 (15–27)
Grip test, DBP difference 18 (13–24) 14 (10–19)
Autonomic score
Number abnormal (%) 6 (17) 7 (24)

DBP, diastolic blood pressure; HT, hypertension; ICHT, isolated clinic hypertension; MA
coefficients are for a mean age of 56 years, female sex and nonalcohol use. LF_nu, no
estimated coefficients for mean age of 56 years, female sex and nonalcohol use, with

Table 7 Measures of circulating biomarkers

ICHT
NT b (95% CI)

hsCRP (mg/l) 1.7 (1.1–2.7) 1.3 (0.9–2.1)
PAI-1 (U/ml) 3.17 (2.84–3.81) 3.16 (2.77–3.61)
ADMA (mmol/l) 0.75 (0.62–0.88) 0.78 (0.65–0.90)
vWF (U/ml) 1.10 (0.93–1.27) 1.08 (0.90–1.26)

ADMA, asymmetric dimethylarginine; CI, confidence interval; hsCRP, high-sensitivit
normotension; PAI-1, plasminogen activator inhibitor 1; vWF, von Willebrand factor. hsC
adjusted for mean waist, ADMA adjusted for alcohol use.
the hypertensive group [15]. The analysis excluded indi-

viduals taking antihypertensive medication but included

smokers. The results of the present study in nonsmoking,

nondiabetic individuals who were not taking antihyper-

tensive therapy, are in substantial agreement with the

results of these two studies.

The question arises, as to whether this apparent link

between glucose metabolism and blood pressure is

mediated through insulin resistance or some other mech-

anism. The AusDiab and Mauritian studies showed that

the 2hPG predicted incident hypertension at 5 years,

independent of baseline anthropometric measures, fast-

ing plasma glucose and insulin sensitivity at baseline as

assessed by the homeostasis model [5,6]. However,

euglycaemic hyperinsulinaemia clamp studies have

shown that the 2hPG is associated with peripheral insulin

resistance [17,18], which is known to be present in

patients with untreated hypertension [19]. Measures of

liver and pancreatic insulin resistance – fasting plasma

glucose, insulin HOMA and insulin AUC – were not

significantly different between the hypertensive and the
orized reproduction of this article is prohibited.

HT P value ICHT vs. NT P value HT vs. NT

48.9 (40.4–57.5) 0.72 0.36
51.1 (42.5–59.6)

�4.5 (�14.4–5.3) 0.19 0.84
4.4 (�5.1–13.9)
17 (10–23) 0.01 0.20
19 (13–24) 0.24 0.91

5 (13) 0.45 0.64

P, mean arterial pressure; MST, Mental Stress Test; NT, normotension. Estimated
rmalized low frequency, HF_nu, normalized high frequency. LF_nu D and HF_nu D

adjustment for baseline LF_nu or HF_nu.

HT P value ICHT vs. NT P value HT vs. NT

1.1 (0.8–1.7) 0.41 0.16
3.11 (2.77–3.48) 0.99 0.81
0.80 (0.67–0.94) 0.75 0.54
1.10 (0.95–1.25) 0.88 0.97

y C-reactive protein; HT, hypertension; ICHT, isolated clinic hypertension; NT,
RP and PAI-1 log-transformed for analysis. hsCRP adjusted for mean waist, PAI-1
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normotensive groups in our study. This may be due to

the constraint on fasting plasma glucose of less than

5.6 mmol/l. However, these measures were generally

associated with the study population systolic blood press-

ures (unobserved or ABP), indicating the importance of

insulin resistance in relation to blood pressure. Longi-

tudinal studies have shown that the 2hPG better pre-

dicted cardiovascular events and mortality than fasting

plasma glucose [20–23], HbA1c [22,23] or the presence of

the metabolic syndrome [24]. The Stop Non-Insulin

Dependent Diabetes Mellitus study which randomized

patients with IGT to acarbose or placebo therapy, showed

a beneficial effect for acarbose therapy, with a reduction

in cardiovascular events and hypertension, but the num-

ber of events were small [9]. Further studies are required

to test the hypothesis that targeting the 2hPG is

beneficial for reducing risk of future hypertension and

cardiovascular events.

The prevalence of the metabolic syndrome in hyperten-

sion is elevated compared to normotenive individuals [25]

and in this study we found that the proportion of hyper-

tensive patients with the metabolic syndrome was high

whether defined by clinic (40%) or mean day 24-h ABPM

(52.5%). Population studies have shown that ICHT

patients are more likely to have metabolic abnormalities

compared to normotensive individuals [1,2,16,26]. To test

the hypothesis that ICHT is related to the metabolic

syndrome Helvaci et al. [27] examined the effects on blood

pressure of treating hyperglycaemia in overweight patients

with ICHT. Patients were given the choice of metformin

850 mg t.d.s. or a low-calorie diet to reduce their weight.

Compared to the diet-alone group, the metfomin group

had significantly higher rates of resolved ICHT, resolved

excess weight and obesity as well as lowered lipid

parameters over the 6-month period of study [28]. The

results of this study need to be interpreted with caution

given the lack of randomization of patients to the two

groups. Moreover the present study challenges this hypo-

thesis as the numbers of patients with the metabolic

syndrome, whether defined on the basis of observed or

ambulatory daytime average blood pressure, were similar

in the normotensive and ICHT groups.

Previous studies that have looked at PWVc in ICHT have

described increased mean values compared to normoten-

sive groups [29,30], but in these studies PWVc values

were not adjusted for the critical variables of age and

mean arterial pressure, which are well established impor-

tant determinants of PWVc [31]. In the present study

PWVc, when adjusted for age and MAP, was increased

in the hypertensive group but there was no significant

difference in the ICHT group compared to the normo-

tensive group. A plausible explanation for these results

is that the apparent 24-h blood pressure load, to which

the central arterial system is exposed, is clearly different

between hypertensive and normotensive but not

between ICHT and normotensive groups and it is the
opyright © Lippincott Williams & Wilkins. Unautho
sustained blood pressure load that contributes to

increased arterial stiffness.

A number of studies have examined autonomic function

in the ICHT group compared to normotension [32–40].

Increased efferent sympathetic activity as detected by

peroneal nerve recordings has been reported in patients

with ICHT but to a lesser degree than in hypertensive

patients [32,33]. Heart rate variability studies in ICHT

patients have given ambiguous results [34–37]. Two

mental stress studies have found the ICHT group had

a greater blood pressure rise than normotension [38] and

hypertension [39], whereas Garcia-Vera et al. [40] found

no significant difference between ICHT and normoten-

sion. In the present study a range of autonomic function

tests were evaluated; only the mental stress test induced

a significantly different response in the ICHT group

compared to normotension. Mental stress test response

predicts incident hypertension and is considered an

adrenergic response [41].

In a previous review of studies that have examined

circulating biomarkers in ICHT, inconsistent results

were evident for vWF, CRP and ADMA between ICHT

and normotensive groups; two studies have reported

increased mean PAI-1 levels in ICHT [42]. In the present

study levels of circulating biomarkers were similar in the

three groups. Studies have shown that hsCRP is asso-

ciated with levels of hypertension [43] and incident

hypertension [44]. We did not find a difference in hsCRP

between the hypertensive groups and the normotensive

group but this may be due to the small sample size and

the low cardiovascular risk population examined.

The limitations to this study include its cross-sectional

design and potential selection bias as all normotensive

individuals were recruited by advertisement, whereas the

majority of the ICHT patients were recruited from a

blood pressure monitoring service. Data on family history

of diabetes were not available for all participants.

In conclusion, isolated clinic hypertension patients, with

normal fasting plasma glucose and similar metabolic

profile to normotensive individuals, have a high preva-

lence of IGT and a greater blood pressure response to a

mental stress test. This may help to explain why ICHT

patients are more likely to develop future diabetes and

hypertension than normotensive individuals. Assessment

of total cardiovascular risk in patients with ICHT should

include measurement of postprandial glucose.
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 OBJECTIVE 

The published results in Chapter 4 reported the results of an analysis in WCHT 

participants to determine if WCHT is associated with biomarkers of increased 

cardiovascular risk unconfounded by the potential cardiovascular risk of hyperglycaemia, 

using a conservative fasting plasma glucose cut-off of 5.6 mmol/l. This study 

encompassed a number of other elements which could not be included in the publication 

because of space and specificity constraints, the results of which are now presented. This 

addendum reports on:  

 Results related to blood pressure (BP) measurement methods, questioning which BP 

in WCHT best approximates the patients ‘true’ BP, as defined by mean daytime 

ambulatory blood pressure measurement (ABPM). 

 Results related to autonomic function measurements. The published paper in this 

chapter reported on the results of an autonomic score generated from Ewing’s test.
1
 

Here we report the individual results of each of the Ewing’s tests. This addendum also 

examines if autonomic function is associated with alcohol or glucose status. 

 

This addendum also addresses these additional questions:  

 Is WCHT associated with altered brachial artery flow-mediated dilation?  

 Is WCHT with impaired glucose tolerance associated with increased artery stiffness 

or altered brachial artery flow-mediated dilatation? 

 Is WCHT associated with plasma leptin? 

 Is WCHT associated with proteinuria? 
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 METHODS 

The methodology is as per Chapter three.  

 

RESULTS 

 

4.1 Blood pressure measurements. 

The normotensive group displayed normal mean BP for all categories of measurement (See 

table 4.1). The WCHT group displayed labile mean BP dependent on the BP measurement. 

The hypertensive group tended to remain hypertensive at all measures.  

 

Table 4.1: Blood pressure measurements of study participants. 

Blood pressure (mmHg) Normotensive WCHT Hypertensive 

Number of participants 44 30 53 

BP on arrival (first reading) 124/80±10/8 135/88±15/8 147/93±19/10 

Observed automated BP 120/80±9/8 132/86±9/8 143/92±18/9 

Unobserved automated BP 116/77±9/6 123/81±9/8 136/88±14/9 

BP immediately post PWV 

measurement 

119/70±14/7 132/77±13/9 146/82±19/11 

First BP ABPM application 123/76±12/9 134/84±13/10 150/89±19/8 

24h day 122/73±8/6 125/76±6/5 143/85±9/6 

24h night 104/59±8/6 105/60±6/5 122/69±13/9 

Data are mean ± standard deviation. BP: blood pressure, ABPM: ambulatory blood pressure 

monitoring, PWV: pulse wave velocity 
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The sitting observed automated BP was elevated in WCHT and sustained hypertensives. The 

sitting unobserved automated BP (UABP) dropped in all three BP categories and was similar 

to mean 24 hour day ABPM in the normotensive and WCHT groups, whereas the observed 

BP was similar to mean 24 hour day ABPM in the hypertensive group. These results were 

reported in a letter published in Hypertension regarding our concerns about an algorithm 

designed to determine BP status based solely on UABP (See Appendix one). 

 

4.2 Central pulse wave velocity (PWVc) 

Table 4.2 shows the result of analysis of PWVc, adjusted for confounders. No significant 

difference was found between WCHT and normotensive subjects, however median PWVc for 

the WCHT group was intermediate between normotensive and hypertensive subjects. 

 

Table 4.2: Pulse wave velocity analysis. 

 Number PWV
Ω 

PWV† P-value
¥ 

Normotensive 44 7.2 [6.4-8.1] 7.6 {7.2-8.0}  

WCHT 30 8.1 [7.2-9.1] 8.0 {7.6-8.5} 0.19 

Hypertensive 53 8.9 [7.9-10.7] 8.8 {8.4-9.2} <0.001 

Data are 
Ω
median [inter-quartile range] and 

†
geometric

 
mean {95% confidence interval}

 

adjusted for age and mean arterial pressure, ¥: versus normotensive group. 

 

 

PWVc was not significantly different in the WCHT participants with impaired glucose 

tolerance compared to WCHT participants with normoglycaemia (See Table 4.3). 
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Table 4.3: Pulse wave velocity in WCHT by glucose status. 

 Number PWVc
Ω 

PWVc† P-value
¥ 

WCHT-

normoglycaemia 

17 7.8 [7.2-8.9] 7.9 {7.4-8.5}  

WCHT-IGT 9 8.5 [7.0-9.1] 8.0 {7.2-8.8} 0.85 

Data are 
Ω
median [inter-quartile range] and 

†
geometric

 
mean {95% confidence interval}

 

adjusted for age and mean arterial pressure, IGT: impaired glucose tolerance, ¥: versus 

WCHT-normoglycaemia. 

 

4.3 Brachial artery flow mediated dilation (FMD) 

No difference was found between normotensives and WCHT (P=0.95) in FMD, adjusting for 

age and baseline diameter (See Table 4.4). 

 

Table 4.4: Flow-mediated dilation with measures taken end diastole 

 N Baseline 

diameter
£
 

(mm) 

60secs  

diameter 

(mm) 

Δ diameter 

(mm) 

Δ 

diameter 

(%) 

Adjusted Δ diameter 
Σ 

P 

value
¥ 

Normotensive 33 0.386 0.417 0.030 8.10 0.028 (0.022-0.034)  

WCHT 19 0.380 0.409 0.032 7.75 0.028 (0.021-0.036) 0.95 

Hypertensive 19 0.396 0.428 0.029 8.07 0.027 (0.021-0.036) 0.93 

N: Number, £: measure taken end diastole, Δ: Difference, Σ: Adjusted for confounder’s age 

and baseline diameter, ¥versus normotensive group. 
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No difference was found in FMD in the WCHT group by impaired glucose status (See Table 

4.5). 

 

Table 4.5: Flow-mediated dilation in WCHT by glucose status 

 N Baseline 

diameter 

(mm) 

60secs  

diameter
£ 

(mm) 

Δ diameter 

(mm) 

Δ 

diameter 

(%) 

Adjusted Δ diameter 
Σ 

P 

value
¥ 

WCHT 9 0.36 0.39 0.03 8.3 0.03 {0.02-0.05}  

WCHT-IGT 7 0.36 0.38 0.02 5.6 0.02 {0.01-0.03} 0.14 

N: Number, £: measure taken end diastole, Δ: Difference, Σ: Adjusted for confounder’s age 

and baseline diameter, IGT: impaired glucose tolerance, ¥: versus normotensive group. 

 

4.4 Autonomic function test results. 

The heart rate response to controlled deep breathing, lying to standing and Valsalva ratio 

tended to be reduced in diabetics (See Tables 4.4 to 4.6). The number of diabetics was small 

so statistical difference was not tested. No discernible difference was found in the three 

autonomic measures by alcohol category.  No difference in heart rate response to controlled 

deep breathing, lying to standing and Valsalva ratio was found between WCHT and 

normotensives, adjusting for age.  

 

Figures 4.1 to 4.3 show the variation in heart rate and blood pressure response to standing, 

slow-controlled breathing and the Valsalva Manoeuvre, by age categorization, for all 

subjects. In Figure 4.3 the duration of the Valsalva Manoeuvre is marked by two vertical 

lines. The beginning of Valsalva is at time zero and the end of Valsalva is at 15 seconds. 

Median response lines are highlighted. 
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Table 4.6: Heart rate response to standing: measure 30:15 ratio and maximum/minimum 

ratio. 

 N 30:15 ratio P-value
†Ω€

 Maximum/Minimum P-value
†¥€

 

All 130 1.24 [1.13-1.34]  1.29 [1.19-1.40]  

Normoglycaemia 91 1.25 [1.16-1.35]  1.31 [1.22-1.40]  

IGT 21 1.21 [1.10-1.34] 0.89 1.31 [1.19-1.41] 0.88 

IFG 3 1.26 [1.13-1.35] NT 1.35 [1.14-1.47] NT 

Diabetes 8 1.16 [1.10-1.30] NT 1.23 [1.19-1.38] NT 

No alcohol 44 1.24 [1.10-1.32]  1.28 [1.21-1.39]  

Moderate alcohol 62 1.23 [1.16-1.34] 0.22 1.29 [1.21-1.41] 0.61 

Heavy alcohol 20 1.24 [1.12-1.34] 0.73 1.32 [1.19-1.37] 0.54 

Normotensives 41 1.27 [1.14-1.39]  1.33 [1.19-1.48]  

 WCHT 36 1.24 [1.18-1.34] 0.99 1.29 [1.22-1.34] 0.78 

Hypertensives 57 1.22 [1.13-1.32] 0.51 1.29 [1.21-1.37] 0.56 

Data are median [inter-quartile range]. †Diabetics removed from analysis of blood pressure 

category, data log-transformed, ¥: P value versus first (normoglycaemic, no alcohol or 

normotensive) group, €: adjusted for age, NT: not tested. 
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Figure 4.1. Scatter graph of heart rate response to standing by age categorisation (all 

subjects) 
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Table 4.7: Heart rate response to a single deep breath and for six controlled deep breaths. 

 N Single deep breath P Value
¥
 Six breaths/minute P Value

¥
 

All 129 14.4 [9.7-19.7]  12.1 [7.9-16.7]  

Normoglycaemia 90 14.5 [10.6-19.3]  12.4 [7.8-17.1]  

IGT 24 13.9 [8.0-21.7] 0.75 11.8 [8.7-18.4] 0.79 

IFG 3 15.8 [9.8-24.3] NT 9.9 [8.3-13.1] NT 

Diabetes 8 13.0 [8.2-19.0] NT 9.4 [7.7-11.7] NT 

No alcohol 44 15.1 [11.0-20.6]  12.7 [9.1-17.1]  

Moderate alcohol 62 13.7 [9.2-20.1] 0.78 11.5 [7.9-15.1] 0.99 

Heavy alcohol 20 14.6 [8.4-19.0] 0.77 12.6 [6.3-15.3] 0.30 

Normotensives 41 14.5 [11.1-18.1]  12.2 [7.8-14.7]  

 WCHT 30 15.1 [10.1-21.3] 0.72 13.5 [6.8-17.6] 0.14 

Hypertensives 45 14.4 [9.2-18.9] 0.50 12.4 [9.4-16.7] 0.20 

Data are median [inter-quartile range]. †Diabetics removed from analysis of blood pressure category, 

data log-transformed.  ¥: P value versus first (normoglycaemic, no alcohol or normotensive) group, 

€: adjusted for age, NT: not tested. 
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Figure 4.2. Scatter graph of heart rate and blood pressure response to slow deep breathing 

(all subjects) 

 

 

 

90



 

Table 4.8: Heart rate response to the Valsalva Manoeuvre: average of three manoeuvres and 

the maximum of the three. 
 Number Maximum 

Valsalva 

P value
¥
 Average of three 

Valsalvas 

P value
¥
 

All 130 1.45 [1.30-1.67]  1.38 [1.23-1.58]  

Normoglycaemia 91 1.45 [1.31-1.76]  1.38 [1.25-1.65]  

IGT 24 1.47 [1.22-1.63] 0.44 1.43 [1.20-1.57] 0.65 

IFG 3 1.44 [1.41-153] NT 1.33 [1.33-1.36] NT 

Diabetes 8 1.46 [1.26-1.53] NT 1.36 [1.19-149] NT 

No alcohol 44 1.43 [1.29-1.76]  1.35 [1.23-1.69]  

Moderate alcohol 62 1.48 [1.35-1.60] 0.51 1.38 [1.25-1.53] 0.60 

Heavy alcohol 20 1.43 [1.17-1.57] 0.39 1.38 [1.16-1.45] 0.24 

Normotensives 40 1.45 [1.39-1.65]  1.38 [1.28-1.56]  

 WCHT 30 1.56 [1.36-1.79] 0.12 1.47 [1.26-1.72] 0.21 

Hypertensives 47 1.43 [1.26-1.55] 0.93 1.36 [1.20-1.56] 0.91 

Data are median [inter-quartile range]. †Diabetics removed from analysis of blood pressure 

category, data log-transformed, ¥: P value versus first (normoglycaemic, no alcohol or 

normotensive) group, NT: not tested. 
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Figure 4.3. Scatter graph of heart rate and blood pressure response to Valsalva Manoeuvre 

(all subjects). 
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4.5 Proteinuria 

Table 4.9 displays the results of an analysis of a sample of our participants, age and sex 

matched. No difference was found between normotensives and WCHT subjects. 

