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Chapter 1 

 

Introduction 

 

 

 

 

 

 

NB: 

Some elements of this chapter are based on material which was published in the following journals 

during the course of the research: 

Hamilton, P.K., Lockhart, C.J., Quinn, C., & McVeigh, G.E. (2007) Arterial stiffness: clinical 

relevance, measurement and treatment. Clinical Science 113, 157-170. 

Lockhart, C.J., Hamilton, P.K., Quinn, C.E. & McVeigh, G.E. (2009) End-organ dysfunction and 

cardiovascular outcomes: the role of the microcirculation. Clinical Science 116, 175-90. 

Any excerpts of text utilised in this thesis were written entirely by the author. Other authors‟ 

contributions to the published articles have been removed . 
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Section 1 

 

Trends in the management of blood pressure in 

individuals with hypertension and diabetes mellitus  
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Trends in the management of hypertension 

 

Recent estimates suggest that up to 1 billion people globally have high blood pressure1. 

Suboptimal blood pressure is deemed to be the number one correctable risk factor for 

death throughout the world, and accounts for 7.1 million deaths annually or 13% of total 

mortality2. Global analyses indicate that 62% of cerebrovascular disease and 49% of 

ischaemic heart disease are attributable to hypertension2. 

 

Contrary to an encouraging analysis in 1995 which suggested that the prevalence of 

hypertension was on the decrease3 (Figure 1.1), a more recent report shows that 

prevalence figures are rising4. Despite advances in the recognition and treatment of 

hypertension, adequate control is still only achieved in around one third of patients1. 

 

 

 

 

 

 

 

 

  

 
Figure 1.1: Improvements in the prevalence of hypertension noted in a report in 1995

3
. A 

more recent report demonstrated worsening prevalence. Grey line – 1960-62; Red line – 

1971-74; Black line – 1976-80; Blue line – 1988-91. 
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The last 30 years have brought dramatic changes in the management of patients with 

hypertension. The definition, classification, goals of treatment and recommended 

therapeutic agents have all changed on several occasions. A summary of the changes 

in recommendations issued by the main expert groups in the field is given in Tables 1.1-

1.4.  
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Guideline Definition of hypertension BP Goal Who to treat Drug  

 
JNC-I 
1977

5
 

 
Average 
DBP 

 
> 90  
(this value is not stipulated, but can 
be inferred) 
 

 
DBP < 90 
 

 
Average 
DBP 

 
<90 
90-104 
105-119 
>120 

 
Measure yearly 
If risk factors present 
Treat 
Treat  

 
Step 1 
Step 2 
Step 3 
Step 4 

 
Thiazide diuretic 
Add propranolol/methyldopa/reserpine 
Add hydralazine 
Add/substitute guanethidine 
 

 
JNC-II 
1980

6
 

 
DBP 

 
Stratum I (mild) 
Stratum II (moderate) 
Stratum III (severe) 

 
90-104 
105-114 
≥ 115 

 
DBP < 90 or the 
lowest DBP 
consistent with 
safety and tolerance 

 
Mild 
Moderate 
Severe 

 
If TOD or risk factors present 
Treat 
Treat 

 
Step 1 
Step 2 
 
Step 3 
Step 4 

 
Thiazide diuretic 
Add clonidine/methyldopa/metoprolol/nadolol/ 
prazosin/propranolol/Rauwolfia alkaloid 
Add hydralzine 
Add guanethidine 
 

 
JNC-III 
1984

7
 

 
DBP 
 
 
 
 
 
If DBP < 90: 
 
SBP 

 
Normal 
High normal 
Mild 
Moderate 
Severe 
 
 
 
Normal 
Borderline ISH 
ISH 
 

 
< 85 
85-89 
90-104 
105-114 
≥ 115 
 
 
 
< 140 
140-159 
≥ 160 

 
DBP < 90, or the 
lowest DBP 
consistent with 
safety and tolerance 

 
Mild 
 
 
 
 
Moderate 
Severe 
ISH 

 
Treat if DBP ≥ 95 
Treat at any level if  ≥ 50 years old 
Treat if DBP 90-94 and < 50 years 
old only if other risk factors 
present 
Treat 
Treat 
Treat on an individual basis if SBP 
≥ 160 

 
Step 1 
Step 2 
Step 3 
Step 4 

 
Thiazide diuretic/beta-blocker 
Add adrenergic agent/thiazide diuretic 
Add hydralazine/minoxidil 
Add guanethidine 

 
JNC-IV 
1988

8
 

 
DBP 
 
 
 
 
 
If DBP < 90: 
 
SBP 

 
Normal 
High normal 
Mild 
Moderate 
Severe 
 
 
 
Normal 
Borderline ISH 
ISH 
 

 
< 85 
85-89 
90-104 
105-114 
≥ 115 
 
 
 
< 140 
140-159 
≥ 160 

 
BP < 140/90 

 
Mild 
 
 
 
Moderate 
Severe 
ISH 

 
Treat if DBP ≥ 95 
Treat if DBP 90-94 if other risk 
factors present 
Consider if DBP consistently > 90 
Treat 
Treat 
Treat on an individual basis if SBP 
≥ 160 

 
Step 1 
 
Step 2 
Step 3 
Step 4 

 
Diuretic/beta-blocker/calcium channel 
blocker/ACE-inhibitor 
Add 2

nd
 class or increase dose or change class 

Add 3
rd
 class or substitute 2

nd
 drug 

Add 3
rd
 or 4

th
 line drug 

Table 1.1: Recommendations on the management of hypertension from the Joint National Committee (JNC) on Prevention, Detection, 

Evaluation and Treatment of High Blood Pressure (USA). DBP - diastolic blood pressure, TOD – target organ damage, SBP – systolic 

blood pressure, ISH – isolated systolic hypertension. 
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JNC-V 
1993

9
 

 
 
 
 

 
 
Normal 
High-normal 
Stage 1 (mild) 
Stage 2 (moderate) 
Stage 3 (severe) 
Stage 4 (v. severe) 
 
ISH 
Stage 1 
Stage 2 
Stage 3 
Stage 4 
 

 
SBP 
<130 
130-139 
140-159 
160-179 
 180-209 
≥ 210 
 
 
 
140-159 
160-179 
 180-209 
≥ 210 

 
DBP 
<85 
85-89 
90-99 
100-109 
 110-119 
≥ 120 
 
 
 
<90 
<90 
<90 
<90 
 

 
BP <140/90 
A goal of <130/85 
may be pursued 

 
Stage 1-2 
 
Stage 3-4 
ISH 

 
Treat after 3-6 months, especially 
if DBP ≥ 95 or SBP ≥ 150 
Treat 
Treat on an individual basis if SBP 
≥ 160 

 
Step 1 
Step 2 
 
Step 3 

 
Diuretic or beta-blocker preferred 
Increase dose or change drug or add another 
drug 
Add 2

nd
 or 3

rd
 drug +/or diuretic if not already on 

one 

 
JNC-VI 
1997

10
 

 

 
 
Optimal 
Normal 
High-normal 
Stage 1 
Stage 2 
Stage 3 
 
ISH 
Stage 1 
Stage 2 
Stage 3 
 

 
SBP 
<120 
120-129 
130-139 
140-159 
160-179 
≥ 180 
 
 
140-159 
160-179 
≥ 180 

 
 
+ 
+ 
Or 
Or 
Or 
Or 
 
 

+ 
+ 
+ 

 
DBP 
<80 
80-84 
85-89 
90-99 
100-109 
≥ 110 
 
 
<90 
<90 
<90 

 
< 140/90 
(lower with diabetes 
or renal disease) 

 
BP 

 
 
 
 
 
 

High 
normal 

 
Stage 1 

 
 

Stage 2 

 
No risk 
factors, 

TOD/ CCD 
 
 
 
 

Lifestyle 
 

Lifestyle - 
12 months 

 
Treat 

 

 
≥ 1 risk 
factor 
(not 

diabetes)
+ no 

TOD/CD 
 

Lifestyle 
 

Lifestyle -
6 months 

 
Treat 

 
TOD/CCD 

+/or 
diabetes 
+/- other 

risk 
factors 

 
Treat 

 

Treat 
 
 

Treat 

 
 

 
Diuretic or beta-blocker unless clear indication for 
other drug class 
 
If remains below target, add/substitute other 
classes of drugs 

 
JNC-VII 
2004

1
 

 
Normal 
Prehypertension 
Stage 1 
Stage 2 

 
<120/80 
SBP 120-139 or DBP 80-89 
SBP 140-159 or DBP 90-99 
SBP ≥ 160 or DBP ≥ 110 

 
< 140/90 
(< 130/80 if diabetes 
of renal disease) 
 
The primary focus 
should be on 
obtaining the SBP 
goal 
 

 
Pre-hypertension 
Stage 1 
Stage 2 
 
  

 
Lifestyle 
Treat 
Treat 

 
Stage 1 
 
Stage 2 

 
Thiazide diuretic for most unless clear indication 
for other drug class 
2 drug combination – usually thiazide diuretic + 
ACE-inhibitor/angiotensin receptor blocker/beta-
blocker/calcium blocker 
 
If remains below target, increase dose or add 
other classes of drugs 

Table 1.1 Continued: Recommendations on the management of hypertension from the Joint National Committee (JNC) on Prevention,  

Detection, Evaluation and Treatment of High Blood Pressure (USA). SBP – systolic blood pressure, DBP - diastolic blood pressure, ISH – 

isolated systolic hypertension, TOD – target organ damage, CCD – clinical cardiovascular disease, ACE – angiotensin converting enzyme. 
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Guideline Definition of hypertension BP Goal Who to treat Drug  

 
WHO/ISH 
1983

11
 

 
Mild 
 
Hypertension 

 
DBP 
 
DBP 

 
90-105 
 
>105 

 
DBP < 90 
 

 
DBP 

 
95-100 
100-105 
>105 
 
 

 
Treat after 3 months 
Treat after 4 weeks 
Treat 
 
Or at any level if LVH 
/retinal haemorrhage 
or exudates 
/unexplained 
proteinuria 
 

 
Step 1 
Step 2 

 
Diuretic/beta-blocker 
Add other classes 

 
WHO/ISH 
1986

12
 

 
Mild 
 
Hypertension 

 
DBP 
 
DBP 

 
90-104 
 
>104 

 

 
Reduce BP to 
normotensive levels 
or at least DBP< 90 

 
DBP 

 
95-100 
100-105 
>105 
 
 

 
Treat after 3 months 
Treat after 4 weeks 
Treat 
 
Or at any level if LVH 
/retinal haemorrhage 
or exudates 
/unexplained 
proteinuria 
 

 
Step 1 
 
 
Step 2 

 
Diuretic/beta-blocker/ACE-inhibitor/calcium 
blocker/alpha blocker/centrally acting 
drug/vasodilator/reserpine 
Escalate treatment 

 
WHO/ISH 
1993

13
 

 
 
Normal 
Mild 
     Borderline 
Moderate/severe 
 
ISH 
     Borderline 
 

 
SBP 
<140 
140-180 
140-160 
≥180 
 
≥140 
140-160 

 
 

+ 
+/or 
+/or 
+/or 

 
+ 
+ 

 
DBP 
<90 
90-105 
90-95 
≥105 
 
<90 
<90 

 
Maximum tolerated 
reduction in blood 
pressure 
 
Young patients with 
mild disease: 120-
130/80. Elderly: 
<140/90. ISH: SBP 
<140 

 
Mild 
 
After 4 
months 
 
Consider 
after 4 
months 
 
After 7 
months 
 
Consider 
after 7 
months 
 
Moderate/ 
severe 

 
 
 
DBP ≥ 100 or SBP 160-180 and 
DBP ≥ 95 
 
DBP 95-100 +/or SBP 160-180 
and other risk factors 
 
 
DBP 95-100 +/or SBP 160-180 +/- 
other risk factors 
 
DBP 90-95 +/or SBP 140-160 + 
other risk factors 
 
 
Treat 
 
 
Or at any level if 
LVH/IHD/CVD/renal 
disease/diabetes 

 
Step 1 
 
 
 
Step 2 

 
Diuretic/beta-blocker/ACE-inhibitor/Calcium 
channel antagonist/alpha blocker (in that order of 
preference) 
 
Substitute or add a different class 

        

Table 1.2: Recommendations on the management of hypertension from the World Health Organisation/International Society of 

Hypertension (WHO/ISH). DBP - diastolic blood pressure, LVH – left ventricular hypertrophy, ACE – angiotensin converting enzyme, 

SBP – systolic blood pressure, ISH – isolated systolic hypertension, IHD – ischaemic heart disease, CVD – cerebrovascular disease. 
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WHO/ISH 
1999

14
 

 
 
Optimal 
Normal 
High-normal 
Grade 1 (mild) 
     Borderline 
Grade 2 
(moderate) 
Grade 3 
(severe) 
 
ISH 
     Borderline 
 

 
 
SBP 
<120 
<130 
130-139 
140-159 
140-149 
160-179 
≥ 180 
 
 
≥ 140 
140-149 

 
 
DBP 
<80 
<85 
85-89 
90-99 
90-94 
100-109 
≥ 110 
 
 
< 90 
< 90 

 
 
Reduce BP to 
normal or optimal, 
especially if young, 
middle-aged or 
diabetic. <140/90 in 
elderly 

 
 
Stratify risk as low, medium, high or very high risk 
based on: risk factors, target organ damage, 
diabetes, associated clinical conditions (CVD, IHD, 
renal disease, vascular disease, advanced 
hypertensive retinopathy) and BP 
 
Treat if high or very high risk 
Treat if medium risk, and after 3-6 months SBP ≥ 
140 or DBP ≥ 90 
Treat if low risk, and after 6-12 months SBP ≥ 150 
or DBP ≥ 95 
 

 
 
Step 1 
 
Step 2 

 
 
Treat with any class of antihypertensive 
 
If not at target, substitute a different drug, increase 
the dose or add an additional drug 
 
Choice of drug influenced by: socio-economic 
factors, cardiovascular risk profile, target organ 
damage, cardiovascular disease, renal disease, 
diabetes, co-existing disorders, variation in 
individual responses to different drug classes, 
possible drug interactions, evidence in favour of a 
particular drug 

 
WHO/ISH 
2003

15
 

 
 
Grade 1 
Grade 2 
Grade 3 
 

 
SBP 
140-159 
160-179 
≥ 180 

 
 
Or 
Or 
Or 

 
DBP 
90-99 
100-109 
≥110 
 

 
<150/90 
SBP < 140 if over 50 
BP < 130/80 if 
cardiovascular 
disease, diabetes or 
renal insufficiency 
present 
 

 
Stratify risk as low, medium or high based on: risk 
factors, target organ damage, associated clinical 
conditions and BP 
 
Treat as per 1999 guidelines 

 
Step 1 
 
Step 2 

 
Low-dose diuretic first line 
 
Add other classes 
 
Special indications for choosing a particular drug 
class are provided 

Table 1.2 Continued: Recommendations on the management of hypertension from the World Health Organisation/International Socie ty of 

Hypertension (WHO/ISH). SBP – systolic blood pressure, DBP - diastolic blood pressure, ISH – isolated systolic hypertension, TOD – target 

organ damage, CVD – cerebrovascular disease, IHD – ischaemic heart disease, BP – blood pressure. 
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Guideline Definition of hypertension BP Goal Who to treat Drug 

 
ESH  
1994

16
 

 
Mild 
 
 
Hypertension 

 
DBP 
+/or SBP 
 
DBP 
+/or SBP 

 
90-105 
140-180 
 
>105 
>180 
 

 
SBP < 140 
DBP < 90 

 
Immediately 
 
After 3 
months 
 
 
 
 
After 6 
months  

 
DBP ≥ 105 +/or SBP ≥ 180 
 
DBP ≥ 100 or  
SBP 160-180 and DBP ≥ 95 
Consider if: DBP 95-100 +/or SBP 
160-180 with high total 
cardiovascular risk 
 
DBP 95-100 +/or SBP 160-180 
Consider if: DBP 90-95 or SBP 
140-160 with high total 
cardiovascular risk 
 

 
Step 1 
 
 
 
Step 2 

 
Diuretic/beta-blocker/ACE-inhibitor/calcium 
blocker/alpha blocker (in that order of 
preference) 
 
Add an additional class 

 
ESH 
1998

17
 

 

 
Any cut-off value is arbitrary. 
Treatment should be tailored to the 
patient, risk factors and target organ 
damage 
 

 
 

 
DBP < 90 or < 80 if 
young, renal 
damage or diabetic 
 
SBP < 140 or < 130 
if young or diabetic 
 

 
Immediately 
 
After 3 
months 
 
 
After 6 
months 

 
DBP ≥ 100 +/or SBP ≥ 180 
 
Absolute cardiovascular disease 
risk ≥ 20% +/or TOD and DBP ≥ 
90 +/or SBP ≥140 
 
Absolute cardiovascular disease 
risk < 20% + no TOD and DBP ≥ 
95 +/or SBP ≥160 
 

 
Step 1 
 
 
 
Step 2 

 
Diuretic/beta-blocker/calcium blocker/ACE-
inhibitor/alpha blocker (in that order of 
preference) 
 
Add an additional class 
 
Special indications for choosing a particular 
drug class are provided 

 
ESH 
2003

18
 

 

 
 
Optimal 
Normal 
High-normal 
Grade 1 (mild) 
Grade 2 (moderate) 
Grade 3 (severe) 
 
ISH 
Stage 1 
Stage 2 
Stage 3 
 

 
SBP 
<120 
120-129 
130-139 
140-159 
160-179 
≥ 180 
 
 
140-159 
160-179 
≥ 180 
 

 
DBP 
<80 
80-84 
85-89 
90-99 
100-109 
≥ 110 
 
 
< 90 
< 90 
< 90 

 
< 140/90 
< 130/80 if diabetic 
 

 
Stratify risk as low/ average/ moderate/ high/very 
high added risk based on: risk factors, TOD, 
diabetes, associated clinical conditions (CVD, IHD, 
renal disease, PVD or advanced retinopathy) and 
BP 
 
Treat if Grade 3  
Treat if Grade 1 or 2 with high/very high added risk 
Treat if Grade 1 or 2 with moderate added risk, if 
after 3 months, SBP ≥ 140 or DBP ≥ 90 
Treat if high-normal with high/very high added risk 
 

 
Step 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
Step 2 

 
Either single (low-dose) or low-dose 2-drug 
combination. 
 
Choose between diuretics, beta-blockers, 
calcium blockers, ACE-inhibitors or 
angiotensin receptor antagonists. Choice 
depends on previous experience, cost, risk 
profile, target organ damage, cardiovascular 
disease, renal disease, diabetes, or patient 
preference. 
 
Special indications for choosing a particular 
drug class are provided 
 
Titrate by escalating dose or adding other 
agents 
 

Table 1.3: Recommendations on the management of hypertension from the European Society of Hypertension (ESH). DBP - diastolic blood 

pressure, SBP – systolic blood pressure, ACE – angiotensin converting enzyme, TOD – target organ damage, ISH – isolated systolic 

hypertension, CVD – cerebrovascular disease,  IHD – ischaemic heart disease, PVD – peripheral vascular disease. 
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ESH 
2007

19
 

 

 
 
Optimal 
Normal 
High-normal 
Grade 1 (mild) 
Grade 2 (moderate) 
Grade 3 (severe) 
 
ISH 
Stage 1 
Stage 2 
Stage 3 
 

 
SBP 
<120 
120-129 
130-139 
140-159 
160-179 
≥ 180 
 
 
140-159 
160-179 
≥ 140 
 
 

 
 
+ 
+/or 
+/or 
+/or 
+/or 
+/or 
 
 
+ 
+ 
+ 

 
DBP 
<80 
80-84 
85-89 
90-99 
100-109 
≥ 110 
 
 
<90 
<90 
<90 

 
< 140/90 
< 130/80 if diabetic 
or high/very high risk 
i.e. previous stroke, 
myocardial 
infarction, renal 
disease or 
proteinuria 
 

 
Stratify as low/average/ moderate/ high/very high 
added risk based on: risk factors, metabolic 
syndrome, subclinical organ damage 
(electrocardiographic LVH, echocardiographic 
LVH, increased carotid IMT, increased cfPWV, 
reduced ABPI, slightly high creatinine, low eGFR, 
microalbuminuria or raised ACR), diabetes, 
cardiovascular disease, renal disease. 
 
Treat if normal BP and established cardiovascular 
or renal disease. 
Treat if high-normal BP and diabetes or 
cardiovascular/renal disease, and consider if at 
least 3 risk factors, metabolic syndrome or 
subclinical organ damage). 
Treat if Grade 1, 2 or 3: immediately if severe, or 
after a few weeks/months if milder. 
 

 
Step 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Step 2 

 
Choose between thiazide 
diuretic/calcium channel blocker/ACE-
inhibitor/angiotensin receptor 
blocker/beta-blocker alone or in 
combination. 
 
Avoid beta-blocker, especially with 
thiazide diuretics, in those with metabolic 
syndrome, due to risk of diabetes. 
 
Choice depends on previous experience, 
effect of drugs on risk factors for 
individual patients, the presence of organ 
damage, cardiovascular disease, renal 
disease or diabetes, other co-morbidities, 
possible interactions with other drugs 
and cost. 
 
Special indications for choosing a 
particular drug class are provided 
 
Add an additional class 
 
 

Table 1.3 Continued: Recommendations on the management of hypertension from the European Society of Hypertension (ESH). SBP – 

systolic blood pressure, DBP – diastolic blood pressure, ISH – isolated systolic hypertension, LVH – left ventricular hypertrophy, IMT – intimal 

medical thickness, cfPWV – carotid-femoral pulse wave velocity, ABPI – ankle-brachial pressure index, eGFR – estimated glomerular 

filtration rate, ACR – albumin-creatinine ratio, BP – blood pressure, ACE – angiotensin converting enzyme. 
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BHS 
1989

20
 

 
Not formally defined 

 
DBP 85-90 

 
DBP > 100 
 
Consider treatment if DBP 95-100 depending on 
risk factor profile 
 

 
Step 1 

 
Beta-blockers or diuretics 

 
BHS 
1993

21
 

 
Severe 

 
DBP ≥ 110 

 
DBP < 90 
SBP < 160 
 

 
DBP 
 
 
 
 
SBP 
 

 
Treat if ≥ 100 
Treat if 90-99 and: sustained in 
higher pressures in this range or 
age > 60 or co-existing risk 
factors or TOD 
 
Treat if ≥ 160 and TOD 
Treat if ≥ 200 or 160-199 with 
DBP ≥ 95 
Treat if ≥ 160 over 3 to 6 months 
 

 
Step 1 
 
Step 2 

 
Beta-blockers or diuretics 
 
Consider adding another class, including 
calcium blockers or ACE-inhibitors 
 
Special indications for choosing a particular 
drug class are provided 

 

 
BHS 
1999

22
 

 

 
High normal  
Hypertension 

 
135-139/85-89 
≥ 140/90 

  
< 140/85 
< 140/80 in diabetics 

 
BP ≥200/110 
BP ≥ 160/100 
 
 
 
BP 140-
159/90-99 

 
Treat 
Treat after 1 month if 
cardiovascular complications, 
TOD or diabetes 
Treat after 1-3 months if absent 
Treat after 3 months if TOD, 
cardiovascular complications, 
diabetes or 10 year coronary 
heart disease risk ≥ 15% 
 

 
Step 1 
 
Step 2 

 
Thiazide diuretic or beta-blockers 
 
Special indications for choosing a particular 
drug class are provided 
 
Substitute or add a drug from another class 

Table 1.4: Recommendations on the management of hypertension from the British Hypertension Society (BHS). DBP – diastolic blood 

pressure, SBP – systolic blood pressure, TOD – target organ damage, ACE – angiotensin converting enzyme. 
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BHS 
2004

23
 

 

 
 
Optimal 
Normal 
High-normal 
Grade 1 (mild) 
Grade 2 (moderate) 
Grade 3 (severe) 
 
ISH (Grade 1) 
ISH (Grade 2) 
 

 
SBP 
<120 
120-129 
130-139 
140-159 
160-179 
≥ 180 
 
140-159 
≥ 160 

 
DBP 
<80 
<85 
85-89 
90-99 
100-109 
≥ 110 
 
< 90 
< 90 

 
<140/85 
<130/80 in diabetics 

 
BP ≥180/110 
BP ≥ 160/100 
 
 
 
BP 140-
159/90-99 

 
Treat 
Treat after 1 month if 
cardiovascular complications, 
TOD or diabetes 
Treat after 1-3 months if absent 
Treat after 3 months if TOD, 
cardiovascular complications, 
diabetes or cardiovascular 
disease risk ≥ 20%. If absent, 
measure monthly and treat if BP 
maintained at this level and if 
estimated 10 year 
cardiovascular disease risk ≥ 
20% 

 
Age < 55 
years and 
non-black 
 
 
 
 
 
 
 
 
Age ≥ 55 
years or black 

 
Start with ACE-inhibitor or angiotensin 
receptor antagonist (or a beta-blocker) 
If inadequate control, add a calcium 
blocker or thiazide diuretic 
If inadequate control, add a thiazide 
diuretic  or calcium channel blocker 
If inadequate control add an alpha-blocker 
or spironolactone or another diuretic 
 
Start with calcium channel blocker or 
thiazide diuretic  
If inadequate control, add an ACE-inhibitor 
or angiotensin receptor  antagonist (or 
beta-blocker) 
If inadequate control, add a thiazide 
diuretic  or calcium channel blocker 
If inadequate control add an alpha-blocker 
or spironolactone or another diuretic 

 
BHS-
NICE 
2006

24
 

 

 
 

      
Age < 55 
years  
 
 
 
 
 
 
 
Age ≥ 55 
years or black 
(any age) 

 
Start with ACE-inhibitor or angiotensin 
receptor  antagonist 
If inadequate control, add a calcium 
channel blocker or thiazide diuretic 
If inadequate control, add a thiazide 
diuretic  or calcium channel blocker 
If inadequate control add further diuretic 
therapy, an alpha-blocker or a beta-blocker 
 
Start with calcium channel blocker or 
thiazide diuretic  
If inadequate control, add an ACE- inhibitor  
or angiotensin receptor  antagonist 
If inadequate control, add a thiazide 
diuretic  or calcium channel blocker 
If inadequate control add further diuretic 
therapy, an alpha-blocker or a beta-blocker 
 

Table 1.4 Continued: Recommendations on the management of hypertension from the British Hypertension Society (BHS). SBP – systolic 

blood pressure, DBP – diastolic blood pressure, ISH – isolated systolic hypertension, TOD – target organ damage, BP – blood pressure, ACE – 

angiotensin converting enzyme. 
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Although the diversity of guidelines over the years can seem highly heterogeneous, 

one common concept is that of identifying and treating individuals at an increasingly 

lower level of blood pressure. In 1977, the American Joint National Committee on 

prevention, detection, evaluation, and treatment of high blood pressure 

recommended treating persons with a diastolic blood pressure greater than 105 

mmHg, with the aim of lowering this to less than 90 mmHg5. By 1983, the World 

Health Organisation/International Society of Hypertension guidance suggested 

treatment for some persons with a diastolic blood pressure over 95 mmHg11. 

European guidelines from 1994 were more stringent again, suggesting treatment for 

those with a blood pressure over 160/95 mmHg to achieve a target of less than 

140/90 mmHg16. The introduction of „borderline hypertension‟ (systolic blood 

pressure 140-149 mmHg and/or diastolic blood pressure 90-94 mmHg) in 1999 and 

„prehypertension‟ (systolic blood pressure 120-139 mmHg or diastolic blood pressure 

80-89 mmHg) in 2004 means that an increasing proportion of the population are 

recognised as being at elevated risk1. 

 

The latest guidelines differ on the finer details of management but the notion of 

individualised treatment is shared. The decision to treat an individual, the drugs 

used, and the particular blood pressure target set should be determined by a 

person‟s level of blood pressure, the presence of target organ damage and their 

overall cardiovascular disease risk.  

 

The importance of the treatment of hypertension is now well established on account 

of the many outcome trials that have been carried out in recent decades. Some of 

the major trials are summarised here. In the Veterans trial, males with a diastolic 
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blood pressure between 90 and 114 mmHg were randomised to active anti-

hypertensive therapy or placebo for 5 years25. Treatment reduced the risk of a 

morbid event from 55% with placebo to 18% with active treatment, and the risk of 

death from 35% to 9%. The first Australian National Blood Pressure Study recruited 

persons with diastolic blood pressure between 95 and 109 mmHg, and showed that 

treatment to lower diastolic blood pressure to less than 90 mmHg was associated 

with a reduction in fatal and non-fatal end-points26. The first Medical Research 

Council trial randomised over 17000 patients with a diastolic blood pressure between 

90 and 109 mmHg to treatment or placebo, and showed an almost 50% reduction in 

stroke risk with treatment27. The Hypertension Detection Follow-up Programme 

showed that 5 year all-cause mortality was 17% lower in a group with better-

controlled blood pressure28.  

 

The recognition of the importance of systolic blood pressure came first from the 

SHEP trial in which almost 5000 people aged at least 60 years with isolated systolic 

hypertension were randomised to receive active treatment or placebo29. The 5-year 

incidence of stroke was reduced in the treatment group. In the second MRC trial, 

over 4000 subjects with systolic blood pressure between 160 and 209, but diastolic 

blood pressure less than 115 were randomised to active treatment or placebo30. 

Treatment reduced the risk of stroke by 25% compared to placebo. In the Syst-EUR 

trial, patients with isolated systolic hypertension were again randomised to active 

treatment or placebo31. Treatment reduced the risk of stroke by 42%, with significant 

reductions in other cardiovascular endpoints also. 
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The benefits of treating hypertension in older individuals was well demonstrated in 

the first Swedish trial in old patients with hypertension (STOP)32. Patients aged 

between 70 and 84 years with systolic blood pressure 180-230 mmHg and diastolic 

blood pressure at least 90 mmHg (or diastolic blood pressure 105-120 mmHg 

irrespective of SBP) were randomised to receive antihypertensive treatment or 

placebo. Treatment reduced the study primary endpoints (stroke morbidity, mortality 

and death), thus cementing the benefits of treating hypertension at least until the age 

of 84 years. The STOP-2 trial investigated the use of other anti-hypertensive drugs in 

older populations and showed a similar blood pressure reduction with all classes33. 

More recently, the Hypertension in the Very Elderly Trial (HYVET) researchers 

showed that treating hypertension in patients aged 80 years or older was also 

associated with reduction in morbidity and mortality34. 

 

The question of „How low is best?‟ is an important one when considering how 

aggressively to treat hypertension. Previously, prescribers were discouraged from 

lowering blood pressure too aggressively due to concerns over a „J-shaped‟ curve 

effect, i.e. lowering blood pressure too far might increase mortality. In the HOT trial, 

almost 19000 people with diastolic blood pressure 100-115 mmHg were enrolled. 

They were assigned to treatment groups with the aim of reducing diastolic blood 

pressure to no more than 90, 85 or 80 mmHg35. The most aggressive treatment 

group achieved mean diastolic blood pressure of 82.6 mmHg and had the lowest 

incidence of cardiovascular events. More recently, it has been shown that persons 

with „high-normal‟ blood pressure also have an increased risk of cardiovascular 

events compared to those with normal blood pressure36 (Figure 1.2). A meta-

analysis incorporating data on one million adults showed that blood pressure is 
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related to vascular events, with no evidence of a threshold effect even down to 

115/75 mmHg37 (Figure 1.3). 

 

 

 

  

 

Figure 1.2: Cumulative incidence of cardiovascular events in (a) women, and (b) men without 

hypertension, divided according to blood pressure at baseline. Adapted from Vasan (2001)
36

. 
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Figure 1.3: Top Panel: Stroke mortality in each decade of life versus blood pressure at 

the start of the decade. Bottom Panel: Ischaemic heart disease mortality in each decade 

of life versus blood pressure at the start of the decade. Adapted from Lewington 

(2002)
37

. 
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A recent prospective trial involving 1412 subjects investigated the development of 

sustained hypertension in persons with white coat hypertension (clinic blood 

pressure elevated with a normal ambulatory or home blood pressure) and masked 

hypertension (clinic blood pressure normal with an elevated ambulatory and home 

blood pressure)38. After 10 years, 42.6% of those with white coat hypertension and 

47.1% of those with masked hypertension developed sustained hypertension. This 

would suggest that patients with white-coat and masked hypertension should be 

treated early in an attempt to prevent the progression to sustained hypertension. 

 

Thus, the physician is encouraged to recognise even mild elevations of blood 

pressure over normal levels, and to treat appropriately. 

 

Treatment of hypertension in patients with diabetes mellitus 

 

The 2007 National Diabetes Fact Sheet from the United States National Centre for 

Chronic Disease Prevention and Health Promotion estimates that 7.8% of the 

American population have diabetes, and lists the following sobering facts39: 

 

- Diabetes increases the risk of death from heart disease between 2 and 4 

times 

- Diabetes increases the risk of stroke between 2 and 4 times 

- Diabetes is the leading cause of blindness in adults 

- Diabetes accounts for 44% of new cases of kidney failure 

- Diabetes accounts for more than 60% of non-traumatic lower limb 

amputations 
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- 60-70% of those with diabetes have some form of neuropathy 

- Major birth defects occur in 5-10% of pregnancies involving diabetic women, 

with 15-20% of pregnancies resulting in spontaneous abortion. 

 

Hypertension is more common in people with diabetes than in the general 

population, with estimates of between 1.5 and 3 times increased prevalence in 

subjects with diabetes40. In addition, a higher proportion of people with hypertension 

develop diabetes than one would expect in the general population41, 42. It is currently 

estimated that around 30% of patients with type 1 diabetes and 60% with type 2 

diabetes develop hypertension43, 44,40. Particularly in type 1 diabetes, hypertension is 

usually detected after having diabetes for several years and its presence usually 

reflects a degree of nephropathy.  

 

A small study carried out in 1982 involving only 6 men with type 1 diabetes and 

proteinuria demonstrated the benefit of lowering blood pressure. After a mean of 73 

months treatment with „conventional antihypertensive‟ agents (beta-blockers, 

hydralzine. prazosin or furosemide), the rate of decline of renal function fell 

significantly as did the rate of increase of albumin clearance in the urine45. The role 

of renin-angiotensin system (RAS) inhibition in conveying renal protection was 

shown in a trial comparing captopril to placebo (in addition to other antihypertensive 

therapy) in patients with type 1 diabetes and proteinuria. The angiotensin converting 

enzyme (ACE)-inhibitor reduced the risk of the combined endpoints (death, dialysis 

or transplantation) by 50%46, as illustrated in Figure 1.4, but it could be argued that 

the results obtained can be explained on the basis of blood pressure lowering alone. 

Another ACE-inhibitor, perindopril, has  
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Figure 1.4: The cumulative incidence of death, dialysis or need for kidney transplantation in 

patients with type 1 diabetes taking either captopril or placebo. Adapted from Lewis et al 

(1993)
46

. 

 

been shown to attenuate the progression of urinary albumin loss in patients with 

diabetes and microalbuminuria47. In the Syst-EUR trial, blood pressure lowering 

treatment was most effective in those with diabetes, with a 70% reduction in 

cardiovascular mortality, a 62% reduction in cardiovascular events and a 69% 

reduction in strokes noted with active treatment48. In the SHEP trial, patients with 

diabetes had a 34% reduction in cardiovascular events with a thiazide diuretic when 

compared to placebo49. The absolute risk reduction in coronary artery disease was 

two times higher for diabetic patients compared to those without diabetes. 

 

Even in diabetic patients with normal blood pressure, the inclusion of an 

antihypertensive agent can improve albuminuria50, 51. The value of angiotensin 
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receptor blockers has been convincingly demonstrated in patients with type 2 

diabetes in addition 52, 53, with reduction in the progression of nephropathy being 

noted independently of their blood pressure lowering effect. Intensive treatment of 

hypertension (with an achieved average blood pressure of 144/82 mmHg) was 

compared with less tight treatment (achieved blood pressure 154/87 mmHg) in 

patients with type 2 diabetes54. There was a 32% reduction in deaths, 44% reduction 

in strokes and 37% reduction in the occurrence of microvascular end points in those 

receiving intensive treatment. 

 

The current recommended goal for hypertension treatment in patients with diabetes 

is to treat to a target of less than 130 mmHg systolic and less than 80 mmHg 

diastolic. Since there is evidence for diuretics, ACE-inhibitors, angiotensin receptor 

blockers, beta blockers and calcium channel blockers in diabetes, and since most 

patients require more than one agent to achieve satisfactory blood pressure control, 

the choice of antihypertensive drug may not be particularly important. However the 

current recommendations favour ACE-inhibitors as first line agents due to their 

apparent reno-protective effects. Angiotensin receptor blockers can be considered in 

type 2 diabetes. The strength of these recommendations is open to debate. 

 

Choice of antihypertensive drug 

 

A controversial issue in the management of hypertension today is reflected in the 

difference between suggested initial treatment in the JNC-VII guidelines compared to 

the British guidelines. In the former, the ethos is that blood pressure lowering is what 

is important – the means by which this is achieved takes secondary importance 
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(except in a pre-defined group of patients in whom choice of treatment is obligatory, 

e.g. ACE-inhibitors in those with cardiac failure). The British guidelines however 

recommend initial treatment with agents that block the RAS in non-black individuals 

under 55 years old. 

 

The guidance that ACE inhibition is the optimal treatment strategy in people under 

55 years and those of non-African descent stems from evidence showing that 

younger people and Caucasians tend to have higher renin levels than older people 

or those who are black23, 55. Black patients have been shown to have less responsive 

RAS in response to restricted salt intake56. In two cross-over trials investigating the 

blood pressure response in young hypertensives to various anti-hypertensive drugs, 

drugs suppressing the RAS were more effective than drugs that operated via other 

mechanisms57, 58. Hypertensive black patients have been shown to respond best to 

calcium channel blockers and diuretics59. The main reason for favouring ACE 

inhibition in these younger individuals seems mainly to derive from evidence of an 

enhanced blood pressure lowering effect rather than anything else. 

 

Why might inhibiting the renin-angiotensin system be beneficial 

 

The RAS has been the focus of much medical research since the discovery of renin 

over 100 years ago. There are currently 4 available drug classes which directly or 

indirectly inhibit this system. Direct renin inhibitors are the most recently described 

class and block the pathway at the top. Beta-blockers reduce renin output from the 

kidney. ACE-inhibitors inhibit ACE, thus blocking the conversion of angiotensin I to 
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angiotensin II. Angiotensin receptor blockers block the binding of angiotensin II to 

AT1 receptors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Modulation of the angiotensin pathway has been shown to have beneficial effects in 

addition to blood pressure lowering. Left ventricular hypertrophy is an important sign 

of target organ damage in patients with hypertension, and inhibiting the RAS in 

particular, may be particularly useful in attenuating the effects of hypertension on the 

ventricle60. Atrial fibrillation (AF) is an important complication of hypertension, and it 

has been suggested that RAS inhibition can reduce its incidence61. However, a 

recent prospective trial examining the effect of valsartan in patients with previous AF 

showed no reduction in its incidence62. The AT1 receptor, which binds angiotensin 2 

seems to have an important role in the inflammatory pathways involved in the 

Figure 1.5: The renin angiotensin system. Adopted from Schmieder et al. (2007)
63

. 
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development of atherosclerosis63. Data from the ALLHAT and VALUE trials suggest 

that inhibition of the RAS may reduce the incidence of diabetes64. It is well known 

that RAS blockade in diabetes is essential in the setting of renal protein loss. RAS 

inhibition can reduce microalbuminuria and proteinuria. In the setting of albuminuria, 

it can reduce the incidence of nephropathy65, and if nephropathy develops, treatment 

can lessen proteinuria and improve renal survival66. In addition, cardiovascular 

morbidity and mortality may be improved67. Interestingly, a receptor (GPR91) has 

recently been described in the juxtaglomerular cells of the kidney. This seems to 

trigger the release of renin in the setting of hyperglycaemia, and appears to be an 

important link between diabetes and the RAS68. 

 

 

Conclusions 

 

The current evidence thus guides the physician to treat persons with hypertension or 

diabetes at increasingly low levels of blood pressure. Inevitably, some of those who 

are treated would never have been destined for a cardiovascular event. In treating 

increasing large sections of the population, the incidence of adverse drug events will 

surely increase, and the economic implications for an already struggling National 

Health Service will be considerable. It would be extremely helpful if there was a more 

accurate method of more precisely predicting an individual‟s risk of future 

cardiovascular disease to identify who should be treated most aggressively. Section 

2 explores one possible way in which this aim might be achieved. 
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Section 2 

 

Assessment of the Mechanical Properties of 

Arteries 
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Traditionally, the prevention and treatment of cardiovascular disease has focused on 

favourably modifying „risk factors‟ such as hypertension, smoking, hyperglycaemia 

and dyslipidaemia, that are known to be detrimental to arterial integrity1, 69, 70. 

However, a significant number of cardiovascular events occur each year in persons 

who do not qualify for drug treatment based on guidelines (such as those detailed in 

Section 1) that calculate risk on the basis of these parameters71. A population-wide 

treatment scheme in which all individuals over a certain age would receive treatment, 

much like a vaccination programme, could provide a solution to this issue. This 

would however be economically impractical, and would put healthy persons at risk of 

adverse drug reactions. Similarly, the trend towards treating individuals with minor 

elevations in blood pressure especially those with diabetes will have the same 

consequences. Much research has therefore focused on developing a method of 

more accurately identifying subgroups of the population at highest risk. Treatment of 

such individuals could provide large treatment benefits at a dramatically reduced 

cost to society72.  

 

Recent research has resulted in the identification of novel risk factors that are 

independent of the established risk factors for cardiovascular disease. It would seem 

plausible that making decisions on risk based upon many risk factors would facilitate 

much more precise risk stratification, and indeed this is the case for the established 

risk factors mentioned above. However, the same may not be true for many recently 

described „circulating‟ risk factors. In a study involving 3209 subjects, the C statistic 

for major cardiovascular events was found to be 0.76 using age, sex and 

conventional risk factors as predictors compared to 0.77 when 10 other biomarkers 

(C-reactive protein, B-type natriuretic peptide, N-terminal pro-atrial natriuretic 
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peptide, aldosterone, renin, fibrinogen, D-dimer, plasminogen-activator inhibitor type 

1, homocysteine and urinary albumin-to-creatinine ratio) were added into the 

analysis73. Thus the addition of these risk factors resulted only in a small increase in 

the ability to classify risk overall, but at greatly increased cost. 

 

Artery walls are the primary site of disease in atherosclerosis, and represent an 

attractive target for demonstrating functional and structural alterations74. Since 

hypertension, hyperglycaemia and the other traditional cardiovascular risk factors 

alter the structure, properties and function of arterial blood vessels75-77, it seems 

intuitive that a more comprehensive assessment of the cumulative damaging effects 

on arterial wall integrity could improve risk stratification both in subjects with 

hypertension and diabetes, and the general population. Furthermore, by studying 

artery walls, it may be possible to distinguish the beneficial effects of an intervention 

on an individual‟s arterial end organ, rather than simply measuring its effect on 

intermediate risk markers such as blood pressure, improvements in which do not 

confer benefits for all individuals.  

 

This section details the various methods that are currently available to facilitate such 

an assessment. 

 

Physiological concepts in the healthy cardiovascular system 

 

Blood pressure is comprised of two components – steady-state and pulsatile. The 

steady-state component is characterised by the mean arterial pressure which 

represents the product of cardiac output and peripheral resistance78. This measure 
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allows inferences about the state of the arteriolar and capillary bed to be made, since 

these sites provide most of the resistance to flow in the circulation79. The pulsatile 

component is determined by left ventricular ejection and stroke volume, as well as 

the compliance of the arterial circulation80. Compliance may be defined as a change 

in volume or cross-sectional area of a vessel for a given change in pressure; the 

compliance characteristics of the entire arterial circulation being largely determined 

in the proximal vessels.  

 

The elastic wall of the aorta transforms the pulsatile on-off blood flow of the left 

ventricle into less pulsatile flow in distal vessels that results in a smooth non-pulsatile 

flow in capillaries81. The ability of the aorta and proximal arteries to buffer the 

pulsatile flow largely depends on the compliance characteristics of the vessels. A 

benefit of such a system is the fact that the microcirculation is protected from 

pressure-induced damage, and that the heart receives adequate blood flow in the 

coronary arteries during diastole to meet its metabolic requirements. Stiffening of the 

aorta results in an elevation of systolic blood pressure and a lowering of diastolic 

blood pressure which in turn increases left ventricular afterload and alters coronary 

artery perfusion82. These changes may result in left ventricular hypertrophy83, 

worsening of coronary ischaemia84, 85 and increased fatigue of arterial wall tissues86, 

all of which substantially increase the risk of cardiovascular events87. In addition, 

increased arterial stiffness stresses vessel walls88, which can increase the chance of 

atherosclerotic plaque rupture89.  

 

As the arterial tree branches and tapers, changes in diameter and stiffness occur, 

and this results in reflection of a portion of the propagating pressure wave72. 
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Reflected waves travel backwards with approximately the same speed as the 

forward-flowing wave, and at some point through the aorta and its branches, the 

incident and reflected waves are traditionally thought to summate89. Pressure wave 

reflection may serve at least two beneficial purposes90. First, under ideal 

circumstances, the reflected wave returns to the central aorta in diastole, thereby 

enhancing the diastolic perfusion pressure in the coronary arteries82. Second, wave 

reflection limits the transmission of pulsatile energy to the periphery where damage 

to the microcirculatory beds might occur91. A stiffening of the central circulation 

relative to the peripheral circulation results in a reduction in the normal impedance-

mismatch that exists between these two areas. This may diminish wave reflections90 

or cause wave reflections to occur in systole rather than diastole, thereby reducing 

diastolic perfusion of the coronary circulation, and increasing transmission of 

pulsatile energy into the microcirculation. This situation is made slightly more 

complicated by the fact that reflected waves can, in certain circumstances, interact 

negatively with forward-travelling waves92. The phenomenon of wave reflection 

remains complicated and incompletely understood; much remains to be learned.  

 

Measurement of the mechanical properties of arteries 

 

Several methods for quantifying arterial mechanical properties have been proposed. 

These can be divided into techniques which apply propagative models to the 

circulation, and those that use non-propagative models93. Propagative models 

assume that the velocity with which a pulse wave travels along a given artery has a 

finite value94. Non-propagative methods include the Windkessel model that likens the 

circulation to a mechanical device found on old fire-engines. A Windkessel pump 
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was designed to transform the intermittent pulsing of a manual water pump into a 

continuous stream of water from a hose82. Similarly, modelling the circulation in this 

way separates its functions into conduit and cushioning functions. The Windkessel 

model has been criticized however, since the arterial tree does not have separate 

conduit and cushioning functions, and because the model makes the assumption 

that pulse wave velocity has infinite velocity94.  

 

Inferences can be made about the mechanical properties of arteries by measuring 

pulse pressure, or by measuring a variety of „stiffness indices‟ in the form of outputs 

recorded from one of several commercially available devices. Such devices usually 

measure one of three possible types of arterial stiffness: systemic stiffness (i.e. a 

measure of the stiffness of the entire circulation); regional or segmental stiffness (i.e. 

a measure of the stiffness of a segment of the arterial tree,); or local stiffness (i.e. a 

measure of the stiffness in a small section of one blood vessel under study)95. They 

can however provide information about more than one aspect of the circulation, and 

can thus be classified as devices that: quantify pulse transit time; analyse the 

pressure pulse waveform; or provide direct estimation of vessel stiffness by the 

simultaneous assessment of arterial diameter and a corresponding distending 

pressure (Figure 1.6). 
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Figure 1.6 Summary of the methods available for assessing arterial stiffness. C1 = large artery 

compliance; C2 = small artery compliance; PT/TT ratio = peak time divided by total time ratio of the 

pressure curve; AASI = ambulatory arterial stiffness index. 
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When an article describes the „stiffness‟ of a blood vessel, one must ask what is 

actually being referred to. This is because the term arterial „stiffness‟ lacks a precise 

definition, and has no mathematical relationship to the mechanical properties of 

arteries96. As such, arterial stiffness cannot be directly quantified97. The terms 

„compliance‟ and „distensibility‟ are often used interchangeably with „stiffness‟98. 

However, compliance (a change in volume or cross-sectional area for a given 

change in pressure) and distensibility (a fractional change in volume or cross-

sectional area for a given change in pressure) are parameters that can be quantified 

and have units of measurement99, 100, unlike arterial stiffness that is a purely 

descriptive term that cannot be measured or quantified. Stiffness represents a 

convenient shorthand term for alterations in the mechanical properties of blood 

vessels. 

 

Pulse Pressure 

 

The measurement of pulse pressure is the simplest surrogate measure of arterial 

stiffness. Pulse pressure is calculated by subtracting the diastolic blood pressure 

from the systolic blood pressure. It is determined by cardiac stroke volume and 

arterial stiffness100. 

 

Pulse pressure = Systolic pressure – Diastolic pressure 

 

This simple parameter which indicates the degree of impairment of the buffering 

function of larger arteries, has been shown in several studies to have predictive 

value for cardiovascular events, although some would argue that it adds little to the 
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overall risk defined using systolic and diastolic blood pressure. Pulse pressure has 

been shown to be a predictor of cardiovascular disease in general populations101, 

healthy individuals102-104, untreated hypertensive patients105, treated hypertensive 

patients106 and patients with type 2 diabetes mellitus107, 108. In patients with type 1 

diabetes mellitus, age is significantly associated with pulse pressure, particularly in 

patients with albuminuria or retinopathy109. Elevated pulse pressure can also 

independently predict congestive cardiac failure in healthy elderly individuals110. 

 

Some authors report that pulse pressure is more meaningful if measured centrally111, 

and this has been shown to relate more strongly to endothelial function than pulse 

pressure measured at the brachial artery112. It has also been suggested that the 

measurement of pulse pressure over a 24 hour period is a better predictor of 

mortality than a single office measurement108, and it has been shown that after an 

acute stroke, patients with elevated 24 hour pulse pressure have a higher risk of 

stroke recurrence113.  

 

Pulse pressure is affected by a number of physiological factors, and is difficult to 

interpret in the presence of aortic valve insufficiency or the presence of 

arteriovenous fistulae114. Beta-adrenergic activation has been shown to increase 

pulse pressure, but without changing the aortic pulse wave velocity (PWV)115, 

demonstrating that a change in pulse pressure does not always indicate a change in 

aortic stiffness. The predictive value of pulse pressure can be affected by medical 

therapy. Greenberg (2005) showed that pulse pressure only had significant 

predictive value for cardiovascular/coronary disease in treated hypertensive 

subjects116. This was not the case for untreated individuals. 
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Because conduit arteries display a nonlinear pressure/volume relationship, pulse 

pressure is directly related to the mean arterial pressure. Lowering blood pressure 

will therefore reduce pulse pressure without necessarily exerting a direct effect on 

the arterial wall. With this in mind, a more refined index involving pulse pressure is 

the stroke volume/pulse pressure (SV/PP) ratio. This index should allow for the fact 

that the usefulness of pulse pressure depends on its ability to provide an estimate of 

the pressure/volume relationship, but that the volume increment during systole is 

determined by stroke volume and systolic runoff114. The SV/PP ratio has been shown 

to be a predictor of cardiovascular events in the general population117, and in  

patients with hypertension118.  

 

Devices that quantify pulse transit time 

 

Pulse Wave Velocity 

 

The recent expert consensus document on arterial stiffness describes carotid-

femoral PWV as the „gold-standard‟ measurement of arterial stiffness94. The principal 

determinants of PWV are described by the Moens-Korteweg equation that was 

derived in the 1920s, and relates the velocity of pulse wave travel in a vessel to the 

distensibility of that vessel119, 120. 

 

R

Eh
co

2
 

Moens-Korteweg equation 
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(co = wave speed; E = Young‟s modulus in the circumferential direction; h = wall thickness; R = 

vessel radius; ρ = density of fluid)  

 

In a given blood vessel filled with blood of fixed density, the PWV is proportional to 

the square root of the Young‟s modulus of elasticity of the vessel. In other words, the 

stiffer the vessel the faster the PWV. However, the square root relationship between 

PWV and Young‟s modulus means that changes in PWV are not a particularly 

sensitive measure of changes in the mechanical properties of an artery. 

 

PWV is usually obtained by measuring the time taken for a pulse wave to travel a 

specified distance; the distance being divided by the time to give velocity. Distance 

measuring is usually estimated using a tape measure over the body surface; timing 

is performed by measuring the interval between fiduciary points on a pressure or 

flow waveform using a proximal and distal sensor114. Usually timing is made using 

the „foot‟ of a waveform, since this is the part that is least affected by wave reflection. 

There are various devices on the market for measuring PWV. Some simultaneously 

measure pulse waveforms in multiple sites using several transducers. In others, the 

time between a defined point on an electrocardiograph and a defined point on the 

pulse waveform is compared between different sites. Another technique employs an 

oscillometric blood pressure cuff and an electrocardiography recorder95. The time 

between the QRS complex and the corresponding diastolic phase as measured in 

the brachial artery by the cuff gives an estimate of PWV from the heart to this site. 

 

Errors in PWV estimation can be introduced in the two measures required – distance 

between pulse assessment points and time taken for the pulse wave to travel 
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between the sites. In measuring the distance between two arterial sites such as the 

carotid and femoral arteries, no allowance is made for differences in body shape 

between subjects. This distance will obviously be greater in a subject with central 

obesity than in a lean subject of the same height. Distance measures may also be 

inaccurate since an assumption is made that the aorta is straight. The software 

supplied with some systems requires distance between sensors to be entered in 

centimetres, whereas other devices require millimetre accuracy. Thus, there may be 

a tendency to rounding measurements to the nearest unit when using the former set-

up. When measuring the time taken for the pulse wave to travel between the two 

points of interest, a controversial area relates to the identification of the start of a 

pulse cycle in the recorded waveform. Similar points between waveforms must be 

identified to enable timing to be made of the speed of wave travel. However, 

determination of the wave front is difficult because of changes in pressure pulse 

contour that occur as the wave propagates due to the viscoelastic properties of the 

transmission path and wave reflections121. Typically, four different points can be 

chosen to mark the onset of the pressure pulse. These are: when the pulse height is 

at a given percentage of the maximum pulse height (e.g. 10%); when the first 

derivative of the pressure waveform is maximal; when the second derivative of the 

pressure waveform is maximal; and the point formed by the intersection of a line 

tangent to the initial systolic upstroke of the pressure waveform and a horizontal line 

through the minimum point. Chiu et al studied the effects of using four similar 

methods of identifying a wavefront on the calculation of PWV121. PWV results 

obtained using the second derivative and intersecting tangents methods were most 

correlated, with a correlation coefficient of 0.90. However, when the point of 

minimum diastolic pressure was used and correlated with the first derivative, the 
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correlation was weak at 0.09. In one subject, the PWV was calculated as 14.11 ms-1 

using the former method, and 7.00 using the latter – a difference of over 50%. 

Reports detailing PWV results should therefore stipulate the method used for 

identifying the start of a wavefront, and caution should be applied when comparing 

results between studies where different techniques have been used. 

 

PWV varies from vessel to vessel. For a middle aged adult, a typical velocity in the 

ascending aorta would be of the order of 4 ms-1, compared to 5 ms-1 in the 

abdominal aorta and carotid arteries, 7 ms-1 in the brachial artery and 8 ms-1 in the 

iliac arteries122, 123. PWV measured along the aortic or aortoiliac pathway is felt to be 

the most clinically relevant82, since the aorta and its first branches are responsible for 

most of the pathophysiological effects of arterial stiffness124. This idea is supported 

by data from Cameron et al125 who measured PWV in various locations, but showed 

that only carotid-femoral PWV was associated with age in non-diabetic subjects. 

Furthermore, Paini et al126 demonstrated that, when aortic stiffness was estimated 

using PWV and carotid stiffness by measuring diameter change, the aorta stiffened 

more than the carotid artery with age and other cardiovascular risk factors, in 

patients with hypertension and/or diabetes mellitus. PWV may also be estimated by 

simultaneously recording the pulse through the finger and toe by way of dual-

channel photoplethysmography127. 

 

There are multiple trials that show that increased aortic PWV is associated with poor 

cardiovascular outcome. Increased aortic stiffness, as evidenced by measurement of 

aortic PWV, is associated with mortality in patients with end-stage renal disease86, 

essential hypertension128 and type 2 diabetes mellitus129. Meaume et al130 studied 
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rehabilitation patients in a Paris hospital, and showed that between the ages of 70 

and 100 years, PWV could predict cardiovascular death. These findings were 

extended by the demonstration that even among healthy older adults in their eighth 

decade, PWV was associated with cardiovascular mortality131. In a multivariate 

analysis with adjustment for pulse pressure and other variables, PWV remained 

associated with all end-points except congestive heart failure 

 

In addition to its predictive value for mortality, PWV can also predict primary 

cardiovascular events. Boutouyrie et al124 studied over one thousand subjects with 

hypertension, and showed that a one standard deviation rise in PWV was 

independently associated with a relative risk of a coronary event or cardiovascular 

event of 1.42 and 1.41 respectively. This compared to a relative risk of a 

cardiovascular event of 1.16 that was associated with a 10 mmHg rise in pulse 

pressure. 

 

Blacher et al132 studied subjects with atherosclerosis, as defined on the basis of 

clinical events, and concluded that aortic PWV is associated with the presence and 

extent of atherosclerosis. It is well recognised that atherosclerotic plaques are 

heterogeneous, and that the type of plaque present could have a bearing on clinical 

relevance. Plaques can be divided into echolucent and echogenic types depending 

on their appearance on ultrasound. The former tend to be lipid-rich, whereas the 

latter have a higher content of fibrous tissue and calcification133. The presence of 

echogenic plaques in the carotid artery is associated with higher aortic PWV when 

compared to the presence of echolucent plaques, suggesting that the presence of 

this type of plaque is associated with increased aortic stiffness134. It has also been 
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suggested, however, that aortic stiffness can occur in the absence of 

atherosclerosis135. 

 

When interpreting results from studies in which PWV has been measured, it is critical 

that the characteristics of the population under investigation have been adequately 

assessed. This is because of the enormous potential for confounding since many 

differing factors have been shown to affect PWV. For example, in renal disease, 

increasing PWV is linked with falling renal function, as evidenced by a falling 

creatinine clearance136 or by stage of chronic kidney disease137. Abnormalities in 

PWV seem particularly common in rheumatological conditions, with raised PWV 

being found in rheumatoid arthritis138, systemic lupus erythematosus in association 

with elevated serum homocysteine levels139 and Takayasu‟s arteritis140. Metabolic 

disease is also associated, with increased PWV being found in untreated overt141 

and subclinical142 hypothyroidism, as well as with increasing numbers of component 

parts of the metabolic syndrome143-145. An interesting, and relatively recent finding, is 

the association between PWV and mental dysfunction. PWV is significantly higher 

than normal in patients with vascular or Alzheimer‟s dementia146. It is significantly 

associated with the score obtained in a mini-mental state examination147, as well as 

degree of personal dependency148.  