 

Table 4.9: Microalbuminuria by blood pressure status. 

 N Urinary albumin 

mg/l 

Number ≥ 

20 mg/l 

ACR 

(mg/g) 

p
Ω 

Normotensive 15 2.5 [2.0-3.2] 0 2.46  [0.003- 4.13]  

WCHT 14 4.5 [2.8-6.5] 0 0.005 [0.003-2.55] 0.48 

Hypertensive 20 2.7 [2.1-5.2] 1 0.005 [0.003- 4.75] 0.18 

Data are median [inter-quartile range]. ACR: Albumin-creatinine ratio. Σ: data log-

transformed prior to analysis, Ω: versus normotensive group. 

 

4.6 Leptin 

No difference was found in log-transformed leptin between normotensives and WCHT 

(P=0.71), adjusting for waist circumference (See Table 4.10). 

Table 4.10: Leptin levels. 

 Number Leptin
Ω 

Leptin
†
  P Value

¥ 

Normotensive 39  9.2 [4.9-21.2]  9.7 {7.5-12.6}  

WCHT 26 13.2 [5.5-15.5] 10.5 {7.6-14.5} 0.71 

Hypertensive 41  8.3 [5.4-16.0]  7.9 {6.1-10.3} 0.29 

Data are 
Ω
median [inter-quartile range] and 

†
geometric

 
mean {95% confidence interval}

 

adjustedfor waist circumference, ¥: versus normotensive group. 
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No difference in plasma leptin was found in the WCHT group by impaired glucose status. 

 

Table 4.11: Leptin levels in WCHT by glucose status 

 Number Leptin
Ω 

Leptin
†
  P Value

¥ 

WCHT-

normoglycaemia 

15 13.4 [3.8-18.0] 10.4 {7.0-15.3}  

WCHT-IGT 7 8.3 [3.2-8.9] 7.8 {4.1-14.8} 0.40 

Data are 
Ω
median [inter-quartile range] and 

†
geometric

 
mean {95% confidence interval}

 
 

adjusted for waist circumference. IGT: impaired glucose tolerance, ¥: versus WCHT-

normoglycaemia. 

 

4.9 Summary 

The results from this addendum show the following: Clinic UABP best approximates mean 

day ABPM in subjects with confirmed WCHT. Autonomic function was not found to be 

different for any of the individual tests that comprised the Ewing battery of tests. No 

difference in autonomic function was found for alcohol or glucose status for any of the 

autonomic tests; however in this subgroup analysis the number of participants with diabetes 

or impaired fasting glucose was small hence statistical testing was not done. 

Although not statistically different from normotensives, PWVc in WCHT is intermediated 

between normotensive and hypertensive groups, a result that is consistent with previous 

reports.
3, 4

 PWVc was not elevated in WCHT with impaired glucose tolerance (IGT) 

compared to WCHT with normoglycaemia.  

No difference was found for FMD, proteinuria or leptin levels between the BP groups. 
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5.1 Introduction 

The morning blood pressure surge is put forth as a possible reason why the morning period is 

associated with increased cardiovascular events. 

The published paper in this chapter reported the results of an analysis to determine if WCHT 

is associated with an increased morning blood pressure surge, which could put subjects with 

WCHT at increased cardiovascular risk. 

Four common measures of the morning blood pressure rise were used to assess the morning 

blood pressure surge. 

Questions addressed were: 

 Is WCHT associated with an increased morning blood pressure surge? 

 Are there any factors which show consistent association across the four measures of 

the morning blood pressure surge? 
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ORIGINAL ARTICLE

The morning blood pressure surge is related to serum
cholesterol
CA Martin1,2, JD Cameron3, GA Head4, SS Chen1, N Eikelis4 and BP McGrath1,2,5

A morning blood pressure surge (MBPS) may be either a mechanism for, or a marker of, increased cardiovascular events. This study
has examined factors which may influence the morning surge: age, gender, metabolic factors, sympathetic function, blood pressure
and arterial stiffness. Four measures of the MBPS were examined—sleep-trough surge, pre-awake surge, rate of blood pressure rise
and a Power function. Subjects underwent ambulatory blood pressure monitoring, glucose tolerance test, central pulse wave
velocity, sympathetic autonomic function tests (mental stress and sustained handgrip). MBPS was associated with age,
hypertension, blood pressure variability and serum lipids. After adjustment for age and waist circumference, all four measures of
MBPS remained positively associated with low-density lipoprotein (LDL) cholesterol. The novel finding of a significant relationship
between measures of MBPS and LDL-cholesterol is an intriguing link between two major cardiovascular risk factors.

Journal of Human Hypertension advance online publication, 22 November 2012; doi:10.1038/jhh.2012.44

Keywords: morning blood pressure surge (MBPS); ambulatory blood pressure monitoring; mild hypertension; white-coat
hypertension; lipids

INTRODUCTION
Cardiovascular events and sudden cardiac death display a
circadian pattern with the peak incidence occurring in the
morning period.1,2 It is postulated that an exaggerated morning
blood pressure surge (MBPS) may explain this finding.3

The most widely used definitions of a MBPS are the sleep-
trough surge and the pre-waking surge,3,4 both of which are calcu-
lated from differences of blood pressure averages over specific
time-intervals around waking. A MBPS, by either definition, has
been found to be associated with incident cardiovascular
events.5,6,7,8 In a study of elderly hypertensive subjects who had
undergone carotid endarterectomy for asymptomatic high-grade
lesions, Marfella et al.,9 found that patients with an exaggerated
MBPS had unstable atherosclerotic lesion phenotypes compared
with those that did not.

Head et al.10 proposed a mathematical approach, using a
double logistic curve fitting technique that models the rate of
MBPS to define a rate of morning blood pressure rise (RoR). Head
et al.11 further determined the ‘Power’ of the MBPS as the product
of the RoR with the day–night blood pressure difference. The RoR
has not been validated against cardiovascular event outcome
data, whereas the Power function was associated with reduced
mortality in a post-hoc analysis of the Second Australian National
Blood Pressure study—ANBP2.12

The mechanism(s) underlying the rate of MBPS have not been
clearly defined. Potential contributors include sympathetic activ-
ity13 and/or activation of the renin–angiotensin system.14 In the
present study, we examine a range of factors, including age, sex,
metabolic factors, sympathetic function, blood pressure and
central arterial stiffness, using four measures of the MBPS, to
assess which factor/s are consistently associated across the
measures of the MBPS. This study also examines the four

measures of the MBPS in subjects with normotension, white-
coat hypertension and newly diagnosed hypertension.

MATERIALS AND METHODS
The study was approved by the institutional human research ethics
committee. Adult subjects (40–75 years) were recruited by advertisement
in local newspapers and through an ambulatory blood pressure
monitoring (ABPM) service, which receives referrals from 120 general
practitioners.

Subjects were excluded if they were smokers, had known diabetes, were
taking anti-hypertensive medication or had existing liver, renal or
cardiovascular disease or any malignancy. Written informed consent was
obtained from all the subjects.

Subjects presented in the morning, after a minimum 10 h fast. Each
subject completed a questionnaire about previous and present illnesses,
family history, medication, diet, physical activity and alcohol habits.
Alcohol consumption was categorised into none, mild (one to two
standard drinks on any day) or heavy (more than two standard drinks on
any day). The metabolic syndrome was defined according to the criteria set
out by the International Diabetic Federation Task Force.15 Glucose status
was defined as per World Health Organisation definitions.16

Ambulatory blood pressure monitoring
ABPM was performed using a portable device (Meditech Cardiotens,
Meditech Ltd, Hungary). ABPM cuff was placed on the non-dominant arm
and automatic blood pressure recordings were programmed to occur at
30 min intervals day and night. Normotension was defined as reported
clinic blood pressure o140/90 mm Hg and day 24 h ABPM o135/
85 mm Hg and night ABPM o120/70 mm Hg. White-coat hypertension
was defined as reported clinic blood pressure X140/90 mm Hg and day
24 h ABPM o135/85 mm Hg and night ABPM o120/70 mm Hg. Repeat
24 h ABPM within a 12-month period was required in all subjects with
white-coat hypertension to confirm this diagnosis. Sustained hypertension
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was defined as reported clinic X140/90 mm Hg and day 24 h ABPM X135/
85 mm Hg or night ABPM X120/70 mm Hg.

Recordings were not included in the analysis if reported sleep duration
was o5 h, if more than one blood pressure recording was missing in the
pre-awake or post-awake period, or if there was missing recordings
contiguous to the lowest systolic blood pressure (SBP) recorded during
sleep. Recordings were also excluded if o10 SBP readings were recorded
during the sleep period.

Morning blood pressure surge
The sleep-trough MBPS was defined as the morning SBP minus the lowest
night-time SBP, where the morning SBP was defined as the average of four
30 min SBP readings just after waking and the lowest night-time SBP was
the 1 h average of three SBPs readings centred on the lowest night-time
reading.

The pre-awake MBPS was defined as the morning SBP minus the pre-
awake SBP, where the pre-awake SBP was the average of four 30 min SBP
readings just before wakening.

The morning SBP RoR and the Power function were calculated according
to the method of Head et al.11

SBP variability was assessed by the day s.d. (s.d.Day), the night s.d.
(s.d.Night), the 24-h weighted s.d. (s.d.W)17 and the 24-h absolute real
variability (s.d.ARV).18

Assessment of sympathetic function
Autonomic function testing was performed using the Task Force monitor,
CNSystems, Graz, Austria. After resting for 2 min an oscillometric blood
pressure was taken. Subjects were then instructed to subtract out loud the
value 13 from the value 4300. Subjects were instructed to either start again
or continue from the current value if they felt they had made a mistake
and that no assistance would be given by the examiner. If a subject
verbalised an inability to do this subtraction then they were offered the
subtraction of 13 from 430. An oscillometric blood pressure measurement
was taken at 1 min. The difference in systolic and diastolic blood pressures
at 1 min, from the resting systolic and diastolic blood pressures was
calculated.

After resting for 2 min an oscillometric blood pressure was taken.
Subjects were asked to squeeze a partially inflated cuff connected to a
sphygmomanometer and the maximal pressure was noted. Subjects were
then asked to squeeze the cuff to one-third of the noted maximum
pressure for 5 min, and oscillometric blood pressure measurements were
taken on the other arm at 1 min intervals. The difference between resting
diastolic blood pressure and the maximum diastolic blood pressure during
sustained handgrip was determined.

Central pulse wave velocity
Central aorto-femoral PWV (PWVc) measurements were performed by the
same two operators (CAM, SSC), in a quiet air-conditioned room after
10 min of rest and with the subject lying supine. Continuous pulse pressure
wave signals were recorded with hand-held tonometers (Millar Mikro-tip,
SPT-301; Millar Instruments, Houston, TX, USA) positioned at the base of
the right common carotid artery and over the right common femoral
artery. Transit distance was defined as the measured distance from the
sternal notch to femoral artery minus distance from sternal notch to
carotid. The start of systole was defined by the local maximum of the first
derivative of the pressure signal. Mean transit time (Dt) between the feet of
simultaneously recorded waves was determined from 10 consecutive
cardiac cycles. Mean arterial pressure was estimated from an oscillometric
blood pressure measurement taken immediately post recording of the
arterial waveforms.

Biochemical measures
Blood samples were taken under fasting conditions, following which
subjects consumed a 75-g glucose solution over a period of 5 min. Plasma
glucose was measured at 120 min post glucose load (2hPG). Blood samples
were processed immediately after collection. Plasma glucose was analysed
by the glucose oxidase method.

Plasma samples for fasting total plasma cholesterol, triglycerides, low-
density lipoprotein (LDL-cholesterol) and high-density lipoprotein (choles-
terol) were analysed immediately, whereas plasma for high-sensitivity
C-reactive protein and Leptin were stored at � 70 0C until analysis.
Commercial assay kits were used for these analyses.

Statistical analysis
STATA, version 10, (StataCorp LP, College Station, TX, USA) was used to
analyse the data. Normally distributed data is expressed as mean±s.d.,
whereas skewed data is expressed as median (interquartile range).
Categorical data is expressed as percentages. Non-normal data was
transformed before analysis. All comparisons were two-sided. Univariate
and multivariate linear regression was used to analyse continuous
variables, whereas the chi-squared (w2) or Fischer’s exact test was used
to analyse categorical variables. Univariate and multivariate logistic
regression was used to analyse the dichotimisation of each measure of
the MBPS at the 90th percentile. Each outcome variable was examined for
potential confounders. Analysis of outcome variable was adjusted for each
confounder. To prevent co-linearity between related variables, such as the
lipid variables, the strongest linearly associated related variable was
included in the model. Assessment of MBPS measures, which involved
measures of differences, (sleep-trough and pre-awake), were correlated
against their baseline measure to assess for regression to the mean. The
baseline measures were included in regression analysis if regression to the
mean was present. For data, which required log transformation, that
contained negative values, the minimum value of the data plus one was
added to each value before transformation, to anchor the log-transformed
data on zero. The minimum value, plus one, was removed from the back-
transformed data to determine the geometric mean. Statistical significance
was considered to be met at a¼ 0.05.

RESULTS
One hundred and twenty-two participants met the study criteria.
Fifteen participants (12%) were excluded from the analysis as four
reported sleep times of o5 h and 11 participants had insufficient
night or morning SBP readings. Thirty-eight normotensive
subjects, 28 white-coat hypertensive subjects and 42 newly
diagnosed, untreated hypertensive subjects remained in the
analysis. Three subjects had a mean night SBP greater than their
mean day SBP. These subjects were excluded from the analysis of
the modelled rate of MBPS and its Power function.

As shown in Table 1, subject characteristics, PWVc, sympathetic
function and plasma biochemistry were similar in the normoten-
sive and white-coat hypertensive groups, except for an increase in
the 2hPG in the white-coat hypertensive group.

The sustained hypertensive group was statistically different
from the normotensive and white-coat hypertensive groups with
regard to a higher male to female ratio, greater waist circumfer-
ence, higher triglycerides, lower high-density lipoprotein-choles-
terol and the presence of the metabolic syndrome. The sustained
hypertensive group had a higher diastolic blood pressure
response to the grip-test compared with white-coat hypertensive
group (P¼ 0.04) but not compared with the normotensive group.
The sustained hypertensive group had a borderline significantly
different high-sensitivity C-reactive protein compared with the
normotensive group. PWVc, adjusted for mean arterial pressure,
was significantly higher in the sustained hypertensive group
compared with the normotensive group.

Analysis of the 24-h ABP measurements in the three groups is
reported in Table 2. The recorded sleep time was similar in the
three groups. The sustained hypertensive group had significantly
higher day, night and 24 h s.d. of SBP, as well as higher night
minimum average SBP, pre-awake SBP and morning SBP
compared with the normotensive and the white-coat hypertensive
groups. No difference was found in these measures between the
white-coat hypertensive and normotensive groups.

MBPS measurements
The sleep-trough MBPS was right skewed and ranged from � 6 to
56 mm Hg, (median 17, interquartile range: 11–26, 90th percentile
33.2 mm Hg). The pre-awake MBPS was normally distributed,
ranging from � 13 to 43 mm Hg, (mean±s.d.: 13±10, 90th
percentile 27.3 mm Hg). The RoR was extremely right skewed
and ranged from 0.5 to 39.8 mm Hg per hour, (median 9.29,
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interquartile range: 5.1–17.4 mm Hg per hour, 90th percentile
25 mm Hg per hour). The Power function was extremely right
skewed with a range of 4.4–2068.9 mm Hg2 per hour, (median
305.2, interquartile range: 111.51–561.90 mm Hg2 per hour, 90th
percentile 774 mm Hg2 per hour).

Factors relating to MBPS
A scatterplot of the sleep-trough MBPS and the pre-awake MBPS
against age suggested a quadratic relationship (Po0.05). The RoR
and the Power function were not associated with age.

The only variable to show a relationship across all four measures
of the MBPS was LDL-cholesterol (r¼ 0.28, P¼ 0.004 for sleep-
trough MBPS, r¼ 0.29, P¼ 0.002 for the pre-awake MBPS, r¼ 0.20,
P¼ 0.04 for the RoR and r¼ 0.26, P¼ 0.008 for the Power function)
(Figure 1).

After adjustment for age, waist circumference, menopause,
ABPM day SBP, LDL-cholesterol remained significantly associated

with the sleep-trough MBPS (P¼ 0.01), the pre-awake MBPS
(P¼ 0.003), RoR (P¼ 0.045) and the Power function (P¼ 0.007).

Analysis of the dichotomised MBPS measures
The dichotomisation of MBPS measures at the 90th percentile
created binary variables with 11 subjects in the top 10%. Subjects
in the top 10% of the sleep-trough (odds ratio 2.6, 95% confidence
interval (CI): 1.4–4.9) and the pre-awake (odds ratio 2.4, 95% CI:
1.3–4.4) MBPS were more likely to have an elevated LDL-
cholesterol than subjects in the lower 90% (Table 3). This
difference remained significant after adjusting for potential
confounders including age, menopausal status, gender and ABPM
day SBP. There was no significant difference between LDL levels
for subjects in the top decile of the RoR, or the Power function and
subjects in the lower 90%.