 

Within subjects, PWV can also be influenced by many factors, any of which could 

affect result interpretation. Tobacco smoking acutely increases PWV, particularly in 

black subjects149, as does acute consumption of coffee150. These authors also 

showed that long-term consumption of coffee is associated with a PWV 13% higher 

than in persons who do not consume coffee. Moderate alcohol consumption is 
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associated with lower PWV, particularly in women151. Acute mental stress can also 

increase PWV significantly152, and PWV has been shown to be higher in persons 

with type A behaviour153. The presence of Helicobacter pylori seropositivity is also 

related to high PWV, although there is no association in males aged over 50 

years154. Antioxidant status may also influence PWV. For example, there is an 

inverse association between the levels of beta-carotene and beta-cryptoxanthin and 

PWV155. Drugs, such as protease inhibitors156 and triptans157 can also affect PWV. 

Furthermore, female sex hormones can affect PWV measures. In normal pregnancy, 

PWV falls in the second semester, increases in the third semester, and falls after 

delivery158.  

 

It should be remembered also that aortic PWV is solely a measure of large artery 

segments159, and offers no insight into the status of smaller blood vessels. 

 

Devices that analyse the pressure pulse waveform 

 

Whilst it is eminently feasible to study large central and peripheral arteries using 

catheterisation techniques or surface tonometers, it is currently impossible to use 

such technologies for the direct study of small vessels. Small arteries and resistance 

vessels can also influence the behaviour of larger, more central arteries. Evidence of 

this comes from the fact that vasodilatory drugs reduce central arterial stiffness by 

unloading central arteries, increasing the buffering capacity of peripheral arteries and 

by reducing pulse wave reflections89. Although aortic stiffening is a marker for 

advanced disease and may serve as a predictor of morbid events in the next 5 to 10 

years, assessment of smaller arteries may allow much earlier identification of 
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disease74. Small vessels with a diameter between 100 and 350 µm in the gluteal 

region were biopsied in healthy persons and patients with mild hypertension160. It 

was found that subjects with the highest blood pressure had significantly higher 

vessel media to lumen ratios. Thus structural remodelling in small arteries may 

precede clinically detectable target organ damage, at least in patients with 

hypertension. Studying only the large vessels in such individuals may potentially 

miss important manifestations of disease in the microvasculature. A further study 

assessing the predictive value of media to lumen ratios in small resistance arteries in 

hypertensive subjects revealed a significant association with the occurrence of fatal 

or non-fatal cardiovascular events161.  

 

The characteristics of small blood vessels may be inferred by analysing pulse 

waveforms obtained in larger, more proximal feeding vessels. Since there currently 

does not exist a suitable directionally sensitive transducer, measures of blood flow or 

pressure cannot directly distinguish forward travelling waves from reflected 

components. Measured waveforms are therefore composed of a summation of 

forward and backward travelling waves. Stiffening of small arteries alters the 

magnitude and timing of reflected waves that can often be identified visually in late 

systole, or more reliably by computer analysis of the diastolic pressure decay part of 

the pressure waveform74. Indices derived from analysis of the diastolic decay 

component of a waveform have been shown to identify disease related alteration in 

the mechanical properties of microcirculatory beds. A cohort of 870 persons who 

underwent assessment of their small vessel stiffness in this way has been 

performed162. Although only 48% of the cohort were followed up, 41% had at least 

one cardiovascular event. A measure of small microcirculatory arterial stiffness was 



P a g e  | 63 

 

 

a significant predictor of such an event. Identification of abnormalities in the reflected 

components of waveforms obtained from large arteries should enable analysis of the 

downstream microvascular network to be made. An experiment in which dog‟s aortas 

where clamped at different levels successfully utilised these techniques to identify 

occlusions and characterise them in terms of amplitude and distance from the 

heart163.  

 

As with other measures of arterial stiffness, techniques that provide information 

about small artery properties must be evaluated with caution. Izzo et al. (2001) 

investigated the correlation between 3 measures of arterial stiffness: systolic pulse 

contour analysis, diastolic pulse contour analysis and cuff plethysmography164. The 

study showed absent or weak correlations between these variables. A further study 

investigated agreement between different measures of vascular mechanics93. 

Although good agreement was noted between some variables („stiffness index‟, 

augmentation index, central and brachial pulse pressure) and central PWV, poor 

agreement was noted between other variables (C1, C2 and SV/PP ratio) and central 

PWV. A further source of error in pulse waveform analysis relates to the fact that 

frequency components of pressure and flow below the heart rate should generally be 

studied in order to obtain a valid estimate of compliance165. Since a single cardiac 

cycle does not contain these frequencies, the practice of estimating total arterial 

compliance from a single cardiac cycle is suspect under most circumstances. 

Unfortunately, since it is not currently possible to directly measure the mechanical 

properties of small vessels in vivo, results obtained by model-based analysis of 

arterial waveforms remain inconclusive89, and more long-term data about the 

prognostic capabilities of such techniques are eagerly awaited. Pulse waveform 
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analysis permits the identification of changes in waveforms, and attempts to interpret 

that change in relation to a change in the mechanical properties of arteries. 

However, it must be remembered that this technique does not provide any direct 

assessment of the mechanical properties of blood vessels. 

 

Measures of large and small artery compliance 

 

Employing computer analysis of the diastolic decay part of the arterial pressure 

waveform, and using a Windkessel model, an assessment of large artery 

(capacitative compliance) as well as small artery (reflective or oscillatory) compliance 

is possible76. These measures have arbitrarily been named C1 and C2 respectively.  

 

A study involving patients with type one diabetes mellitus without overt microvascular 

complications was carried out to compare C1 and C2 with a healthy control 

population166. Both measures were significantly lower in the diabetic group, showing 

that changes were apparent before any clinical complications had developed. A 

further study in diabetes showed that the measure of small artery compliance but not 

large artery compliance was related to the degree of elevation of glycosylated 

haemoglobin in diabetes167. C1 and C2 have been reported to have an inverse 

relationship with age, and to be related to the extent of coronary artery disease 

present in an individual168. Reductions in both parameters have been noted in 

individuals with hypertension169, with the most marked changes present in those with 

severe hypertension170. C1 and C2 were shown to be reduced in persons who are 

obese171, but to improve with exercise172. A reduction in the two parameters has also 

been linked to the presence of microalbuminuria in patients with metabolic 
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syndrome173. It has been suggested that measures of C1 and C2 be incorporated 

into a cardiovascular disease screening process for healthy individuals174. 

 

PP/TT Ratio 

 

Another approach that may provide insight into the mechanical properties of small 

vessels is the peak time divided by total time (PT/TT) ratio of the pressure curve. 

This has been used to study the microcirculation in the finger in patients with 

Raynaud‟s phenomenon175. This technique has however been criticised. A change in 

elasticity may not change the time to peak; the theoretical validity of correcting for 

total time is uncertain; PT can be influenced by reflections from arterial endings; and 

the PT/TT ratio in digital arteries cannot distinguish between arterial stiffness and 

early wave reflections89. This index may therefore be prone to error in the same 

manner as the augmentation index in the aorta. Studies have also been carried out 

utilising waveforms obtained by finger plethysmography176, 177. 

 

Transfer functions 

 

Because of its size and elasticity, the aorta is the principal determinant of systolic 

arterial compliance and therefore arterial stiffness178. Studying the mechanical 

properties of this major vessel is therefore of primary importance. However, the aorta 

is inaccessible to applanation tonometry, meaning that invasive techniques are 

necessary for accurate pressure acquisition. 
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It is much easier to obtain a pressure waveform from a peripheral artery such as the 

radial artery than from a central artery, since this can be achieved by placing a 

tonometer on the surface of the vessel. Mathematical processes can however be 

applied to peripherally measured waveforms in order predict the waveform in the 

more proximal aortic circulation. Such models, or „transfer functions‟, have been 

used with some success179-181. The rationale for such functions is that if the 

relationship between pressure waveforms in two parts of the circulation is known, the 

pressure waveform at one site may be deduced from data collected at the other 

site182. The mathematical functions correct for the linear filter properties of the 

segment of vasculature between the recorded site and the site of interest183. 

 

If a transfer function is to be useful, it must yield accurate and reproducible data, and 

should be reliable on an individual as well as a group basis184. Unfortunately, the 

validity of such transfer functions has been questioned. At the site of pressure 

assessment, the waveform will be modified by both the pressure dependent filter 

characteristics of the arterial segments through which the blood has already passed, 

and by reflections from the distal arterial bed183. Thus application of the transfer 

function to the radial artery pressure waveform to estimate the aortic pressure 

waveform causes reflection to appear earlier in the cardiac cycle than is to be 

expected.  

 

Transfer functions are generally derived in healthy subjects. However, it has been 

shown that such an approach is inappropriate for the derivation of central waveforms 

in type 2 diabetes mellitus182. These authors report that in persons with diabetes, 

there is a shorter time to the inflection point on the waveform, and a trend toward a 
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greater augmentation index. These findings would suggest that a transfer function 

specific to the population being studied is required. 

 

Tonometry at peripheral arterial sites is not without its problems either. „Pressure 

bounce‟ describes the phenomenon whereby the tonometer moves outwards in late 

systole, thus underestimating pressure, and causing a trailing of the diameter of the 

vessel with respect to pressure in late systole and early diastole183. Furthermore, 

compression of the artery by the probe can result in reflections. Perhaps the most 

criticised aspect of peripheral vessel tonometry relates to calibration. Pressure 

calibration of tonometers is generally performed by assuming that the systolic and 

diastolic pressure measured by the device is equal to the blood pressure at the 

brachial artery, which is usually measured non-invasively using a 

sphygmomanometer. Such measures are, however, notoriously unreliable at 

accurately assessing true blood pressure185. Hope et al. (2004) assessed the 

differences between radial waveforms calibrated to non-invasive and invasive blood 

pressure, and the effect of the method of calibration on reconstruction of central 

waveforms by application of a generalised transfer function186. Non-invasive 

calibration resulted in a significant underestimation of central blood pressure, making 

waveform analysis unreliable. This was not the case when invasively calibrated 

blood pressures were used. The authors concluded that when only non-invasive 

pressures are accessible, analysis of untransformed radial waveforms produces 

smaller errors in the estimation of central aortic pressure, and other waveform 

parameters, than using a generalised transfer function. A study involving 84 subjects 

assessed the worth of untransformed radial waveforms187. It was found that there 

was a close correlation between the augmentation index calculated from the radial 
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artery waveform directly and that calculated from a transformed radial artery 

waveform (R=0.96). This finding would imply that if one is prepared to predict an 

aortic waveform from a radial artery waveform, that there may be no worth in using a 

transfer function at all. 

 

The problems with transfer functions are not restricted to waveforms obtained from 

the radial artery. For example, the applicability of finger-aorta transfer functions has 

also been questioned188.  

 

Augmentation Index 

 

The phenomenon of pulse wave reflection is detailed in an earlier section, and is 

fundamental to understanding the concept of the augmentation index. Near the aortic 

root, the initial rise in pressure following left ventricular ejection is rapidly 

superimposed with a reflected pressure wave returning from the periphery72. These 

authors report that the start of this reflected wave is visible on the measured 

waveform as an inflection point, which has been named the augmentation point. The 

augmentation index is a mathematical expression of the augmentation point in the 

pressure domain, whereby the increment in pressure after the first systolic shoulder 

to the peak of the aortic pressure is calculated as a percentage of pulse pressure189. 

The augmentation index depends on the shape of the forward wave, which is 

influenced by left ventricular outflow and the elasticity of the ascending aorta, as well 

as the timing of the reflected wave, a factor influenced by gender, height, reflected 

wave amplitude and vessel stiffness72. It must be calculated from a central arterial 
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pressure waveform, either measured directly or estimated by transforming a 

pressure waveform obtained from the periphery (see earlier).  

 

There is a positive correlation between augmentation index and PWV, but it is 

extremely poor (r=0.29, r²= 0.08)190. A strong correlation would be expected, since a 

higher aortic PWV will result in faster transmission of pressure waves to the 

peripheries, and in turn, a faster return of reflected waves that determine the 

augmentation index.  

 

Alterations in augmentation index with disease have been investigated. A study 

investigating vascular function in type I diabetes mellitus revealed increased 

augmentation index in tandem with elevated PWV191, although this finding has not 

always been replicated192. Augmentation index was found to be elevated in subjects 

with hypercholesterolaemia193. The ARYA study measured augmentation index in 

young men, and found that heavy alcohol intake, smoking and elevated low density 

lipoprotein (LDL) levels were significantly related to augmentation index194, 195. A 

combined assessment of vascular function using augmentation index and a measure 

of carotid artery intimal medial thickness has been shown to be associated with a 

high cardiovascular risk as predicted by the Framingham risk score196. Augmentation 

index is significantly and inversely related to endothelial function, as assessed using 

brachial artery flow-mediated dilatation112, and a significant correlation exists 

between high-sensitivity C-reactive protein (a possible marker of subclinical 

atherosclerosis) and augmentation index197. 
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McEniery et al. (2005) studied normal vascular ageing, and found that, although both 

augmentation index and aortic PWV increased significantly with age, these changes 

were non-linear112. Thus augmentation index increased more in younger individuals, 

meaning that it may be more sensitive than a measure of PWV at delineating arterial 

stiffness in younger (less than 50 years old) individuals. 

 

The prognostic significance of augmentation index was assessed in patients with 

end-stage renal failure198. After adjustment for confounders, each 10% increase in 

augmentation index was associated with a risk ratio for all-cause mortality of 1.51, 

and 1.48 for cardiovascular mortality. 

 

However, measurement of the augmentation index is not without its difficulties. The 

effects of alterations in heart rate on augmentation index have been investigated. A 

significant linear relationship between the two parameters has been reported (r = -

0.76)199. In other words, for every 10 beats per minute increase in heart rate, 

augmentation index fell by around 4%.  This finding has been replicated in several 

studies. In patients with chronic heart failure, the augmentation index also depends 

on left ventricular ejection fraction and the duration of ejection200. Lemogoum et al. 

(2004) administered isoprenaline to healthy volunteers to stimulate beta-

adrenoceptors, and studied the effects on augmentation index115. Although 

administration of the study drug resulted in a significant reduction in augmentation 

index and peripheral PWV, the aortic PWV did not change. Thus, in this study at 

least, augmentation index failed as a surrogate measure of aortic stiffness 

determined by PWV, presumably because drug-induced changes in the peripheral 

circulation, not the aorta, influenced wave reflections.  
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As mentioned above, the augmentation index must be calculated from a central 

arterial waveform. If a transfer function is used to predict the central waveform from a 

peripheral waveform, it is questionable as to whether there is any merit at all in 

calculating the augmentation index. Hope et al. (2003) calculated the augmentation 

index both directly and from a transfer function derived waveform184. They showed 

that the scatter between directly measured and indirectly predicted augmentation 

indices was so marked that the measures were not significantly correlated. 

 

Since augmentation index can be affected by multiple factors (ventricular ejection, 

pulse wave velocity, timing of reflection, arterial tone, structure at peripheral 

reflecting sites, blood pressure, age, gender, height and heart rate), and the concern 

over the accuracy and validity of central augmentation index derivation from pulse 

waveform analysis, it is difficult to see how it can provide clinically useful data in the 

assessment of intervals with hypertension or cardiovascular comorbidity201. 

 

Local assessment of mechanical properties 

 

Arterial compliance is defined as the change in arterial blood volume for a given 

change in arterial blood pressure. 

 

P

V
C  
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C = Compliance, V = change in arterial blood volume, P = change in arterial blood 

pressure 

 

By simultaneously measuring the diameter of a blood vessel and the blood pressure 

in that area, compliance can be directly calculated. Diameters can be measured 

using ultrasound or magnetic resonance imaging. The so-called, -index, is derived 

from a logarithmic transformation of the curvilinear relationship between pressure 

and diameter, as measured using an oscillometric arm cuff and an ultrasound 

probe202. 

 

The measurement of distending pressure is more difficult. This is because: it is 

difficult to physically place a pressure sensor next to an ultrasound probe; invasive 

pressure catheters probably influence local flow, and are not suitable for routine use; 

and the use of pressure waveforms taken elsewhere in the circulation can introduce 

pressure errors and phase delay203. Accurate measurement of compliance has been 

carried out using an intravascular ultrasound device with pressure transducer204. The 

addition of an external cuff allows investigators to vary transmural pressure, and thus 

calculate wall stress. Pressure waveforms can also reliably be extrapolated from 

diameter waveforms203. Thus a measure of compliance can be obtained by tracking 

the diameter change in a vessel wall.   

 

It is important to appreciate that arteries are not homogenous tubes. Compliance can 

vary in different parts of the same vessel. For example, in older subjects and in those 
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with borderline hypertension, the loss of distensibility of the carotid artery is most 

pronounced in the carotid artery bulb205. 

 

Other methods for assessing arterial stiffness 

 

Ambulatory Arterial Stiffness Index 

 

Ambulatory blood pressure monitoring (ABPM) is commonly used to assess an 

individual‟s blood pressure over a 24 hour period. It has been suggested that data 

obtained in this way can better predict cardiovascular risk and target organ damage 

than any solitary measure of blood pressure measured at a clinic23. ABPM involves 

measuring blood pressure at regular intervals over a 24 hour period, and typically 

around 70 readings are recorded. It has been postulated that the relationship 

between systolic and diastolic blood pressure over a range of values might provide 

information about the stiffness of the arterial tree. ABPM provides a simple method 

of obtaining multiple measures of blood pressure. 

 

The ambulatory arterial stiffness index (AASI) describes, in a single number, the 

dynamic relationship between diastolic and systolic blood pressure over 24 hours206. 

The index may principally reflect the mechanical properties of small arteries207. The 

technique is an extension of the hypothesis proposed in 1914 that loss of arterial 

elasticity influences the height of diastolic pressure and its relation to systolic 

pressure208. AASI is calculated by plotting a scatter diagram of systolic against 

diastolic pressure readings. A regression line is drawn, and the AASI calculated as 
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one minus the gradient of this line. The authors report that as arterial stiffness 

increases, the gradient approaches 0, and the AASI approaches 1.  

 

In healthy volunteers, a significant correlation was found between AASI and aortic 

PWV, although this was not particularly impressive (r=0.51, p<0.0001)209. The Dublin 

Outcome Study assessed the predictive value of AASI for cardiovascular mortality210. 

In a regression analysis, AASI predicted cardiovascular mortality after adjustment for 

traditional risk factors. When adjusted for pulse pressure, however, AASI lost 

predictive power for cardiac or cardiovascular mortality; it continued to predict fatal 

stroke. In a separate study, Leoncini et al211 studied untreated patients with primary 

hypertension. After statistical adjustment, each standard deviation increase in AASI 

conferred around a two-fold increased risk of microalbuminuria, carotid intimal-

medial thickness or left ventricular hypertrophy. 

 

The measurement of AASI appears to be a straightforward method of assessing 

arterial stiffness. It utilises readily available equipment, with which most physicians 

are familiar. It has, however, come under criticism212. The simple fact that AASI is 

correlated with PWV does not necessarily mean that the two variables are linked 

mechanistically; AASI may not remain significantly correlated to PWV after full 

adjustment for confounders; the predictive value of AASI is lower than the predictive 

value for PWV; measurement of aortic PWV is much less time-consuming and less 

distressing for patients.  

 

At present, further studies are required before reliance should be made on AASI for 

robust assessment of arterial stiffness. 
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Conclusions 

 

The fact that so many methods have been proposed to facilitate assessment of the 

mechanical properties of arteries is testament to the fact that none of the methods 

are ideal. An increased body of evidence recently published that points to the fact 

that the earliest pathological changes in atherosclerosis occur in the very smallest 

blood vessels213.  

 

It might therefore be reasonably suggested that the optimal method for interrogating 

the vasculature to look for early functional and structural changes is one that 

facilitates assessment of microvessels. Some of the methods presented above 

provide some inferred information about the nature of the microcirculation. It is felt 

that perhaps the most promising techniques for providing information on the status of 

the microcirculation are those that involve pulse waveform analysis. The concept of 

wave reflection was covered at the start of this section. Waveforms obtained in the 

vicinity of microvessels may well contain a “signature” of information embedded 

within them transmitted back from the microcirculation. None of the methods 

reported above adequately analyze waveforms in their entirety, and it is felt that this 

is necessary to allow meaningful conclusions to be made. 

 

Section 3 presents evidence in support of the fact that the detection of microvascular 

disease in an individual markedly alters their prognosis. Section 4 presents some of 

the waveform techniques currently available that may facilitate the detailed waveform 

analysis necessary to detect such microvascular disease at its earliest stages.  
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Section 3 

 

The prognostic significance of microvascular 

dysfunction identified by end-organ damage 
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The importance of detecting target organ damage 

 

A growing body of evidence highlights the importance of detecting target organ 

damage early in an individual. Evidence linking early dysfunction in the eye, kidney 

and vascular endothelium with important clinical outcome measures is presented 

here, since these are the target organs studied in this research. 

 

Eye disease 

 

Examination of the retina offers a unique opportunity for the in vivo measurement of 

microvascular parameters since retinal blood vessels can be directly visualized. 

Because the retina is essentially two-dimensional in nature, retinal photography is 

relatively straightforward, and facilitates detailed measurement of the structure of 

arterioles and venules. Analysis of retinal photographs can incorporate the 

measurement of vascular widths, calculation of geometrical attributes at vessel 

bifurcation points and the tracking of vessels214.  The parameters which have been 

most extensively studied include the diameter of arterioles and venules, and the 

calculation of the arteriolar:venular diameter ratio (AVR). 

 

Any undergraduate medical student will know that the presence of retinopathy in a 

patient with diabetes mellitus indicates an elevated risk of visual loss. What is less 

widely known is that in patients with diabetes, those with diabetic retinopathy have a 

markedly increased risk of cardiovascular disease more generally. One study 

estimated an odds ratio of 14.3 for the development of cardiovascular disease 

compared to those with diabetes but no detectable retinal abnormalities215. In the 
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Atherosclerosis Risk in Communities (ARIC) study, patients with type 2 diabetes and 

diabetic retinopathy had twice the risk of coronary heart disease events and three 

times the risk of fatal coronary heart disease events than those without 

retinopathy214. 

 

Embryologically, the eye is an extension of the diencephalon, with both organs 

sharing a similar pattern of vascularisation during development216. There is therefore 

a close anatomical correlation between the macro- and microvascular blood supply 

to the brain and the retina217. It should not be surprising therefore to discover that 

vascular abnormalities in the eye and brain are related. In a subset of the ARIC 

study, 1684 subjects with no history of stroke underwent a magnetic resonance 

imaging (MRI) study of the brain218. In 183 subjects, subclinical cerebral infarcts 

were seen. In those with hypertension, there was a strong association between the 

presence of infarction on MRI and abnormalities on retinal photography including 

arterio-venous nicking (odds ratio (OR) 1.9), focal arteriolar narrowing (OR 1.89), 

blot haemorrhages (OR 3.17) and smallest versus largest arteriole-venule ratio (OR 

1.74). In a similar study, cerebral small vessel disease was defined as the presence 

of white matter lesions or lacunar infarcts on MRI219. There was a highly significant 

difference in the number of subjects with retinal vascular abnormalities between 

those with MRI changes (92%) compared to those with no small vessel disease 

(77%). Similar findings have been reported in other studies220,221. 

 

The connection between vascular abnormalities in the eye and brain is highly 

clinically relevant due to an increased risk of cerebrovascular disease in individuals 

with retinal pathology. A large study involving over 10,000 individuals investigated 
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the link between retinal abnormalities and stroke incidence222. Persons with any 

retinopathy had a relative risk of stroke of 2.58 compared to those with normal retinal 

photography. A study analyzing pooled data from the Beaver Dam Eye Study and 

the Blue Mountains study showed that the presence of smaller arterioles and larger 

venules predicted increased stroke mortality in those aged between 43 and 69 

years223. In the Rotterdam Study, it was shown that increases in venular diameter 

are more important than reductions in arteriolar diameter224. In the Cardiovascular 

Health Study, subjects with similar degrees of retinopathy were shown to be twice as 

likely to have a history of stroke compared to those with no retinopathy225. This 

association remained after controlling for the effects of hypertension and other 

cardiovascular risk factors. In the ARIC study, subjects with white matter lesions on 

MRI and retinopathy had a markedly elevated risk of stroke (relative risk 18.1)220. It 

has also been shown that, in individuals who have never had a stroke, retinal 

abnormalities are associated with lower scores on tests of cognition226, perhaps 

implying early stage cerebrovascular disease. 

 

The risk of retinal vascular abnormalities is not limited to the cerebral circulation 

however. In men with hypertension and hyperlipidaemia, the presence of 

hypertensive retinopathy predicts a doubling in the risk of coronary heart disease, 

even after adjustment for other risk factors227. Similarly, an Australian study 

demonstrated that the presence of wider venules was associated with a relative risk 

of coronary heart disease death of 1.8 after adjustment for other risk factors228. This 

risk may be more pronounced in females229. Retinal vascular abnormalities have 

also been associated with subclinical cardiac disease, in the form of coronary artery 
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calcification as assessed by computed tomography230 and left ventricular concentric 

remodeling seen on MRI231. 

 

Kidney Disease 

 

Most evidence relating to adverse outcomes in kidney disease relates to individuals 

with a GFR (glomerular filtration rate) of less than 60 ml.min−1.1.73 m−2, with the 

suggestion in older literature of a biological threshold effect above which no harm is 

likely232. Recent work has shown that even minor degrees of renal dysfunction can 

be associated with adverse cardiovascular outcomes however. Mild renal impairment 

was found to be an independent risk factor for cardiovascular mortality within 10 

years in an apparently healthy unselected population233. The results indicated that 

the risk began with a GFR in the region of 90 ml/min/1.73 m2 and remained an 

independent determinant after correction for other established risk factors. Cystatin 

C is a protein that is a member of a family of competitive inhibitors of lysosomal 

cysteine proteinases234, and can provide a very accurate measure of GFR. 

Preclinical kidney disease detected by measuring Cystatin C is strongly associated 

with death, cardiovascular death, stroke, myocardial infarction and incident heart 

failure.232  

 

Measurement of albumin excretion in urine provides an indication of the degree of 

glomerular permeability, with increasing levels of albumin in the urine indicating 

increasing levels of kidney microvascular damage235. The presence of 

microalbuminuria can predict the development of proteinuria and progressive renal 

failure in patients with Type 1 diabetes236. Urinary albumin excretion can also predict 
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cardiovascular disease in middle-aged normotensive men237. The risk of diabetic 

nephropathy has been shown to be 24 times higher in those with albumin excretion 

between 30 and 140 μg/min, and the risk of death over four-fold higher than in those 

with albumin excretion rates <30 μg/min238.The presence of microalbuminuria in 

individuals with type 2 diabetes has been shown to be 148% higher than in healthy 

control subjects236. A meta-analysis has shown that, in subjects with Type 2 

diabetes, the presence of microalbuminuria doubled the risk of having a 

cardiovascular event239. It was first shown in 1974 that microalbuminuria occurs in 

patients with hypertension who do not have diabetes240. Its presence has been 

linked with many cardiovascular disease outcomes and death in patients with 

hypertension. A baseline measure of urinary albumin excretion can predict 

cardiovascular disease in middle-aged men with hypertension237. The likelihood of 

myocardial infarction is almost doubled in individuals with microalbuminuria,241 and 

post-myocardial infarction, microalbuminuria has been shown to be a strong 

independent predictor of an adverse cardiac event in the next 3 years242. 

 

It has been shown that in subjects with hypertension, the presence of proteinuria 

increases the risk of cardiovascular events, but that normalization of protein 

excretion with an ACE inhibitor reduces such events243. It is thought that 

antihypertensive agents that reduce microalbuminuria may provide greater 

cardiovascular risk reduction than agents that lower blood pressure alone244. 

Treatment of patients with diabetes with a thiazolidinedione can also improve 

albumin excretion, and this fact may account for some of the efficacy that has been 

reported with these agents. 
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Dysfunction of the vascular endothelium 

 

A description of the nature and function of the vascular endothelium is presented 

first, before techniques for its assessment are detailed. Evidence linking dysfunction 

to cardiovascular disease is then outlined.  

 

The vascular endothelium is a large autocrine, paracrine and endocrine organ 

comprising a single layer of cells lining every blood vessel in the body. In health, the 

endothelium has a wide range of actions that contribute to vascular homeostasis. 

These include promotion of vasodilation, antioxidant effects, anti-inflammatory 

effects, inhibition of leukocyte adhesion and migration, inhibition of smooth muscle 

cell proliferation and migration, inhibition of platelet aggregation and adhesion, 

anticoagulant effects and profibrinolytic effects245. Of particular note is the role of the 

endothelium in vasodilation. It was shown in 1980 that relaxation of smooth muscle 

in the walls of arteries (the physiological mechanism for vasodilation) is critically 

dependent on the presence of an intact overlying endothelial layer246. Subsequent 

work revealed that this „endothelium-dependent relaxation‟ was mediated by the 

release of nitric oxide (NO) from the endothelium, and that release could be induced 

by many stimuli including acetylcholine, adenine nucleotides, thrombin, substance P, 

the calcium ionophore A23187, bradykinin, serotonin, histamine, catecholamines, 

calcium gene-related peptide, platelet-activating factor, hypoxia, electrical stimulation 

and flow inducing shear stress247, 248. NO is synthesized from L-arginine by nitric 

oxide synthase, and stimulates vasodilatation by activating soluble guanylate 

cyclase, the enzyme responsible for converting guanosine triphosphate to cyclic 

guanosine monophosphate (cGMP). cGMP initiates relaxation of smooth muscle 



P a g e  | 83 

 

 

cells via effects on protein kinase G and myosin phosphatase. NO is the main 

determinant of vascular smooth muscle tone, and it effectively negates the actions of 

endothelially derived contracting factors such as angiotensin-II and endothelin-I249.  

 

The term „endothelial dysfunction‟ is used to describe: 

 

(i) A reduction in endothelium-dependent dilation 

 

(ii) Endothelial activation with resultant proinflammatory, proliferative and 

procoagulatory effects that favours atherosclerosis248. Such changes 

disrupt normal vascular homeostasis and predispose a vessel wall to 

vasoconstriction, leukocyte adherence, platelet activation, mitogenesis, 

pro-oxidation, thrombosis, impaired coagulation, vascular inflammation 

and atherosclerosis250. 

 

Endothelial dysfunction is becoming increasingly recognized as the initiating event in 

atherosclerosis251, and is also involved in plaque progression and the occurrence of 

atherosclerotic complications252. Many cardiovascular risk factors are associated 

with increased oxidative stress253. By increasing reactive oxygen species such risk 

factors effectively lower bioavailability of NO, thus promoting cell damage. This could 

represent a single unifying pathogenic hypothesis for atherosclerosis. Table 1.5 lists 

the myriad conditions that have been associated with endothelial dysfunction. 
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Table 1.5: Conditions associated with impaired endothelium-dependent vasodilation (adapted 

from Anderson (1999
248

).HDL-C – high density lipoprotein C, Lp(a) lipoprotein a; LDL – low 

density lipoprotein. 

 

There are several methods available to enable in vivo assessment of endothelial 

function. 

1. Intracoronary studies254 

Quantitative coronary angiography enables changes in coronary artery diameter to 

be measured in response to the infusion of an endothelium-dependent vasodilator 

such as acetyl choline. This can also be measured in peripheral arteries. 

Intracoronary Doppler techniques enable the measurement of coronary blood flow in 

response to pharmacological or physiological stimuli255. 

Coronary sinus thermodilution techniques have also been used for this purpose248. 

2. Positron emission tomography (PET)256, 257 

PET scanning can facilitate the quantitative assessment of myocardial blood flow 

and metabolic activity at baseline and during hyperaemic flow. 

3. Impedance plethysmography249 

Strain-guage venous impedance plethysmography can be used to measure the 

change in forearm blood flow in response to intra-arterial administration of agonists.  

4. Venous studies258 

Atherosclerosis 
Hypercholesterolaemia 
Low HDL-C 
High Lp(a) 
Small LDL particles 
Susceptibility of LDL to oxidation 
Hypertension 
Hyperhomocysteinaemia 
Transplantation atherosclerosis 
Aging 
Vasculitic conditions 
Syndrome X and variant angina 
Insulin resistance  

Type I and type II diabetes mellitus 
Hyperglycaemia 
Acute postprandial hypertriglyeridaemia 
Active and passive cigarette smoking 
Dilated cardiomyopathy 
Chaga's disease 
Heart failure – any cause 
Family history of coronary disease 
Postmenopausal status 
Post-Kawasaki‟s disease 
Pregnancy-induced hypertension/preeclampsia 
Pulmonary hypertension 
Methionine loading 
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Local infusions of agonists are administered into the dorsal veins of the hand, and an 

assessment of conduit vessel compliance is made. 

5. Brachial ultrasound 

Further detail on brachial artery flow-mediated dilatation (FMD) is given below since 

this methodology is used in the studies reported in this thesis. 

 

First pioneered in 1992, the use of brachial ultrasound as a method for assessing 

endothelial function utilizes the fact that shear stress normally induces NO release 

from endothelial cells259. The method has been refined, and guidelines for ensuring 

reproducibility of results were published in 2002260. The principle involves inducing 

ischaemia in the forearm by placing a sphygmomanometer cuff on the arm/forearm 

and inflating the cuff to a pressure exceeding the systolic blood pressure. After a 

defined time period, the cuff is deflated. The ensuing five to seven-fold increase in 

blood flow in the brachial artery248 induces an increase in shear force on endothelial 

cells which results in increased NO production. The resultant vasodilation of the 

brachial artery is measured and used as a measure of NO production. The role of 

NO in this response has been demonstrated in an experiment that showed that the 

infusion of NG-monomethyl-L-arginine, a NOS inhibitor, resulted in an attenuation of 

hyperaemic blood flow261. It has been shown that there is a strong correlation 

between endothelial function in forearm vessels and coronary circulations262, 263. The 

non-invasive nature of studying forearm blood flow has obvious advantages for the 

practical application of these technologies. 

 

At its simplest level, interpretation of FMD results can be taken as a metric for 

endothelial NO production. However, many more factors govern the degree of 
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dilatation observed in any individual. For instance, it has been shown that FMD is 

strongly dependent on arterial size. It can be predicted that shear stress will be 

increased in small arteries from the following equations264: 

 

 

 

 

 

Where r is the radius of the vessel. 

 

It would be expected that shear stress would be higher in a smaller vessel, thus 

producing a higher FMD.  Indeed, in the Cardiovascular Health Study mentioned 

above, it was found that the brachial artery diameter itself predicted cardiovascular 

events265. The amount of NO released for any given shear stimulus, the half life of 

the NO produced, the response of the smooth muscle cells to NO and the stiffness of 

the brachial artery can all impact the degree of dilatation. For these reasons, the 

precise implication of a reduction in FMD for any individual is difficult to state with 

certainty. These ideas are discussed further in the results section of this thesis. 

 

Endothelial dysfunction has been demonstrated in persons with cardiovascular 

disease266 and in those with risk factors for it267. There is also evidence that 

endothelial dysfunction is linked to cardiovascular events. Patients with never-treated 

hypertension were stratified into 3 groups on the basis of acetylcholine-stimulated 
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forearm blood flow268. The event rates in the groups were 8.17, 4.34 and 2.02 per 

100 patient years, the group with the worst blood flow response were most severely 

affected. Similar results have been shown in patients with coronary artery disease 

when measuring response to acetylcholine269, 270. In the Cardiovascular Health 

Study, FMD significantly independently predicted cardiovascular events over a 5 

year period in 2792 adults aged between 72 and 98 years265. In patients with chronic 

heart failure, decreased FMD was shown to be linked with increased risk of death or 

cardiac transplant271. 187 patients admitted for vascular surgery had FMD measured 

on admission and were followed for 30 days post-surgery272. Subjects who had a 

cardiovascular event post-operatively had a significantly lower FMD.  

 

Conclusions 

 

These data convincingly demonstrate the fact that the presence of microvascular 

disease in the eye, kidney and vascular endothelium powerfully influences the 

development of disease, both in the organ affected, and more generally in the whole 

cardiovascular system. Unfortunately, none of the technologies described in Section 

2 provide a satisfactory means of detecting the earliest forms of microvascular 

disease that may predate the more apparent signs of target organ dysfunction. 

Section 4 presents methods that are currently available for interrogating the shape of 

waveforms obtained by Doppler ultrasound. It is proposed that comprehensive 

analysis of waveforms recorded in this way may provide a means for identifying 

abnormalities in keeping with microvascular damage. 
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Section 4 

 

Analysis of Doppler Ultrasound Waveforms 
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Doppler ultrasound 

 

Ultrasound provides a safe and convenient means of imaging many parts of the body 

including blood vessels. Technical aspects of ultrasound have been well described 

by Kremkau (2006)273, and the following overview is based on information gleaned 

from that source. The principle of ultrasound imaging is that pulses of ultrasound 

energy are generated by a transducer and beamed into a subject. Echoes are 

produced at boundaries of tissues. The echoes are detected by the transducer, 

interpreted by a computer and presented on a screen. 

 

Doppler ultrasound is used to study blood flow in the body. The Doppler effect is a 

change in frequency and wavelength caused by motion. If the source (blood in many 

cases) is moving towards the receiver, the received wave has higher frequency than 

would be expected without motion, and if moving away, a lower frequency. The 

amount of change depends on the speed of motion, the angle between the emitted 

beam and the direction of travel of the wave, and the frequency of the wave. The 

Doppler shift (fD) is equal to the received frequency (fR) minus the source frequency 

(fT). The relationship between the Doppler shift and the speed of blood movement is 

given by the Doppler equation: 

 

Where fo is the operating frequency, c is the propagation speed and θ is the angle 

between the flow and the ultrasound beam. This equation can be rearranged to 

facilitate the calculation of v – the velocity of the object that is moving. 
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Doppler ultrasound therefore provides a convenient method for obtaining blood flow 

information for further study. Doppler signal analysis includes spectral techniques as 

well as the processing of signals to provide information about physiology and 

pathology. In 2000, Evans wrote that: 

 

“Waveform shape analysis techniques have been widely used since the earliest days 

of Doppler ultrasound. In spite of many attempts to introduce more sophisticated 

pattern-recognition techniques, only the simplest of indices seem to have stood the 

test of time. Researchers will of course continue to explore all the latest 

approaches........... but at present, it seems unlikely that such techniques will have a 

lasting clinical impact, except in maybe one or two specialist areas.”274 

 

The challenge for researchers in this area is therefore twofold. First, an analytical 

tool should be chosen that can accurately characterise a waveform and detect subtle 

changes in morphology that might result from disease or therapeutic intervention. 

Second, the tool must yield a result that is easily understood and that has direct 

clinical applicability. The currently available techniques for Doppler waveform 

analysis will now be reviewed with these challenges in mind. 

 

Descriptions of the workings behind each technique will be presented first, and data 

from clinical applications of the techniques used in the current research are then 

highlighted. 
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Time domain analysis 

 

Pulsatility index 

 

In time domain analysis, descriptive parameters are used to describe the waveform 

being analysed. Since the recorded amplitude of blood flow measured by Doppler is 

critically dependent on the angle of insonation of the Doppler probe275, several 

angle-independent pulsatility indices were defined to facilitate waveform description. 

The most popular of these (the „Gosling pulsatility index‟ (PI)) is described as the 

peak to peak height of the sonogram waveform divided by the mean height over one 

cardiac cycle276. 

 

 

 

Resistive index 

 

A further index – the „resistive index‟ (RI) was described by Pourcelot, and is defined 

as the difference between peak systolic flow and end diastolic flow divided by the 

peak systolic flow277. 
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Frequency domain analysis 

 

Fourier transform 

 

Frequency domain analytical techniques have traditionally mainly been focused on 

Fourier series analysis. These techniques have been applied to the study of human 

physiology since introduced by Frank in the 1920s, and have been described by 

Attinger et al 1966)278. In essence, waveforms are expanded in a trigonometric 

series and decomposed into a number of sine and cosine waves. In mathematical 

terms: 

 

 

 

where 
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T is the length of interval over which f(t) is considered. 

The magnitude of the coefficients of higher harmonics usually decrease with 

frequency, meaning that a given function can be well approximated using only the 

first few forms of a series. About 10 harmonics should be considered for signals 

originating in the cardiovascular system, since the magnitude of higher harmonics 

falls within the noise level of the measuring equipment. Because of this a Fourier 

series can be written as a finite number of terms 

 

Or 

 

Where: 

c0 is a constant or mean value of the function, cn is the magnitude of the nth 

harmonic: 

 

and φn is the phase angle of the nth harmonic: 
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In exponential form, this can be expressed as: 

 

 

 

The Fourier transform allows a signal to be decomposed into its component 

frequencies, and thus facilitates comparisons between groups. 

 

 

 

  

Figure 1.7: Fourier analysis of a pulmonary artery pressure pulse. The figure illustrates the 

successively better approximation to the real curve, as more harmonic components are added. 

The experimental curve (dotted line) is closely duplicated by a re-synthesis from the first 6 

harmonics (bottom curve). The 5th harmonic was too small to be drawn on the figure. Adapted 

from Attinger (1966)
278

. 
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Time-frequency domain analysis 

 

Short-time Fourier transform 

 

The Fourier series has been used extensively in biomedical research, however for 

successful analysis of blood flow waveforms, the length of the cardiac cycle must be 

constant and the shape and magnitude of subsequent pulses must be identical. This 

requirement for a time-stationary signal is compromised by the effects of natural 

variation in the cardiac cycle (sinus arrhythmia), and because of the impact of 

respiratory rate on the waveform. In addition, the study of dynamic waveforms in 

which the morphology of the waveform changes on a beat-by-beat basis is 

impossible using Fourier techniques. 

 

The Fourier transform in its original form assumes that the signal exists and is 

consistent infinitely. To allow applicability of the approach to more realistic scenarios, 

a variant- the short-time Fourier transform (STFT), attempts to analyse non-

stationary signals by dividing the whole signal into shorter data frames279. This 

approach truncates the original signal into short data frames by multiplying it by a 

window so that the modified signal is zero outside the data frame279. The frequency 

spectrum for the data frame is calculated using the fast Fourier transform (FFT). The 

window is then translated and the process repeated until the whole signal is 

analysed. The short-time Fourier transform has the advantages of having 

nonnegative values and fast computation, but has a shortcoming in its trade-off 

between time and frequency resolution. To increase frequency resolution, a longer 

time interval is required, but this can jeopardise the assumption  
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of stationarity. In addition, the STFT has a fixed time-frequency window making it 

inaccurate to analyse signals having relatively wide bandwidths that change rapidly 

with time280. 

 

MUSIC and Root MUSIC Analysis 

 

MUSIC and Root MUSIC are eigen decompensation methods that use a subspace 

based approach for analyzing signals281, 282. The techniques assume that a signal 

can be modeled as the summation of a number of sinusoidal frequency components 

in white noise. A signal autocovariance matrix is calculated, and this is then 

decomposed into a signal eigenvector and a noise eigenvector, each with an 

associated eigen value. The process allows a signal to be summarized as a series of 

component frequencies with associated amplitudes. This allows comparisons 

between signals to be made.  
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Wavelet analysis 

 

The wavelet transform was introduced in the mid-1980s to assist in the analysis of 

seismic signals283. It permits the decomposition of a signal into its constituent 

frequency components and their corresponding position in time, and is not 

constrained by the requirement for time-stationarity in the same way as the Fourier 

transform. Addison provides an excellent non-mathematical description of wavelet 

theory, and this is summarised in the following paragraphs284. 

 

Wavelets are little wavelike functions or localised waveforms. They are used to 

interrogate signals and allow investigators to present the information contained 

therein in a more useable format. Various types of wavelets have been described, 

and each may be suited more to one particular application. Some common wavelets 

are illustrated in Figure 1.8. 

 

 

 

 

 

 

 

  
 

Fig 1.8: Examples of wavelets in common use. (a) Gaussian wave (first derivative of a 

Gaussian; (b) Mexican hat (second derivative of a Gaussian); (c) Haar; (d) Morlet (real part). 

Adapted from Addison (2002)
284

. 
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In order to be described as a wavelet, a function must satisfy 3 mathematical criteria: 

1. It must have finite energy. 

2. It must have no zero frequency component, i.e. it must have a zero mean. 

3. The Fourier transform of the wavelet must be real and vanish for negative 

frequencies. 

 

The term „mother wavelet‟ is used to describe the unmodified wavelet, but wavelets 

can be manipulated by compressing or elongating them or by moving them around 

the signal (translation). This is shown graphically in Figure 1.9. When a wavelet is 

highly compressed it extracts the localized high frequency details of the signal, and 

when fully dilated the length of the wavelet is more comparable to the length of the 

signal and therefore it extracts the low frequency trends of the signal279. 

 

 

 

  

 

Fig 1.9: Top panel: dilation of a mother wavelet. Bottom panel: translation of a wavelet. 

Adapted from Addison (2002)
284

. 
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In the process of analysing a signal to produce a wavelet transform, a computer 

package attempts to fit a particular wavelet to a part of the signal multiple time in 

succession. If the wavelet fits well at a specific scale and location, a large transform 

value is obtained. If it fits poorly, a small value is returned. This process is illustrated 

in Figure 1.10. 

 

  

 

Fig 1.10: The wavelet interrogation of a signal.  Top panel: The wavelet of specific dilation 

and location on the signal. The regions which give positive and negative contributions to the 

integral are delineated in the diagram and marked with „+‟ and „-‟ respectively. Bottom panel: 

a wavelet of fixed dilation at four distinct locations on the signal. A large positive value is 

returned at position b1, a near-zero value at b2, a large negative value at b4 and large 

negative value at b4. Adapted from Addison (2002)
284

. 
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The transform value is computed at various locations of the signal and for various 

scales of the wavelet, and all the transform values are plotted to form a transform 

plane. This process can either be performed in a smooth or step-wise manner, to 

generate a continuous wavelet transform (CWT) or discrete wavelet transform 

(DWT) respectively. The whole process is illustrated in Figure 1.11. 

 

 

  

 

Fig 1.11: A schematic representation of the process of wavelet transformation of a signal. 

Adapted from Addison (2002)
284

. 



P a g e  | 101 

 

 

The main theoretical advantage that wavelet analysis has over STFT in analysing 

blood waveform data is its robustness when analysing non-time stationary signals. 

This is highly important since the Doppler signal captured from ultrasound analysis is 

well recognized as being highly non-stationary in nature285. In addition, wavelet 

analysis offers a better compromise between time and frequency resolution of a 

signal, and can produce a more accurate time-frequency representation than the 

STFT280. Furthermore, because the wavelet transform provides satisfactory mean 

frequency and maximum frequency, it can track fast changes of flow velocity more 

accurately than the STFT280. The superiority of a wavelet-based approach over a 

Fourier approach has been demonstrated in the analysis of Doppler signals obtained 

at echocardiography in patients with aortic valve disease286. In a further 

echocardiographic study, wavelets were successful at analysing blood flow when a 

STFT approach failed287.  

 

Reports in the medical literature on the use of these techniques 

 

Pulsatility index 

 

The utility of recording PI has been researched in many areas of medicine, but has 

become particularly popular in obstetrics and foetal medicine. For instance, the PI in 

the foetal middle cerebral artery can be compared to that in the uterine or umbilical 

artery to provide a predictor for foetal survival in pregnancies complicated by pre-

eclampsia288, and has value in the setting of intrauterine growth restriction289.  
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It has been suggested that abnormalities in PI reflect microvascular disease. In 

diabetic patients with no major cerebrovascular, cardiac or renal disease, internal 

carotid artery PI correlates strongly with the presence of microalbuminuria290. If a PI 

cut-off of 1.15 is used, it can predict microalbuminuria with a sensitivity of 89% and a 

specificity of 49%. Since the presence of microalbuminuria usually reflects 

microvascular dysfunction in the kidney, the authors of this study suggest that the 

abnormal PI detected may also reflect microangiopathy. Similarly, Panaritis et al 

showed a correlation between PI measured in the temporal artery and the presence 

of vascular risk factors in patients with type 2 diabetes291. Furthermore, the PI in the 

middle cerebral artery and basilar artery is higher in patients with diabetes than in 

control subjects292. It is also higher in diabetics who have suffered a lacunar infarct 

than in those with no infarction292. In another study, interlobar arteries in the kidneys 

of patients with hypertension were found to have a higher PI than those of healthy 

controls293.  

 

It has been postulated that measurement of PI may provide an index of endothelial 

function. In a volunteer study, brachial artery FMD was studied along with a measure 

of PI taken 1 minute after 5 minutes of forearm ischaemia294. The correlation 

between FMD and PI was deemed „high‟ by the authors, but the r2 value is not 

particularly impressive at 0.44.  

 

The benefit of measuring PI at various vascular locations has been investigated 

widely in many clinical situations. Measurement of PI may be useful in distinguishing 

between types of liver tumour295. An abnormal middle cerebral artery PI has been 

demonstrated in patients with migraine, even in the absence of headache296. There 
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is a strong correlation between middle cerebral artery PI and intra-cranial pressure in 

patients with traumatic brain injury297 and other neurological diseases298. The PI in 

the superior mesenteric artery has been shown to predict response to 

immunosuppressive therapy in patients with Crohn‟s disease299. Measurement of PI 

in ankle arteries has been shown to indicate critical limb ischaemia more precisely 

than measurement of the ankle-brachial pressure index, at least in patients with 

diabetic neuropathy300, and it may also be useful in the assessment of 

atherosclerosis in the aorta and iliac vessels301. In patients with varicocele, the PI in 

testicular vessels may indicate impaired testicular microcirculation302.  

 

Although, intra-observer variability in the measurement of PI has been shown to be 

acceptable at least for obstetric applications, the PI can vary considerably within the 

same vessel303-305. The PI has traditionally been viewed as a measure of vascular 

resistance. However, the magnitude of the PI has been shown to be dependent, not 

only on downstream vascular impedance, but also on the driving force i.e. blood 

pressure306. Since this is highly variable in real-life applications, the use of PI as a 

marker of resistance must be questioned. As a result of this, several authors now 

recommend that the measurement and use of PI as a measure of vascular 

resistance should be abandoned306, 307. 

 

Resistive index 

 

The term RI may be misleading. The implication is that it provides a measure of 

vascular resistance at the site of measurement, and perhaps downstream from it 

also. In support of this notion, a study in which renovascular resistance in canine 
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kidneys was artificially increased by microsphere embolisation showed that the 

measurement of RI correlated well with invasive measures of blood flow308. This may 

however be a gross oversimplification, and in some circumstances the RI can 

increase in circumstances in which vascular resistance is reduced (for example, with 

the administration of a nitrate)309. 

 

The microsphere study has been criticised on several grounds310. Probably the main 

problem with it was the fact that the investigators failed to measure changes in the 

renal arterial systolic to diastolic pressure ratios and pulse rates. In an elaborate ex-

vivo experiment involving rabbit kidneys with intact vessels and ureters, Murphy and 

Tublin showed that the intra-renal RI could be increased by increasing pressure in 

the ureter (i.e. by inducing hydronephrosis)311. The implication was that by increasing 

the pressure in the ureter and interstitial tissues, that they were altering the 

distensibility and nature of pulsatile flow in the renal artery and that it was this 

change that was responsible for the altered RI rather than a change in resistance. In 

a further experiment, they showed that when the renal vascular resistance was 

increased five-fold (by infusing phenylephrine), that the RI increased only slightly310. 

In a separate model based experiment utilising rubber tubing of differing lengths to 

mimic blood vessels of differing compliance, it was shown that RI is critically 

dependent not only on resistance, but also on vascular compliance312.Therefore, 

although the RI is very easily visualised and calculated, what it actually represents is 

somewhat more complex. It is likely to be influenced by a complex interplay of 

various haemodynamic parameters. Nonetheless, on account of its apparent 

simplicity, the RI has been widely studied, particularly in the setting of kidney 

disease.  
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In patients with chronic kidney disease, it has been shown that intra-renal RI 

correlates strongly with the rate of decline in renal function313, and it has been 

reported that subjects with renal dysfunction but normal RI may not develop 

worsening of their renal function over a 3 year period314.  This pattern has been most 

widely reported in patients with diabetic nephropathy315. Patients with renal disease 

of unknown aetiology often undergo renal biopsy to facilitate accurate diagnosis – a 

procedure that carries a reasonably high risk of bleeding. The value of measuring 

intra-renal RI in making an accurate diagnosis non-invasively has been investigated, 

and may be useful in the diagnosis of chronic tubulointerstitial nephropathy in 

patients with a suggestive history316. There are mixed reports about the usefulness 

of measuring intrarenal vessel RI to aid in the diagnosis of renal tract obstruction317, 

318.  

 

Kidney transplantation is the optimal method of renal replacement therapy for 

end-stage renal disease319. Although improvements in immunosuppressive 

therapies have improved, the 1 year renal graft survival following surgery, renal 

transplant dysfunction remains a relatively common problem requiring extended 

inpatient assessment. The clinical diagnosis of acute renal failure after 

transplantation is usually obvious, but the specific cause is often obscure320. 

Aside from organ rejection, calcineurin inhibitor nephrotoxicity (secondary to the 

drugs ciclosporin or tacrolimus) and acute tubular necrosis are both common 

causes of dysfunction. Distinguishing drug toxicity from acute rejection 

dramatically affects a patient‟s treatment, since in toxicity, the dose of 

immunosuppressant should be reduced whereas in rejection, an increase in 
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dose is often necessary321. Furthermore, since graft rejection is a crescendo 

attack by the body, the earlier it is recognized and treated, the more effectively 

it can be reversed with the least permanent injury to the kidney322. At present, 

the best method of discriminating between the causes of transplant dysfunction 

is by performing a renal biopsy. This invasive procedure can however cause 

significant morbidity through the formation of haematomata, graft ureter 

obstruction due to thrombus and development arterio-venous fistulae. It can 

also yield non-specific results321. Much research has focused on the feasibility 

of using imaging, and in particular the measurement of intra-renal RI by Doppler 

ultrasound, to help distinguish between the causes of acute transplant 

dysfunction. Initial studies using the RI were very favourable. A study of 24 

patients compared the imaging results with clinical course and histological 

findings323. The method diagnosed acute vascular rejection with a sensitivity of 

80% and a specificity of 92%. In a separate study, 89% of patients with acute 

vascular rejection were correctly identified using a similar approach321. Using a 

RI of >0.90 to predict the diagnosis of acute rejection, a further group showed a 

100% positive predictive value320. However, these early studies have recently 

been challenged. The encouraging results obtained may have been due to the 

patient populations studied. Genkins et al characterized acute rejection using a 

RI of >0.90, and found a sensitivity of only 9% with a specificity of 91%; the 

correlation between RI and severity of vascular changes on biopsy was poor319. 

In a separate study, the use of RI for assigning a diagnosis of acute rejection 

was felt to be no better than establishing this in a random manner324. A further 

study correlating histological findings with RI in kidney transplant dysfunction 

showed that whilst RI was not useful in predicting the type of dysfunction, it was 
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helpful in predicting the severity of disease325. Since earlier reports have largely 

been discredited, both radiologists and transplant surgeons are being led to 

believe that Doppler assessment of renal vasculature is of no practical value in 

the evaluation of renal transplants326. 

 

Uthoff et al measured RI in the common carotid arteries of patients with 

atherosclerosis or at least one cardiovascular risk factor, and followed patients for 74 

months327. They found a continuous risk of a cardiovascular event associated with a 

higher RI. In addition, the relationship between intrarenal RI and brachial artery FMD 

was investigated, with a significant correlation between the two measures being 

round, albeit with a modest correlation coefficient (r2 = 0.44)328.  

 

Florczak et al studied 223 patients with never-treated hypertension and compared 

them with normotensive control subjects329. There was no difference in the renal RI 

between groups, although there was a significant correlation between RI and 24 hour 

pulse pressure and other surrogates of cardiovascular disease (e.g. carotid intima-

medial thickness and ambulatory arterial stiffness index). In a study of renal 

transplant patients, elevated intra-renal RI was associated with non-dipping or 

reverse dipping of blood pressure nocturnally330, a phenomenon that is known to 

stratify hypertensive subjects into a higher risk category331. 566 subjects with 

hypertension were stratified into two groups according to their renal RI (< 0.70 or 

≥0.70)332.  Those with the higher RI had higher left ventricular mass indices, elevated 

carotid intima-media thickness, higher prevalence of left ventricular hypertrophy, 

more carotid plaques and microalbuminuria.  
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Because it is so easily measured, the clinical value of measuring RI has been 

extensively studied in various organs. In liver disease, RI measured in the hepatic 

artery may be useful in predicting progression to fulminant hepatic failure in patients 

with acute viral hepatitis333. The measurement of RI in patients undergoing liver 

transplantation has been studied, but has been shown to be of no clinical value333, 

334.  

 

Measuring RI in various vessels may also be useful in detecting graft rejection after 

pancreatic transplant335, distinguishing between primary and metastatic ovarian 

neoplasia336, distinguishing between benign and malignant breast lesions337, 

predicting acute renal failure in patients with septic shock338, assessing the function 

of arteriovenous fistulae339, assessing joint inflammation in rheumatoid arthritis340, 

evaluating bladder outlet obstruction341, estimating intracranial pressure 342, 343 and in 

planning treatment in thyroid disease344, to name but a few areas. 

 

Wavelets  

 

Wavelet analysis has been applied to many diverse disciplines, ranging from the 

detection of wear in engineering systems345 to the analysis of rainfall patterns346 and 

even astronomical data347. In the field of medical science, wavelets have been 

growing in popularity, but their utility remains relatively unknown except in specialist 

circles. They have been adopted in the study of electrocardiographic signals348, 

electroencephalographic signals349, physiological sounds such as heart valve 

sounds350 and may be incorporated into a wide variety of imaging modalities to assist 

with image processing tasks284. 
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Most clinical research using the wavelet transform to analyse blood Doppler flow 

data has focused on the analysis of signals captured from skin microvessels using 

Doppler flowmetry, rather than the larger conduit arteries. It has been recommended 

that wavelet based analysis is the method of choice for analyzing such signals351. 

Using such an approach, age-related changes in waveforms can be detected352. The 

technique holds potential in detecting differences in disease states and the effects of 

therapeutic intervention. For example, abnormalities in very low frequency 

components of the waveforms have been reported after ischaemia in individuals with 

kidney disease353. Similar abnormalities have also been detected in patients with 

congestive cardiac failure and shown to be partially normalised using beta-blocker 

treatment354. Wavelet analysis of skin flow waveforms can also detect abnormalities 

in patients with diabetes mellitus355 and peripheral arterial disease356. It has been 

possible to discriminate between a group of controls and athletes using this 

method357. The effects of general anaesthesia358, myocardial infarction359 and spinal 

cord injury360 on skin microcirculation have also been studied using these methods. 

 

Five reproducible peaks in such waveforms have been identified and attributed to 

physiological phenomena as detailed in Table 1.6357. 
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Frequency range (Hz) Suggested physiological phenomenon 

0.4-1.6 Heart activity 

0.16-0.4 Respiratory activity 

0.06-0.16 Myogenic activity 

0.02-0.06 Neurogenic activity 

0.0095-0.02 Metabolic activity including endothelial 

activity 

 

Table 1.6: Physiological phenomena attributed to peaks seen in skin laser Doppler flowmetry 

waveforms
357

. 