Both the sleep-trough MBPS and the pre-awake MBPS were
associated with their baseline measure (lowest night-time SBP for

Table 2. Analysis of 24-h ABP measurements in the three blood pressure groups

NT WCHT HT NT vs WCHT
(P-value)

NT vs HT
(P-value)

WCHT vs HT
(P-value)

Day SBP (mmHg) 120±8 125±6 142±9
Night SBP (mmHg) 103±8 105±6 121±12
Twenty-four hour SBP (mmHg) 115±7 119±5 135±7
Sleep duration (h) 7.5±1.3 7.4±1.2 7.4±1.5 0.64 0.64 0.97
Day–night SBP D (mmHg) 17±7 20±7 20±11 0.26 0.13 0.79
S.d. Day (mmHg) 12±2 12±2 14±3 0.53 o0.001 0.005
S.d. Night (mmHg) 8±3 8±2 11±4 0.87 o0.001 o0.001
Twenty-four hour s.d.w (mmHg) 11±2 11±2 13±3 0.72 o0.001 o0.001
Twenty-four hour s.d.ARV (mmHg) 10±2 10±2 12±2 0.44 o0.001 o0.001

Abbreviations: ABP, ambulatory blood pressure; HT, hypertension; NT, normotension; SBP, systolic blood pressure; s.d.w, weighted 24 h s.d.; s.d.ARV, s.d. of the
absolute real variability; WCHT, white-coat hypertension. Results presented as mean±s.d.

Table 1. Subject characteristics, PWVc, sympathetic function and serum biochemistry

NT (n¼ 38) WCHT (n¼ 28) HT (n¼ 42) NT vs WCHT
(P-value)

NT vs HT
(P-value)

WCHT vs HT
(P-value)

Age (years) 54±11 55±8 57±10 0.59 0.15 0.44
Female (%) 28 (73.7) 24 (85.7) 23 (54.8) 0.24 0.08 0.01
Menopause (%) 15 (53.6) 12 (50) 16 (69.6) 0.78 0.89 0.69

Alcohol use (%)
Mild 48.7 42.9 53.7 0.44 0.86 0.46
Heavy 18.9 10.7 14.6

Lipid-lowering medication (%) 2 (5.3) 2 (7.1) 5 (11.9) 0.57 0.26 0.41
Metabolic syndrome (%) 7 (18.4) 4 (14.3) 19 (45.2) 0.66 0.002 0.001
Waist circumference (cm) 85.2±12.1 83.8±11.0 93.0±9.5 0.61 0.002 o0.001
BMI (Kgm� 2)a 25.3±4.0 25.4±4.1 26.5±3.5 0.95 0.13 0.18
PWVc (m s� 1)a,b 7.2 (6.5–8.2) 7.8 (7.2–8.8) 8.9 (7.8–10.6) 0.37 0.03 0.13
Mental stress test�D DBP (mmHg) 8±6 9±6 10±7 0.42 0.21 0.68
Grip-test�D DBPa (mmHg) 17 (12–25) 16 (10–21) 19 (13–27) 0.11 0.57 0.04
Fasting glucose (mmol l� 1)a 4.9±0.4 5.0±0.4 4.9±0.5 0.37 0.61 0.65
2hPG (mmol l� 1) 5.8 (5.0–7.4) 7.1 (5.7–9.0) 6.3 (5.4–7.8) 0.04 0.58 0.12
Triglycerides (mmol l� 1)a 1.1±0.6 1.0±0.5 1.3±0.6 0.56 0.05 0.02
HDL cholesterol (mmol l� 1) 1.4±0.4 1.4±0.4 1.2±0.4 0.88 0.02 0.02
LDL-cholesterol (mmol l� 1)a 3.5±1.1 3.4±0.8 3.6±1.0 0.79 0.32 0.52
hs-CRP (mg l� 1)a 1.3 (0.4–3.5) 0.7 (0.3–1.5) 1.2 (0.8–2.2) 0.19 0.64 0.08

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; HDL, high-density lipoprotein; hs-CRP, high-sensitivity C reactive protein; 2hPG, 2 h plasma
glucose post 75 g glucose load; LDL, low-density lipoprotein; NT, normotension; PWVc, central pulse wave velocity; WCHT, white-coat hypertension. Results
presented as mean±s.d. or median (interquartile range).
aLog-transformed for analysis.
bAdjusted for mean arterial pressure.
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the sleep-trough MBPS and pre-awake SBP for the pre-awake
MBPS) suggesting regression to the mean.

None of the four measures of MBPS were associated with sex,
alcohol use, waist, body mass index, PWVc, fasting plasma glucose
or the 2-h plasma glucose post oral glucose load, high-sensitivity
C-reactive protein, leptin, sleep duration, grip or mental stress tests.

MBPS across blood pressure groups
These results are shown in Table 4. After adjusting the sleep-
trough MBPS for age and age2, LDL-cholesterol and the night

minimum SBP no significant difference was found between the
normotensive and white-coat hypertensive groups, P¼ 0.23,
whereas a significant difference was found between the sustained
hypertensive and the normotensive groups (Po0.001) and
between the sustained hypertensive and white-coat hypertensive
groups (P¼ 0.003). Estimated, adjusted sleep-trough MBPS was
13 mm Hg (95% CI: 11–15 mm Hg) for the normotensive group,
15 mm Hg (95% CI: 12–18 mm Hg) for the white-coat hypertensive
group and 23 mm Hg (95% CI: 19–28 mm Hg) for the sustained
hypertensive group.

Figure 1. Scatterplot of low-density lipoprotein (LDL) and measures of morning blood pressure surge (MBPS). RoR, rate of rise.

Table 3. Analysis of dichotomised MBPS measures and LDL-cholesterol

MBPS measures Sleep-trough Pre-awake RoR Power

90th percentile 33mmHg 27mmHg 25mmHg per hour 774mmHg2 per hour
Median (IQR)
LDL non-MBPS group (mmol l� 1) 3.3 (2.8–3.9) 3.3 (2.8–4.0) 3.3 (2.8–4.0) 3.3 (2.8–4.0)
LDL MBPS group (mmol l� 1) 4.6 (3.0–5.3) 4.3 (3.6–5.3) 3.7 (2.8–4.8) 3.7 (3.0–4.3)

OR (95% CI)
LDL 2.6 (1.4–4.9)** 2.4 (1.3–4.4)** 1.2 (0.6–2.2) 1.1 (0.6–2.1)
Adjusted LDL

P

2.8 (1.4–5.7)** 2.7 (1.3–5.4)** 1.2 (0.6–2.4) 1.2 (0.6–2.3)

Abbreviations: CI, confidence interval; IQR, interquartile range; LDL, low-density lipoprotein; MBPS, morning blood pressure surge; OR, odds ratio; RoR, rate of
rise.

P

Adjusted for age, waist circumference, menopause status and ambulatory blood pressure day systolic blood pressure. **Po0.01.

Table 4. Analysis of morning SBP surge across blood pressure categories

NT WCHT HT NT vs WCHT
(P-value)

NT vs HT
(P-value)

WCHT vs HT
(P-value)

Sleep-trough MBPSa,b (mmHg) 13 (11–15) 15 (12–18) 23 (19–28) 0.23 o0.001 0.003
Pre-awake MBPSc (mmHg) 8 (5–11) 11 (8–15) 19 (16–22) 0.12 o0.001 0.004
RoRa,d (mmHg per hour) 6.3 (4.4–8.9) 8.3 (5.8–12.1) 11.1 (7.8–15.9) 0.23 0.05 0.32
Powera,b (mmHg2 per hour) 141.2 (94.3–211.9) 191.8 (125.2–293.7) 425.9 (282.3–642.3) 0.26 0.001 0.02

Abbreviations: HT, hypertension; MBPS, morning blood pressure surge; NT, normotension; RoR, rate of rise; SBP, systolic blood pressure; WCHT, white-coat
hypertension.
aEstimated geometric mean (95% confidence interval).
bAdjusted for age, age2, LDL-cholesterol and night minimum SBP average.
cAdjusted for age, age2, LDL-cholesterol and pre-awake SBP average.
dAdjusted for LDL-cholesterol and night SBP.
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Adjusting the pre-awake MBPS for age and age2, LDL-
cholesterol and the pre-awake SBP no significant difference was
found between the normotensive and white-coat hypertensive
groups (P¼ 0.12), whereas a significant difference was found
between the sustained hypertensive and the normotensive
groups (Po0.001), and between the sustained hypertensive and
white-coat hypertensive groups (P¼ 0.004). Estimated, adjusted
pre-awake MBPS was 8 mm Hg (95% CI: 5–11 mm Hg) for the
normotensive group, 11 mm Hg (95% CI: 8–15 mm Hg) for the
white-coat hypertensive group and 19 mm Hg (95% CI: 16–
22 mm Hg) for the sustained hypertensive group.

Adjusting the RoR by LDL-cholesterol and the night SBP, no
difference was found for the adjusted RoR between the
normotensive and white-coat hypertensive groups, or the white-
coat hypertensive and sustained hypertensive groups, whereas a
significant was found between the adjusted RoR between the
normotensive and sustained hypertensive groups. Estimated,
adjusted RoR was 6.3 mm Hg per hour (95% CI: 4.4–8.9 mm Hg
per hour) for the normotensive group 8.3 mm Hg per hour (95% CI:
5.8–12.1 mm Hg per hour) for the white-coat hypertensive group
and 11.1 mm Hg per hour (95% CI: 7.8–15.9 mm Hg per hour) for
the sustained hypertensive group.

No significant difference was found between the normotensive
and white-coat hypertensive groups for the Power function,
whereas a significant difference was found between the sustained
hypertensive and normotensive groups (P¼ 0.001) and between
the sustained hypertensive and white-coat hypertensive groups
(P¼ 0.02). Estimated, adjusted Power values were 141.2 mm Hg2

per hour (95% CI: 94.3–211.9 mm Hg2 per hour) for the normo-
tensive group, 191.8 mm Hg2 per hour (95% CI: 125.1–293.7 mm
Hg2 per hour) for the white-coat hypertensive group and
425.9 mm Hg2 per hour (95% CI: 282.3–642.3 mm Hg2 per hour)
for the sustained hypertensive group.

DISCUSSION
In our study we found in an untreated population, significant
linear associations across all four measures of the MBPS and
LDL-cholesterol. This consistent finding could not be explained
by waist circumference, age, blood pressure or menopause
status, all of which are potential confounders.3,19 A significant
positive relationship was found for both the RoR and the
Power function with fasting total cholesterol and LDL-cholesterol
in a study, which was presented to the 23rd meeting of the
International Society of Hypertension. (Head GA, Andrianopoulos
N, Reid C, McGrath B, Martin C, La Greca C, Chatzivlastou K,
unpublished work, 2010)

In a meta-analysis of eight studies, which included 5645
patients, Li et al.6 reported that the top decile of the sleep-
trough MBPS had higher mean total cholesterol compared with
the rest of the study population.

Similarly, in the present study the top deciles of the sleep-
trough and pre-awake MBPS had higher mean fasting LDL-
cholesterol compared with the lower 90 per cent, but this did not
hold for the RoR or the Power function. This could be due to the
small sample size and the loss of information and power that
occurs when continuous variables are categorised.20 Two outcome
studies of the MBPS in hypertensive subjects, reported similar lipid
profiles in the MBPS and non-MBPS groups.5,7

Several studies have shown subjects with an elevated MBPS
tend to be older than those with a lower MBPS.6,21 Lee et al.22

found age was linearly associated with the sleep-trough MBPS in
untreated hypertensive subjects. Head et al.11 found a relationship
between age and the RoR and the Power function, although the
relationship could be described as weak.

A number of studies have examined factors that may potentially
contribute to MBPS. A positive relationship has been reported for
fasting plasma glucose and MBPS.23 Conflicting results have been

found between measures of sympathetic activity and MBPS.24–26

Polonia et al.27 in a study of 711 subjects, which included treated
hypertensives and diabetics, found a significant correlation
between PWV and the MBPS. The present study found no
significant relationships between metabolic factors, sympathetic
function or PWV and any of the measures of the MBPS.

Two studies have assessed the MBPS in a white-coat
hypertensive population.11,28 Polonia et al.,28 using the sleep-
trough as a measure of MBPS, with subjects matched for age
gender and weight, found a higher MBPS and day time variability
in white-coat hypertensive compared with the normotensive.
However, the definition of white-coat hypertensive in that study
was based on a single 24-h ABP recording. Moreover the results
did not take into account different baseline measurements. The
sleep-trough surge and the pre-awake surge both require
adjustment for their baseline measure to take into account the
regression to the mean. The present study found no differences
between white-coat hypertension and the normotensive group for
any of the four measures of MBPS.

There are limitations to this study. The subjects were not
randomly selected, with all the normotensives recruited by
advertisement, whereas the majority of white-coat hypertensive
and sustained hypertensive subjects were recruited from our
ABPM service. There was also a predominance of female subjects.
However, subjects were all drawn from the same geographic area.
Information of morning activity was not obtained in study
subjects.

The novel finding of a significant relationship between
measures of MBPS and fasting LDL-cholesterol in a population
of untreated subjects is an intriguing link between the two major
cardiovascular risk factors. The factor(s) responsible for this linkage
have yet to be defined.

What is known about this topic
� An increased morning blood pressure rise is associated with incident

cardiovascular events.
� The morning blood pressure rise, by a variety of definitions, has been

shown to be associated with cardiovascular events, particularly stroke.
� Factors associated with the morning blood pressure rise have

previously been identified.
� Non-modifiable factors: age
� Modifiable risk factors: hypertension, blood pressure variability,

sympathetic activity and fasting glucose.

What this study adds
� A comprehensive analysis of several measures of the MBPS and

cardiovascular risk factors.
� The present study confirmed that age, blood pressure variability and

sustained hypertension were related to the MBPS.
� The novel finding in the present study was the significant positive

correlation between measures of the MBPS and serum lipids.
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6.1 Introduction 

The submitted paper in this chapter builds on the published work in Chapter 5, where it was 

reported that lipids, in particular low-density lipoprotein, are positively associated with the 

morning blood pressure surge. The analysis in this chapter was undertaken in a larger population 

and included treated hypertensive participants. The morning blood pressure surge was 

determined using a mathematical modeling technique. 

 

The questions addressed in this paper are: 

 What variables are associated with the morning blood pressure surge in subjects that 

includes normotensive, treated and untreated hypertensive participants? 

 Does commencing lipid therapy have an effect on the morning blood pressure surge in 

the short term? 

The paper also attempts to explain possible mechanisms for the relationship between lipids and 

the morning blood pressure surge. 
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Abstract 

 

We determined clinical predictors of the rate of rise (RoR) in blood pressure (BP) in the 

morning as well as a novel measure of the power of the BP surge (BPpower) derived from 

ambulatory BP (AMBP) recordings. BPpower and RoR were calculated from 409 ABP 

recordings from subjects attending a cardiovascular risk clinic. Anthropometric data, blood 

biochemistry, and history were recorded. A 1-2 year follow up visit of 213 subjects identified 

predictors of long term changes in BP surge. Subjects were 20-82 years old (average 57, SD 

13), 46% male, 9% with hypertension but not on medication, 34% on antihypertensive 

medication. Average RoR was 11.1 mmHg/hour (SD=8) and BPpower was 273 mmHg
2
/hour 

(SD=235). Only cholesterol, low density lipoprotein and body mass index (BMI) were 

associated with higher BPpower and RoR (P<0.05) from the 25 variables assessed. BPpower was 

lower in those taking beta-blockers or diuretics. Multivariate analysis identified that only 

BMI predicted RoR (4.2% increase/unit BMI, P=0.020) while cholesterol was the only 

remaining predictor for BPpower (17.5% increase/mmol/L cholesterol, p=0.047). Baseline 

cholesterol was the only predictor for an increasing RoR and BPpower (p<0.05) in 213 subjects 

with repeated ABP after 1.8 years on average. In 22 patients who commenced statin, they had 

subsequently lower day-night difference and BPpower. We conclude that cholesterol is an 

independent predictor of a greater and more rapid rise in morning BP as well as of further 

increases over several years. Reduction of cholesterol with statin therapy is very effective in 

reducing the morning BP surge. 

 

 

Key Words : Antihypertensive drugs; Ambulatory blood pressure; Cholesterol; Double 

logistic equation; Hypertension; Morning blood pressure surge. 
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The circadian variation in blood pressure (BP) in humans has been established since the first 

chronic intra-arterial recordings were made in the late 1960’s 
1
. It is well known that many 

factors such as physical activity and periods of rest strongly influence the diurnal BP pattern 

as well as circadian variation in autonomic and hormonal systems. The importance of this 

circadian pattern has been brought to the fore by the extensive literature that has been 

developed over the last two decades to show that cardiovascular events, such as stroke, 

transient ischemic attacks, myocardial infarction and sudden cardiac death occur most 

frequently during the morning hours which coincides with the rapid rise in BP and heart rate 

(HR) 
2, 3, 4 , 5, 6

. Stroke is up to 3 times more likely in the morning
5, 7

 while the Framingham 

study showed that the incidence of sudden death was nearly twice as likely than at any other 

time
8
.  

 

We have developed a novel mathematical approach to measure the morning surge in BP 

using a logistic equation that contains separate parameters for the rate of rise (RoR) and the 

rate of fall as a parameter for the night plateau and the difference between the day and night 

plateau
9
. The model is therefore able to provide a non-symmetrical fit of any circadian data 

and can estimate the RoR independent of the rate of fall. When applied to data such as human 

24 hour BP and HR recordings, it provides a measure of the RoR of BP and HR in the 

morning period which is independent of what happens at any other time of the day.  

 

In a prospective study of over 300 subjects, we found that there was a markedly greater RoR 

in BP and HR in the upper quartile of daytime ambulatory mean arterial pressure (MAP) 
10

. 

This finding was not simply because the underlying BP is higher, as we found no correlation 

between the RoR in morning systolic BP and the night time systolic BP
10

. Our study showed 

that the duration of the morning surge is similar between the normotensive and hypertensive 
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participants.
10

 We have extended this approach and developed a method of assessing the 

power (effective force) of the morning BP surge (BPpower)
11

. We found that patients with 

hypertension and also those with “white coat” hypertension have markedly exaggerated 

morning surge BPpower
11

. The question is whether this is predicted by any of the standard 

clinical and biochemical measures collected as part of the monitoring of cardiovascular 

health. In a previous analysis with 54 normotensive subjects and 70 untreated hypertensive 

patients, we found an association between fasting LDL cholesterol and morning BP surge as 

assessed by 4 different methods including the RoR and BPpower. These associations were 

independent of age or waist circumference
12

.  