 

Heart activity and respiratory activity refer to the pulse rate and respiratory rate 

respectively. Myogenic activity is felt to represent activity in the smooth muscle cells 

in the walls of blood vessel as they respond to changes in intravascular pressure. In 

patients with chronic venous insufficiency, activity in this frequency range has been 

shown to change with compression treatment361. It has been shown that the peak 

relating to neurogenic activity is abolished following denervation. Interestingly, the 

administration of vasoactive drugs results in altered activity around the 0.01 Hz 

frequency range, and it has therefore been hypothesized that activity responsible for 

peaks in this region may be related to endothelial activity, and at least partly 

mediated by nitric oxide362, 363. Further studies have revealed even lower frequency 

oscillations (0.005-0.0095 Hz) that are not affected by inhibitors of nitric oxide 

synthase.364 

 

Unfortunately Doppler flowmetry is currently confined to research settings. It is not 

familiar to most clinicians, and its technical complexities may limit its future utility in 
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clinical environments. Doppler ultrasound assessment of blood flow in larger arteries 

does not have this limitation.  

 

A study analysing Doppler blood flow signals captured from the carotid and 

ophthalmic arteries revealed that the signals captured could be accurately 

represented using discrete wavelet coefficients, and that distinction could be made 

between normality and states of arterial stenosis365. In a separate study, a neural 

network was developed that could accurately distinguish between wavelet 

transforms derived from waveforms captured from normal and stenosed internal 

carotid arteries366. The continuous wavelet transform has been used to analyse 

trans-cranial cerebral blood flow patterns during carotid artery stenting, thus enabling 

the detection of emboli367. Similarly, wavelet analysis of blood pressure waveforms 

obtained from an intracoronary ultrasonic guide-wire during percutaneous coronary 

intervention seems to be a promising way of detecting coronary artery 

microembolisation368.  

 

However, there is currently a paucity of data assessing the applicability of wavelet 

techniques to waveforms acquired by Doppler ultrasound in individuals with risk 

factors for atherosclerosis or established vascular disease. It is felt that wavelet 

analysis is theoretically the best method of interrogating vascular signals for signs of 

early disease because of the inadequacies of the other available techniques as 

highlighted above. It is for this reason that the wavelet transform has been utilised in 

the research presented in this thesis. 
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Section 5 

 

Aims of the research 

 

  



P a g e  | 113 

 

 

The following areas will be addressed in this research: 

 

Can wavelet analysis of blood flow waveforms taken from patients with type 1 

diabetes mellitus detect differences in comparison to control subjects in the common 

carotid artery, ophthalmic artery, central retinal artery, intra-renal arteries and 

brachial artery?  

The patients that will be studied will have well controlled diabetes and no clinically 

apparent vascular complications. If abnormalities are detected, this would be in 

support of the concept of subclinical microvascular disease. 

 

Can wavelet analysis of blood flow waveforms from these diabetic patients detect 

changes that are not apparent when traditional waveform analysis techniques are 

used? 

If so, this will provide evidence that interrogation of blood velocity waveforms in their 

entirety in time and frequency domains is more useful than the more traditional 

techniques of time domain (RI and PI) or frequency domain analysis. 

 

Is there a difference in brachial artery FMD between patients with type 1 diabetes 

and control subjects?  

If a difference is identified, this would provide possible evidence of endothelial 

dysfunction in these patients. If differences are noted using wavelet analysis of blood 

waveforms but not FMD, this would suggest that the former technique can pick up 

abnormalities which cannot be detected using FMD. 
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Are there differences in arterial mechanical properties derived from radial artery 

tonometry between patients with type 1 diabetes and control subjects? 

This would provide further evidence for vascular abnormalities in patients who are 

considered to be well controlled. 

 

What are the effects of administering Bendroflumethiazide on blood flow waveforms, 

FMD and radial artery tonometry in patients with type 1 diabetes?  

The administration of Bendroflumethiazide to these patients will lower the blood 

pressure. It will be noted whether the blood pressure reduction is linked to changes 

in other measures of vascular function. 

 

What are the effects of administering Ramipril on blood flow waveforms in patients 

with type 1 diabetes?  

Ramipril will also lower the blood pressure but, in addition, may convey further 

favourable effects due to inhibition of the RAS.  

 

Can wavelet analysis of blood flow waveforms taken from patients with grade 1 

hypertension detect differences in comparison to control subjects in the common 

carotid artery, ophthalmic artery, central retinal artery, intra-renal arteries and 

brachial artery?  

The patients that will be studied will have „mild‟ hypertension and no clinically 

apparent vascular complications. If abnormalities are detected, this would be in 

support of the concept of subclinical microvascular disease, and would support the 

concept that patients with blood pressure in this range should be treated. 
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Can wavelet analysis of blood flow waveforms from patients with grade 1 

hypertension detect changes that are not apparent when traditional time or 

frequency domain analytical techniques are used?  

If so, this will provide further evidence that interrogation of blood velocity waveforms 

in their entirety is more useful than the traditional techniques of time domain or 

frequency domain analysis. 

 

Is there a difference in brachial artery FMD between patients with grade 1 

hypertension and control subjects? 

This would provide possible evidence of endothelial dysfunction in these patients. If 

differences are noted using wavelet analysis of blood waveforms but not FMD, this 

would suggest that the former technique can pick up abnormalities undetectable 

using FMD. 

 

Are there differences in arterial mechanical properties derived from radial artery 

tonometry between patients with grade 1 hypertension and control subjects? 

This would provide further evidence for vascular abnormalities in patients who are 

considered to have mild disease. 

 

What are the effects of administering Bendroflumethiazide on blood flow waveforms, 

FMD and radial artery tonometry in patients with grade 1 hypertension? 

The administration of Bendroflumethiazide to these patients will lower the blood 

pressure. It will be noted whether the blood pressure reduction is linked to changes 

in other measures of vascular function. 
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What are the effects of administering Ramipril on blood flow waveforms in patients 

with grade 1 hypertension? 

Ramipril will also lower the blood pressure but, in addition, may convey further 

favourable effects due to inhibition of the RAS.  

 

Rationale for the duration of treatment used in this study 

 

As described in Chapter 2, subjects participating in the treatment arm of the study 

were treated with an antihypertensive agent for 4 weeks. There are numerous case 

reports in the literature (detailed in the results section) of the beneficial effects of 

antihypertensive therapy being noted after treatment for a period of only a few 

weeks. This is particularly true for the effects of ACE-inhibitors on endothelial 

function369-372. It was hypothesized that 4 weeks‟ treatment would be sufficient for the 

very earliest vascular effects of the agents to become apparent. It was hoped that 

wavelet analysis of blood flow waveforms would be sensitive enough to detect 

changes even at this early stage. 
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Chapter 2 

 

Materials and 

Methods 
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Regulatory issues and consent 

 

The study sponsor was the Belfast Health and Social Care Trust. The study protocol 

was peer reviewed by two independent reviewers. The study was approved by the 

Northern Ireland Regional Ethics Committee. Medicines and Healthcare products 

Regulatory Agency (MHRA) approval was also obtained. The study was conducted 

in line with the Declaration of Helsinki. All subjects received written study 

information. Fully informed written consent was obtained from all participants at trial 

entry. 

 

Subject Recruitment 

 

104 subjects were recruited in total. This number comprised 40 control subjects, 39 

subjects with type I diabetes mellitus and 25 patients with hypertension as shown in 

Figure 2.1. 

 

 

 

 

 

 

 

 

Figure 2.1 Details of subjects recruited 
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An accurate power calculation was not possible since this research was essentially 

exploratory in nature. No data existed prior to the study on which to make an estimation of 

necessary sample size. Power calculations were however performed using G*Power Version 

3.1.0 software (Kiel, Germany) to calculate the sample size required to be studied to show a 

difference in flow mediated dilatation of the brachial artery since this was one of the key 

secondary outcomes to be measured. Reproducibility studies in a healthy volunteer gave a 

mean result of 5.33% (standard deviation 0.84%). To enable the study to detect a 

statistically significant difference between groups equal to three quarters of a standard 

deviation at the 5% significance level with 80% power, 23 subjects were required for each 

group for a 1-tailed comparison, and 29 subjects per group for a 2-tailed comparison. 

Attempts were made to recruit more participants than this to improve the power of the study, 

and to improve the likelihood of detecting differences in the other measures studied.  

 

Recruitment was difficult, as can be seen by a comparison of the numbers of 

subjects included in the research compared to the number approached (Figures 2.2 

and 2.3). 

 

Control Subjects 

 

40 control subjects (19 male, 21 female) were recruited from Queen‟s University 

Belfast Department of Therapeutics and Pharmacology and the Belfast City Hospital 

Trust. The age range was from 18 to 55 years with a median age of 33 years. 

Subjects were eligible for the study if they were aged between 18 and 55 years, but 

were excluded if they met any of the following criteria: 
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 A history of coronary, cerebrovascular, peripheral vascular or renal vascular 

disease 

 A history of diabetes mellitus 

 On any medication for cardiovascular or renal disease 

 Systolic blood pressure >140 mmHg 

 Diastolic blood pressure >90 mmHg 

 Estimated glomerular filtration rate < 60 ml/min/1.73m2 

 Pregnancy 

 Any significant other medical illness 

 

Subjects with Type I Diabetes Mellitus 

 

39 subjects with type I diabetes mellitus (25 male, 14 female) were recruited from the 

diabetes clinics at the Belfast City Hospital and Royal Victoria Hospital. The age 

range was from 18 to 55 years with a median age of 30 years. Subjects were eligible 

for the study if they were aged between 18 and 55 years, but were excluded if they 

met any of the following criteria: 

 

 Known coronary, cerebrovascular, peripheral vascular or renal vascular disease 

 Glycosylated haemoglobin (HbA1C)   10% 

 On 2 or more antihypertensive medication 

 Proliferative retinopathy 

 Past or present retinal laser treatment 

 Systolic blood pressure >140 mmHg or <120 mmHg 
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 Diastolic blood pressure >90 mmHg or < 60 mmHg 

 Estimated glomerular filtration rate < 60 ml/min/1.73m2 

 Pregnancy or breast feeding 

 Electrolyte or significant liver function abnormalities 

 Known hypersensitivity to ACE inhibitors 

 Any significant other medical illness 

Figure 2.2 illustrates the recruitment and study completion rate for this group. 
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Figure 2.2 Breakdown of the number of diabetic subjects at each stage in the trial 
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Subjects with Hypertension 

 

25 subjects with hypertension (13 male, 12 female) were recruited from clinics at the 

Belfast City Hospital. The age range was from 18 to 54 years with a median age of 

43 years. Subjects were eligible for the study if they were aged between 18 and 55 

years and had a systolic blood pressure of  140 mmHg and/or diastolic blood 

pressure  90 mmHg, but were excluded if they met any of the following criteria: 

 

 Known coronary, cerebrovascular, peripheral vascular or renal vascular disease 

 Diabetes mellitus 

 On 2 or more medications for hypertension 

 Systolic blood pressure  160 mmHg or Diastolic blood pressure  100 mmHg if 

on no anti−hypertensive therapy 

 Systolic blood pressure  150 mmHg or Diastolic blood pressure  90 mmHg if on 

anti−hypertensive therapy 

 Estimated glomerular filtration rate < 60 ml/min/1.73m2 

 Pregnancy or breast feeding 

 Electrolyte or significant liver function abnormalities 

 Known hypersensitivity to ACE inhibitors 

 Any significant other medical illness 

 

Figure 2.3 illustrates the recruitment and study completion rate for this group. 
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Figure 2.3 Breakdown of the number of hypertensive subjects at each stage in the trial  
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Study Design 

 

The study was a single-blind randomised parallel group control trial.  

 

Control Subjects 

 

Control subjects were required to visit once only, as shown in Figure 2.4 

 

 

 

 

Figure 2.4 The study experience for control subjects 

 

Subjects with Diabetes or Hypertension 

 

Subjects with diabetes or hypertension visited the department on two occasions, as 

shown in Figure 2.5. Subjects taking an antihypertensive drug stopped the drug for 2 

weeks prior to commencing the study. After the first visit, subjects were randomised, 

in a single-blinded fashion, to receive either Ramipril 5 mg daily or 

Bendroflumethiazide 2.5 mg daily. Renal function was tested 1 week later, at which 

stage those taking Ramipril had their dose escalated to 10 mg daily. Subjects 

returned to the department 4 weeks later. After the second visit, subjects re-

commenced their usual medications. 
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Figure 2.5 

 The study experience for 

subjects with diabetes or 

hypertension 
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Randomisation 

 

Randomisation was carried out using an online random number generator 

(www.random.org). Subjects were each assigned one of two numbers. A person 

uninvolved with the study was asked to assign both numbers to one of the study 

drugs. 

 

Blinding 

 

The study was single-blinded, such that only the investigator was kept blind to the 

subjects‟ medications. The subjects were aware of the medication they received 

since the drug boxes were fully labelled. The research nurse, not the investigator, 

was involved in collecting the drugs from the pharmacy and distributing them to the 

subjects. A double blind technique would have been preferable, but single blinding 

was insisted upon by the Regional Ethics Committee. 

 

Drug preparation, storage and dispensing 

 

All drug preparation and packaging was carried out by Victoria Pharmaceuticals 

(Belfast, UK). Storage and dispensing of the drugs was carried out by the Belfast 

City Hospital Pharmacy. Each subject with diabetes or hypertension was given a 

unique code that corresponded with one of the study drugs. The code was held by a 

research nurse who was not involved with data collection. The investigator was kept 

blind to the randomisation until the end of the study. 
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Procedures 

 

All studies were carried out in the Queen‟s University Belfast Department of 

Therapeutics and Pharmacology. Studies were performed in a temperature 

controlled laboratory, and were conducted in the morning. When subjects were 

required to attend twice, appointments were arranged for the same time of the day. 

Subjects were asked to refrain from food, drink and smoking from midnight on the 

day of the study. All subjects rested for 5 minutes in the supine position before 

measures were taken. On each study visit, several steps were performed as 

illustrated in Figure 2.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Steps taken at each visit 
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Ultrasound measurements 

 

All ultrasound examinations were performed using a MyLab 70 XVision ultrasound 

machine (Esaote, Genoa, Italy), with subjects connected to a built-in 3-lead ECG. 

Aqueous „Aquasonic 100‟ ultrasound coupling gel (Parker, NJ, USA) was used to 

facilitate the ultrasound examinations. The machine automatically marked the 

maximum blood velocity on the pulsed Doppler output each time. When a 

satisfactory signal was obtained, the data were saved onto the ultrasound machine‟s 

internal hard drive as a series of individual screen-shots. The images were then 

exported for off-line analysis. Customised software - Doppler Analyzer v.1.6 (Esaote, 

Genoa, Italy) - was used to seamlessly join contiguous images together to form a 

train before extracting numerical data from the images. Both maximal velocity data 

and a numerical representation of the ECG were extracted. 

 

  

 

Figure 2.7 

 The ultrasound machine used for performing all examinations  
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Doppler imaging of right common carotid artery 

 

Subjects were asked to rest in a supine position on a hospital bed. The height of the 

bed was adjusted to ensure that the examination could take place comfortably. The 

head was rested on a single pillow and rotated 45° to the left. The neck was 

extended by approximately 10° to enable good access to the artery. With the 

operator standing directly behind the subject‟s head, a LA523E linear ultrasound 

probe (Esaote, Genoa, Italy) was placed on the skin surface in a plane perpendicular 

to the course of the common carotid artery. The common carotid artery was 

identified using colour Doppler, and the probe was rotated to lie along its long axis. 

The vessel was traced cranially as far as the common carotid artery bifurcation. 

Pulsed Doppler was then used to record blood velocity data for 15 seconds, at a site 

2 cm proximal to the bifurcation. A carrying frequency of 5.6 MHz was used with the 

gate size adjusted depending on the calibre of the artery. The Doppler angle was 

adjusted depending on the course of the artery, but was always maintained below 

70°. 

 

  

 

Figure 2.8 

 An example of a waveform being recorded from the common 

carotid artery 
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Doppler imaging of right ophthalmic artery 

 

Subjects remained in a supine position. The head was rested on a single pillow and 

kept in the midline. The neck was extended by approximately 30° to enable good 

access to the orbit. With the operator standing directly behind the subject‟s head, the 

linear ultrasound probe was placed on the skin surface of the closed upper eyelid in 

a horizontal plane. Subjects were encouraged to keep their left eye fixed on a point 

marked on the ceiling to minimise eye movement during data acquisition. The 

ophthalmic artery was identified medial to the optic nerve using colour Doppler. 

Pulsed Doppler was then used to record blood velocity data for 15 seconds. A 

carrying frequency of 6.3 MHz was used with the gate size adjusted depending on 

the calibre of the artery. A Doppler angle of 0° was used since blood flow was 

towards the probe. 

 

  

 

Figure 2.9 

 An example of a waveform being recorded from the ophthalmic 

artery 
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Doppler imaging of right central retinal artery 

 

The same technique was used to that used for the ophthalmic artery. Blood flow in 

the central retinal artery was interrogated as the vessel entered the posterior aspect 

of the globe in line with the optic nerve. 

 

  

 

Figure 2.10 

 An example of a waveform being recorded from the central retinal 

artery 
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Doppler imaging of right kidney 

 

The right kidney was chosen in preference to the left, because it is more easily 

visualised on ultrasound due to the proximity of the liver. Subjects remained in a 

supine position, with the head rested on a single pillow. The subject‟s right arm was 

fully abducted and the hand rested below the head. The abdomen and flank was 

exposed. With the operator standing directly on the right side of the subject, a CA431 

curvilinear ultrasound probe (Esaote, Genoa, Italy) was placed on the skin surface 

over the right flank. The right kidney was identified using B-mode ultrasound, and the 

position of the probe adjusted to give an optimal image. Subjects were asked to 

inhale then exhale fully, and to hold their breath in exhalation. Colour Doppler was 

used to visualise the intra-renal vasculature, and to facilitate the differentiation 

between arterial and venous blood. Pulsed Doppler was then used to record blood 

velocity data from the most distal arterial vessel (corresponding to an arcuate or 

interlobular artery) for as long as the subject was comfortable holding their breath. A 

carrying frequency of 6.3 MHz was used with a standard gate size of 3 mm. A 

Doppler angle of 0° was used since blood flow was towards the probe. 

 

  

 

Figure 2.11 

 An example of a waveform being 

recorded from an interlobular artery  
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Doppler imaging of the right brachial artery 

 

Subjects remained in a supine position. The head was rested on a single pillow and 

kept in the midline. The subject was positioned so that the right edge of their body 

lay on the edge of the bed. The right arm was abducted to 90° with the elbow fully 

extended, so that it was perpendicular to the body, and was supported on a 

customised table. The arm was secured using a strap firmly applied around the 

fingers and wrist. The bed height was adjusted to ensure the comfort of the subject. 

An adult size (14 cm x 51.6 cm) sphygmomanometer cuff (W. A. Baum Co. Inc., New 

York, USA) was attached to a mercury sphygmomanometer (A. C. Coson & Son 

(Surgical) Ltd., London, England). The cuff was placed around the upper forearm, 

with the upper aspect placed 2.5 cm distal to the medial epicondyle. With the 

operator standing directly beside the subject‟s arm, the linear ultrasound probe was 

placed on the skin surface of the medial aspect of the arm, just superior to the 

medial epicondyle of the elbow. The probe was rested in a plane perpendicular to 

the course of the brachial artery. The vessel was identified using colour Doppler, and 

the probe was rotated to lie along its long axis. The distal edge of the linear array 

probe was positioned between 5 and 7 cm proximal to the medial epicondyle, and 

the artery centre line was within +/- 20° of the horizontal image plane in all cases. A 

segment of artery with clear anterior and posterior intimal-medial interfaces was 

chosen in each case. Once located manually, the probe was held in place using a 

mechanical holding system (Noga, Shlomi, Israel) attached to a Unislide manually 

driven X-Y table (Velmex, New York, USA). This set-up allowed fine movements of 

the probe to be made to ensure that a clear image of the brachial artery was 

obtained at all times.  
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Baseline imaging 

 

With the probe positioned as above, pulsed Doppler was used to record blood 

velocity data for 15 seconds. A carrying frequency of 5.6 MHz was used with the 

gate size adjusted depending on the calibre of the artery. The Doppler angle was 

adjusted depending on the course of the artery, but was always maintained below 

70°. 

 

  

 

Figure 2.12 

 An example of a waveform being recorded from the brachial 

artery 
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Establishing forearm ischaemia 

 

The cuff was manually rapidly inflated to a pressure 50 mmHg above the subject‟s 

systolic blood pressure. This pressure was maintained for a duration of 270 seconds. 

The mechanical holding system was adjusted when necessary during this time to 

ensure that an adequate view of the artery was obtained at all times.  

 

Blood velocity measurement following forearm ischaemia 

 

The cuff was manually rapidly deflated by opening the valve. Pulsed Doppler was 

used to record blood velocity data for 15 seconds prior to cuff release, and 30 

seconds after cuff release. A carrying frequency of 5.6 MHz was used with the gate 

size adjusted depending on the calibre of the artery. The Doppler angle was adjusted 

depending on the course of the artery, but was always maintained below 70°. 

 

Measurement of flow-mediated dilatation (FMD) 

 

A video signal from the ultrasound system was transferred to a personal computer 

fitted with a NI PCI-1407 peripheral component interconnect (PCI) video capture 

card (National Instruments, Texas, USA). The picture was analysed in real-time, 

using customised software (On-line Vascular Image Analysis v.9.61, London, UK) 

developed on LabVIEW (National Instruments, Texas, USA) which has been used in 

similar studies373. The image was calibrated for distance by highlighting two points 1 

cm apart on the screen. A region of interest was chosen by manually selecting a 

portion of the vessel which had well visualised walls. The image was optimised by 
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adjusting gain and time gain compensation on the scanner. When recording 

commenced, the software automatically identified the vessel walls and calculated the 

mean vessel diameter at a frequency of 25 Hz. Measurement of diameter was 

commenced before cuff inflation, and continued until 60 seconds after deflation. 

Results were saved for later analysis. In order to calculate FMD, the diameter 

measurements during the recording interval were interrogated. The baseline systolic 

artery diameter during cuff inflation was designated b. The peak systolic artery 

diameter after cuff release was designated p. Percentage dilatation (d) was 

calculated as: 

 

 

 

Measurement of mechanical properties of the brachial artery 

 

The video signal from the ultrasound machine to the personal computer was 

continued during the entire process of imaging the brachial artery. By measuring 

diameter excursions of the vessel 25 times per second, estimates of beta stiffness, 

elastic modulus, compliance and distensibility were made by relating diameter 

excursions to blood pressure. All measures were obtained automatically using 

customised software (On-line Vascular Image Analysis v.9.61, London, UK) 

developed on LabVIEW (National Instruments, Texas, USA). The manufacturer 

quotes measurement errors of approximately 10% (with 95% confidence) for 

measures of beta stiffness and elastic modulus, and 20% for compliance and 

distensibility when readings were comprised of 25% noise which is typical.  
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Baseline diameter 

Noise due to Doppler reading 

being taken 

Peak diameter 

Figure 2.13 Vascular Image Analysis Software being used to calculate flow 

mediated dilatation in the brachial artery  
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Analysis of waveform data 

 

Segmentation of waveform data into individual cardiac cycles 

 

Open source ECG analysis software was used to analyse the ECG signals captured 

simultaneously with the blood velocity waveform data. This enabled the waveform 

traces to be segmented into a number of individual pulses. In many instances, the 

gain of the ECG captured was inadequate for automatic recognition. In these cases, 

cardiac cycles were segmented manually. The first derivative of the ECG tracing was 

obtained to highlight positions of steep upward slope. Peaks in the first derivative of 

the ECG tracing occurring around 1 cardiac cycle apart were marked and the length 

of each cardiac cycle displayed on the waveform and the ECG trace. If necessary, 

the heart beat markers were manually moved to a more appropriate location to 

ensure accurate segmentation. 

 

Artefact rejection 

 

An artefact rejection algorithm was employed to remove large amplitude transient 

noise in the signals captured. Such noise because of unavoidable movement of the 

ultrasound probe or subject during signal acquisition, and is easily identified as high 

frequencies in the signal.  

 

Artefact occurring at the start or end of a waveform tracing was highlighted manually 

and removed before signal processing took place. Artefact occurring during the 

waveform was also identified using the following method. The wavetrain was 
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segmented into cardiac cycles as described above. An average cardiac cycle was 

determined and compared to each individual cycle in turn. Erroneous pulses were 

defined as a deviation of 30% or greater from average, based on previous work in 

the department (unpublished data). Discrete waveform transform analysis was 

performed on the original signal including artefact to enable low frequency 

component extraction. Following this analysis, coefficients relating to the erroneous 

pulses were removed from frequency bands containing a minimum of 1 complete 

period of transient error. 

 

Signal pre-processing and filtering 

 

The waveform data captured from each subject is composed of both clinically 

relevant blood flow data and clinically irrelevant noise. Such noise is introduced by 

physiological phenomena such as respiration and myogenic tone, as well as 

interference from equipment such as mains electricity and machine drift. Smooth 

padding of zero order was applied to waveforms before they were digitally filtered 

using a Type 2 (stop-band ripple) Chebychev IIR filter with a high-pass cut-off 

frequency of 0.02 Hz, and a low-pass cut-off frequency of 22.5 Hz. This filter was 

found to be the best for current requirements in previous experiments in our 

laboratory. The effect of the filter was to remove high and low frequency noise, thus 

enhancing the signal content of interest and introducing consistency in signal 

analysis between patients. 
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Time domain analysis 

 

The systolic peak and diastolic trough were identified manually on a graphical 

display of the waveform. The RI was calculated using the following formula: 

 

S

DS
RI  

 

where S is the peak systolic velocity and D the end diastolic velocity. 

 

The PI was calculated using the following formula: 

 

M

DS
PI  

 

where S is the peak systolic velocity, D the end diastolic velocity and M the mean 

velocity. These indices were each measured on 3 separate waveforms, with a mean 

value being used for analysis. 

 

Wavelet analysis 

 

Wavelet analysis of processed blood velocity waveforms was performed using a 

customised program written in Matlab 2007b (The MathWorks Inc., MA, USA), 

utilising the Matlab Wavelet Toolbox. A graphical user interface simplified the 

implementation of the analysis.  
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The „Daubechies 4‟ wavelet was used during analysis of signals obtained from intra-

renal vessels and the „Daubechies 8‟ wavelet for waveforms from all other vascular 

locations. Previous work in our department revealed these to be the most 

appropriate wavelets for such applications. The output from the wavelet analysis of 

one signal is very detailed. To facilitate analysis, frequency data was grouped into 11 

bands, and the amplitude in each band utilised for analysis. The bands used contain 

frequencies in the range shown in table 2.1. 

 

Frequency Band Constituent Frequencies (Hz) 

1 22.5-45 

2 11.3-22.5 

3 5.63-11.3 

4 2.81-5.63 

5 1.41-2.81 

6 0.703-1.41 

7 0.352-0.703 

8 0.176-0.352 

9 0.088-0.176 

10 0.044-0.088 

11 <0.044 

 

Table 2.1: Frequency bands used in analysis and their constituent frequencies  

 

Calculation of mean shear stress 

 

Mean shear stress was calculated using the following formula: 
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The mean velocity was computed automatically using the same software that 

performed the wavelet analysis. Blood viscosity was assumed to be 0.035 dyne cm-2. 

 

Measurement of blood pressure and radial applanation tonometry 

 

Radial artery pressure pulse waveforms were recorded by an acoustic transducer 

using the HDI/Pulsewave CR-2000 research cardiovascular system (Hypertension 

Diagnostic Inc., Egan, MN, USA). With the patient supine, a wrist stabilizer was 

positioned on the right wrist. An arterial pulse pressure sensor was positioned over 

the radial artery. The hold-down pressure of the sensor was adjusted until optimal 

pressure pulse waveforms were recorded. The recorded waveforms were calibrated 

to blood pressure, which was measured by the oscillometric method, with the blood 

pressure cuff on the opposite arm and a calibration system internal to the device. 

Once optimal waveforms and a stable baseline were achieved, no further 

manipulation of the device was required. The following parameters were measured: 

blood pressure; pulse rate; cardiac output index; large and small artery elasticity 

compliances; systemic vascular resistance; and total vascular impedance. Cardiac 

output was estimated from an algorithm which incorporated a multivariate function of 

age and body surface area in addition to heart rate and ejection time. These features 

were determined from the arterial pressure waveforms, as previously described76. 
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Beat marking, waveform and data analysis 

 

Non-invasive radial artery waveforms were recorded for 30 seconds for each subject. 

Waveforms were digitized at 200 samples per second, and stored on a personal 

computer. The data were automatically displayed on the computer screen for visual 

analysis to confirm that the recorded waveforms were uniform and without artefact. 

Individual beats, demarcated with the upstroke beat mark as a fiduciary time point, 

were cross-correlated. Those with a correlation coefficient of less than 0.95 were 

discarded.  A representative „average‟ beat was computed, a parameter estimating 

algorithm was applied to match the diastolic portion of the waveform to a 

multiexponential equation. A modified Windkessel model  was then applied to 

generate values of large and small artery elasticity and systemic vascular resistance. 

Cardiac output was estimated using a multivariate function incorporating estimated 

cardiac ejection time, heart rate, body surface area and age. All these analyses were 

performed automatically by circuitry in the commercially available CR-2000 system. 

Further details on the workings of this system have been described76. 
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Venepuncture 

 

4-8 ml of blood was collected from all subjects. Venous blood was sampled from the 

antecubital fossa with minimum trauma using a 19 Gauge needle and a 20 ml 

syringe. 4ml of blood was collected in a plastic tube containing clot activator and 

dispatched to the hospital biochemistry laboratory for analysis of plasma sodium, 

potassium, chloride, bicarbonate, urea, creatinine, glucose, total cholesterol, low 

density lipoprotein (LDL) cholesterol, high density lipoprotein (HDL) cholesterol, 

triglyceride, bilirubin, alkaline phosphatase, gamma-glutaryl transpeptidase, alanine 

transaminase, aspartate transaminase and albumin. Subjects with diabetes had a 

further 4 ml of blood collected in an EDTA tube to enable a measure of glycosylated 

haemoglobin (HbA1C). Urinary albumin:creatinine ratios were retrieved from recent 

hospital clinic appointment records for subjects with diabetes. 

 

Statistical Analyses 

 

All statistical analyses were performed on SPSS for Windows v17.0 (SPSS Inc., 

Chicago, Il, USA). 

 

The Kolmogorov-Smirnoff test was used to assess whether or not variables were 

normally distributed. Variables with p<0.05 for this test were considered to be from a 

population that was not normally distributed. For normally distributed variables, 

Levene‟s test was used to assess homogeneity of variance between groups. Pairs of 

variables with p<0.05 for this test were considered to be from groups with different 
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variances. Where possible, logarithmic transformations were attempted in order to 

normalise skewed distributions. 

 

For comparisons between control subjects and disease groups, an independent 

group t-test was used for comparisons for all interval parameters meeting the criteria 

of normality and homogeneity of variance. For interval parameters not meeting these 

criteria, the non-parametric Mann-Whitney test was used to make comparisons 

between groups. Comparisons of categorical variables (e.g. current smoking – yes or 

no; sex – male or female) between groups were performed using the Chi2 test and 

Fisher‟s exact test. 

 

For within-group comparisons (comparing individuals before and after drug 

intervention), the Wilcoxon signed-rank test was used to assess for significant 

changes. This non-parametric test was used because the number receiving 

treatment was less than 30. 

 

For tests of correlation, Kendall‟s tau test was employed. This was chosen because 

the variables tested for correlation required non-parametric analysis. Kendall‟s test 

more accurately estimates the degree of correlation in a population than does the 

more popular Spearman‟s rank test374. 

 

Descriptive statistics are listed as mean (standard error of the mean) when 

parametric analyses were used, and median (interquartile range) when non-

parametric analyses were used, as is standard practise374. 
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The statistical methods used to adjust for the potential effects of confounding are 

discussed further on page 160-3. 

 

Differences were considered statistically significant at p<0.05. All significant p values 

are highlighted in red for clarity. 
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Reproducibility of data 

Reproducibility studies were conducted over a period of 6 consecutive days. The 

same healthy volunteer attended the department at the same time each morning in a 

fasted state, having consumed nothing but water from the previous evening.  On 

each day, all measures of vascular function were measured twice by the same 

operator – each measurement being followed by a short break. Results are listed in 

tables 2.2, 2.3 and 2.4. 

 

 Common Carotid Ophthalmic Central Retinal Intra-renal 

 Mean SD Mean SD Mean SD Mean SD 

 Amplitude - Band 1 
(cms

-1
) 

0.56 0.08 0.18 0.03 0.15 0.04 0.26 0.07 

Amplitude - Band 2 
(cms

-1
) 

1.46 0.20 0.60 0.12 0.30 0.05 0.51 0.12 

Amplitude - Band 3 
(cms

-1
) 

4.10 1.28 1.75 0.35 0.58 0.12 0.71 0.13 

Amplitude - Band 4 
(cms

-1
) 

7.89 2.61 2.77 0.50 0.74 0.18 1.11 0.22 

Amplitude - Band 5 
(cms

-1
) 

9.72 3.43 3.61 0.71 1.30 0.21 2.51 0.39 

Amplitude - Band 6 
(cms

-1
) 

11.62 2.74 5.10 0.51 2.12 0.49 3.97 0.53 

Amplitude - Band 7 
(cms

-1
) 

0.89 0.26 0.58 0.27 0.28 0.14 1.65 0.52 

Amplitude - Band 8 
(cms

-1
) 

1.23 0.46 0.80 0.27 0.44 0.36 0.89 0.49 

Amplitude - Band 9 
(cms

-1
) 

1.78 0.70 0.95 0.58 0.83 0.79 1.65 1.17 

Amplitude - Band 10 
(cms

-1
) 

2.22 0.88 1.48 0.84 1.14 1.21 1.79 1.20 

Amplitude - Band 11 
(cms

-1
) 

47.64 8.43 15.20 2.96 3.74 2.19 19.57 2.74 

Mean Velocity (cms
-1

) 50.63 8.49 17.05 1.93 2.91 1.25 22.00 1.71 

Resistive index 0.74 0.04 0.82 0.03 1.03 0.01 0.63 0.06 

Pulsatility index 1.66 0.22 1.98 0.18 3.58 0.90 0.99 0.11 

 

Table 2.2: Reproducibility data for wavelet transform analysis, mean velocity and 

resistive/pulsatility indices in common carotid, ophthalmic, central retinal and intra -renal vessels. 

SD – standard deviation.  
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Table 2.3: Reproducibility data for wavelet transform analysis, mean velocity and 

resistive/pulsatility indices in the brachial artery at baseline, with sphygmomanometer cuff 

inflated on the forearm, the first pulse post-ischaemia and the average of the first 10 pulses 

post-ischaemia. SD – standard deviation. 

  

 Brachial 

Baseline 

Brachial – Cuff 

on Forearm 

First Pulse Post-

Ischaemia 

Average of first 10 

Pulses Post-Ischaemia 

 Mean SD Mean SD Mean SD Mean SD 

Amplitude -
Band 1 (cms

-1
) 

0.62 0.10 1.15 0.31 0.73 0.21 0.83 0.39 

Amplitude -
Band 2 (cms

-1
) 

1.34 0.20 2.11 0.48 1.61 0.58 1.79 0.70 

Amplitude -
Band 3 (cms

-1
) 

4.37 0.56 4.88 0.85 3.08 1.00 3.61 0.60 

Amplitude -
Band 4 (cms

-1
) 

7.63 1.01 8.20 1.70 6.44 1.58 7.11 0.90 

Amplitude -
Band 5 (cms

-1
) 

9.23 1.69 9.12 1.98 11.24 2.59 11.52 1.09 

Amplitude -
Band 6 (cms

-1
) 

11.25 2.48 9.16 2.49 20.31 6.49 19.64 2.89 

Amplitude -
Band 7 (cms

-1
) 

4.35 1.91 5.34 2.05 9.70 3.38 9.03 2.52 

Amplitude -
Band 8 (cms

-1
) 

0.81 0.36 5.94 2.87 7.16 4.85 4.25 1.90 

Amplitude -
Band 9 (cms

-1
) 

1.59 0.98 6.50 2.71 19.28 7.37 10.61 2.68 

Amplitude -
Band 10 (cms

-1
) 

2.37 1.12 11.85 3.52 8.86 8.32 13.19 6.33 

Amplitude -
Band 11 (cms

-1
) 

12.28 3.25 21.86 8.16 83.87 11.27 108.79 11.94 

Mean Velocity 
(cms

-1
) 

14.39 3.49 8.75 1.11 104.08 6.63 119.66 11.95 

Resistive index 1.07 0.07 1.29 0.06 0.64 0.03 0.61 0.04 

Pulsatility index 7.44 1.79 13.13 1.59 1.04 0.07 0.97 0.08 
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 Mean Standard Deviation 

Cardiac ejection time (ms) 
 

334.9 11.86 

Stroke volume (ml/beat) 
 

90.5 5.06 

Stroke volume index (ml/beat/m
2
) 

 
60.4 3.17 

Cardiac output (l/min) 4.74 0.13 

Cardiac output index (l/min/m
2
) 

 
3.16 0.10 

Large artery elasticity index (ml/mmHg x 10) 
 

15.89 1.70 

Small artery elasticity index (ml/mmHg x 100) 6.31 2.19 

Systemic vascular resistance (dyne.sec.cm
-5
) 1428.6 36.17 

Total vascular impedance (dyne.sec.cm
-5
) 

 
150.6 9.31 

Beta stiffness (units) 
 

26.76 11.96 

Elastic modulus (N/cm
2
) 

 
22.38 10.32 

Distensibility index (units) 
 

0.001106 0.00058 

Compliance index (units) 
 

0.00844 0.00413 

Baseline brachial artery diameter (mm) 
 

3.11 0.17 

Flow mediated dilatation (%) 5.33 0.84 

 

Table 2.4: Reproducibility data for data collected by radial tonometry and by analysis of brachial 

wall motion.  
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Chapter 3 

 

Results 
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Section 1 

 

Demographic Details 
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Diabetes group and controls 

 

1 control subject‟s data was omitted for comparisons since their weight (150kg) and 

body mass index (42.44 kg m-2) were well outside the normal range. 

 

No control subjects gave a history of cardiovascular, renal or ophthalmic disease, 

hypertension or hypercholesterolaemia. 1 had a patent ductus arteriosus repaired in 

childhood; 1 suffered from occasional migraine; 1 had varicose veins; and 1 had 

trigeminal neuralgia. 

 

All subjects with diabetes had type 1 diabetes mellitus, and were treated with insulin. 

The median HbA1C was 8.10% (interquartile range 7.40-8.80). No diabetic subjects 

gave a history of cardiovascular or renal disease. 5 had previously been told they 

were hypertensive; 5 had a history of hypercholesterolaemia. The median urinary 

albumin:creatinine ratio was 0.50 (0.30-1.32). Other conditions reported included: 

acne (1), hypothyroidism (2), polycystic ovarian disease (1), sensory neuropathy (1), 

post-traumatic urostomy (1), allergic rhinitis (1), deep venous thrombosis (1) and 

mild asthma (1).  

 

6 subjects with diabetes had been taking an ACE inhibitor prior to commencing the 

study. All had a 2 week wash-out period before participating. At the time of the 

baseline study, none of the participants were taking antihypertensive treatment. 

 

Controls and subjects with diabetes were well matched in terms of age, sex, height, 

smoking status, alcohol consumption, pulse rate, diastolic blood pressure, mean 
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arterial pressure, total cholesterol, HDL-cholesterol, LDL-cholesterol, total 

cholesterol:HDL ratio, triglyceride and renal function (p>0.05 for all comparisons).  

 

There were however some important differences between groups. As expected, 

subjects with diabetes had a higher fasting glucose level (p=0.000) but this 

difference was mandated by the study groups. Subjects with diabetes were heavier 

(mean weight 81.49 (standard error 2.52) kg vs 70.79 (2.15) kg, p=0.02), with a 

higher body mass index (26.41 (0.73) kgm-2 vs 23.87 (0.66) kgm-2, p=0.011) than 

controls. More subjects with diabetes were taking aspirin (17.9 vs 0 %, p=0.012) or 

an 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase inhibitor (25.6 vs 0 %, 

p=0.001). Subjects with diabetes had a higher systolic blood pressure (123.3 (1.7) 

mmHg vs 115.3 (1.7) mmHg, p=0.002), than control subjects but this was well within 

what would currently be considered „normal‟ limits. It must be acknowledged 

however, that hypertension is not a dichotomous variable, and this difference in 

blood pressure may well be important. These results are summarised in table 3.1. 

Attempts have been made to control for these differences in statistical analyses as 

detailed in subsequent sections, but such techniques have their limitations. The 

differences between groups are unfortunately an inevitable consequence of a study 

such as this one, particularly since subject numbers are relatively small. Any 

statistically significant differences detected between groups in measured variables 

must be interpreted bearing this fact in mind.  
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 Controls Subjects with 
diabetes 

p value for 
difference 

Number 
 

39 39 - 

Age (years)  
 

33 (25-45) 30 (25-39) 0.332 

Sex (% male) 
 

48.7 64.1 0.165 

Weight (kg)  
 

70.79 (2.15) 81.49 (2.52) 0.002 

Height (m)  
 

1.70 (1.64-1.80) 1.78  (1.68-1.84) 0.124 

Body mass index (kgm
-2

) 
 

23.87 (0.66) 26.41 (0.73) 0.011 

Current cigarette smoking (%) 
 

20.5 10.3 0.347 

Weekly alcohol intake (units) 
 

4.5 (0-10.5) 4.0 (0-10) 0.930 

On aspirin (%) 
 

0 17.9 0.012 

On HMG-CoA reductase inhibitor 
(%) 

0 25.6 0.001 

 Pulse rate (beats min
-1

) 
 

63.67 (2.11) 67.67 (2.09) 0.182 

Systolic blood pressure (mmHg) 
 

115.3 (1.7) 123.3 (1.7) 0.002 

Diastolic blood pressure (mmHg) 
 

67.9 (1.3) 69.5 (1.1) 0.343 

Mean arterial pressure (mmHg) 
 

84.6 (1.6) 88.0 (1.2) 0.099 

Glucose (mmol/l) 
 

4.10 (3.70-4.50) 9.30 (4.88-11.85) 0.000 

Total cholesterol (mmol/l) 
 

4.91 (0.17) 4.57 (0.14) 0.137 

HDL-cholesterol (mmol/l) 
 

1.50 (1.30-1.90) 1.50 (1.30-1.80) 0.770 

LDL-cholesterol (mmol/l) 
 

2.81 (0.14) 2.50 (0.14) 0.109 

Total cholesterol:HDL ratio 
 

3.00 (2.55-3.38) 2.87 (2.28-3.45) 0.499 

Triglyceride (mmol/l) 
 

0.84 (0.67-1.25) 0.94 (0.65-1.28) 0.568 

Proportion with eGFR >60 
ml/min/1.73m

2
 

100 100 1.000 

HbA1C (%) 
 

- 8.10 (7.40-8.80) - 

Urinary albumin:creatinine ratio 
 

- 0.50 (0.30-1.32) - 

 
 

 

1.2 Hypertension group and controls 

 

Table 3.1: Comparisons between controls and subjects with diabetes. Where percentages are not 

given, data shown are mean (standard error of the mean) for variables that underwent parametric 

analysis, and median (interquartile range) for variables that underwent non-parametric analysis. HMG-

CoA – 3-hydroxy-3-methyl-glutaryl-CoA; HDL – high density lipoprotein; LDL – low density lipoprotein; 

eGFR - estimated glomerular filtration rate. Blood tests were performed with subjects in a fasted state.  
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Hypertension group and controls 

 

1 control subject‟s data was omitted for comparisons since their weight (150kg) and 

body mass index (42.44 kg m-2) were outside the „normal‟ range. The 6 youngest 

control subjects‟ data were omitted from the data analysis to ensure age equivalence 

between control subjects and those with hypertension. 

 

No control subjects gave a history of cardiovascular, renal or ophthalmic disease, 

diabetes mellitus or hypercholesterolaemia. 1 had a patent ductus arteriosus 

repaired in childhood; 1 suffered from occasional migraine; 1 had varicose veins; and 

1 had trigeminal neuralgia. 

 

24 out of 25 subjects with hypertension had undergone 24 hour ambulatory blood 

pressure testing in the year before inclusion in the study. Subjects were classified as 

Grade I (mild) hypertension regardless of whether they were classified on the basis 

of their home readings (mean daytime systolic 140.2 (standard error 0.97) mmHg, 

diastolic 91.5 (0.98) mmHg), mean daytime ambulatory readings „corrected‟ to clinic 

readings (mean systolic 150.2 mmHg, mean diastolic 96.5 mmHg) or blood pressure 

measured on the first visit (systolic 145.1 (2.77) mmHg, median diastolic 87.0 

(interquartile range 84.0 – 89.5) mmHg).  

 

No subjects with hypertension gave a history of cardiovascular or ophthalmic 

disease, or hypercholesterolaemia. 2 had kidney „scars‟; none had any other renal 

disease. Other conditions reported included: spina bifida occulta (1), cluster 

headache (1), allergic rhinitis (1) and mild arthritis (1).  
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4 subjects with hypertension had been taking an ACE inhibitor prior to commencing 

the study, and 2 had been taking an angiotensin receptor blocker. All had a 2 week 

wash-out period before participating. At the time of the baseline study, none of the 

participants were taking antihypertensive treatment. 

 

Controls and subjects with hypertension were well matched in terms of age, sex, 

height, smoking status, alcohol consumption, pulse rate, total cholesterol, LDL-

cholesterol, triglyceride and renal function (p>0.05 for all comparisons).  

 

There were however some important differences between groups. As expected, 

subjects with hypertension had a higher systolic blood pressure (145.1 (2.77) mmHg 

vs 116.1 (1.87) mmHg), diastolic blood pressure (median 87.0 (interquartile range 

84.0 – 89.5) mmHg vs 69.5 (63.3 – 74.5) mmHg) and mean arterial pressure (109.07 

(1.97) mmHg vs 85.63 (1.72) mmHg), than control subjects (p=0.000 for all). These 

differences were mandated by the study groups. Subjects with hypertension were 

heavier (mean weight 82.06 (standard error 3.76)  kg vs 70.97 (2.40) kg, p=0.012), 

with a higher body mass index (28.07 (1.10)  kgm-2 vs 23.86 (0.72) kgm-2, p=0.002) 

than controls. There were no significant differences in the proportions taking aspirin 

or HMG-CoA reductase inhibitors between groups. Subjects with hypertension had 

higher fasting glucose levels than controls (median 4.6 (interquartile range 4.3 – 4.9) 

mmol/l vs 4.0 (3.7 – 4.5) mmol/l), but these were well within „normal‟ limits for both 

groups, although it must be acknowledged that hyperglycaemia must be considered 

as a continuous rather than dichotomous variable. Subjects with hypertension had 

lower levels of HDL-cholesterol than controls (1.2 (1.1 - 1.5) mmol/l vs 1.5 (1.3-1.9) 
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mmol/l, p=0.006) and higher total cholesterol:HDL ratios (4.00 (3.55-4.81) vs 3.06 

(2.55-3.47), p=0.002). These results are summarised in table 3.2. Attempts have 

been made to control for these differences in statistical analyses as detailed in 

subsequent sections, but such techniques have their limitations. The differences 

between groups are unfortunately an inevitable consequence of a study such as this 

one, particularly since subject numbers are relatively small. Any statistically 

significant differences detected between groups in measured variables must be 

interpreted bearing this fact in mind.  

  



P a g e  | 159 

 

 

 Controls Subjects with 
hypertension 

p value for 
difference 

Number 
 

33 25 - 

Age (years) 
 

35 (28.5-45.5) 43 (35.0-48.0) 0.066 

Sex (%male) 
 

54.5 52.0 1.000 

Weight (kg) 
 

70.97 (2.40) 82.06 (3.76) 0.012 

Height (m) 
 

1.72 (0.02) 1.71 (0.02) 0.513 

Body mass index (kgm
-2

) 
 

23.86 (0.72) 28.07 (1.10) 0.002 

Current cigarette smoking (%) 
 

24.2 12.0 0.320 

Weekly alcohol intake (units) 
 

5.0 (0, 14.5) 5.0 (0-13.0) 0.981 

On aspirin (%) 
 

0 4.0 0.431 

On HMG-CoA reductase inhibitor 
(%) 

0 8.0 0.181 

Pulse (beats min
-1

) 
 

61.5 (54.0-67.8) 65.0 (59.5-69.0) 0.203 

Systolic blood pressure (mmHg) 
 

116.1 (1.87) 145.08 (2.77) 0.000 

Diastolic blood pressure (mmHg) 
 

69.5 (63.3-74.5) 87.0 (84.0-89.5) 0.000 

Mean arterial pressure (mmHg) 
 

85.63 (1.72) 109.07 (1.97) 0.000 

Fasting glucose (mmol/l) 
 

4.0 (3.7-4.5) 4.6 (4.3-4.9) 0.004 

Total cholesterol (mmol/l) 
 

5.02 (0.18) 5.26 (0.18) 0.347 

HDL-cholesterol (mmol/l) 
 

1.5 (1.3-1.9) 1.2 (1.1-1.5) 0.006 

LDL-cholesterol (mmol/l) 
 

2.89 (0.15) 3.25 (0.15) 0.101 

Total cholesterol:HDL ratio 
 

3.06 (2.55-3.47) 4.00 (3.55-4.81) 0.002 

Triglyceride (mmol/l) 
 

0.88 (0.67-1.35) 1.20 (0.81-1.79) 0.060 

Proportion with eGFR >60 
l/min/1.73m

2
 

100 100 1.000 

Mean daytime ambulatory systolic 
blood pressure (mmHg) 

 140.21 (0.97) - 

Mean daytime ambulatory diastolic 
blood pressure (mmHg) 

 91.50 (0.98) - 

 
 

  Table 3.2: Comparisons between controls and subjects with hypertension. Where percentages are 

not given, data shown are mean (standard error of the mean) for variables that underwent 

parametric analysis, and median (interquartile range) for variables that underwent non-parametric 

analysis. HMG-CoA – 3-hydroxy-3-methyl-glutaryl-CoA; HDL – high density lipoprotein; LDL – low 

density lipoprotein; eGFR - estimated glomerular filtration rate. Blood tests were performed with 

subjects in a fasted state. 
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Effects of confounders 

 

Diabetes group 

 

Since controls and subjects with diabetes were significantly different in regards to 

weight, body mass index, percentage taking aspirin, percentage taking HMG-CoA 

reductase inhibitor, systolic blood pressure and glucose, the potential of confounding 

in any comparisons between groups must be acknowledged. The elevated fasting 

glucose in subjects with diabetes is directly caused by the disease process and 

therefore will not be considered further. Since height was equivalent between 

groups, the differences in weight and body mass index are equivalent. Since body 

mass index conveys more information than weight, the effects of weight in isolation 

will not be considered further. Unfortunately, no control subjects were taking aspirin 

or a HMG-CoA reductase inhibitor. There is no way of performing a valid analysis of 

covariance when no occurrences of the confounder occur in one of the groups being 

compared. Any attempt to adjust the effect of diabetes for these confounders would 

therefore simply have the effect of dropping the affected subjects with diabetes out of 

the analysis. Therefore any differences seen between groups should be interpreted 

in the knowledge that 18% of those with diabetes were on aspirin and 26% were on 

an HMG-CoA reductase inhibitor. With increasing emphasis being placed on primary 

prevention of cardiovascular disease in clinical practice, it is felt that this is a 

reasonable limitation to deal with. 

 

The two possible confounders that will be considered further are body mass index 

and systolic blood pressure. For all significant differences detected between groups, 
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an analysis of covariance was performed using a univariate generalised linear 

model. The outcome variable was entered as the dependent variable, the group 

(control or diabetes) was entered as a fixed factor, and the two possible confounders 

were entered as covariates. This allowed the significant differences seen between 

groups to be interpreted while attempting to adjust for the effects of confounding.  

 

Hypertension group 

 

Since controls and subjects with diabetes were significantly different in regards to 

weight, body mass index, systolic blood pressure, diastolic blood pressure, mean 

arterial pressure, glucose, HDL-cholesterol and total cholesterol:HDL ratio, the 

potential of confounding in any comparisons between groups must be 

acknowledged. The elevated blood pressures detected in subjects with hypertension 

is obviously the defining feature of the group and will not be considered further. 

Since height was equivalent between groups, the differences in weight and body 

mass index are equivalent. Since body mass index conveys more information than 

weight, the effects of weight in isolation will not be considered further. Since total 

cholesterol was equivalent between groups, the differences in HDL-cholesterol and 

total cholesterol:HDL ratio equivalent. Only HDL will be considered further. 

 

The three possible confounders that will be considered further are body mass index, 

fasting glucose level and HDL-cholesterol. For any significant differences detected 

between groups, an analysis of covariance was performed using a univariate 

generalised linear model. The outcome variable was entered as the dependent 

variable, the group (control or diabetes) was entered as a fixed factor, and the 
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possible confounders were entered as covariates. This allowed the significant 

differences seen between groups to be interpreted while attempting to adjust for the 

effects of confounding.  

 

Cautions regarding interpreting the results of analysis of covariance 

 

The results generated by analyses adopted in an attempt to control for the effects of 

confounding should be interpreted with caution. This is for the following reasons: 

 

- Data analysed in this way should be from a normally distributed population with 

equal variances between groups. These conditions are not met for many of the 

parameters reported here, and is the reason why non-parametric tests were 

utilised for making comparisons between groups. 

- There is insufficient data to perform a robust regression analysis. It has been 

suggested that to perform an accurate analysis such as is required here, a 

minimum sample size of 50 + 8k or 104 + k, whichever is the larger, should be 

adopted, where k is the number of predictors used in the model375. Since there 

are 3 predictors of interest for the diabetes group (diabetes/control, body mass 

index and systolic blood pressure) and 4 predictors or interest for the 

hypertension group (hypertension/control, body mass index, glucose and HDL-

cholesterol), a minimum of 107 subjects‟ data would be required for an accurate 

and meaningful analysis for diabetes, and 108 for the hypertension group. The 

numbers should be even larger again if a small difference between groups is to 

be detected. 
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Therefore, although data is presented in the next sections in an attempt to control for 

the effects of confounders, this data should be interpreted with the above limitations 

in mind. It would make most sense to adopt a policy of interpreting any differences 

seen between groups in the context of the disease groups having slight (albeit 

statistically significant) differences to the control group. The disease groups studied 

are fairly representative of patients with these disease entities encountered in clinical 

practice. 
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Cautions regarding multiple statistical comparisons 

 

Given the exploratory nature of the studies reported, multiple statistical comparisons 

were inevitable in this work. Wavelet analysis of a single pulse waveform yields 

many thousands of pieces of data. Given that waveforms were captured from 

multiple sites in multiple individuals often before and after an intervention, the total 

dataset for the studies ran into hundreds of thousands. As detailed on Page 143, 

wavelet transform data was condensed into 11 frequency bands for each vascular 

location. This reduced the number of statistical comparisons to be performed 

considerably. Despite this, a large quantity of statistical tests was still required for 

analysis of the data. 

 

The unfortunate consequence of running multiple statistical comparisons is the 

strong likelihood of reporting statistically significant findings that are simply due to 

the play of chance. In other words, the likelihood of type I statistical errors is high. 

Given the use of the conventional significance level of 5%, a statistically significant 

result would be expected once for every 20 statistical tests carried out by chance 

alone. Caution should therefore be employed when interpreting the statistical results 

reported. A Bonferroni correction could have been used to reduce the chance of a 

type I error, however it has been suggested that this tool tends to be too strict when 

multiple tests are performed374. It is therefore recommended that when interpreting 

the statistical tests presented here, that only results with highly significant p values 

should be considered likely to represent true differences between groups.  

 



P a g e  | 165 

 

 

The possibility of type II statistical errors must also be acknowledged. A type II error 

refers to the possibility of not detecting a statistically significant difference between 

groups when in fact a true difference is present. The reported studies most likely to 

be affected by type II errors are felt to be the drug treatment studies. This is because 

of the relatively low numbers of subjects in each treatment arm. As a result of this, 

no difference may have been detected after treatment even if a true effect was 

present.  
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Section 2 

 

Study of common carotid and retrobulbar arterial 

waveforms in diabetes mellitus   
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Overview of methodology 

 

Full details are given in chapter 2. In brief, 39 subjects with well-controlled type 1 

diabetes mellitus and no significant vascular complications were compared with 39 

age and sex matched controls. All subjects underwent Doppler ultrasound 

examinations of their right common carotid artery, right ophthalmic artery and right 

central retinal artery. Maximum blood flow velocity waveforms were captured, and 

analysed using the discrete wavelet transform. Frequency data thus obtained were 

categorized into 11 frequency bands, thus permitting comparisons between the 

groups. Waveforms were also described using time domain parameters, and these 

were also compared. 

 

Comparison of common carotid artery waveforms between subjects and 

controls 

 

The amplitude was higher for subjects with diabetes than controls in band 7 (median 

0.42 (interquartile range 0.28-0.62) cms-1 vs 0.38 (0.26-0.63) cms-1, p=0.032), and 

lower in band 11 (mean 46.61 (standard error 1.48) cms-1 vs 52.88 (1.73) cms-1, 

p=0.007). The mean velocity was lower in those with diabetes (49.15 (1.39) cms-1 vs 

55.00 (1.52) cms-1, p=0.006). There was a trend towards lower amplitude in band 6 

for subjects with diabetes (p=0.088). The RI was higher in those with diabetes (0.70 

(0.66 – 0.73) vs 0.68 (0.62 – 0.70), p=0.020), there was a trend towards a lower PI 

(p=0.062).  
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 Controls Subjects  
with diabetes 

p value for difference 

 Amplitude -Band 1 
(cms

-1
) 

0.65 (0.24) 0.66 (0.03) 0.729 

Amplitude -Band 2 
(cms

-1
) 

0.31 (0.26-0.41) 0.38 (0.30-0.52) 0.338 

Amplitude -Band 3 
(cms

-1
) 

4.14 (0.22) 4.46 (0.19) 0.273 

Amplitude -Band 4 
(cms

-1
) 

6.94 (0.42) 7.54 (0.42) 0.318 

Amplitude -Band 5 
(cms

-1
) 

9.33 (0.45) 8.94 (0.37) 0.500 

Amplitude -Band 6 
(cms

-1
) 

11.01 (0.41) 9.94 (0.46) 0.088 

Amplitude -Band 7 
(cms

-1
) 

0.38 (0.26-0.63) 0.42 (0.28-0.62) 0.032 

Amplitude -Band 8 
(cms

-1
) 

0.41 (0.28-0.69) 0.37 (0.27-0.50) 0.349 

Amplitude -Band 9 
(cms

-1
) 

0.42 (0.26-0.69) 0.52 (0.28-0.63) 0.172 

Amplitude -Band 10 
(cms

-1
) 

0.47 (0.32-0.78) 0.60 (0.31-0.90) 0.887 

Amplitude -Band 11 
(cms

-1
) 

52.88 (1.73) 46.61 (1.48) 0.007 

Mean Velocity (cms
-1

) 
 

55.00 (1.52) 49.15 (1.39) 0.006 

Resistive index 
 

0.68 (0.62-0.70) 0.70 (0.66-0.73) 0.020 

Pulsatility index 
 

1.44 (0.05) 1.59 (0.06) 0.062 

 
Table 3.3: Comparisons between controls and subjects with diabetes in measures obtained on 

waveforms taken from the right common carotid artery. Data shown are mean (standard error of 

the mean) for variables that underwent parametric analysis, and median (interquartile range) for 

variables that underwent non-parametric analysis.  
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(a) (b) 

(c) 

Figure 3.1: Carotid Artery Data – Diabetes vs Controls (a) Differences between controls 

and subjects with diabetes in amplitude of bands 7 and 11; (b) Differences between 

controls and subjects with diabetes in mean velocity; (c) Differences between controls 

and subjects with diabetes in resistive index. Centre of box = median; extremities of box 

= interquartile range; whiskers = range. * p<0.05, **p<0.01.  
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Comparison of ophthalmic artery waveforms between subjects and controls 

 

The amplitude was higher for subjects with diabetes than controls in bands 1 

(median 0.24 (interquartile range 0.20-0.29) cms-1 vs 0.19 (0.16-0.24) cms-1, 

p=0.007), 2 (0.62 (0.45-0.74) cms-1 vs 0.53 (0.40-0.62) cms-1, p=0.025) and 4 (2.30 

(1.55 – 2.88) cms-1 vs 1.76 (1.38 – 2.18) cms-1, p=0.022). It was lower in band 7 

(0.55 (0.36-0.79) cms-1 vs 0.73 (0.54-1.13) cms-1, p=0.020). There was a trend 

towards lower amplitude for subjects with diabetes in band 3 (p=0.091). No 

differences were apparent when mean velocity or time domain analyses were 

compared, although there was a trend towards higher PI in subjects with diabetes 

(p=0.093).  