 

The aim of the current study was to perform a much larger study in order to be able to 

statistically confirm the independence of cholesterol from other confounders, to include 

subjects treated with hypertensive agents and to determine what predicted long term changes 

in the morning BP surge (rate and power) in a 1-2 year follow up. We also examined the 

effect of statin therapy and included other more established methods of calculating the 

morning BP surge
13

. 

 

METHODS 

A total of 416 subjects were prospectively recruited from the Healthy Hearts Clinic of Baker 

IDI Heart and Diabetes Institute or from patients attending the Hypertension Diagnostic 

Service at the Alfred Hospital Heart Centre (funded and staffed by the Baker IDI Heart and 

Diabetes Institute) or Monash Health (Dandenong Hospital). Seven subjects were excluded as 

having nocturnal rising rather than dipping. Of the 409 remainder, 213 were re-examined in 

follow up after a median 1.8 years (range 1.1 - 2.2). The procedures were approved by The 

Alfred and Monash Health Human Research Ethics Committee. All subjects gave their 
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written informed consent. Participants fasted overnight and arrived in the morning for clinic 

assessment of BP, blood sampling for biochemistry, anthropometrics and questionnaires for 

medical history after which an ABP device was fitted to the non-dominant arm and the 

patients briefed on the correct use of the device. Hypertension was defined as being on 

antihypertensive treatment or having a 24 hour ambulatory systolic BP  130 mmHg and 

diastolic BP  80 mmHg 
14

. Normotension was defined as having a 24 hour ambulatory 

systolic BP  130 mmHg or diastolic BP  80 mmHg. 

 

Cardiovascular measurements 

Ambulatory BP was recorded during a typical day using SpaceLabs 90207 or 90217 units 

(SpaceLabs Medical inc., Redmond, WA, USA) or Meditech CardioTens (Meditech Ltd, 

Budapest, Hungary), which were set to measure BP every 30 minutes from late morning for 

26 hours. The first and last hour of the recordings were not included in the analysis as they 

involved fitting and removing the device in the clinic. Diaries were kept by some patients to 

record daily activities including awake and asleep times. Clinic BP was determined in the 

reclining position using a mercury sphygmomanometer after 5 minute rest and an average of 

three readings. 

 

Analysis of ambulatory curves 

Ambulatory BP recording data were fitted to a 6 parameter double logistic equation as 

described previously
15

. The principle involves the multiplication of the RoR by the amplitude 

of the rise which are calculated from our standard six parameter logistic equation
9
. The novel 

power function is the first derivative of the logistic curve multiplied by the amplitude which 

is the day night difference between plateaus 
11

. In addition, we included previously used 

methods of calculating the morning BP surge (MBPS) which were the night minimum minus 

the post awake 2 hour period (MBPSNightMin)and the pre awake minus the  post awake 2 hour 
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period (MBPSpre-awake) according to the method of Kario and colleagues 
13

. Our modification 

was to use mean BP rather than Systolic BP in order to be comparable to the morning BP 

power.  

 

Statistical analysis 

Data are presented as mean  standard deviation (SD) of the between-patient variation for 

continuous variables and frequency (%) for categorical variables. Using the natural log of 

RoR and BPpower as outcomes, baseline univariate predictors were determined using linear 

regression analysis. The significant univariate predictors were then used in the multivariate 

analysis. Similarly, for predictors of the change in RoR and BPpower as the outcome, the 

difference between follow up and baseline were used in both the uni- and multi-variate 

analysis. Slopes were considered significant when P<0.05. Analysis was performed with 

STATA version 10 Data Analysis and Statistical Software (StataCorp, College Station, 

Texas, USA.). 

 

RESULTS  

Subject characteristics 

The study group of 409 subjects was made up of 54% female and 46% male subjects with an 

average age of 57 years (SD = 13, range 20-83, median 58, Table 1). Average body mass 

index (BMI) was 26.5 kg/m
2
 with plasma total cholesterol of 5.2 mmol/L, low density 

lipoprotein (LDL) 3.4 mm/L, high density lipoprotein (HDL) 1.4 mmol/L and triglycerides 

1.3 mmol/L (Table 1). While males and females were of similar ages and BMI plasma 

cholesterol including HDL and LDL were slightly higher in females and triglycerides were 

lower (Table 1, p<0.05 for all). Males also showed elevated daytime, night time MAP as well 

a lesser day night difference than females but there was no difference between the clinic 
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systolic BP or diastolic BP values (Table 2). Males and females had similar RoR and BPpower 

being on average 11 mmHg/h (SD=8) and 273 mmHg
2
/h (SD=235).  

 

Based on clinic BP measurements from the entire group, 14% would be considered 

hypertensive (SBP/DBP>140/90) and 33% were taking antihypertensive therapy with the 

most common therapy being angiotensin converting enzyme inhibitors (ACEI) at 14%. Based 

on ABP recordings, 226 (55%) were considered normotensive compared with 183 subjects 

(45%) with hypertension which included 137 on antihypertensive therapy and 46 not taking 

therapy (Table 1). As expected, clinic and ABP day and night BP values were elevated in 

those patients classified as hypertensive (Table 2, p<0.001). Surprisingly the hypertensive 

group had a reduced morning RoR compared with normotensives (10.2 vs 11.8 mm Hg/h, 

p=0.04) but we did not detect a statistical difference between the morning BPpower (p=0.1). 

Patients with hypertension were also older, heavier, had greater BMI, triglycerides (all 

p<0.001) and elevated fasting glucose (Table 1, p=0.02). However, plasma total, HDL and 

LDL cholesterol were not different between these groups (Table 1).  

 

Univariate analysis of rate of morning rise in BP and power 

An initial univariate analysis was performed using the entire 409 recordings. The morning 

RoR and BPpower were first normalised by natural log transformation. Total cholesterol and 

LDL and BMI but not HDL predicted higher BPpower (p<0.05) and RoR (P<0.05) (Table 3, 

Fig 1 and Fig 2). By contrast, a lower BPpower and RoR was predicted by age (Fig 2). BPpower 

was proportionally lower in those patients taking beta-blockers or diuretics (Table 3).  

We also found there was an association of MBPSNightMin and MBPSpre-awake with cholesterol 

(p<0.05), MBPSpre-awake was associated with LDL cholesterol but neither were associated with 

HDL (Fig 3).  
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Multivariate analysis of rate of morning rise in BP and power 

Multivariate analysis determined that only BMI predicted morning RoR (4.2% increase in per 

unit BMI, p=0.020), while total cholesterol was the only remaining predictor for BPpower 

(17.5% increase/mmol/L, p=0.047, Table 3).  

 

Predicting change in analysis of rate of morning rise in BP and power 

A total of 213 subjects from the main study underwent follow up ABP monitoring (median 

follow-up time of 1.8 years) from whom we calculated the predictors of a change in RoR and 

BPpower between baseline and analyzed this by univariate and multivariate covariance. The 

univariate analysis indicated that baseline total cholesterol, LDL, triglycerides, fasting 

glucose and diabetic medication were predictors of increases in RoR and BPpower (Table 4, 

p<0.05). However, multivariate analysis showed after adjustment for baseline level of RoR 

and BPpower as well as time between visits, that only baseline total cholesterol was a predictor 

for increasing RoR and BPpower (p<0.05, Table 4). No association was found with 24 hour 

MAP or statin use in any of the analyses.  

 

Effect of starting statin therapy. 

Statin therapy was commenced between the initial and subsequent ABP assessments in a 

limited number of subjects that contributed to a reduction in plasma cholesterol by 1.0 

mmol/L (Table 5, p<0.001). Subjects were excluded if they had started antihypertensive 

therapy between visits. A within subject comparison revealed that after commencing a statin 

the BPpower was reduced by 44%, the day night difference was reduced by 32% (P=0.04, 

Table 5) on the subsequent visit, and there was a tendency to reduce the morning RoR (-11%, 

p=0.065). 
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DISCUSSION 

The aim of the current study was to determine independent predictors of the morning surge in 

BP using a novel method of analysis of the RoR as well as an index of the “power” of the BP 

surge derived from the product of the rate and amplitude
9, 10

. We examined over 20 clinical 

anthropomorphic, biochemical and treatment indices from 409 subjects to find that the only 

independent predictor of the morning BPpower was plasma levels of total cholesterol and the 

best predictor of morning RoR was BMI. Importantly, we also found that plasma cholesterol 

at baseline was the only independent predictor of an increase in the RoR and an increase in 

the morning BPpower over the one to two year follow up examination within the same subject.  

The latter analysis was adjusted for baseline levels of BPpower which allows for the possibility 

that the cross-sectional analysis association between cholesterol and morning power might be 

influencing this result. We also found that commencing statin therapy markedly reduced the 

BPpower while no change was observed in those that did not commence a statin between visits. 

These findings suggest that plasma cholesterol may be intimately linked with the underlying 

pathological process that is leading to a greater morning BP surge rather than a simple 

association.  

 

The mechanism involved in the increase in BP and HR in the morning period involves 

activation of a number of systems associated with arousal as well as circadian rhythms 

associated with transitioning from dark to light. The average duration of the rise is 

approximately 3 hours 
9
 and is not a simple step change at the point of waking. For these 

reasons we have used the double logistic method for calculating the RoR 
9
 and the BPpower

11
 

which has the advantage of providing a line of best fit rather than individual points to better 

estimate the overall trend in BP. The method is independent of the recorded waking time as 

we have previously shown these to be unreliable in predicting the peak in BP surge
16

. The 
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transition from sleep to awake is associated with activation of the sympathetic nervous 

system and increasing levels of plasma catecholamines leading to greater sympathetic 

vasoconstrictor tone 
17

. Also during the morning period compared with evening, sympathetic 

baroreflex gain is reduced 
18

, plasma cortisol is elevated
19

 and endothelium dependent 

forearm vasodilatation is reduced
19

. By contrast there is little circadian rhythm in plasma 

cholesterol
19

 suggesting that the link between cholesterol and the morning BPpower in both the 

cross sectional and longitudinal study is not simply a co-incidence of an association of 

circadian rhythms. However, we do acknowledge that upright posture increases plasma 

cholesterol concentration slightly due to a reduction  in blood volume
20

. Furthermore, we also 

observed significant correlations with previous methods of determining the morning BP surge 

and cholesterol and LDL cholesterol. These methods developed by Kario and colleagues 

encapsulate the change in BP pre and post waking or post awake minus night minimum. The 

latter essentially indicates the magnitude of the morning rise
13, 21, 22

. 

 

Activation of the sympathetic vasomotor drive associated with arousal in the morning period 

is a particularly important mechanism influencing the rise in BP. Schofl and colleagues 

showed using frequent sampling of central venous blood to measure the rhythm of plasma 

norepinephrine and epinephrine that there is not an intrinsic surge in plasma catecholamines 

that would likely contribute to an increase in BP and HR in the morning
23

. Dodt and 

colleagues found similarly a lack of association with norepinephrine but did show an increase 

in epinephrine that was related to waking
24

. One limitation of plasma concentrations is that 

there is no consideration of clearance. An alternative approach has been used to evaluate the 

effect of -adrenergic blockade which produces the largest hypotension in the morning being 

approximately double that produced during the evening
17

. Furthermore, Kawano and 

colleagues showed that the -adrenergic antagonist doxazosin abolished the morning surge in 
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BP
25

. Muscle sympathetic nerve activity measured using microneurography was markedly 

lower during slow wave sleep compared with the awake state
18, 26

. We have recently found 

that there was a close association between an acute increase in muscle sympathetic activation 

due to a cold pressor test and the morning BPpower 
27

. Thus it would appear that there is a 

major contribution of the morning surge in BP and hence BPpower from the sympathetic 

nervous system.  

 

The major finding of the current study that plasma cholesterol and in particular LDL is 

associated with the morning BP surge might be explained if there was a known link between 

these plasma lipids and the sympathetic nervous system. There has been considerable 

controversy in this area with diverse protocols of acute and long term duration combined with 

the difficulty of assessing sympathetic activity 
28, 29

. For example acute infusion of lipid 

increases plasma noradrenaline
30, 31

 and renal noradrenaline spillover
32

. By contrast a 2 day 

infusion of lipid has been reported to cause a reduction in plasma and urinary 

norepinephrine
33

. However, these studies focused on fatty acids rather than on cholesterol per 

se. We have recently published that dyslipidaemia (high cholesterol) in young females is 

associated with high levels of sympathetic activity compared to normal as measured by 

microneurography
34

. This association was independent of age, height, weight or BMI. 

Furthermore Ekstedt and colleagues found that total cholesterol, LDL and cortisol but not 

HDL, triglycerides or insulin were associated with the frequency of microarousals during 

sleep
35

. This pattern of association in metabolic markers is remarkably similar to the current 

study and together suggests that inappropriate activation of the sympathetic nervous system 

during sleep (microarousals) and at the end of sleep (morning power) can be predicted by 

elevated cholesterol.  
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A possible mechanism has only recently come to light with the discovery that high levels of 

cholesterol can induce cerebral oxidative stress
36-38

. Using an LDL receptor knockout mouse 

model fed a high cholesterol diet; it was found that mitochondrial oxidative capacity was 

reduced due to greater consumption of NADPH-linked substrates
37

. Furthermore,  the LDL 

knockout mouse and a mouse fed a high cholesterol diet display an increased vascular 

sympathetic modulation
36

 as determined by spectral analysis 
39

. We suggest that a possible 

mechanism underlying the association between the morning BPpower and cholesterol involves 

increased oxidative stress in central presympathetic pathways leading to a greater 

sympathetic contribution to the morning arousal surge in BP. The key finding in our study 

was the dramatic effect of commencing statin therapy which reduced BPpower by 

approximately 50%. This did not occur in the control group that did not commence statin 

therapy.  In support of our hypothesis, studies have previously shown an association between 

oxidative stress and sympathetic contributions to obesity induced hypertension 
40

, 

renovascular hypertension
41, 42

, salt sensitive hypertension 
43

, a mouse model of neurogenic 

hypertension 
44

. Conversely inhibiting oxidative stress leads to sympatho-inhibition 
45

. 

 

The strength of our study is that the analysis has used a large data set with follow up 

assessments allowing for within subject analysis which complements the cross sectional 

analysis. Furthermore we have included all subjects including those on antihypertensive and 

other therapies which more closely reflect the general population except for a higher 

incidence of hypertension. Hypertension was present in 44% of our cohort compared with the 

AusDiab population study from 2005 (Age < 65 years) that showed that 31% of patients had 

hypertension
46

. The multivariate analysis model has allowed us to account for significant 

factors such as types of treatment. Interestingly, beta blockers and diuretics were negatively 

correlated to morning BPpower but none of these treatments were independent of cholesterol. 
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We had previously found that patients taking diuretics had reduced BPpower
11

 and those taking 

beta blockers trended similarly but did not reach statistical significance
11

. At first glance the 

absence of an association with statin treatment might be considered to challenge the 

association between cholesterol and morning power. However, only those patients with high 

cholesterol levels would be given statins in order to try to normalize the hyperlipidemia. As 

such the statistical analysis would be expected to show little difference between those on 

treatment and untreated patients. When we compared the same subjects before and after 

commencing statin therapy, a clear reduction in morning BPpower was observed.  

 

In conclusion, we used a new measure of the morning BP surge which incorporates the RoR 

in BP multiplied by the amplitude, namely BPpower to show that in a large well characterized 

group of subjects that plasma cholesterol was the sole independent correlate. Importantly 

cholesterol was the sole predictor of a long term increase in morning BPpower after adjustment 

for baseline BPpower. We suggest that the mechanism may relate to increased cerebral 

oxidative stress leading to an activation of the sympathetic nervous system. Importantly, we 

found from a limited number of subjects who had commenced statin therapy that reducing 

cholesterol had a marked effect in reducing BPpower. These studies suggest an important link 

between two major risk factors in cardiovascular disease, namely hypertension and 

dyslipidaemia and offer new insights into their interaction within the central nervous system. 

BPpower may therefore be a useful measure to highlight those subjects at greatest risk of 

cardiovascular events and for determining the most benefit of antihypertensive and 

cholesterol lowering therapy.  
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Novelty and Significance  

 Plasma cholesterol was an independent predictor associated with a greater and 

more rapid rise in morning BP 

 Plasma cholesterol at baseline independently predicting further increases in 

morning surge over several years.  

 Statin therapy that reduced plasma cholesterol, reduced morning BP surge. 

 The suggested mechanism involves cholesterol induced cerebral oxidative 

stress that activates pre-sympathetic pathways. 

 

What is Relevant? 

 An extreme morning BP surge is a risk factor for stroke. 

 A calculated parameter that is a product of the rate of rise and the amplitude   

of the BP surge known as BPpower encapsulates the power of the morning BP 

surge. 

 Morning BP surge is partly driven by activation of the sympathetic nervous 

system. 

 High cholesterol levels activates the central nervous system pre-sympathetic 

pathways through increased oxidative stress. 

 

Summary 

 Plasma cholesterol is an independent predictor of a greater and more rapid rise 

in morning BP as well as a predictor for further increases in morning surge over 

several years. Reduction of cholesterol with statin therapy is very effective in 

reducing the morning BP surge. 
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Table 1. Clinical characteristics of subject groups. 

Subjects Total Females Males P1 NT HT P2 

Number 409 222 187  226 183  

Age (years) 56.8 ± 12.8 56.6 ± 12.7 57.1 ± 12.9 NS 54.6 ± 12.6 59.5 ± 12.5 *** 

Weight 77.7 ± 14.6 72.9 ± 15 83 ± 12.1 *** 75.5 ± 14.8 81 ± 13.8 *** 

BMI 26.5 ± 3.9 26.4 ± 4.4 26.7 ± 3.3 NS 25.7 ± 3.5 28 ± 4.2 NS 

Cholesterol (mmol/L) 5.2 ± 0.9 5.4 ± 0.9 5.1 ± 0.9 *** 5.2 ± 0.9 5.3 ± 0.9 *** 

LDL (mmol/L) 3.4 ± 0.9 3.5 ± 0.9 3.2 ± 0.9 * 3.4 ± 0.9 3.3 ± 0.8 * 

HDL (mmol/L) 1.4 ± 0.4 1.5 ± 0.4 1.2 ± 0.3 *** 1.3 ± 0.4 1.4 ± 0.4 *** 

Triglycerides 

(mmol/L) 
1.3 ± 0.7 1.2 ± 0.6 1.5 ± 0.9 *** 1.2 ± 0.6 1.4 ± 0.8 *** 

Fasting glucose 

(mmol/L) 
5.4 ± 1.4 5.2 ± 1.3 5.6 ± 1.4 * 5.3 ± 1.1 5.6 ± 1.7 * 

Clinic BP>140/90 

mmHg (%) 
14.4 13.5 15.5  9.7 20.2 

 

Antihypertensive 

medication (%) 
33.5 33.3 33.7  0.0 74.9 

 

ACE Inhibitors (%) 13.9 13.1 15.0  0.0 31.1  

ARB (%) 11.7 10.4 13.4  0.4 25.7 
 

Beta blockers (%) 9.3 7.2 11.8  0.0 20.8  

Calcium channel 

blockers (%) 
10.0 9.5 10.7  0.0 22.4 

 

Diuretics (%) 10.3 9.0 11.8  0.0 23.0  

Statins (%) 18.1 17.6 18.7   11.1 26.8   

Values are Mean +/- SD, P1 is the probability for the comparison between Females and 

males. P2 is between normotensive (NT) and patients with hypertension (HT), * P<0.05, ** 

P<0.01, NS P>0.05. 
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Table 2. Clinic blood pressures, day and night MAP, day–night difference, morning rate of 

rise in MAP, and peak morning MAP surge power in subject groups. 

 

Subjects Total Females Males P1 NT HT P2 

Recordings 409 222 187  226 183 

 

Clinic SBP (mmHg) 137 ± 19 138 ± 21 136 ± 17 NS 131 ± 16 145 ± 20 *** 

Clinic DBP (mm Hg) 83.8 ± 10.6 83 ± 11 84.8 ± 9.9 NS 81.5 ± 9.5 86.6 ± 11.1 *** 

Clinic BP>140/90 

mmHg (%) 
14.4 13.5 15.5  9.7 20.2  

Daytime MAP (mm 

Hg) 
98.2 ± 8.7 97.2 ± 9.6 99.5 ± 7.4 *** 95.6 ± 6.9 101.4 ± 9.6 *** 

Night MAP (mm Hg) 92.8 ± 8.3 91.4 ± 9.1 94.4 ± 6.9 *** 90 ± 6 96.2 ± 9.3 *** 

Day-Night difference 

(mm Hg) 
12.9 ± 6.7 13.5 ± 6.7 12.2 ± 6.5 * 13.4 ± 5.9 12.3 ± 7.5 NS 

Morning rate of MAP 

increase (mm Hg/h) 
11.1 ± 8.2 11.4 ± 8.2 10.7 ± 8.2 NS 11.8 ± 8.3 10.2 ± 7.9 * 

Peak morning surge 

power (mm Hg2/h) 
273 ± 235 289 ± 237 254 ± 231 NS 290 ± 234 252 ± 235 NS 

Values are Mean +/- SD, P1 is the probability for the comparison between Females and 

males. P2 is between normotensive (NT) and patients with hypertension (HT), * P<0.05, ** 

P<0.01, NS P>0.05. 
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Table 3. Linear regression coefficient (b), 95% CI and p-value of baseline predictors of the 

RoR and BPPower as natural log (Ln) from a univariate and multivariate analysis. 

Univariate Ln RoR  Ln BPPower 

Baseline Predictor b 95%CI P-value  b 95%CI P-value 

Age (yrs) -0.01 -0.02,-0.001 0.018  -0.01 -0.02,-0.005 0.001 

BMI (kg/m2) 0.04 0.004,0.07 0.030  0.03 -0.005,0.07 0.087 

Male (%) -0.06 -0.25,0.12 0.488  -0.11 -0.32,0.09 0.282 

Clinical systolic HPT (%) -0.01 -0.21,0.19 0.921  0.06 -0.17,0.29 0.603 

Clinical diastolic HPT (%) -0.12 -0.35,0.11 0.307  -0.13 -0.40,0.13 0.319 

BP >140/90 mmHg (%) -0.10 -0.36,0.16 0.432  -0.10 -0.40,0.19 0.494 

Baseline hypertension (%) -0.10 -0.29,0.09 0.299  -0.09 -0.31,0.13 0.418 

Cholesterol (mmol/L) 0.11 0.003,0.22 0.043  0.16 0.04,0.28 0.009 

LDL (mmol/L) 0.15 0.03,0.27 0.018  0.20 0.07,0.34 0.004 

HDL (mmol/L) 0.09 -0.20,0.37 0.552  0.14 -0.18,0.46 0.402 

Triglycerides (mmol/L) -0.04 -0.17,0.09 0.531  -0.03 -0.18,0.12 0.675 

Fasting glucose (mmol/L) -0.02 -0.09,0.05 0.599  -0.04 -0.12,0.05 0.389 

Current Smokers (%) 0.09 -0.38,0.56 0.711  0.04 -0.49,0.58 0.882 

Family history of CHD (%) 0.16 -0.07,0.40 0.177  0.25 -0.02,0.51 0.067 

Diabetic (%) -0.15 -0.59,0.30 0.515  -0.13 -0.63,0.37 0.610 

Any alcohol (%) 0.05 -0.05,0.15 0.304  0.07 -0.04,0.18 0.219 

Antihypertensive medication 

(%) 

-0.14 -0.33,0.05 0.144  -0.13 -0.34,0.09 0.247 

ACE Inhibitors (%) -0.04 -0.29,0.22 0.761  -0.04 -0.33,0.25 0.772 

ARB (%) -0.12 -0.40,0.15 0.378  -0.01 -0.33.0.30 0.938 

Beta blockers (%) -0.30 -0.62,0.01 0.060  -0.49 -0.85,-0.14 0.007 

Calcium channel blocker (%) -0.18 -0.48,0.11 0.221  -0.23 -0.56,0.11 0.186 

Diuretics (%) -0.25 -0.54,0.04 0.094  -0.37 -0.70,-0.04 0.029 

Statins (%) -0.02 -0.25,0.22 0.888  -0.06 -0.33,0.20 0.635 

Diabetic medication (%) -0.03 -0.64,0.60 0.948  -0.10 -0.80,0.61 0.789 
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Multivariate Ln RoR  Ln BPPower 

Baseline Predictor b 95%CI p-value  b 95%CI p-value 

Age (yrs) -0.01 -0.2,0.006 0.405  -0.01 -0.02,0.002 0.113 

BMI (kg/m2) 0.04  0.01,0.08 0.020  - - - 

Cholesterol (mmol/L) 0.07 -0.09,0.23 0.379  0.16 0.003,0.32 0.047 

Beta Blocker - - -  -0.23 -0.71,0.24 0.336 

Diuretic - - -  -0.23 -0.71,0.24 0.337 
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Table 4 . Linear regression coefficient (b), 95% CI and p-value of baseline predictors of the 

change in natural log (ln) RoR and BPpower between first follow-up and baseline visits from a 

univariate and multivariate ANCOVA analysis. 

ANCOVA - Univariate Δ ln RoR
#
  Δ ln BPPower

^
 

Baseline Predictor b 95%CI P-value  b 95%CI P-value 

Cholesterol (mmol/L) 0.21 0.05,0.37 0.009  0.29 0.11,0.48 0.002 

LDL (mmol/L) 0.24 0.05,0.44 0.015  0.32 0.09,0.56 0.008 

Triglycerides (mmol/L) 0.23 0.05,0.42 0.012  0.31 0.10,0.52 0.004 

Fasting glucose 

(mmol/L) 

-0.11 -0.20,-0.01 0.024  -0.12 -0.23,-0.02 0.025 

Diabetic medication -0.95 -1.71,-0.18 0.015  -1.49 -2.38,-0.60 0.001 

        

ANCOVA -Multivariate Δ ln RoR
#
  Δ ln BPPower

^
 

Baseline Predictor b 95%CI P-value  b 95%CI P-value 

Cholesterol (mmol/L) 0.21 0.05,0.37 0.012  0.29 0.11,0.48 0.002 

Fasting glucose 

(mmol/L) 

-0.08 -0.18,0.01 0.091  -0.09 -0.20,0.02 0.108 

#
Also adjusted for baseline ln ROR and time between visits,

 ^
Also adjusted for baseline ln 

BPpower and time between visits. 
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Table 5. Comparison of the day–night difference, morning rate of rise in MAP, and peak 

morning MAP surge power in subjects before (baseline) and after commencing chronic statin 

therapy. 

n= 37 Baseline 

Subsequent 

visit P Baseline 

Subsequent 

visit P 

Statin No Yes  No No  

n  37   116  

Total Cholesterol 
(mmol/l) 

5.2 ±  0.7 4.2 ±  0.7 *** 5.3 ±  0.8 5.4 ±  0.9 NS 

24 hour MAP 93.8 ±  8 92.1 ±  7.9 NS 92 ±  7.5 91.5 ±  7.5 NS 

Day-Night difference 

(mm Hg) 
27.9 ±  8.2 23.4 ±  6.5 ** 25.5 ±  9.3 24.5 ±  9.3 NS 

Morning rate of MAP 

increase (mm Hg/h) 
12.9 ±  11.6 9.7 ±  7.4 NS 11 ±  8 10.8 ±  8.4 NS 

Peak morning surge 

power (mm Hg2/h) 
385 ±  417 229 ±  204 * 279 ±  231 268 ±  262 NS 

 Values are Mean ± SD. Subject who changed antihypertensive medication or who had less 

than 25% of the total variance explained by the 6 parameter double logistic fit were excluded. 

P is the probability for the comparison between baseline and subsequent visit, * P<0.05, ** 

P<0.01, NS P>0.05. 
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Figure 1: Correlations between natural log morning rate of rise (RoR) in mean 

arterial pressure (MAP) (left panels) and power (right panels ) and plasma levels of 

cholesterol (top), low density lipoprotein (LDL, middle) and high density lipoprotein 

(HDL) from subjects (n=409). Thick line represents least squares regression lines and 

thin lines are 99% confidence limits. r is the correlation co-efficient and P is the 

probability.
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Figure 2: Correlations between natural log morning rate of rise (RoR) in mean 

arterial pressure (MAP) (left panels) and power (right panels ) and body mass index 

(BMI) and age from subjects (n=409). Thick line represents least squares regression 

lines and thin lines are 99% confidence limits. r is the correlation co-efficient and P is 

the probability. 
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Figure 3: Correlations between post awake 2 hours minus night minimum 2 hours in 

mean arterial pressure (MAP) (left panels) and post awake 2 hours minus pre awake 2 

hours (right panels ) and plasma levels of cholesterol (top), low density lipoprotein 

(LDL, middle) and high density lipoprotein (HDL) from subjects (n=307). Thick line 

represents least squares regression lines and thin lines are 99% confidence limits. r is 

the correlation co-efficient and P is the probability. 
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7.1 Introduction 

Previous studies have suggested that subjects with WCHT are at increased risk of developing 

sustained hypertension, but due to the various definitions used to define WCHT it is not clear 

if WCHT is associated with increased risk of sustained hypertension. 

 

This chapter reports the results of a prospective study, in which normotensive and WCHT 

participants were followed for a period of three years to observe for the development of 

sustained hypertension. The WCHT group was carefully defined with two ABPM’s required 

to determine WCHT status. 

 

The study examined and compared the rate of progression to sustained hypertension in the 

two groups. It builds on the results detailed in Chapter 4, which defined markers of specific 

pathophysiological mechanisms that may potentially be involved in WCHT. Subject 

anthropomorphic features, glucose dysregulation, autonomic function, arterial function and 

circulating biomarkers were examined to investigate which factor(s) best predicted future 

sustained hypertension in the WCHT group.  
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Abstract 

It is yet to be determined if white-coat hypertension, which is prevalent in the general 

population, can be considered a condition of increased cardiovascular risk. In this exploratory 

prospective study the risk of the development of hypertension in a WCHT cohort, defined by two 

ambulatory blood pressure monitorings, is examined along with the identification of baseline 

predictors of future hypertension in white-coat hypertension. Two out of 33 normotensives 

(6.1%, median follow-up 3.1 years [inter-quartile range: 2.3-3.3 years]) and 10 of the 28 white-

coat hypertensives (35.7%, median follow-up 2.9 years [inter-quartile range: 1.1-3.6 years]) 

developed sustained hypertension. White-coat hypertension participants who developed 

sustained hypertension had higher baseline waist circumference (80.1±9.7 versus 91.9±13.1 

centimetres, p=0.01), tended to be male (5.6 versus 40%, p=0.04), and had higher initial 

ambulatory blood pressure measurement (129/82±9/7 versus 143/87±14/14 mmHg, p=0.02) 

compared to white-coat hypertensives who remained white-coat. Although not statistically 

different the white-coat hypertensives who developed sustained hypertension had higher two-

hour plasma glucose post 75 gram dextrose challenge and higher central pulse wave velocity 

compared to white-coat hypertensives who did not develop sustained hypertension. Waist 

circumference, which is a modifiable risk factor for hypertension, should be measured and 

closely monitored in white-coat hypertensive patients. Studies are required to determine if 

interventions to reduce waist circumference delay or prevent the conversion to sustained 

hypertension in white-coat hypertension. Further research is required to determine if the oral 

glucose tolerance test and pulse wave velocity are useful measures to define increased 

cardiovascular risk in white-coat hypertension  
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White-Coat hypertension (WCHT) is suggested to be associated with increased progression to 

sustained hypertension
1-3

 Regular ABPM or home BP monitoring is required to monitor for 

conversion to sustained hypertension in patients with WCHT. The population prevalence of 

WCHT is estimated at 15%,
4
 making it logistically and financially difficult to monitor all WCHT 

subjects for conversion to sustained hypertension.  If predictors of future hypertension in WCHT 

can be identified then the focus of monitoring and intervention can be undertaken in WCHT 

patients at high risk.  

 

In this exploratory prospective study, the progression to sustained hypertension, over a three year 

period, in a strictly defined WCHT group, was determined and compared to normotensives. 

Baseline predictors of sustained hypertension in WCHT were also examined, including 

anthropometric, metabolic and arterial mechanical measures. 

 

Methodology 

The study was approved by the institutional human research ethics committee. Adult subjects 

(18-79 years) were recruited by advertisement and through an ABPM service. Subjects were 

excluded if they were smokers, had known diabetes, were taking anti-hypertensive medication, 

or had existing liver, renal or cardiovascular disease or any malignancy. Written informed 

consent was obtained from all subjects.  

 

Subjects presented to The Department of Vascular Sciences, Monash Health, Melbourne, 

Australia, at 9am. They were asked to fast from 2100hrs the evening before but were told they 

could still drink water. Each subject completed a questionnaire about previous and present 
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illnesses, family history, medication, diet, physical activity and alcohol habits. Alcohol 

consumption was categorised into none, mild (one to two standard drinks per day) or heavy 

(more than two standard drinks per day). The metabolic syndrome was defined according to the 

joint statement of the International Diabetes Federation Task Force on Epidemiology and 

Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World 

Heart Federation; International Atherosclerosis Society; and International Association for the 

Study of Obesity.
5
 Glucose status was defined as per World Health Organisation definition.

6
 

Risk score for the development hypertension was calculated using the Framingham hypertension 

risk calculator.
7 

 

Anthropomorphic measures 

Measurements of weight occurred without shoes and with the subject in light clothing. Waist 

circumference was measured at the halfway point between the inferior margin of the ribs and the 

superior border of the iliac crests. All anthropomorphic measurements were taken by the same 

person (CM). 

 

Blood pressure measurement 

 At five minutes post arrival three BPs were taken on the left arm at one minute intervals using 

an automated oscillometric blood pressure device. (Task Force monitor
®
, CNSystems, Graz, 

Austria). One of the authors (CM) remained in the room for these measurements in order to 

determine observed automated BP. The study subject was then left alone in the room and after a 

further five minutes of rest three sitting BP measurements were automatically recorded at three 

minutely intervals to determine unobserved automated blood pressure. 
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Ambulatory Blood Pressure Monitoring 

ABPM was performed using a portable device (MeditechCardiotens, Meditech Ltd, Hungary). 

ABPM cuff was placed on the non-dominant arm and automated BP recordings were 

programmed to occur at thirty minute intervals day and night. Normotension was defined as 

clinic BP < 140/90 mmHg and day 24-hour ABPM < 135/85 mmHg and night ABPM < 120/70 

mmHg. WCHT was defined as reported clinic systolic BP ≥ 140mmHg or clinic diastolic BP ≥ 

90mmHg and day 24-hour ABPM < 135/85 mmHg and night ABPM < 120/70 mmHg. Two 

ABPM were required to confirm WCHT, either by prior ABPM with a reported diagnosis of 

WCHT or repeat ABPM within a 12 month period of study commencement. Sustained 

hypertension was defined as clinic systolic BP ≥ 140 mmHg or clinic diastolic BP ≥ 90 mmHg; 

and day systolic ABPM ≥ 135 mmHg or day ABPM diastolic ≥ 90 mmHg.  

 

Measurement of artery stiffness 

Central aorto-femoral PWV (PWVc) measurements were performed by the same two operators 

(CM, SC), in a quiet air-conditioned room after 10 minutes of rest and with the subject lying 

supine. Continuous pulse pressure wave signals were recorded with hand-held tonometers 

(Millar Mikro-tip, SPT-301; Millar Instruments, Houston, Texas, USA) positioned at the base of 

the right common carotid artery and over the right common femoral artery. Transit distance was 

defined as the measured distance from the sternal notch to femoral artery minus distance from 

sternal notch to carotid. The start of systole was defined by the local maximum of the first 

derivative of the pressure signal. Mean transit time (∆t) between the feet of simultaneously 

recorded waves was determined from 10 consecutive cardiac cycles. Mean arterial pressure 

144



(MAP) was estimated from an oscillometric blood pressure measurement taken immediately 

post recording of the PWVc. 

 

Flow-mediated dilation (FMD) 

Participants rested for ten minutes prior to FMD measurement. A BP cuff was placed above the 

antecubital fossa and a baseline rest image was acquired. Arterial occlusion was created by cuff 

inflation to 50 mm Hg above systolic pressure (measured just prior to FMD) for five minutes. 

The longitudinal image of the artery was recorded continuously for two minutes after cuff 

deflation. The diameter of the brachial artery (the media-adventitia interfaces) was identified 

manually with electronic calipers. The change in artery diameter was assessed at 60 seconds post 

deflation. Analysis of the change in artery diameter was undertaken using linear regression 

adjusting for baseline artery diameter. FMD was measured by the same person (SC). 

 

Mental arithmetic stress test 

After resting for two minutes an oscillometric BP was taken. Subjects were then instructed to 

subtract out loud the value 13 from the value 4,300. Subjects were instructed to either start again 

or continue from the current value if they felt they had made a mistake and that no assistance 

would be given by the examiner. If a subject verbalised an inability to do this subtraction then 

they were offered the subtraction of 13 from 430. An oscillometric BP measurement was taken at 

one minute. The difference in diastolic BP at one minute, from the resting diastolic BP was 

calculated. 
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Glucose Tolerance 

Each subject had an oral glucose tolerance test with measurements of blood glucose at baseline 

and at 30, 60 and 120 minutes post glucose loading of 75g dextrose. 