 

 

 

 

 

  

 

Figure 3.2: Ophthalmic Artery Data – Diabetes vs Controls. Differences between 

controls and subjects with diabetes in amplitude of bands 1, 2, 4 and 7. Centre of box = 

median; extremities of box = interquartile range; whiskers = range.  

* p<0.05, **p<0.01. 
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 Controls Subjects  
with diabetes 

p value for difference 

 Amplitude -Band 1 
(cms

-1
) 

0.19 (0.16-0.24) 0.24 (0.20-0.29) 0.008 

Amplitude -Band 2 
(cms

-1
) 

0.53 (0.40-0.62) 0.62 (0.45-0.74) 0.025 

Amplitude -Band 3 
(cms

-1
) 

1.32 (1.03-1.71) 1.54 (1.15-1.89) 0.091 

Amplitude -Band 4 
(cms

-1
) 

1.76 (1.38-2.18) 2.30 (1.55-2.88) 0.022 

Amplitude -Band 5 
(cms

-1
) 

2.35 (1.86-3.30) 2.52 (2.03-3.47) 0.439 

Amplitude -Band 6 
(cms

-1
) 

3.18 (2.39-3.90) 3.04 (2.28-3.74) 0.541 

Amplitude -Band 7 
(cms

-1
) 

0.73 (0.54-1.13) 0.55 (0.36-0.79) 0.020 

Amplitude -Band 8 
(cms

-1
) 

0.66 (0.42-0.88) 0.52 (0.40-0.79) 0.229 

Amplitude -Band 9 
(cms

-1
) 

0.85 (0.43-1.26) 0.87 (0.55-1.07) 1.000 

Amplitude -Band 10 
(cms

-1
) 

0.99 (0.10) 1.03 (0.08) 0.758 

Amplitude -Band 11 
(cms

-1
) 

13.38 (9.36-18.49) 11.07 (8.35-18.32) 0.229 

Mean Velocity (cms
-1

) 
 

14.10 (11.52-18.03) 12.94 (10.43-18.48) 0.495 

Resistive index 
 

0.72 (0.65-0.78) 0.75 (0.66-0.82) 0.245 

Pulsatility index 
 

1.59 (1.23-2.02) 1.81 (1.36-2.42) 0.093 

 
 

Table 3.4: Comparisons between controls and subjects with diabetes in measures obtained on 

waveforms taken from the right ophthalmic artery. Data shown are mean (standard error of the 

mean) for variables that underwent parametric analysis, and median (interquartile range) for 

variables that underwent non-parametric analysis.  
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Comparison of central retinal artery waveforms between subjects and controls 

 

The amplitude was higher for subjects with diabetes than controls in bands 1 

(median 0.18 (interquartile range 0.16-0.25) cms-1 vs 0.16 (0.13-0.21) cms-1, 

p=0.020), 2 (0.38 (0.30-0.51) cms-1 vs 0.31 (0.26-0.41) cms-1, p=0.012), 3 (0.70 

(0.56-0.84) cms-1 vs 0.49 (0.45-0.61) cms-1, p=0.000) and 5 (1.37 (1.08-1.89) cms-1 

vs 1.25 (0.97-1.40) cms-1, p=0.028). There was a trend towards higher amplitude for 

subjects with diabetes in band 4 (p=0.066), No differences were apparent when 

mean velocity or time domain analyses were compared.  

 

  

 

Figure 3.3: Central Retinal Artery Data – Diabetes vs Controls. Differences between 

controls and subjects with diabetes in amplitude of bands 1, 2, 3, and 5. Centre of box 

= median; extremities of box = interquartile range; whiskers = range.  

* p<0.05, **p<0.01. 
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 Controls Subjects  
with diabetes 

p value for difference 

 Amplitude -Band 1 
(cms

-1
) 

0.16 (0.13-0.21) 0.18 (0.16-0.25) 0.020 

Amplitude -Band 2 
(cms

-1
) 

0.31 (0.26-0.41) 0.38 (0.30-0.51) 0.012 

Amplitude -Band 3 
(cms

-1
) 

0.49 (0.45-0.61) 0.70 (0.56-0.84) 0.000 

Amplitude -Band 4 
(cms

-1
) 

0.73 (0.62-0.92) 0.91 (0.71-1.16) 0.066 

Amplitude -Band 5 
(cms

-1
) 

1.25 (0.97-1.40) 1.37 (1.08-1.89) 0.028 

Amplitude -Band 6 
(cms

-1
) 

1.87 (0.11) 2.07 (0.17) 0.325 

Amplitude -Band 7 
(cms

-1
) 

0.38 (0.26-0.63) 0.42 (0.28-0.62) 0.722 

Amplitude -Band 8 
(cms

-1
) 

0.47 (0.04) 0.40 (0.03) 0.209 

Amplitude -Band 9 
(cms

-1
) 

0.42 (0.26-0.69) 0.52 (0.28-0.65) 0.500 

Amplitude -Band 10 
(cms

-1
) 

0.47 (0.32-0.78) 0.60 (0.31-0.92) 0.484 

Amplitude -Band 11 
(cms

-1
) 

2.35 (1.34-5.85) 2.55 (1.45-5.31) 0.932 

Mean Velocity (cms
-1

) 
 

3.51 (2.14-6.64) 3.86 (2.55-6.36) 0.741 

Resistive index 
 

1.00 (0.97-1.00) 1.00 (1.00-1.00) 0.223 

Pulsatility index 
 

3.13 (0.29) 3.19 (0.32) 0.887 

 
 

Table 3.5: Comparisons between controls and subjects with diabetes in measures obtained on 

waveforms taken from the right central retinal artery. Data shown are mean (standard error of 

the mean) for variables that underwent parametric analysis, and median (interquartile range) for 

variables that underwent non-parametric analysis.  

 

Effects of confounding  

 

Significant interactions between the confounding variables were tested for before 

performing analysis of covariance. Significantly interacting covariates were dropped 

from the analysis. After taking into effect of the differences in systolic blood pressure 

and BMI between groups, differences in the following parameters lost significance 

when compared between groups: carotid amplitude in band 7 (p=0.159), carotid 

amplitude in band 11 (p=0.067), carotid RI (p=0.079), ophthalmic artery amplitude in 
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band 1 (p=0.120) , ophthalmic artery amplitude in band 2 (p=0.061) , ophthalmic 

artery amplitude in band 7 (p=0.068) and central retinal artery amplitude in band 1 

(p=0.065). All other parameters remained significantly different between groups. 

 

Discussion 

 

Clear differences have been demonstrated between the maximum blood velocity 

waveforms captured from a group of young, well-controlled patients with type I 

diabetes mellitus and  a group of age and sex-matched healthy controls. These 

abnormalities have been detected in subjects considered to have good control and 

with no demonstrable retinal microvascular disease. 

 

Mean velocity is perhaps the simplest of all the indices measured, and when this is 

considered in isolation, differences between groups are visible in readings taken 

from the common carotid arteries, but not in more distal vessels. The highly 

significant p value makes this likely to be a true finding. This is consistent with results 

from a similar study in which flow velocities were measured in a group of subject with 

type 2 diabetes376. In that study, although changes were apparent in the conduit 

vessel studied (internal carotid artery), no differences were seen when smaller 

intracranial vessels were considered. There are conflicting results in the literature 

regarding the nature of flow velocities in retrobulbar vessels. One group reported a 

reduction in blood flow in the ophthalmic and central retinal arteries in a similar group 

to that studied here377. However, the consensus in the literature seems to be in 

agreement with these results. Several groups have shown normal flow in these 

vessels that seems to be attenuated as retinopathy develops378, 379. 
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When the resistive and pulsatility indices were considered, a slight increase in RI 

was detected in the common carotid artery, although the possibility of a type I 

statistical error must be acknowledged. No other significant differences between 

groups were noted in the other blood vessels studied. A reduction in RI has 

previously been reported in subjects with diabetes in comparison to controls in both 

the ophthalmic377, 380 and the central retinal arteries377, 381. Reductions in RI seem to 

become more apparent as frank retinopathy develops381, and increases have been 

reported in these vessels in patients with nephropathy380, 382.  

 

The values for RI in the ophthalmic artery measured in this study are entirely 

consistent with reported values in the normal population, however the results 

obtained from the central retinal artery are much higher383. The variability of velocity 

readings taken from the retrobulbar circulation is well documented, and can be due 

to differences in apparatus used, differences in technique (i.e. whether angle 

correction is employed), the site at which readings are taken and the tortuosity of the 

vessels under study383. Almost all subjects had a RI of approximately 1.0 when 

measured in the central retinal artery. This is on account of the fact that very low 

amplitude signals were recorded from these vessels, and almost without exception 

the end-diastolic velocity was zero. It has been suggested that the use of a contrast 

medium might improve the visualisation of blood vessels around the eye during 

ultrasound examinations384, and this would be a useful improvement in future 

studies. The ophthalmic artery is however eminently visible under non-contrast 

ultrasound imaging and excellent quality signals were obtained there in almost all 
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circumstances. This vessel is felt to represent the most attractive site for recording 

blood flow waveforms close to the eye. 

 

When wavelet analysis was adopted to compare waveforms between groups, 

differences were apparent in all vascular locations. This illustrates the ability of the 

wavelet transform to discriminate between healthy controls and those with well 

controlled diabetes when more traditional time domain analysis fails to do so. 

Interestingly, the pattern of differences between groups as one progresses from 

larger to smaller vessels is worthy of mention. In the common carotid artery 

differences are apparent in band 7 only, although the p value for the difference 

between groups is rather unimpressive. This band corresponds to frequencies in the 

range 0.352-0.703 Hz. By moving distally along the vascular tree, progressively 

lower frequency band differences become apparent between groups (ophthalmic 

artery – bands 1, 2, 4, 7 and a trend in band 3; central retinal artery – bands 1, 2, 3, 

5 and a trend in band 4). The lower the frequency band, the higher the component 

frequencies – band 1, for instance, comprises frequencies in the range 22.5-45 Hz. 

The finding of highly statistically significant differences between groups in these sites 

makes a type I statistical error less likely. 

 

It has been stated that “the object of waveform analysis is to recognise waveforms 

that are abnormal even if the details of why a particular physiological or pathological 

change gives rise to a particular change in waveform shape are not fully 

understood”286. However, it is tempting to speculate as to why differences between 

groups were apparent in the pattern seen. The concept of wave reflection was 

detailed in the introduction, and provides an attractive explanation for the findings in 
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this part of the study. The recorded flow waveform at any site in the vascular network 

is comprised of the summation of the incident waves (due to cardiac contraction) and 

reflected components (from sites of impedance mismatch downstream due to vessel 

tapering and branching)89. Since the input into the system in the two groups under 

study here would be expected to be comparable, it is tempting to attribute the 

changes seen to differences in wave reflections between groups. This cannot be 

proven with certainty however, and it is acknowledged that there was a slight 

discrepancy in systolic blood pressure between groups that may account for some of 

the differences seen. 

 

Since higher frequency components differ between groups with increasing proximity 

to the eye, it could be suggested that these components of the waveforms are 

caused by wave reflections. It is logical that these signals might only be detected 

when measures are taken close to the end-organ since it is likely that they are 

filtered out by the high energy incident waves generated by cardiac contraction. This 

explains why many of the differences were not apparent in the common carotid 

artery signals. Similar findings have been reported by other members of the local 

research team in the settings of systemic lupus erythematosus (unpublished data). 

 

It can be hypothesized that the differences between groups noted in this study 

represent evidence of the very earliest form of vascular alterations in the evolution of 

diabetic retinopathy. These changes might provide the substrate for more clinically 

obvious microvascular disease that is well recognised as a feature that puts the 

individual concerned at high risk of organ damage and cardiovascular events in 

general215. The ability to detect abnormalities at such an early stage in the disease 
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process offers the possibility of therapeutic intervention with the intent of normalising 

the signals detected. Further studies in this area would be very useful. 
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Section 3 

 

Study of intra-renal arterial waveforms in diabetes 

mellitus   
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Overview of methodology 

 

Full details are given in chapter 2. In brief, 39 subjects with well-controlled type 1 

diabetes mellitus and no significant vascular complications were compared with 39 

age and sex matched controls. All subjects underwent Doppler ultrasound 

examinations of their right kidney. Maximum blood flow velocity waveforms from the 

smallest visible intra-renal arteries were captured, and analysed using the discrete 

wavelet transform. Frequency data thus obtained were categorized into 11 frequency 

bands, thus permitting comparisons between the groups. Waveforms were also 

described using time domain parameters, and these were also compared. 

 

Results 

 

The amplitude was higher for subjects with diabetes than controls in band 3 (median 

1.22 (interquartile range 0.97-1.46) cms-1 vs 1.01 (0.88-1.24) cms-1, p=0.026). It was 

lower in bands 8 (0.76 (0.56-1.52) cms-1 vs 1.23 (0.83-1.63) cms-1, p=0.035) and 9 

(1.14 (0.52-1.60) cms-1 vs 1.52 (0.84-2.75) cms-1, p=0.017). There was a trend 

towards lower amplitude for subjects with diabetes in band 7 (p=0.060). No 

differences were apparent when mean velocity was analysed. The resistive and 

pulsatility indices were both higher in subjects with diabetes (0.58 (0.54 – 0.62) vs 

0.52 (0.49 – 0.59), p=0.006 for RI and 0.99 (0.87 – 1.10) vs 0.83 (0.77 – 1.04), 

p=0.042 for PI).  
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 Controls Subjects  
with diabetes 

p value for difference 

 Amplitude -Band 1 
(cms

-1
) 

0.48 (0.35-0.62) 0.43 (0.38-0.52) 0.581 

Amplitude -Band 2 
(cms

-1
) 

0.75 (0.63-1.07) 0.82 (0.72-0.96) 0.417 

Amplitude -Band 3 
(cms

-1
) 

1.01 (0.88-1.24) 1.22 (0.97-1.46) 0.026 

Amplitude -Band 4 
(cms

-1
) 

1.56 (1.25-1.90) 1.79 (1.44-2.23) 0.127 

Amplitude -Band 5 
(cms

-1
) 

3.10 (2.39-3.79) 3.09 (2.60-3.65) 0.888 

Amplitude -Band 6 
(cms

-1
) 

4.05 (0.22) 3.87 (0.19) 0.540 

Amplitude -Band 7 
(cms

-1
) 

1.34 (0.80-1.75) 0.86 (0.49-1.52) 0.060 

Amplitude -Band 8 
(cms

-1
) 

1.23 (0.83-1.63) 0.76 (0.56-1.52) 0.035 

Amplitude -Band 9 
(cms

-1
) 

1.52 (0.84-2.75) 1.14 (0.52-1.60) 0.017 

Amplitude -Band 10 
(cms

-1
) 

2.02 (1.01-2.45) 1.37 (0.86-2.34) 0.183 

Amplitude -Band 11 
(cms

-1
) 

19.22 (1.21) 19.37 (0.91) 0.922 

Mean Velocity (cms
-1

) 
 

22.72 (1.01) 21.43 (0.88) 0.340 

Resistive index 
 

0.52 (0.49-0.59) 0.58 (0.54-0.62) 0.006 

Pulsatility index 
 

0.83 (0.77-1.04) 0.99 (0.87-1.10) 0.042 

 
Table 3.6: Comparisons between controls and subjects with diabetes in measures obtained on 

waveforms taken from the right kidney. Data shown are mean (standard error of the mean) for 

variables that underwent parametric analysis, and median (interquartile range) for variables that 

underwent non-parametric analysis.  
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Figure 3.4: Intra-renal Arterial Data – Diabetes vs Controls. (a) Differences between 

controls and subjects with diabetes in amplitude of bands 3, 8 and 9. (b) Differences 

between controls and subjects with diabetes in resistive and pulsatility indices. Centre of 

box = median; extremities of box = interquartile range; whiskers = range.  

* p<0.05, **p<0.01. 

 
(a) 

(b) 
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Statistically significant correlations were detected in subjects with diabetes between 

urinary albumin:creatinine ratios and the following variables: amplitude in bands 1 

(p=0.044), 4 (p=0.026) and 5 (p=0.023), as well as mean velocity (p=0.023). A trend 

towards a significant correlation was noted for bands 9 and 10 (p=0.055 and p=0.067 

respectively). These data are summarised in table 3.7. 

 

  

Urinary albumin:creatinine 

ratio correlation with: 

Kendall’s tau p value 

 Amplitude -Band 1 -0.248 0.044 

Amplitude -Band 2 -0.002 0.988 

Amplitude -Band 3 0.130 0.290 

Amplitude -Band 4 0.274 0.026 

Amplitude -Band 5 0.281 0.023 

Amplitude -Band 6 0.149 0.227 

Amplitude -Band 7 -0.039 0.754 

Amplitude -Band 8 0.130 0.290 

Amplitude -Band 9 0.237 0.055 

Amplitude -Band 10 0.226 0.067 

Amplitude -Band 11 0.138 0.264 

Mean Velocity 0.281 0.023 

Resistive index 
 

-0.004 0.976 

Pulsatility index 
 

-0.013 0.917 

 

Table 3.7: Correlations between urinary albumin:creatinine ratios and waveform data 

obtained for subjects with diabetes 
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Effects of confounding  

 

Significant interactions between the confounding variables were tested for before 

performing analysis of covariance. Significantly interacting covariates were dropped 

from the analysis. After taking into effect of the differences in systolic blood pressure 

and BMI between groups, differences in the following parameters lost significance 

when compared between groups: amplitude in band 3 (p=0.226), RI (p=0.197) and 

PI (p=0.348). 

 

Discussion 

 

Clear differences have been demonstrated between the maximum blood velocity 

waveforms captured from the intra-renal vessels in a group of young, well-controlled 

patients with type I diabetes mellitus and  a group of age and sex-matched healthy 

controls. These abnormalities have been detected in subjects considered to have 

good diabetic control.  All subjects had normal renal function. 35 of the subjects with 

diabetes had urinary albumin:creatinine ratios in the normal range; 4 had ratios just 

inside the microalbuminuric range. 

 

No differences were detected when mean velocity was compared between groups, 

however the resistive and pulsatility indices were significantly higher in those with 

diabetes. The p value for the difference in PI between groups (0.042) raises 

concerns that this finding may represent a type I statistical error. The finding of a 

raised RI in this population is more statistically impressive however, and is not 

entirely surprising. A raised intra-renal RI has been reported in children with well 
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controlled type 1 diabetes385. It has also been shown to correlate with blood glucose 

levels386. In a further study in type 1 diabetes, subjects with normal blood pressure 

and renal function were stratified into 2 groups depending on whether they had 

normally filtering or hyperfiltering kidneys387. Those with renal hyperfiltration had a 

reduction in RI. Elevations in RI have been more widely documented in type 2 

diabetes388, 389, and more particularly in the setting of microalbuminuria390. Subjects 

with diabetes and raised RI have been shown to have abnormalities of pulse wave 

velocity390 and cardiac diastolic function391, and may develop renal impairment 

before those with a normal RI392. 

 

Wavelet analysis of waveforms revealed significant differences between groups in 

bands 3, 8 and 9 and a trend towards a difference in band 7. The higher frequency 

band differences (bands 3 and 7) are perhaps the most interesting. Of course, it can 

be argued that the difference in RI and PI between groups allows adequate 

distinction between them, but it is reassuring that differences in wavelet based 

indices are apparent too. It would be interesting to apply wavelet analysis to a 

sample of subjects with diabetes who have a normal RI and PI to see if changes are 

apparent in those circumstances. There is a chance however that the differences 

seen between groups with regard to these wavelet parameters simply represent type 

I statistical errors. 

 

As discussed in section 2, it might be suggested that changes seen between groups 

are on the basis of altered wave reflections from the microcirculation downstream of 

the recording site. The renal artery itself was not studied in this work, but since it is a 

conduit artery, one might infer from the data presented in the previous section for the 
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common carotid artery and in the next section for the brachial artery, that differences 

between groups would be less likely to have been demonstrated in this vessel. The 

concept of capturing data close to the end-organ in question again seems to be 

important. 

 

The finding of several statistically significant correlations between urinary albumin 

excretion and frequency band data is important. Because the subjects with diabetes 

studied were very well controlled, with almost all having urinary albumin excretion in 

the normal range, scatterplots demonstrating the relationships between frequency 

band data are difficult to interpret, and the r2 values are low. Since microalbuminuria 

is a marker of renal microvascular disease, the finding of significant correlations is in 

support of the argument that the changes detected between groups on wavelet 

interrogation is due to microvascular disease. Although the p values for the 

comparisons achieve statistical significance at the 5% level, they are not especially 

impressive. The possibility of type I error must be therefore be acknowledged. The 

fact that multiple differences were detected does however increase the chance that 

this might represent a true finding. It would be interesting to perform these 

correlations on a larger group of subjects with a larger scatter in their distribution of 

urinary albumin excretion. 

 

Doppler ultrasound examination of small intra-renal vessels is technically 

demanding, and limited by the fact that examinations must be carried out on a single 

breath hold. The procedure is also difficult in subjects with abdominal obesity. 

Despite these limitations, clear differences were apparent between the groups 
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studied here. The arcuate/inter-lobular vessels studied were of sufficiently small size 

to allow significant differences between groups to be detected. 

 

It can be hypothesized that the differences between groups noted in this study 

represent evidence of the very earliest form of vascular alterations in the 

development of diabetic nephropathy. The changes might be the precursor changes 

of more clinically demonstrable microvascular disease that can be detected as 

urinary albumin excretion. This development is well recognised as a feature that puts 

the individual concerned at higher risk of organ damage and cardiovascular events in 

general238. The ability to detect abnormalities at such an early stage in the disease 

process offers the possibility of therapeutic intervention with the intent of normalising 

the physiology. Further studies in this area would be very useful. 
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Section 4 

 

Study of forearm vasculature in diabetes mellitus   
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Overview of methodology 

 

Full details are given in chapter 2. In brief, 39 subjects with well-controlled type 1 

diabetes mellitus and no significant vascular complications were compared with 39 

age and sex matched controls. All subjects had an assessment of their right radial 

artery using a pressure tonometer.  An automatic computer-based algorithm was 

used to calculate several indices by analyzing the contour of an averaged pressure 

waveform. A B-mode ultrasound examination of the right brachial artery was then 

made, with video images transmitted in real-time from the ultrasound machine to a 

personal computer. The diameter of the artery was measured 25 times per second, 

and measures of the mechanical properties of the artery made based upon diameter 

excursions in relation to blood pressure. Flow-mediated dilatation of the brachial 

artery was then calculated by comparing the arterial diameter before and after a 4.5 

minute period of ischaemia that was induced by inflating a sphygmomanometer cuff 

to 50 mmHg above the systolic blood pressure. A Doppler ultrasound examination of 

blood flow in the brachial artery was performed: at baseline; with the 

sphygmomanometer cuff inflated after 4 minutes ischaemia; during cuff deflation; 

and for 30 seconds after cuff deflation. Maximum blood flow velocity waveforms were 

analysed using the discrete wavelet transform. Frequency data thus obtained were 

categorized into 11 frequency bands, thus permitting comparisons between the 

groups. For blood flow post-cuff release, 2 separate analyses were made. First, 

comparisons of the first complete pulse following cuff release were made. Second, 

comparisons were made between the averaged frequency band data for the first 10 

pulses following cuff release. Waveforms were also described using time domain 

parameters, and these were compared in addition. 



P a g e  | 190 

 

 

Parameters obtained by analysis of waveforms obtained by radial artery 

applanation tonometry  

 

Pulse pressure was higher in subjects with diabetes compared to controls (mean 

53.97 (standard error 1.19) mmHg vs 47.71 (1.19) mmHg), p=0.000), as was 

estimated cardiac output (6.03 (0.11) l/min vs 5.42 (0.15) l/min, p=0.002). Systemic 

vascular resistance was significantly lower in subjects with diabetes (1171.09 (31.92) 

dyne.sec.cm-5 vs 1284.79 (45.92) dyne.sec.cm-5, p=0.047). There was a trend 

towards a lower cardiac ejection time and stroke volume index in subjects with 

diabetes (p=0.052 and 0.056 respectively).  

 

 Controls Subjects  
with diabetes 

p value for difference 

Pulse pressure (mmHg) 47.71 (1.19) 53.97 (1.19) 0.000 
Cardiac ejection time 

(ms) 
313.45 (3.62) 302.44 (4.25) 0.052 

Stroke volume (ml/beat) 88.12 (2.50) 91.50 (2.46) 0.334 
Stroke volume index 

(ml/beat/m
2
) 

49.12 (1.35) 45.72 (1.10) 0.056 

Cardiac output 
(l/min) 

5.42 (0.15) 6.03 (0.11) 0.002 

Cardiac output index 
(l/min/m

2
) 

3.10 (2.73-3.28) 3.00 (2.90-3.18) 0.792 

Large artery elasticity 
index (ml/mmHg x 10) 

19.20 (14.55-23.20) 16.20 (14.33-19.68) 0.254 

Small artery elasticity 
index (ml/mmHg x 100) 

8.20 (0.58) 8.50 (0.70) 0.741 

Systemic vascular 
resistance 

(dyne.sec.cm
-5

) 

1284.79 (45.92) 1171.09 (31.92) 0.047 

Total vascular 
impedance 

(dyne.sec.cm
-5

) 

115.70 (5.82) 114.56 (5.40) 0.887 

 
Table 3.8: Comparisons between controls and subjects with diabetes in measures obtained by 

radial tonometry. Data shown are mean (standard error of the mean) for variables that 

underwent parametric analysis, and median (interquartile range) for variables that underwent 

non-parametric analysis.  
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Figure 3.5: Radial applanation tonometry data – Diabetes vs Controls (a) Differences between 

controls and subjects with diabetes in pulse pressure; (b) Differences between controls and subjects 

with diabetes in cardiac output; (c) Differences between controls and subjects with diabetes in 

systemic vascular resistance. Centre of box = median; extremities of box = interquartile range; 

whiskers = range.  

* p<0.05, **p<0.01. 

 

  

(a) 

(b) (c) 
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Parameters obtained by analysis of brachial artery diameter measured in real-

time using B-mode ultrasound 

The elastic modulus was significantly higher in subjects with diabetes (median 30.14 

(interquartile range 20.35-44.80) units vs 23.86 (14.86-33.96) units, p=0.038), while 

brachial artery distensibility index was significantly impaired in subjects with diabetes 

(0.00067 (0.00045-0.00099) units vs 0.00085 (0.00057-0.00137) units, p=0.039). 

There was a trend towards a higher beta stiffness in subjects with diabetes 

(p=0.083).  

 Controls Subjects  
with diabetes 

p value for difference 

Beta stiffness (units) 
 

27.38 (16.53-39.21) 32.43 (22.87-43.87) 0.117 

Elastic modulus (N/cm
2
) 

 
26.95 (2.36) 33.11 (2.25) 0.068 

Distensibility Index 
(units) 

0.00085 (0.00057-
0.00137) 

0.00067 (0.00045-
0.00099) 

0.039 

Compliance (units) 
 

0.00889 (0.00539-
0.01842) 

0.00825 (0.00514-
0.01135) 

0.210 

 
Table 3.9: Comparisons between controls and subjects with diabetes in measures obtained from 

B-mode ultrasound of the right brachial artery. Data shown are mean (standard error of the 

mean) for variables that underwent parametric analysis, and median (interquartile range) for 

variables that underwent non-parametric analysis.  

 
 

  
Figure 3.6: Differences between controls 

and subjects with diabetes in 

distensibility index. Centre of box = 

median; extremities of box = interquartile 

range; whiskers = range.   

* p<0.05, **p<0.01. 
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Flow mediated dilatation of the brachial artery 

Brachial artery diameters were comparable between groups at baseline (mean 3.97 

(standard error 0.12) mm for subjects with diabetes vs 3.78 (0.12) mm for controls, 

p=0.264). In both controls and subjects with diabetes, flow mediated dilatation was 

significantly positively skewed. A logarithmic transformation was applied. This 

resulted in variables that were normally distributed with homogeneity of variance. 

Analysis of transformed data showed that flow mediated dilatation was significantly 

lower in subjects with diabetes (median 4.21 (interquartile range 1.77-6.12) % vs 

4.60 (2.91-10.69) %, p=0.035).  