 

Circulating biomarkers 

Blood samples were taken in the morning after a 12 hour fast. Samples for lipid profiling, 

glucose and insulin were immediately sent to Southern Cross Pathology, Monash Health, for 

analysis. Samples for leptin, von Willebrand factor (vWF), plasminogen activator 1 (PAI-1), 

high sensitivity c-reactive protein (hsCRP) and asymmetric dimethylarginine (ADMA) were 

spun immediately and the plasma was frozen at -70
c
 for later batch measurement. 

 

Return visits and definition of conversion to sustained hypertension 

Subjects returned for yearly visits for three years. At each visits subjects were interviewed about 

their health since the previous visit and current medication. Measurements of weight and waist 

circumference were taken using the same scales and measuring tape used at baseline.  

Conversion to sustained hypertension was defined as day ABPM ≥ 135/85 mmHg. Subjects 

commenced on anti-hypertensive therapy by the subject’s general practitioner without prior 

confirmatory ABPM required day ABPM ≥ 135/85 mmHg, on anti-hypertensive therapy, to be 

considered as having developed sustained hypertension. 

Participants were invited to continue yearly ABPM beyond three years whilst the study 

continued. 
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Statistical analysis 

STATA, version 12, (StataCorp LP, College Station, Texas) was used to analyse the data. 

Normally distributed data is expressed as mean ± standard deviation, whereas skewed data is 

expressed as median [interquartile range (IQR)]. Categorical data is expressed as percentages. 

Non-normal data was transformed prior to analysis. Comparisons were two-sided. Univariate and 

multivariate linear regression was used to analyse continuous variables, whereas the chi-squared 

(χ
2
) or Fischer’s exact test was used to analyse categorical variables. Each outcome variable was 

examined for potential confounders. Analysis of outcome variable was adjusted for each 

confounder. Log-rank test was used to compare equality of new-onset hypertension curves. 

Statistical significance was considered met at =0.05. A total sample size of 64, assuming the 

proportion of normotensives who progress to sustained hypertension in three years is 10% , will 

be powered to pick up an additional difference of 30% in the WCHT group, one sided, α=0.05. 

To take into account 20% dropout a total sample size of 77 was required.  

 

Results 

Forty two normotensives (NT)’s and 35 WCHT subjects were recruited. Four WCHT subjects 

were removed from the analysis as they did not return for a second confirmatory ABPM. The 

youngest WCHT subject recruited was 39 years, and the oldest NT recruited was 71 years ; in 

order to standardize the  age of groups, the decision was taken to exclude subjects aged < 39 and 

> 71 years from both groups.  

 

Data from 36 NT and 30 WCHT subjects was available for analysis at baseline. Baseline 

characteristics in the WCHT group were similar to the NT group, with regard to age, gender and 
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anthropomorphic measures (See Table 1). Sitting observed automated BP, unobserved automated 

blood pressure, ABPM (initial reading) and ABPM day average pressure were all higher in the 

WCHT group. Median PWVc was elevated in the WCHT group compared to the controls but the 

difference was no longer significant after adjustment for age and mean arterial pressure 

determined from BP taken immediately after PWV (See Table 2). Two hour plasma glucose post 

75g dextrose challenge (2hPG) remained elevated in the WCHT group, after adjustment for waist 

circumference (See Table 3). 

 

Three NT and two WCHT subjects had no follow-up data. Two WCHT were commenced on 

beta-blocker treatment for non-blood pressure reasons, and their data, from the study visit prior 

to beta-blocker commencement, was used in the analysis of WCHT who remained WCHT. Table 

6.4 shows baseline characterisitics by the participant’s final BP category. There were 31 NT who 

remained NT (NT→NT). Two NT subjects (5.6%) became hypertensive. Eighteen WCHT 

subjects (64.3%) remained WCHT (WCHT→WCHT) and ten WCHT subjects (35.7%) 

converted to sustained hypertension (WCHT→HT) (P=0.02). Six of the ten WCHT subjects had 

commenced antihypertensive therapy; of these  subjects three subjects had a previous elevated 

day ABPM prior to commencing antihypertensive therapy and three subjects who did not have 

confirmatory ABPM prior to commencing antihypertensive therapy had elevated ABPM whilst 

on antihypertensive therapy. 

Eighteen of the WCHT subjects (64.3%) had a previous ABPM identified within the two years 

prior to study commencement. Figure 1 shows hypertension onset (survival curve) analysis from 

the time of study commencement (p=0.005) and from time of the first identified ABPM  
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(p=0.06) in WCHT. Although not statistically different, the analysis from time of first identified 

ABPM shows diverging free from hypertension curves between normotension and WCHT.  

WCHT subjects who developed sustained hypertension had significantly higher baseline waist 

circumference (91.9±13.1 cm) compared to both NT’s who stayed NT (82.4±11.7 cm) and 

WCHT who did not develop sustained hypertension (80.1±9.7 cm) (See Table 4). They also had 

higher sitting unobserved automated BP and initial ambulatory blood pressure measurement 

compared to the two groups who did not develop hypertension (See Table 5 and Figure 2).  

 

Compared to NT who stayed NT the WCHT participants who developed sustained hypertension 

had higher median PWVc, adjusted for age and MAP (See Table 6), and higher median 2hPG 

adjusted for waist circumference (See Table 7). There was a trend towards higher median 

adjusted PWVc and 2hPG in the WCHT participants who developed hypertension compared to 

WCHT who did not but the differences were not significant. Baseline flow-mediated dilation was 

not found to be a predictor of sustained hypertension in WCHT.  No significant difference was 

found in leptin plasma levels or circulating biomarkers of inflammation or endothelial 

dysfunction (see Table 8).   

 

The Framingham score of developing hypertension showed statistically different scores for 

WCHT who developed hypertension compared to WCHT who did not, when the sitting 

unobserved blood pressure was used rather than the sitting observed automated BP but the 

estimated score corresponds to a risk of approximately 23%.  Figure 6.2 shows hypertension 

outcome by baseline BP measurement technique. 
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Discussion 

This comprehensive prospective study of a carefully defined cohort of WCHT subjects has 

provided further evidence that WCHT is associated with increased risk of developing sustained 

hypertension.
1-3

 Moreover, this study has shown that WCHT subjects who developed sustained 

hypertension had elevated baseline measures including waist circumference that may help to 

predict the onset of hypertension in the WCHT population. After adjustment for potential 

confounders the WCHT groups had higher median values for PWVc and 2hPG than the NT 

group, with a trend towards a higher value in the group that progressed to sustained 

hypertension. This suggests both are important in the development of hypertension in WCHT. 

The WCHT group who did not develop hypertension had intermediate PWVc and 2hPG between 

the NTs and those WCHT who developed hypertension but waist circumference was similar to 

NTs suggesting leanness may prevent or delay the onset of hypertension in WCHT. 

 

In 1998 Saito et al. reporting on a study in adolescent males, showed that BP at five years 

follow-up was related to changes in body mass index in both WCHT and sustained 

hypertensives.
8
 Subsequence studies that have examined baseline predictors of hypertension in 

the general population have found that body mass index is a predictor of incident hypertension
7, 9

 

and prospective studies that have used weight loss as an intervention have shown that the 

incidence of new-onset hypertension is reduced in the intervention group.
10, 11 

 

It is postulated that an increased body mass index can cause hypertension by the secretion of 

adipocytokines.
12

 Leptin, which is released in proportion to the amount of body fat, is known to 

increase sympathetic nervous activity,
13

 and has been shown to be a predictor for the 
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development of hypertension
14, 15

 was not associated with new-onset hypertension in the WCHT  

group in the present study.  

 

An elevated 2hPG
16, 17

 has been shown to predict the onset of hypertension in the general 

population. Hyperglycaemia is associated with vasoconstriction
18

 and impairs vasodilation
19

 in 

animal models. In the only other study identified that examined baseline predictors of sustained 

hypertension in WCHT, the first hour of the 24h ABPM and BP variation during a mental stress 

test were found to be predictors of sustained hypertension in WCHT.
20

 The present study found 

an elevated initial ABPM was associated with the development of hypertension in WCHT but the 

BP response to the mental stress test was not.  

 

Myers et al. in an algorithm designed to diagnose hypertension in the doctor’s office suggested 

unobserved automated blood pressure should be used instead of clinic observed blood pressure to 

eliminate the white-coat response.
21 

This algorithm raises several concerns for patients with 

WCHT.
22

 A particular concern is that patients with WCHT would not be identified and would go 

down the “continue to follow” pathway. Both the present study and the study by Colombo et al. 

(2000) suggest that the initial ABPM BP may be a better baseline BP to predict future 

hypertension risk in WCHT but larger studies are required to determine this. 

 

As clinic observed and unobserved BP may not be the best BP to estimate the risk of future 

hypertension in WCHT the use of hypertension risk calculators may not be appropriate. The 

Framingham hypertension risk calculator also assigns a higher score for female sex, whereas this 
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study along with other studies found male sex to be associated with increased risk of 

hypertension.
18, 19

  

 

Artery stiffness, measured by PWVc, has been shown to be elevated in hypertensives and the 

relationship is well-known to be reciprocal in that increased contained BP results in increased 

arterial stiffness and vice versa. Artery stiffness also predicts the onset of hypertension in the 

general population.
25,26

 Artery stiffness is associated with endothelial dysfunction, and with 

increased inflammatory states
27

  as well as associated with detrimental changes in media/lumen 

ratio in small resistance arteries which may contribute to an increase in central blood pressure by 

increasing the magnitude of wave reflections.
28

 In spite of these established associations it 

remains unclear and a point of debate whether increased arterial stiffness is causal in the 

pathogenesis of hypertension or if it merely represents a biomarker of a prolonged increase in 

"operating" BP over time and an associated mechanical deterioration. It may be that primary 

arterial degeneration is causal in isolated systolic hypertension while being secondary 

phenomena in younger and/or combined hypertensives. 

 

There are several limitations to this study. This study was not powered to pick up a difference 

between the WCHT groups n many variables tested. The study was not large enough to develop 

a new prediction model for hypertension in WCHT. Participants were only formally followed for 

three years and even though there was ABPM data on a cohort up to five years, a longer period 

of observation would almost certainly have identified more subjects who progressed to 

hypertension. Factors that may help to determine the pathway to hypertension in WCHT, such as 

inflammatory markers (e.g. Interleukins) were not examined. 

152



Waist circumference, which is a modifiable risk factor for hypertension, should be measured and 

closely monitored in WCHT patients. Interventional studies are required to examine if the 

maintenance or reduction of waist measurement prevents or delays the onset of the development 

of sustained hypertension in WCHT. Larger studies are also required, with longer follow-up, to 

determine if the 2hPG and PWVc are associated with the development of sustained hypertension 

in WCHT. Studies are also required to develop hypertension risk in WCHT as current 

hypertension risk calculators are not suitable in WCHT. 
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Table 1: Baseline characteristics of normotensive and white-coat hypertensive groups. 

 NT WCHT P-value 

Number 36 30  

Time followed (years) 3.1 [2.3-3.3] 2.9 [1.1-3.6] 0.62 

Age (years) 56.0±8.9 56.0±7.7 0.99 

Female  26 (72.2) 25 (83.3) 0.28 

Menopause  15 (57.7) 13 (52.0) 0.68 

Waist (cm) 84.8±12.7 84.8±12.0 0.99 

Weight (Kg) 69.8±14.7 69.8±13.1 0.99 

Family history hypertension  8/28 (29) 8/22 (36) 0.56 

Data is presented as mean ± standard deviation, median [inter-quartile range], geometric mean 

{95% confidence interval}, and number (%). NT: normotension, WCHT: white-coat 

hypertension, HT: sustained hypertension, cm: centimetres, Kg: kilogram. 
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Table 2: Baseline blood pressure and artery function characteristics of normotensive and white-

coat hypertensive groups. 

 NT WCHT P-value 

Number 36 30  

Sitting arrival BP (mmHg) 124/80±11/8 138/89±16/9 <0.001
Π 

Sitting observed BP (mmHg) 121/80±9/8 133/86±10/9 <0.001
 Π

 

Sitting unobserved BP (mmHg) 116/77±9/6 124/81±10/8 0.003
 Π

 

ABPM initial (mmHg) 122/75±13/9 136/84±15/10 <0.001
 Π

 

Day ABPM (mmHg) 121/72±9/6 125/76±6/5 0.004
 Π

 

Night ABPM (mmHg) 104/59±8/6 107/61±9/7 0.16
 Π

 

PWVc (m/s) 7.4 [6.7-8.3] 8.4 [7.3-9.1] 0.008 

PWVc adjusted for age and MAP
¥ 

7.5 {7.1-7.9} 8.1 {7.6-8.7} 0.07 

Π: Statistical comparison of MAP. ¥: MAP calculated from BP taken at time of PWVc. Data is 

presented as mean ± standard deviation, median [inter-quartile range] and geometric mean {95% 

confidence interval}. NT: normotension, WCHT: white-coat hypertension, HT: sustained 

hypertension, MAP: mean arterial pressure, BP: blood pressure, ABPM: ambulatory blood 

pressure, PWVc: central pulse wave velocity. 
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Table 3: Baseline lipid and glucose status of normotensive and white-coat hypertensive groups. 

 NT WCHT P-value 

Number 36 30  

Cholesterol treatment 2 2  

Cholesterol (mmol/l) 5.5±1.1 5.3±0.9 0.47 

Triglycerides (mmol/l) 0.9 [0.6-1.4] 0.9 [0.5-1.3] 0.62 

HDL (mmol/l) 1.4±0.4 1.4±0.4 0.82 

LDL (mmol/l) 3.5±1.1 3.5±0.8 0.97 

Insulin (mmol/l) 4.2 [2.8-6.2] 4.1 [3.2-5.0] 0.98 

Fasting glucose (mmol/l) 4.9 [4.6-5.2] 5.0 [4.8-5.1] 0.13 

2hPG (mmol/l) 5.8 [4.8-7.1] 7.6 [5.9-9.2] 0.003 

2hPG adjusted for waist  5.9 {5.4-6.5} 7.5 {6.7-8.4} 0.002 

Data is presented as mean ± standard deviation, median [inter-quartile range], geometric mean 

{95% confidence interval}, and number (%). NT: normotension, WCHT: white-coat 

hypertension, HT: sustained hypertension, HDL: high density lipoprotein, LDL: low density 

lipoprotein, 2hPG: two hour plasma glucose post 75g dextrose. 
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Table 4: Baseline characteristics of outcome blood pressure groups. 

 NT → NT 

(1) 

WCHT → WCHT 

(2) 

WCHT → HT 

(3) 

2 vs 1 3 vs 1 3 vs 2 

Number 31 18 10    

Length of follow up 

(years) 

3.1 [2.3-3.4] 3.6 [2.6-4.6] 2.3 [1.9-3.8] 0.07 0.14 0.10 

Age (years) 56.6±8.4 54.3±7.1 58.1±9.0 0.35 0.62 0.25 

Male 8 (25.8) 1  (5.6) 4  (40.0) 0.08 0.44 0.04 

Menopause 13  (56.5) 7   (41.2) 4  (66.7) 0.63 0.99 0.37 

Waist (cm) 82.4±11.7 80.1±9.7 91.9±13.1 0.49 0.03 0.01 

Weight (Kg) 66.7± 13.4 66.3± 11.2 75.4± 15.3 0.92 0.08 0.09 

Metabolic syndrome  

(sitting observed BP) 

4 (12.9) 4 (22.2) 5 (50.0)    

Metabolic syndrome  

(sitting unobserved BP) 

4 (12.9) 2 (11.1) 3 (30.0)    

Data is presented as mean ± standard deviation, median [inter-quartile range] and number (%). 

NT→NT: normotensive who remained normotensive, WCHT→WCHT: white-coat hypertensive 

who did not develop sustained hypertension, WCHT→HT: WCHT who developed sustained 

hypertension, WCHT: white-coat hypertension, cm: centimetres, Kg: kilogram, BP: blood 

pressure. 
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Table 5: Baseline blood pressures by blood pressure outcome. 

 NT → NT 

(1) 

WCHT → WCHT 

(2) 

WCHT → HT 

(3) 

2 vs 1 3 vs 1 3 vs 2 

Number 31 18 10    

Sitting arrival BP (mmHg) 124/81±12/8 137/87±18/9 138/91±8/5 0.004 0.001 0.33 

Sitting observed BP (mmHg)  120/80±10/8 132/84±9/7 135/87±7/10 0.002 0.001 0.47 

Sitting unobserved BP (mmHg) 116/77±9/6 122/80±9/8 130/83±9/9 0.09 <0.001 0.04 

ABPM initial BP (mmHg) 121/74±13/9 129/82±9/7 143/87±14/14 0.002 <0.001 0.02 

Day ABPM (mmHg) 120/71±9/6 124/76±6/4 129/77±4/6 0.002 <0.001 0.30 

Night ABPM (mmHg) 103/59±7/5 103/60±4/4 114/62±12/11 0.84 0.006 0.02 

Mental stress test ΔSBP/DBP 

(mmHg) 

12/6 

 [3-16]/[0-10] 

15/12 

[11-22]/ [2-14] 

15/12 

[11-27]/[6-17] 

0.06 0.11 0.81 

Π: Statistical comparison of MAP. Data is presented as mean ± standard deviation and median 

[inter-quartile range]. NT→NT: normotensive who remained normotensive, WCHT→WCHT: 

white-coat hypertensive who did not develop sustained hypertension, WCHT→HT: WCHT who 

developed sustained hypertension, WCHT: white-coat hypertension, SBP: systolic blood 

pressure, DBP: diastolic blood pressure.. 
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Table 6: Baseline artery function by blood pressure outcome. 

 NT → NT 

(1) 

WCHT → WCHT 

(2) 

WCHT → HT 

(3) 

2 vs 1 3 vs 1 3 vs 2 

Number 31 18 10    

PWVc (m/s) 7.2 [6.9-7.9] 7.8 [7.3-8.9] 8.5 [7.2-10.2] 0.07 0.003 0.15 

PWVc≥ 10 ms-2 0 1 3    

PWVc adjusted for 

MAP and age 

7.4 {6.8-7.8} 7.9 {7.3-8.6} 8.7 {7.7-9.8} 0.11 0.03 0.22 

FMD (% Δ) adjusted 

for baseline diameter 

7.0 [4.3-10.6] 8.5 [4.7-10.5] 6.1 [4.0-8.0] 0.42 0.71 0.64 

Data is presented as mean ± standard deviation, median [inter-quartile range] and geometric 

mean {95% confidence interval}. NT→NT: normotensive who remained normotensive, 

WCHT→WCHT: white-coat hypertensive who did not develop sustained hypertension, 

WCHT→HT: WCHT who developed sustained hypertension, WCHT: white-coat hypertension, 

MAP: mean arterial pressure, BP: blood pressure, ABPM: ambulatory blood pressure, PWVc: 

central pulse wave velocity, FMD: flow-mediated dilatation. 
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Table 7: Baseline participant characteristics by blood pressure outcome. 

 NT → NT 

(1) 

WCHT → WCHT 

(2) 

WCHT → HT 

(3) 

2 vs 1 3 vs 1 3 vs 2 

Number 31 18 10    

Family history HT  7/26 (27) 6/15 (40) 2/6 (33) 0.26 0.07 0.16 

Risk of HT  at 4yrs 

(clinic observed BP) 

13.5 [10-17] 18 [15-19] 17.5 [16-21] 0.01 0.003 0.36 

Risk score of HT at 4 years  

(clinic unobserved BP) 

12 [9-15] 12.5 [9.5-16] 16.5 [15-18] 0.61 0.007 0.03 

Cholesterol med 2 0 2    

Cholesterol (mmol/l) 5.4±1.1 5.6±0.9 4.9±0.7 0.66 0.10 0.06 

Triglycerides (mmol/l) 0.94±0.46 0.94±0.54 1.1±0.62 0.99 0.52 0.55 

HDL (mmol/l) 1.5±0.4 1.5±0.4 1.4±0.3 0.85 0.39 0.52 

LDL (mmol/l) 3.5±1.1 3.7±0.8 3.0±0.6 0.49 0.19 0.09 

Insulin (mmol/l) 3.9 [2.6-5.6] 4.1 [3.2-4.7] 4.1 [2.7-5.0] 0.68 0.70 0.93 

Fasting glucose (mmol/l) 4.7 [4.6-5.1] 5.0 [4.8-5.1] 5.0 [4.8-5.3] 0.63 0.09 0.22 

2hPG (mmol/l) 5.7 [4.5-6.4] 6.4 [5.7-8.1] 8.4 [7.2-9.3] 0.04 0.001 0.09 

2hPG adjusted for waist 

(mmol/l) 

5.7 {5.1-6.3} 6.7 {5.9-7.7} 8.1 {6.7-9.9} 0.04 0.002 0.13 

Data is presented as mean ± standard deviation, median [inter-quartile range] and geometric 

mean {95% confidence interval}. NT→NT: normotensive who remained normotensive, 

WCHT→WCHT: white-coat hypertensive who did not develop sustained hypertension, 

WCHT→HT: WCHT who developed sustained hypertension, WCHT: white-coat hypertension, 

HDL: high density lipoprotein, LDL: low density lipoprotein, 2hPG: two hour plasma glucose 

post 75g dextrose. 
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Table 8: Baseline circulating biomarkers by blood pressure outcome.  

 NT → NT 

(1) 

WCHT → WCHT 

(2) 

WCHT → HT 

(3) 

2 vs 1 3 vs 1 3 vs 2 

Number 31 18 10    

Leptin (ng/ml) 7.6 [4.7-17.3] 13.1 [7.6-15.5] 11.3 [4.5-18.4] 0.50 0.60 0.94 

ADMA (umol/L) 0.66 [0.40-0.73] 0.70 [0.54-0.80] 0.94 [0.68-1.01] 0.65 0.17 0.28 

hsCRP (mg/L) 0.9 [0.3-2.1] 0.6 [0.6-1.9] 1.1 [0.5-1.5] 0.81 0.84 0.97 

PAI-1 (U/ML) 2.8 [2.5-3.4] 2.8 [2.5-3.2] 3.4 [3.3-3.4] 0.73 0.26 0.18 

VWF (IU/L) 1.1 [0.7-1.4] 0.9 [0.7-1.3] 1.1 [0.9-1.4] 0.70 0.93 0.71 

Data is presented as median [inter-quartile range. NT→NT: normotensive who remained 

normotensive, WCHT→WCHT: white-coat hypertensive who did not develop sustained 

hypertension, WCHT→HT: WCHT who developed sustained hypertension, WCHT: white-coat 

hypertension, ADMA: asymmetric dimethyl arginine, hsCRP: high sensitivity c-reactive protein, 

PAI-1: plasminogen activator inhibitor 1, VWF: von willebrand factor. 
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Figure 1: New onset hypertension curves-probablity of remaining free from sustained 

hypertension. NT: normotensive, WCHT: white-coat hypertension. 
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Figure 2: Boxplots of blood pressures measured at baseline by final blood pressure 

outcome ABPM: ambulatory blood pressure monitoring, BP: Blood pressure, NT: 

normotensive, WC: white-coat hypertensive, WC-HT: WCHT who developed sustained 

hypertension in the study period. 
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8.1 Introduction 

The published paper in this chapter provides an up to date review examining the evidence for 

possible vascular and circulating biomarkers of WCHT, its association with cardiovascular target 

organ damage, and whether or not WCHT can predict future sustained hypertension and 

cardiovascular events. It is different from previous reviews in that it attempts to standardize the 

evidence about WCHT by only including studies with similar definitions of WCHT in untreated 

populations. Studies were included in the review if the definition of WCHT used met the 2007 

European Society of Hypertension and European Society of Cardiology hypertension guidelines, 

which were current at the time of the review.  

 

Usually reviews are placed at the front of a thesis but this review includes recent published work, 

including work from this thesis and recommendations for treating physicians, based on the 

conclusions from this thesis. 

 

Questions addressed in this paper are 

 Is WCHT associated with the Metabolic Syndrome? 

 Is WCHT associated with vascular biomarkers of hypertension? 

 Is WCHT associated with increased sympathetic activity? 

 Is WCHT associated with target organ damage? 

 Is WCHT associated with increased risk of future hypertension? 

 Is WCHT associated with increased cardiovascular events? 
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SUMMARY

1. Numerous studies have examined whether white-coat
hypertension (WCHT) is associated with increased
cardiovascular risk, but with definitions of WCHT that were
not sufficiently robust, results have been inconsistent. The
aim of the present review was to standardize the evidence by
only including studies that used a definition of WCHT
consistent with international guidelines.
2. Published studies were reviewed for data on vascular

dysfunction, target organ damage, risk of future sustained
hypertension and cardiovascular events.
3. White-coat hypertension has a population prevalence of

approximately 15% and is associated with non-smoking and
slightly elevated clinic blood pressure. Compared with
normotensives, subjects with WCHT are at increased
cardiovascular risk due to a higher prevalence of glucose
dysregulation, increased left ventricular mass index and
increased risk of future diabetes and hypertension.
4. In conclusion, management of a patient with WCHT

should focus on cardiovascular risk factors, particularly
glucose intolerance, not blood pressure alone.
Key words: cardiovascular risk, glucose intolerance,

isolated clinic hypertension, white-coat hypertension.

INTRODUCTION

The 2005 American Heart Association guidelines for the
measurement of blood pressure in humans defined white-coat
hypertension (WCHT) as persistently elevated blood pressure
(BP) ‘in the presence of a health care worker, particularly a
physician’ (≥ 140/90 mmHg) in patients not taking medication,

with an average awake ambulatory blood pressure monitoring
(ABPM) < 135/85 mmHg.1 In 2007, the European Society of
Hypertension and European Society of Cardiology published
guidelines for the management of hypertension and
recommended WCHT should be diagnosed when office BP
≥ 140/90 on at least three occasions, with normal 24 h (< 125–
130/80 mmHg) and day ABPM (< 130–135/85 mmHg) or home
BP (average of several readings < 130–135/85 mmHg).2

Key elements of the definition of WCHT are that subjects should
not be taking antihypertensive therapy, the personnel and methods
of recording office blood pressure need to be clearly defined and
that more than one set of day ABPM or home BP recordings are
made. Office blood pressures recorded by medical practitioners
give higher readings on average compared with readings obtained
by nurses or non-medical trained health professionals.3 The
differences between office and average daytime ABPM or home

BP measurements can be minimized by
use of non-observed automated BP
recordings in the clinic.4 It is
recommended that at least two 24 h
ABPM readings are recorded to confirm
WCHT.5 Not having consistency in the
definition of WCHT has made
comparison of research studies difficult.
White-coat hypertension needs to be

distinguished from the white-coat effect,
which is a numerical value that describes the rise in BP in the
presence of a medical practitioner, a response that is observed
variably across all categories of blood pressure from normotensive
subjects to subjects with sustained hypertension.
The present review focuses on studies in untreated adult

populations in which WCHT was defined on the basis of 2007
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European Society of Hypertension and European Society of
Cardiology hypertension guidelines. Studies were excluded if: (i)

WCHT was defined by either systolic or
diastolic BP alone; (ii) different
definitions of out-of office BP were
used for men and women; (iii) different
definitions of out-of-office BP were
used for WCHT and normotensive
groups; (iv) not all participants had
ABPM in ABPM studies; (v) it was
unclear how normotensives were

obtained; (vi) results were not given; or (vii) statistical
comparisons were not made between WCHT and normotensive
groups.
In the present review we examine the prevalence of WCHT, its

associations with other clinical conditions and vascular
biomarkers and the risk of future hypertension and cardiovascular
disease in subjects with WCHT compared with normotensives.
Information about WCHT has been determined from three

sources, all of which have inherent biases: (i) population studies;
(ii) medical clinics; and (iii) ABPM services. Population studies
screen for WCHT on one clinic visit, whereas studies from
ABPM services and medical clinics are biased towards patients
who are referred and/or more likely to seek health care.

PREVALENCE AND CHARACTERISTICS OF
WHITE-COAT HYPERTENSION

Two population studies have examined WCHT in untreated
participants.6,7 The Finn-HOME study randomly selected 1440
participants, aged 45–74 years, from the general population of
Finland and, using home BP < 135/85 mmHg as the out-of-
office BP to define WCHT, determined a general population
prevalence of 15.6%; among untreated hypertensives, the
prevalence was 37.5%.6 Participants with WCHT were less likely
to smoke compared with normotensives and sustained
hypertensives, had a similar body mass index (BMI) to
normotensives and mildly elevated clinic BP. Mean values of a
number of other cardiovascular risk factors (age, lipid profile,
fasting glucose, prevalence of diabetes) were intermediate
between normotensive and sustained hypertensives.6

The Pressione Arteriose Monitorate E Loro Associazioni
(PAMELA) study randomized a sample of 3200 people, aged
25–74 years, representative of the city of Monza in Lombardy,
Italy.7 The definition of WCHT was based on clinic BP ≥ 140/90
and a 24 h ABPM reading of < 125/79 mmHg or home BP
< 135/83 mmHg, values obtained from population regression
analysis of BP to corresponding clinic BP of 140/90 mmHg. The
PAMELA study estimated a population prevalence of WCHT of
15% by ABPM, with only 70% of these participants also having
WCHT based on home BP definition.7

The prevalence of WCHT among untreated hypertensive
patients is estimated to be 15–45% and is associated with
non-smoking, female sex and increasing age.8

IS WHITE-COAT HYPERTENSION ASSOCIATED
WITH METABOLIC SYNDROME?

It has been hypothesized that WCHT is associated with
metabolic syndrome.9 The 2009 Joint Statement on the Metabolic
Syndrome defines metabolic syndrome as the presence of three of
five abnormal findings of waist circumference, triglycerides,
high-density lipoprotein (HDL), BP or fasting glucose.10

Bjorklund et al.,11 in a study that recruited men aged 50 years of
age, found that participants who had WCHT (day ABPM < 135/
85 mmHg) at the 20 year follow up had similar baseline BMI
(23.9 kg/m2) compared with normotensives (23.8 kg/m2), but had
slightly higher BMI at 70 years of age (25.3 vs 24.8 kg/m2,
respectively). Baseline mean triglycerides were higher in the
WCHT group compared with normotensives (1.76 vs 1.59 mmol/
L, respectively). Mean fasting insulin was higher in the WCHT
compared with normotensive group (47.7 vs 39.0 mmol/L,
respectively). Participants underwent intravenous glucose tolerance
test at baseline and those in the WCHT group had higher plasma
glucose at 60 min (11.0 vs 10.2 mmol/L) and a lower glucose
disappearance rate (1.7 vs 1.96 K values).11

In a follow up of the PAMELA study, which excluded diabetics
at study entry, participants with WCHT were more likely to
develop future diabetes and impaired fasting glucose at 10 years.12

The baseline BMI of the WCHT group was similar to that of
sustained hypertensives and higher than that of normotensives

“General
population
(Europe)
prevalence of
WCHT
� 15%”
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LVMI left ventricular mass index

OR odds ratio
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TOD target organ damage
WCHT white-coat hypertension
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© 2013 Wiley Publishing Asia Pty Ltd

White-coat hypertension

171



(26.4 vs 27.2 and 23.9 kg/m2, respectively). At baseline,
participants with WCHT had higher levels of fasting plasma
glucose compared with normotensives (5.0 vs 4.7 mmol/L,
respectively). Unadjusted odds ratios (ORs) for the development
of diabetes in WCHT compared with normotensives based
on 24 h ABPM and home BP were 2.9 and 3.0, respectively.
After adjustment for baseline metabolic factors, the risk of
developing impaired fasting glucose or diabetes was no longer
significant.12

In a substudy of the OHASAMA study, a longitudinal study of
residents in Ohasama, Japan, 466 participants not on
antihypertensive or diabetic treatment volunteered to undergo an
oral glucose tolerance test. The sample contained 71% of women,
reflecting the bias of female gender towards seeking health care
and participating in trials. The BMI in the WCHT group was
similar to that in the normotensive group (23.5 vs 22.7 kg/m2,
respectively). The WCHT group had similar HDL but higher
triglycerides compared with normotensives. The prevalence of
impaired fasting glucose was 11.1% and 2.2% in the WCHT and
normotensives, respectively. The prevalence of impaired glucose
tolerance was 24.4% and 17.2% in the WCHT and
normotensives, respectively, whereas the prevalence of diabetes
was 8.9% and 3.7% normotensives, respectively.13

A link between impaired glucose tolerance and WCHT was
also found in a study of 105 subjects who were aged 39–
75 years, untreated, non-smokers and with normal fasting glucose
levels.14 Mean 2 h plasma glucose level post-load, adjusted for
age and waist circumference, was 5.7 mmol/L in normotensives
and 7.4 mmol/L in the WCHT group (P = 0.002). As a result of
this finding, it was suggested that assessment of total
cardiovascular risk in subjects with WCHT should include
measurement of postprandial glucose.14

It appears that WCHT is associated with glucose dysregulation
and that the presence of metabolic risk factors in WCHT
increases the risk for future diabetes.

IS WHITE-COAT HYPERTENSION ASSOCIATED
WITH VASCULAR BIOMARKERS OF

HYPERTENSION?

In a review in 2008, we examined studies that assessed measures
related to endothelial dysfunction, oxidative stress, inflammation
and arterial function in WCHT.15 The studies were all cross-
sectional, tended to be small and many did not take into account
potential confounding factors in their analyses. Overall, the studies
provided equivocal evidence of altered vascular biomarkers in
WCHT. Since that review, there have been a small number of
additional studies that have examined circulating biomarkers of
altered vascular function in WCHT. In the present review we
examine studies that meet the inclusion criteria given above.

Six studies were identified that have examined C-reactive protein
(CRP) in WCHT, with only one finding a significant difference
between the WCHT and normotensive groups.14,16–20 Only one
study was identified that examined plasminogen activator I and von
Willebrand factor levels in WCHT, with no significant difference
found between the WCHT and normotensive groups.14 Two studies
examined homocysteine21,22 and asymmetric dimethylarginine14,23

in WCHT with conflicting results. Three studies examined
measures of nitrite–nitrate (metabolites of nitric oxide); two found
no significant difference between WCHT and normotensive
groups.18,24,25 One study was identified that examined endothelial

microparticles, which are defined as
small, membrane-bound vesicles derived
from cells such as endothelial cells.
Microparticles retain the signature
membrane of the parent cell; hence,
endothelial microparticles can be
identified and used as a biomarker of
endothelial dysfunction. The study by

Chen et al.26 found raised endothelial microparticles in sustained
hypertensives, but the level of endothelial microparticles in WCHT
was similar to that in normotensives.
Assessment of endothelial function by brachial artery flow-

mediated vasodilation has been examined in two studies, with
conflicting results.25,27 Gomez-Cerezo et al.27 found that WCHT
had a lower percentage decrease in brachial artery diameter
compared with both normotensives and sustained hypertensives,
but no adjustment for baseline diameter or overweight
participants was taken into account. The WCHT group had the
higher basal diameter of the three groups and the result may be
due to regression to the mean.
Arterial stiffness, assessed by aortofemoral (central) pulse

wave velocity has been measured in fours studies.14,28–30

Adjustment for mean arterial pressure (MAP), an important
confounder31 occurred in only two of these studies.14,29 Both
studies, after adjustment for MAP, found no significant difference
between normotensive and WCHT.
Based on the inclusion criteria give above, the number of

studies assessing an association between WCHT and circulating
vascular biomarkers is limited, with no consistent evidence to
indicate vascular endothelial dysfunction is present in WCHT.

IS WHITE-COAT HYPERTENSION ASSOCIATED
WITH INCREASED SYMPATHETIC ACTIVITY?

Essential hypertension is associated with increased sympathetic
activity.32 Only one study using direct measure of sympathetic
nerve activity (microneurography) was found that met the inclusion
criteria for this review. Grassi et al.33 found WCHT had
significantly higher resting sympathetic nerve activity than

“No consistent
evidence of
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normotensives. One of four studies assessing the ratio of low
frequency to high frequency (LF/HF) as an indirect measure of
sympathovagal balance found WCHT had a higher LF/HF ratio
than normotensives.14,34–36 One study was identified that assessed
BP response to mental stress, with the WCHT group having a
significantly greater increase in BP compared with the
normotensive group.14

IS WHITE-COAT HYPERTENSION ASSOCIATED
WITH TARGET ORGAN DAMAGE?

Only 10 studies meeting our inclusion criteria were found that
assessed target organ damage in WCHT and normotensive
groups.17,19,33,37–43 Most studies measured left ventricular mass
index (LVMI) as the measure of target organ damage. Six of
eight studies, which used body surface area to normalize LVMI,
found that the WCHT group had increased LVMI compared with
normotensives (Fig. 1). Two of the studies that found no
significant difference between the normotensive and WCHT

groups had excessive LVMI as an
exclusion criterion,17,40 which may have
influenced the results. Many of the
studies were small, determined clinic BP
and out-of-office BP on one occasion
and many did not adjust for potential
confounders. Palatini et al.37 required

WCHT to have two ABPM readings < 130/80 mmHg 3 months
apart and found that the WCHT group, after adjustment for age,
sex and BMI, had significantly higher LVMI compared with the
normotensive group. However, the normotensive group had only
one ABPM.37 The only other study that had a large sample size
normalized LVMI by height and found no significant difference
after adjusting for the same confounders.42

Three studies assessed carotid intima–media thickness with
mixed results.19,39,42 Two studies were identified that measured

24 h urinary albumin, with no significant difference found
between the WCHT and normotensive groups.19,43

No studies were found that met our inclusion criteria
examining fundoscopy in WCHT.
Based on this analysis WCHT appears to have an increased

risk for target organ damage, based on increased LVMI
compared with normotensives.

IS WHITE-COAT HYPERTENSION ASSOCIATED
WITH AN INCREASED RISK OF FUTURE

HYPERTENSION?

Three prospective studies were identified that met our inclusion
criteria and assessed the development of sustained hypertension
in WCHT and normotensive groups (Table 1).44–46
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Fig. 1 Comparison of left ventricular mass index (LVMI) in subjects
with white-coat hypertension (■) and normotensive subjects (□) in
different studies. Data are reported mean values. *P < 0.05,
***P < 0.001 compared with normotensives. †P value not given.

Table 1 Studies examining progression to sustained hypertension in white-coat hypertensives compared with normotensives

Study BP methodology Years followed

No. progressing to sustained HT/
participants (%)

OR (95% CI)
WCHT NT

Grandi et al.44 ABPM 3 44/61 (72.1) 0/38 (0)
Ugajin et al.45 Home BP 8.2 31/128 (24.2) 71/649 (10.9) 3.1 (1.8–5.2)
Mancia et al.46 Home BP

ABPM
10 Not given Not given 3.7 (2.2–6.3)

3.3 (2.1–5.1)

WCHT, white-coat hypertensives; NT, normotensives; HT, hypertension; OR, odds ratio; CI, confidence interval; ABPM, ambulatory blood pressure
(BP) monitoring.
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Grandi et al.,44 using baseline day ABPM < 130/80 mmHg to
define out-of-office normal BP, followed participants for 3 years;
progression to sustained hypertension was defined as a day ABPM
> 135/85 mmHg. In the WCHT group, 44 of 61 subjects (72%)
developed sustained hypertension, whereas no normotensive
developed sustained hypertension. In an analysis of participants
who were untreated at follow up, LVMI was elevated at baseline in
the WCHT group that developed sustained hypertension compared
with both the WCHT group that WCHT and normotensives.44

Two population studies have examined the progression of
WCHT to sustained hypertension, with both studies defining
WCHT based on one clinic screening visit. The OHASAMA
study45 examined incident hypertension defined by home BP
> 135/85 mmHg or commencement of antihypertensive
medication over 8 years, with 22.2% of normotensives
progressing to sustained hypertension and 46.9% of WCHT
progressing to sustained hypertension (OR 2.9; 95% confidence
interval (CI) 1.9–4.3). For the development of hypertension
defined by home hypertension alone, 10.9% in the normotensive
group and 22.7% in the WCHT group developed sustained
hypertension (OR 3.1; 95% CI 1.9–5.3).45

The PAMELA study followed participants for 10 years and
assessed new-onset hypertension by home BP and ABPM. The
WCHT participants were more likely to develop sustained
hypertension compared with normotensives. The OR for age- and
sex-adjusted new-onset hypertension was 3.3 (95% CI 2.1–5.1) for
24 h ABPM and 3.7 (95% CI 2.2–6.3) for home BP in participants
not taking antihypertensive therapy at baseline or follow up.46

It is evident that individuals with WCHT are at increased risk of
developing sustained hypertension compared with normotensives.

IS WHITE-COAT HYPERTENSION ASSOCIATED
WITH INCREASED CARDIOVASCULAR EVENTS?

Six prospective studies that met our inclusion criteria and
examining the incidence of cardiovascular events (CVE) were

identified (Table 2).47–52 Four of these studies included treated
participants in the WCHT group but had done separate analysis
for participants who were not on antihypertensive therapy at
baseline.47–50

In the six studies identified, the WCHT groups did not differ
significantly from the normotensive
groups in terms of the risk of CVE, but
because the WCHT groups tended to
have much greater rates of
antihypertensive treatment at follow up
than the normotensive groups the results
are not conclusive. Two studies

documented the rate of antihypertensive treatment in WCHT
(32% and 46%) compared with normotensives (2% and 7%).51,52

A meta-analysis was identified that analysed untreated
participants at baseline using European hypertension guidelines.53

Pierdomenico et al. identified six prospective studies in WCHT
and found similar risks between normotensives and WCHT, with
an adjusted OR of 0.96 (95% CI 0.65–1.42) compared with
normotensives.53 Antihypertensive therapy at follow up was more
frequent in WCHT compared with normotensives, which may
have confounded the result. One study from that meta-analysis
was excluded from the present review due to different ABPM
definitions for men and women.54

Because of the high rate of antihypertensive treatment in
WCHT, it is difficult to determine whether WCHT are at
greater risk of CVE than normotensives based on prospective
studies.
The risk of CVE in WCHT was shown in a study by

Verdecchia et al.55 to be dependent on baseline ABPM BP. In
that study, WCHT was categorized into day ABPM < 130/
80 mmHg and day ABPM 130–135/80–85 mmHg. The WCHT
with the higher day ABPM had event rates significantly higher
than normotensives and similar to sustained hypertensives;
however, no information regarding baseline antihypertensive
therapy was provided.55

Table 2 Prospective studies comparing cardiovascular events in white-coat hypertensives and normotensives

Years followed

No. CVE/participants (%)

WCHT vs NTWCHT NT

Kario et al.51 3.5 5/236 (2.1) 3/147 (2.0) NS
Fagard et al.47 10.9 8/50 (16.0) 16/117 (13.7) NS
Ohkubo et al.48 10.2 6/93 (6.5) 25/581 (4.3) NS
Hansen et al.49 9.5 Data not shown Data not shown NS
Pierdomenico et al.52 6.4 12/399 (3.0) 7/305 (2.3) NS
Hanninen et al.50 7.5 16/237 (6.8) 47/789 (6.0) NS

CVE, cardiovascular events; WCHT, white-coat hypertensive; NT, normotensives.
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OVERALL MESSAGE FOR TREATING
CLINICIANS

The purpose of the present review was to determine, using
European hypertension guidelines, whether WCHT is associated
with an increased cardiovascular risk. We have shown that,

compared with normotensives,
individuals with WCHT are more likely
to have higher LVMI, glucose
dysregulation and are at increased risk
of future sustained hypertension. We are
of the opinion that this shows that
WCHT is associated with an increased

cardiovascular risk and that WCHT itself may be regarded as a
biomarker of an increased cardiovascular risk.
Patients with WCHT need to be identified. Diagnosis needs to be

based on repeated high clinic readings; hence, patients presenting
with a high reading need to have clinic BP measurements taken on
subsequent occasions. Practitioners need to focus on a patient’s
overall cardiovascular risk. Assessment, monitoring and education
of WCHT patients should include the following.
1. Assessment for the presence of target organ damage.
2. Assessment of cardiovascular risk, including an oral glucose
tolerance test.
3. Education regarding increased cardiovascular and diabetes
risk, with particular emphasis on maintaining and/or losing weight.
4. Education regarding limiting salt intake, in particular
processed foods.56

5. Monitoring weight.
6. Monitoring for conversion to sustained hypertension (1–2
yearly ABPM) and/or regular home BP monitoring.
7. Monitoring for the development of diabetes, particularly in
WCHT with weight gain.

FUTURE RESEARCH DIRECTIONS

One of the main problems in the area of WCHT research is that
of poor definition of the condition, and it is recommended that
treated hypertensives, subjects with insufficient definition of
clinic BP and only a single set of 24 h ABPM recordings or
poorly characterized home BP should not be included in research
studies.
More extensive evaluation is required of automated non-

observed clinic BP, its relationships with 24 h ABPM and home
BP and long-term predictability of CVE.
White-coat hypertension can be considered a form of

hypertension in evolution. The links between progression to
sustained hypertension, glucose dysregulation and insulin
resistance should be further evaluated. In a small study, baseline
waist circumference, glucose dysregulation and central pulse

wave velocity were found to be associated with new-onset
hypertension in participants with WCHT.57

Newer biomarkers of cardiovascular risk, such as circulating
cellular inflammatory biomarkers (tumour necrosis factor-a,
interleukins) and microRNAs (miRNAs) have not been examined
in WCHT. Two potential areas of research for miRNAs in
WCHT are the analysis of miRNAs associated with endothelial
dysfunction and left ventricular hypertrophy.58

CONCLUSION

White-coat hypertension is a high cardiovascular risk condition
because patients with WCHT are more likely to develop sustained
hypertension and diabetes compared with normotensives. The risk
increases with additional metabolic risk factors, particularly
obesity. Management of an individual with WCHT should focus on
cardiovascular risk factors, particularly obesity and glucose
intolerance, not BP alone.
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Conclusion and future research directions 
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This thesis has examined the evidence for the presence of biomarkers, associated with increased 

cardiovascular risk, in white-coat hypertension. 

 

The first step undertaken in this thesis was a careful literature review. Given that by definition 

WCHT cannot be readily identified in the clinic setting, it was important to try to identify 

whether there were any significant alterations in biomarkers of artery stiffness, endothelial 

dysfunction, vascular inflammation and/or oxidative stress in WCHT. The review at that time, 

shown in Chapter Two, highlighted the lack of a consistent definition used to define WCHT, 

which made it difficult to compare studies in WCHT. Many of the studies reviewed were small, 

did not adjust for potential confounders and many did not use correct statistical techniques to 

analyse the data. There was no clear evidence that WCHT was associated with biomarkers of 

increased cardiovascular risk. 

 

Chapter Three gives the details of the methodology used in this thesis. It was important to 

determine how the different blood pressure (BP) measurements in the clinic - casual by doctor or 

other health professional, observed automated, unobserved automated - related to the gold-

standard daytime average ambulatory blood pressure measurement (ABPM). The best 

approximation of daytime mean ABPM was obtained by non-observed automated BP recording 

with some caveats (see Letter to Editor, Hypertension in the Appendix). 

 

 Bedside autonomic function tests methods were refined as a result of utilising beat-to-beat 

analysis obtained using a Task Force monitor (CN Systems, Graz, Austria).  This has enabled the 

derivation of a global autonomic function score for use in the various studies reported herein, but 
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also confirmed the important need to adjust for age when interpreting autonomic function, 

particularly parasympathetic function.   

 

The published paper in Chapter Four reported the results of a carefully controlled study in a 

WCHT group (non-smoking, normal fasting plasma glucose and no known diabetes), defined by 

strict criteria (two ABPM) and using a consensus definition for WCHT. This study examined 

markers of specific pathophysiological mechanisms that may potentially be involved in WCHT, 

in comparison with normotensive and established hypertension groups from the same 

community. This paper had a particular emphasis on exploring the potential subclinical links 

between glucose intolerance/insulin resistance and BP, as previous literature has shown a clear 

association between hyperglycaemia and increased risk of future diabetes and sustained 

hypertension. Impaired glucose tolerance or diabetes, as defined by the 2h plasma glucose post 

load, was present in 40% of the WCHT group, compared to 15% of normotensive and 16% of 

sustained hypertension groups, and this could not be readily attributed to the metabolic 

syndrome. Mental stress testing induced a greater blood pressure response in the WCHT group 

than the normotensive group; other autonomic function measures and circulation biomarkers 

were not different in the three groups. This novel finding of a strong association of glucose 

intolerance with WCHT indicates the potential need for careful monitoring of postprandial 

glucose in these subjects.   

 

One of the potential mechanisms for an increase in cardiovascular risk in WCHT, as has been 

shown for established hypertension, is the morning BP surge. The published paper in Chapter 

Five reported the results of a cross-sectional analysis of four measures of the morning BP surge. 
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The morning BP surge was not found to be elevated in WCHT. Univariate analysis found that 

lipids, in particular low-density lipoprotein, were consistently correlated with all four measures 

of the of the morning BP surge. This novel finding of an intriguing link between two major 

cardiovascular risk factors needs further evaluation. 

 

Chapter Six is a manuscript submitted for publication which combines the data published from 

our centre with a larger database from a second institution and shows again the clear association 

between morning BP surge and plasma cholesterol. Moreover this study also showed the 

association was also present in treated hypertensives, and showed in a subgroup that use of a 

Statin drug to lower plasma cholesterol was associated with a significant reduction in the 

morning BP surge.  

 

The prospective study presented in Chapter Seven confirmed that WCHT is a condition of 

increased cardiovascular risk due to increased progression to sustained hypertension. By 5 years 

approximately 36% of subjects with WCHT had progressed to established hypertension. This 

study has also shown that subjects with WCHT who progressed to sustained hypertension tend to 

have increased waist circumference, higher 2hPG and PWVc. This is in line with population 

studies, which have shown WCHT is associated with increased progression to hypertension and 

also with the development of diabetes. This highlights the importance of monitoring and 

managing cardiovascular risk in WCHT, not just BP alone, which is an important message for 

medical practitioners. 
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The WCHT group who developed hypertension had higher initial ABPM blood pressure 

compared to WCHT who did not develop hypertension. In recent years algorithms have been put 

forth to identify patients who have hypertension that rely solely on unobserved clinic BP. As 

WCHT is a biomarker of increased hypertension risk patients then people with WCHT need to 

be identified. These people need to be examined for the presence of target organ damage, they 

need education, particularly in relation to their cardiovascular risk, and they need to be 

monitored for progression to sustained hypertension. This means both observed and unobserved 

automated clinic BP’s are required in any BP algorithms to identify patients with WCHT.  

 

Further studies are required to determine 1) the relationship between the 2hPG, PWVc and the 

development of sustained hypertension in WCHT, 2) the hypertension risk in WCHT as current 

hypertension risk calculators are not suitable in WCHT and 3) if an intervention of maintenance 

or reduction of waist measurement in WCHT can prevent or delay the onset of the development 

of sustained hypertension are required. 

 

Chapter Eight is a Frontiers in Research Review in a series of papers from a satellite meeting of 

the International Society of Hypertension Meeting, Sydney 2012.  It is usual to place reviews at 

the beginning of a thesis but this review incorporated studies that were published during the time 

of this thesis, since the first review, and more importantly for this thesis the review encompasses 

my studies.  It shows that WCHT is associated with increased LVMI, increased progression to 

sustained hypertension and development of diabetes. The review concludes with a message to 

treating physicians that subjects with WCHT need to be identified. Diagnosis needs to be based 

on a solid definition of WCHT, based on two ABPM and repeated clinic recordings in untreated 
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subjects.  Once defined, practitioners need to focus on the overall cardiovascular risk for the 

subject. Assessment, monitoring and education of WCHT patients should include the following. 

1. Assessment for the presence of target organ damage. 

2. Assessment of cardiovascular risk, including an oral glucose tolerance test. 

3. Education regarding increased cardiovascular and diabetes risk, with particular emphasis on  

central body weight. 

4. Education regarding limiting salt intake, in particular processed foods55 

5. Monitoring waist circumference. 

6. Monitoring for conversion to sustained hypertension (1–2 yearly ABPM) and/or regular          

home BP monitoring. 

7. Monitoring for the development of diabetes, particularly in WCHT with weight gain. 

8.   Measurement of PWVc is of potential value as an additional risk marker. 
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Letter to the Editor

Letters to the Editor will be published, if suitable, as space permits. They should not exceed 1000 words
(typed double-spaced) in length and may be subject to editing or abridgment.

Measurement of Blood Pressure in the Office
To the Editor:

The algorithm for office blood pressure recently proposed by
Myers et al1 does not allow for the discernment of isolated clinic
or masked hypertension. In a recent study we measured observed
automated blood pressure (nurse present), unobserved automated
blood pressure (3 readings at 3-minute intervals after 5 minutes
of rest), and ambulatory blood pressure in groups of subjects with
normal blood pressure, isolated clinic hypertension, and un-
treated essential hypertension. Mean daytime awake and auto-
mated unobserved blood pressures were similar in subjects with
isolated clinic hypertension, whereas in normotensive and hyper-
tensive groups, mean daytime awake blood pressures were
similar to observed automated blood pressures (Table). Applying
the proposed algorithm, 29 subjects (75%) with isolated clinic
hypertension would go along the “continue-to-follow” pathway.

Isolated clinic hypertension is known to be associated with an
increased risk of both diabetes mellitus2 and hypertension.3
Moreover, in our study, impaired glucose tolerance was a
common finding in subjects with isolated clinic hypertension,
even in subjects with normal fasting glucose.4 There is currently
no outcome data to suggest that isolated clinic hypertension
subjects who go along the proposed “continue-to-follow” path-
way have any less risk of future cardiovascular events than those
who go along the proposed “home or 24-hour ambulatory blood
pressure monitoring” pathway. Until outcome data are available
for unobserved automated blood pressure readings, all subjects
with isolated clinic hypertension need home and/or 24-hour
ambulatory blood pressure monitoring over time to be able to
discern if and when these patients develop sustained hyperten-
sion. This is particularly important given the frequency of
impaired glucose tolerance in these subjects.

There is another important methodological issue in the article
by Myers et al1 that needs to be considered. The Bland-Altman
plots suggest that the relationship between the average of the 2
blood pressures (in particular, the automated and ambulatory
awake blood pressures) and the difference of the 2 blood

pressures are linear, suggesting proportional bias. Also, the
scatter of the 2 blood pressures appears to increase as the average
of the 2 blood pressures increases, indicating likely heterosce-
dacity. Hence, using normal 95% CIs on untransformed data may
not be the correct technique to use, as was highlighted in a recent
review of the Bland-Altman method by Ludbrook.5
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Table. Automated Office (Observed and Unobserved) Blood
Pressure vs Ambulatory Blood Pressure

BP
Normotensive

(n�45)

Isolated Clinic
Hypertension

(n�39)
Hypertension

(n�52)

Automated observed BP 120/79�9/8 135/87�12/10 143/92�18/9

Automatic unobserved BP 116/77�9/6 126/82�13/9 136/88�14/9

Mean awake BP 122/73�8/6 126/76�6/5 143/85�9/6

BP indicates blood pressure in millimeters of mercury�SD.

(Hypertension. 2010;56:e11.)
© 2010 American Heart Association, Inc.
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