 Controls Subjects  
with diabetes 

p value for difference 

Baseline brachial artery 
diameter (mm) 

3.78 (0.12) 3.97 (0.12) 0.264 

Flow mediated 
dilatation (%)  

4.60 (2.91-10.69) 4.21 (1.77-6.12) - 

Flow mediated 
dilatation (%) 

(Transformed data) 

1.80 (0.11) 1.46 (0.11) 0.035 

Mean shear stress 
(dyne cm

-2
) 

8.27 (0.40) 6.81 (0.28) 0.001 

 
Table 3.10: Comparisons between controls and subjects with diabetes in measures of brachial 

artery diameter and flow mediated dilatation of the right brachial artery. Data shown are mean 

(standard error of the mean) for variables that underwent parametric analysis, and median 

(interquartile range) for variables that underwent non-parametric analysis.  

 

  

 

Figure 3.7: Differences between controls and 

subjects with diabetes in FMD. Centre of box 

= median; extremities of box = interquartile 

range; whiskers = range.  

* p<0.05. 
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There was a statistically significant correlation between FMD and mean shear stress 

(Kendall‟s tau 0.215, p=0.018), although the R2 value was low (0.093). Correlation 

was not significant when FMD and glucose or FMD and baseline brachial artery 

diameter were compared. 

 

FMD Correlation with: Kendall‟s tau p value 

Mean shear stress 0.215 0.018 

Glucose -0.117 0.156 

Brachial artery baseline 

diameter 

-0.065 0.408 

 

Table 3.11 Correlations between FMD and other relevant parameters  

 

 

 

  

 

Figure 3.8 Scatterplot showing correlation between FMD and mean shear stress. 
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Doppler ultrasound interrogation of the brachial artery at baseline 

 

No significant differences were present between controls and subjects with diabetes.  

 

Doppler ultrasound interrogation of the brachial artery when a 

sphygmomanometer cuff is inflated on the forearm 

 

The amplitude was lower for subjects with diabetes than controls in band 8 (mean 

5.48 (standard error 0.45) cms-1 vs 6.91 (0.53) cms-1, p=0.044). No differences were 

apparent when mean velocity or time domain analyses were compared. 

 

 

Figure 3.9: Brachial Artery Data (Cuff Inflated) – 

Diabetes vs Controls. Differences between controls 

and subjects with diabetes in amplitude of band 8. 

Centre of box = median; extremities of box = 

interquartile range; whiskers = range.  

* p<0.05. 
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 At baseline 
 

With cuff inflated 

 Controls Subjects 
with 

diabetes 

p value for 
difference 

Controls Subjects 
with 

diabetes 

p value for 
difference 

 Amplitude -
Band 1 
(cms

-1
) 

0.95 (0.73-
1.35) 

0.96 (0.74-
1.23) 

0.465 1.18 (0.91-
1.58) 

1.14 (0.77-
1.37) 

0.197 

Amplitude -
Band 2 
(cms

-1
) 

2.13 (0.15) 1.94 (0.10) 0.301 2.35 (1.55-
2.84) 

2.00 (1.55-
2.48) 

0.226 

Amplitude -
Band 3 
(cms

-1
) 

5.75 (0.32) 5.64 (0.30) 0.787 3.98 (2.95-
4.56) 

3.35 (2.89-
4.50) 

0.414 

Amplitude -
Band 4 
(cms

-1
) 

11.99 (8.83-
15.74) 

10.75 (9.36-
15.68) 

0.574 10.79 (0.73) 10.54 (0.73) 0.806 

Amplitude -
Band 5 
(cms

-1
) 

14.08 (11.27-
17.27) 

12.71 (10.30-
17.06) 

0.633 14.80 (10.84-
21.15) 

13.65 (10.19-
20.26) 

0.517 

Amplitude -
Band 6 
(cms

-1
) 

12.04 (0.57) 11.56 (0.58) 0.555 11.50 (9.81-
16.54) 

10.25 (7.96-
15.46) 

0.253 

Amplitude -
Band 7 
(cms

-1
) 

2.31 (1.67-
3.33) 

1.76 (1.35-
2.98) 

0.138 9.67 (0.88) 8.10 (0.70) 0.171 

Amplitude -
Band 8 
(cms

-1
) 

1.57 (1.17-
2.62) 

1.54 (1.17-
2.75) 

0.865 6.91 (0.53) 5.48 (0.45) 0.044 

Amplitude -
Band 9 
(cms

-1
) 

1.88 (1.21-
3.26) 

2.24 (1.33-
3.24) 

0.299 11.33 (0.64) 10.72 (0.63) 0.500 

Amplitude -
Band 10 
(cms

-1
) 

2.58 (2.00-
4.59) 

3.24 (2.26-
5.44) 

0.304 9.25 (5.80-
15.29) 

9.62 (7.16-
12.25) 

0.673 

Amplitude -
Band 11 
(cms

-1
) 

10.70 (7.52-
17.09) 

12.53 (7.73-
20.69) 

0.618 24.00 (20.82-
33.62) 

23.89 (20.16-
29.82) 

0.408 

Mean 
Velocity 
(cms

-1
) 

15.21 (11.88-
19.78) 

15.28 (10.40-
23.17) 

0.857 7.27 (5.41-
8.92) 

6.68 (5.60-
10.09) 

0.938 

Resistive 
index 

 

1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

0.342 1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

0.304 

Pulsatility 
index 

 

7.18 (0.39) 6.62 (0.50) 0.376 13.73 (10.16-
18.43) 

11.89 (9.65-
15.52) 

0.225 

 

Table 3.12: Comparisons between controls and subjects with diabetes in measures obtained on 

waveforms taken from the right brachial artery at baseline and with a sphygmomanometer cuff 

inflated on the forearm. Data shown are mean (standard error of the mean) for variables that 

underwent parametric analysis, and median (interquartile range) for variables that underwent 

non-parametric analysis.  
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Doppler ultrasound interrogation of brachial artery blood flow after a 4 minute 

period of ischaemia 

 

Analysis of the first pulse post-cuff release 

 

The amplitude was lower for subjects with diabetes than controls in band 11 (mean 

61.31 (standard error 2.38) cms-1 vs 70.49 (2.49) cms-1, p=0.010). There was a trend 

towards lower amplitude for subjects with diabetes in band 6 (p=0.059). No 

differences were apparent when mean velocity or time domain analyses were 

compared, although there was a trend towards lower mean velocity in subjects with 

diabetes (p=0.054). 

 

Analysis of the mean of the first ten pulses post-cuff release 

 

The amplitude was lower for subjects with diabetes than controls in bands 6 (mean 

16.54 (standard error 0.80) cms-1 vs 19.15 (0.93) cms-1, p=0.037) and 11 (92.72 

(3.70) cms-1 vs 110.75 (4.72) cms-1, p=0.004). There was a trend towards lower 

amplitude for subjects with diabetes in band 9 (p=0.090). Mean velocity was 

significantly lower in subjects with diabetes (median 94.06 (interquartile range 83.71-

111.75) cms-1 vs 110.58 (94.07, 133.73) cms-1, p=0.015). No differences were 

apparent when time domain analyses were compared. 
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 First pulse post-cuff release 
 

Mean of first 10 pulses post-cuff 
release 

 Controls Subjects 
with 

diabetes 

p value for 
difference 

Controls Subjects 
with 

diabetes 

p value for 
difference 

 Amplitude -
Band 1 
(cms

-1
) 

0.80 (0.69-
1.05) 

0.77 (0.55-
1.02) 

0.468 0.92 (0.80-
1.04) 

0.89 (0.67-
1.09) 

0.484 

Amplitude -
Band 2 
(cms

-1
) 

1.53 (1.28-
1.94) 

1.65 (1.14-
2.17) 

1.000 1.80 (1.50-
2.40) 

1.90 (1.46-
2.39) 

0.988 

Amplitude -
Band 3 
(cms

-1
) 

2.53 (1.91-
4.09) 

2.61 (1.79-
4.28) 

0.972 2.84 (2.39-
3.49) 

3.04 (2.09-
3.89) 

0.744 

Amplitude -
Band 4 
(cms

-1
) 

7.19 (0.46) 6.93 (0.48) 0.692 7.41 (0.44) 6.83 (0.37) 0.314 

Amplitude -
Band 5 
(cms

-1
) 

12.56 (0.83) 12.53 (0.81) 0.978 13.75(0.93) 12.42 (0.70) 0.256 

Amplitude -
Band 6 
(cms

-1
) 

19.37 (1.19) 16.41 (0.94) 0.059 19.15 (0.93) 16.54 (0.80) 0.037 

Amplitude -
Band 7 
(cms

-1
) 

13.41 (9.97-
17.96) 

11.28 (7.30-
16.63) 

0.132 8.37 (4.55-
13.40) 

8.44 (3.49-
12.86) 

0.384 

Amplitude -
Band 8 
(cms

-1
) 

8.11 (5.02-
11.63) 

7.81 (6.19-
10.74) 

0.704 2.92 (2.03-
3.83) 

2.67 (1.93-
3.59) 

0.597 

Amplitude -
Band 9 
(cms

-1
) 

13.29 (0.97) 11.29 (0.90) 0.137 5.35 (3.34-
7.85) 

3.61 (3.04-
5.92) 

0.090 

Amplitude -
Band 10 
(cms

-1
) 

14.36 (1.60) 16.28 (1.44) 0.379 10.51 (0.87) 10.14 (0.91) 0.765 

Amplitude -
Band 11 
(cms

-1
) 

70.49 (2.49) 61.31 (2.38) 0.010 110.75 (4.72) 92.72 (3.70) 0.004 

Mean 
Velocity 
(cms

-1
) 

 

95.63 (3.31) 86.07 (3.58) 0.054 110.58 (94.07-
133.73) 

94.06 (83.71-
111.75) 

0.015 

Resistive 
index 

 

0.66 (0.02) 0.67 (0.01) 0.630 0.65 (0.01) 0.67 (0.01) 0.258 

Pulsatility 
index 

 

1.31 (0.07) 1.35 (0.06) 0.692 1.12 (0.03) 1.19 (0.04) 0.186 

 

Table 3.13: Comparisons between controls and subjects with diabetes in measures obtained on 

waveforms taken from the right brachial artery after a period of ischaemia. Data shown are mean 

(standard error of the mean) for variables that underwent parametric analysis, and median 

(interquartile range) for variables that underwent non-parametric analysis.   
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(a) (b) 

(c) 

Figure 3.10: Brachial Artery Data (Post-forearm ischaemia) – Diabetes vs Controls (a) 

Differences between controls and subjects with diabetes in amplitude of band 11 (first 

pulse); (b) Differences between controls and subjects with diabetes in amplitude of 

bands 6 and 11 (average of first 10 pulses) (c) Differences between controls and 

subjects with diabetes in mean velocity (average of first 10 pulses). Centre of box = 

median; extremities of box = interquartile range; whiskers = range. * p<0.05, ** p<0.01.  

* 
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Effects of confounding  

 

Significant interactions between the confounding variables were tested for before 

performing analysis of covariance. Significantly interacting covariates were dropped 

from the analysis. After taking into effect of the differences in systolic blood pressure 

and BMI between groups, differences in the following parameters lost significance 

when compared between groups: distensibility index (p=0.052) and FMD (analysis of 

transformed data) (p=0.062). 

 

Discussion 

 

Clear differences have been demonstrated in several of the measures recorded 

between a group of young, well-controlled patients with type I diabetes mellitus and  

a group of age and sex-matched healthy controls. These abnormalities have been 

detected in subjects considered to have good control. 

 

Concerning the results obtained by radial tonometry, subjects with diabetes were 

shown to have an elevated pulse pressure and estimated cardiac output in 

comparison to controls and a reduction in systemic vascular resistance. The findings 

for pulse pressure and cardiac output had very low p values and probably represent 

true differences between groups. Pulse pressure is the simplest measure of altered 

arterial mechanics, and has been shown to convey prognostic information in several 

populations as detailed in the introduction. An elevated pulse pressure has been 

previously reported in type 1 diabetes393. The finding of a higher cardiac output in 

subjects with diabetes should be questioned. The index is output as part of a battery 
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of indices calculated during radial tonometry. The algorithm used in its computation 

is a multivariate function of ejection time, heart rate, body surface area and age. This 

technique has been validated by the manufacturers of the tonometer by comparing 

the values generated to the ejection of indocyanine green from the heart76. They 

report that in 92% of test cases, the estimated cardiac output was within 25% of the 

measured cardiac output. The tonometry method has been used infrequently in 

studies as an estimator of cardiac output, and it is suggested that the results 

collected in this experiment are probably of little significance. 

 

What is more interesting is the finding of a lower level of FMD in subjects with 

diabetes, although the possibility of a type I statistical error is acknowledged. To the 

reader unfamiliar with the literature in relation to this subject, it may not come as a 

surprise to find that FMD was lower in subjects with diabetes. However, the non-

invasive measurement of endothelial function in diabetes is a relatively controversial 

area. Whilst some authors report a reduction in FMD in diabetes394-397, others report 

no difference in comparison to healthy controls398, 399. With the effects of publication 

bias favouring the publishing of positive studies, the overall effect may be even more 

neutral. It cannot be directly inferred that the finding of a reduced FMD in this study 

is direct evidence of reduced NO bioavailability, since a variety of alternative 

explanations can account for a reduction in FMD between groups. There is good 

evidence to suggest that one of the main explanations for a difference in FMD 

between two groups is simply a function of a difference in induced shear stress400, 

401, which in turn depends on the distal microcirculation‟s response to the ischaemic 

stimulus. Once released, NO may have a limited lifespan in subjects with diabetes. 

This can relate to scavenging by reactive oxygen species or to quenching of NO by 
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advanced glycation end products402. Hyperglycaemia can interfere with the 

production of NO-induced guanylate cyclase activation403. Furthermore, vascular 

smooth muscle cells may not relax normally in diabetes, since nitrate-induced 

endothelium-independent dilatation has been reported to be reduced in some 

studies259, 394. Local distensibility of the brachial artery must also play a factor, since 

a rigid artery would not be expected to dilate significantly regardless of the factors 

mentioned above. 

 

With these issues in mind, it is interesting to note that a significant difference in 

mean shear stress was detected between groups, and that FMD was significantly 

correlated with shear stress. The value of r2 for the correlation was only 0.09 

however, so other factors clearly played a role in the variation of the FMD. Also of 

note is the finding of a significantly reduced brachial artery distensibility in subjects 

with diabetes. As mentioned, this may impact on the theoretical maximal dilatation of 

the artery.  

 

Of note, the FMD measured in the control group in the study was lower than that 

expected from a group of healthy individuals (4.60% as compared with 8-10% in 

many published studies). The difference in FMD between groups could potentially 

have been much greater if a different control group had been chosen. Of note 20% 

of the control group were active smokers compared with only 10% of those with 

diabetes. A further factor which may explain this result is the fact that time was spent 

collecting Doppler flow waveforms after deflation of the sphygmomanometer cuff. 

This is not conventional, and was done in an attempt to maximise the data collected 

during the test. It is possible that the maximal dilations were missed during this time 
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period. Since the same approach was adopted for both groups however, the results 

presented above are directly comparable and the conclusions drawn are valid. 

 

Also worthy of mention is the fact that the measurement of FMD, whilst theoretically 

simplistic, is actually very technically demanding. It has been shown that the within 

person reproducibility of measures is far from excellent396. The interpretation of 

diameter measurements before and after ischaemia is also open to bias, since there 

is often a great degree of noise in the signal recorded. 

 

Considering the waveforms captured from the brachial artery, no differences were 

apparent in mean velocity, resistive or pulsatility indices, or wavelet-derived 

parameters at baseline. This lends weight to the argument presented in previous 

sections regarding studying waveforms in conduit arteries. It could be suggested that 

the low energy reflected waves generated in the smallest of vessels are damped out 

when waveforms are obtained too far proximally. No  amount of analysis can tease 

out information that is no longer contained in the waveform. If information is to be 

gleaned about the state of the microvascular network, the investigator should record 

Doppler flow waveforms as distally as possible in the vascular tree. It would be 

possible to perform Doppler ultrasound examinations of the radial, ulnar, palmar or 

digital arteries and it would be useful to compare waveforms captured at these sites 

with brachial waveforms in future studies. 

 

Attempts were made in the present work to capture Doppler waveform data 

regarding the distal microcirculation from the brachial artery by recording blood flow 
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data during and after a period of forearm ischaemia. Waveform data was collected 

before measurement of brachial artery diameter was performed.  

 

With a sphygmomanometer cuff inflated on the forearm, distal to the ultrasound scan 

head, all downstream reflected components to the waveform were removed. It could 

be easily hypothesized that differences in the waveforms between groups seen when 

the cuff was inflated are due to differences in the mechanical properties of the 

brachial artery itself, assuming that the input into the system is constant between 

groups. The amplitude in frequency band 8 was significantly lower in subjects with 

diabetes in this setting. It is tempting to report that this is evidence of a difference in 

waveforms between groups and that this change supports the reduction in 

distensibility reported above. This conclusion should be interpreted with speculation 

however, since no differences were apparent in any of the other frequency bands, so 

a type I statistical error seems likely. Additionally, the measure of large artery 

elasticity index measured at tonometry was comparable between groups. 

Furthermore, frequency band 8 incorporates frequencies of 0.176-0.352 Hz, which 

would include changes attributable to respiration. It is possible that a difference in 

the perception of pain in the hand due to ischaemia was reflected in an alteration in 

respiratory rate between groups. 

 

Analysis of the first complete waveform obtained after cuff release revealed a 

difference in the low frequency band 11 on wavelet analysis. It is likely that this is a 

spurious result reflecting type I error. Analysis of the averaged signal from the first 10 

pulses after cuff release revealed significant differences between groups in bands 6 

and 11, and trend towards a difference in band 9. Mean velocity was also different 
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between groups. No changes were seen in time domain measures between groups 

for any of the forearm waveforms analysed.  

 

It is felt that analysis of the averaged signal is much more meaningful than analysing 

the first pulse following cuff release. This is because there is always a degree of 

patient movement as the cuff deflates, and because there is the potential for a 

variation in the rate of cuff deflation. Furthermore, the first pulse following deflation 

often produces a large featureless signal, in which fine detail may be lost. 

 

It is hypothesized that the changes seen when analysing the average 10 pulses 

following cuff release reflect differences in the microvasculature between groups. 

The low-resistance state of the forearm vasculature following a period of ischaemia 

may provide a „window‟ through which these abnormalities are visible. This would 

account for the fact that no changes were apparent at baseline. Interestingly, no 

differences were seen between groups in the small artery elasticity index measured 

during radial tonometry. Since this index is calculated by analysing only the diastolic 

component of the waveform, it would not be expected to provide as comprehensive 

an analysis as the wavelet transform that analyses the waveform in its entirety. 

 

 

 

 

 

  



P a g e  | 206 

 

 

 

Section 5 

 

Study of common carotid and retrobulbar arterial 

waveforms in grade 1 hypertension   
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Overview of methodology 

 

Full details are given in chapter 2. In brief, 25 subjects with grade 1 hypertension and 

no significant vascular complications were compared with 33 age and sex matched 

controls. All subjects underwent Doppler ultrasound examinations of their right 

common carotid artery, right ophthalmic artery and right central retinal artery. 

Maximum blood flow velocity waveforms were captured, and analysed using the 

discrete wavelet transform. Frequency data thus obtained were categorized into 11 

frequency bands, thus permitting comparisons between the groups. Waveforms were 

also described using time domain parameters, and these were also compared. 

 

Comparison of common carotid artery waveforms between subjects and 

controls 

 

The amplitude was lower for subjects with hypertension than controls in bands 1 

(mean 0.54 (standard error 0.02) cms-1 vs 0.64 (0.25) cms-1, p=0.010), 4 (4.94 (0.36) 

cms-1 vs 6.46 (0.39) cms-1, p=0.008), 5 (7.25 (0.47) cms-1 vs 8.85 (0.42) cms-1, 

p=0.015), 7 (median 0.92 (interquartile range 0.76-1.40) cms-1 vs 1.73 (1.22-3.44) 

cms-1, p=0.000), 9 (1.41 (0.96-1.66) cms-1 vs 2.01 (1.44-2.80) cms-1, p=0.008)  and 

11 (44.60 (39.63, 48.06) cms-1 vs 52.42 (45.90-59.67) cms-1, p=0.002). There was a 

trend towards lower amplitude in band 3 in subjects with hypertension (p=0.066). 

Mean velocity was lower in those with hypertension (46.77 (42.66 – 49.01) cms-1 vs 

54.20 (48.22 – 61.07) cms-1, p=0.001). No differences were apparent when RI was 

compared, but PI was lower in those with hypertension (1.22 (0.05) vs 1.44 (0.05), 

p=0.008). 
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 Controls Subjects 
with hypertension 

p value for difference 

 Amplitude -Band 1 
(cms

-1
) 

0.64 (0.25) 0.54 (0.02) 0.010 

Amplitude -Band 2 
(cms

-1
) 

1.52 (0.06) 1.44 (0.08) 0.383 

Amplitude -Band 3 
(cms

-1
) 

3.97 (0.24) 3.36 (0.20) 0.066 

Amplitude -Band 4 
(cms

-1
) 

6.46 (0.39) 4.94 (0.36) 0.008 

Amplitude -Band 5 
(cms

-1
) 

8.85 (0.42) 7.25 (0.47) 0.015 

Amplitude -Band 6 
(cms

-1
) 

10.98 (0.43) 10.05 (0.57) 0.190 

Amplitude -Band 7 
(cms

-1
) 

1.73 (1.22-3.44) 0.92 (0.76-1.40) 0.000 

Amplitude -Band 8 
(cms

-1
) 

1.43 (0.95-2.08) 1.18 (0.94-1.44) 0.138 

Amplitude -Band 9 
(cms

-1
) 

2.01 (1.44-2.80) 1.41 (0.96-1.66) 0.008 

Amplitude -Band 10 
(cms

-1
) 

2.14 (1.94-2.88) 2.37 (1.66-3.02) 0.936 

Amplitude -Band 11 
(cms

-1
) 

52.42 (45.90-59.67) 44.60 (39.63-48.06) 0.002 

Mean Velocity (cms
-1

) 
 

54.20 (48.22-61.07) 46.77 (42.66-49.01) 0.001 

Resistive index 
 

0.66 (0.01) 0.64 (0.01) 0.170 

Pulsatility index 
 

1.44 (0.05) 1.22 (0.05) 0.008 

 
Table 3.14: Comparisons between controls and subjects with hypertension in measures obtained 

on waveforms taken from the right common carotid artery. Data shown are mean (standard error 

of the mean) for variables that underwent parametric analysis, and median (interquartile range) 

for variables that underwent non-parametric analysis.  
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(a) 

(b) 

Figure 3.11: Carotid Artery Data  – Hypertension vs Controls (a) Differences between 

controls and subjects with hypertension in amplitude of bands 1, 4, 5, 7, 9 and 11; (b) 

Differences between controls and subjects with hypertension in mean velocity. (c) 

Differences between controls and subjects with hypertension in pulsatility index. Centre 

of box = median; extremities of box = interquartile range; whiskers = range.  

* p<0.05, **p<0.01. 

 

(c) 
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Comparison of ophthalmic artery waveforms between subjects and controls 

 

The amplitude was lower for subjects with hypertension than controls in bands 7 

(median 0.54 (interquartile range 0.25-0.80) cms-1 vs 0.76 (0.57-1.26) cms-1, 

p=0.017). There was a trend towards higher amplitude in bands 6 and 11 in subjects 

with hypertension (p=0.069 and p=0.094 respectively). No differences were apparent 

in mean velocity between groups. The resistive and pulsatility indices were 

significantly lower in those with hypertension (0.66 (0.61-0.73) vs 0.72 (0.66-0.78), 

p=0.034 and 1.19 (1.04-1.56) vs 1.59 (1.23-2.02), p=0.005 respectively).  

 Controls Subjects with 
hypertension 

p value for difference 

 Amplitude -Band 1 
(cms

-1
) 

0.21 (0.14) 0.21 (0.01) 0.955 

Amplitude -Band 2 
(cms

-1
) 

0.53 (0.03) 0.60 (0.04) 0.131 

Amplitude -Band 3 
(cms

-1
) 

1.34 (0.08) 1.35 (0.11) 0.957 

Amplitude -Band 4 
(cms

-1
) 

1.68 (1.37-2.13) 1.59 (1.24-1.96) 0.417 

Amplitude -Band 5 
(cms

-1
) 

2.35 (1.89-3.26) 2.22 (1.82-3.11) 0.446 

Amplitude -Band 6 
(cms

-1
) 

3.40 (0.25) 4.10 (0.28) 0.069 

Amplitude -Band 7 
(cms

-1
) 

0.76 (0.57-1.26) 0.54 (0.25-0.80) 0.017 

Amplitude -Band 8 
(cms

-1
) 

0.66 (0.41-0.89) 0.56 (0.35-0.81) 0.446 

Amplitude -Band 9 
(cms

-1
) 

0.85 (0.44-1.29) 0.71 (0.48-1.07) 0.631 

Amplitude -Band 10 
(cms

-1
) 

0.89 (0.48-1.44) 0.83 (0.49-1.22) 0.908 

Amplitude -Band 11 
(cms

-1
) 

14.93 (1.02) 17.69 (1.27 0.094 

Mean Velocity (cms
-1

) 
 

15.75 (1.04) 18.35 (1.24) 0.113 

Resistive index 
 

0.72 (0.66-0.78) 0.66 (0.61-0.73) 0.034 

Pulsatility index 
 

1.59 (1.23-2.02) 1.19 (1.04-1.56) 0.005 

 

  Table 3.15: Comparisons between controls and subjects with hypertension in measures obtained 

on waveforms taken from the right ophthalmic artery. Data shown are mean (standard error of the 

mean) for variables that underwent parametric analysis, and median (interquartile range) for 

variables that underwent non-parametric analysis.  
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(a) 

(b) 

Figure 3.12: Ophthalmic Artery Data – Hypertension vs Controls (a) Differences 

between controls and subjects with hypertension in amplitude of band 7; (b) Differences 

between controls and subjects with hypertension in resistive and pulsatility indices. 

Centre of box = median; extremities of box = interquartile range; whiskers = range.  

* p<0.05, **p<0.01. 
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Comparison of central retinal artery waveforms between subjects and controls 

 

The amplitude was lower for subjects with hypertension than controls in band 4 

(mean 0.63 (standard error 0.04) cms-1 vs 0.75 (0.05) cms-1, p=0.048), but higher in 

band 11 (median 7.52 (interquartile range 5.63-8.83) cms-1 vs 2.22 (1.28-5.53) cms-1, 

p=0.000). The mean velocity was significantly higher in subjects with hypertension 

(8.33 (6.13-9.64) cms-1 vs 3.00 (2.10-6.52) cms-1 (p=0.000). The RI and pulsatility 

indices were significantly lower in subjects with hypertension (0.67 (0.55-1.00) vs 

1.00 (0.97 - 1.00), p=0.004 and 1.15 (0.85-1.81) vs 3.00 (1.78-4.28), p=0.000 

respectively). 

 Controls Subjects with 
hypertension 

p value for difference 

 Amplitude -Band 1 
(cms

-1
) 

0.18 (0.01) 0.18 (0.01) 0.916 

Amplitude -Band 2 
(cms

-1
) 

0.33 (0.02) 0.33 (0.02) 0.899 

Amplitude -Band 3 
(cms

-1
) 

0.50 (0.02) 0.48 (0.02) 0.473 

Amplitude -Band 4 
(cms

-1
) 

0.75 (0.05) 0.63 (0.04) 0.048 

Amplitude -Band 5 
(cms

-1
) 

1.18 (0.94-1.35) 1.06 (0.83-1.32) 0.533 

Amplitude -Band 6 
(cms

-1
) 

1.88 (0.13) 2.04 (0.17) 0.437 

Amplitude -Band 7 
(cms

-1
) 

0.39 (0.27-0.63) 0.36 (0.23-0.55) 0.359 

Amplitude -Band 8 
(cms

-1
) 

0.45 (0.05) 0.47 (0.06) 0.711 

Amplitude -Band 9 
(cms

-1
) 

0.41 (0.25-0.68) 0.49 (0.24-0.72) 0.557 

Amplitude -Band 10 
(cms

-1
) 

0.51 (0.31-0.78) 0.58 (0.25-1.08) 0.941 

Amplitude -Band 11 
(cms

-1
) 

2.22 (1.28-5.53) 7.52 (5.63-8.83) 0.000 

Mean Velocity (cms
-1

) 
 

3.00 (2.10-6.52) 8.33 (6.13-9.64) 0.000 

Resistive index 
 

1.00 (0.97-1.00) 0.67 (0.55-1.00) 0.004 

Pulsatility index 
 

3.00 (1.78-4.28) 1.15 (0.85-1.81) 0.000 

 

 

  

Table 3.16: Comparisons between controls and subjects with hypertension in measures obtained on 

the right central retinal artery. Data shown are mean (standard error of the mean) for variables that 

underwent parametric waveforms taken from analysis, and median (interquartile range) for variables 

that underwent non-parametric analysis. 
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(a) (b) 

(c) 

Figure 3.13: – Central Retinal Artery Data - Hypertension vs Controls (a) Differences 

between controls and subjects with hypertension in amplitude of bands 4 and 11; (b) 

Differences between controls and subjects with hypertension in mean velocity; (c) 

Differences between controls and subjects with hypertension in resistive and pulsatility 

indices. Centre of box = median; extremities of box = interquartile range; whiskers = 

range. * p<0.05, **p<0.01. 
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Effects of confounding  

 

Significant interactions between the confounding variables were tested for before 

performing analysis of covariance. Significantly interacting covariates were dropped 

from the analysis. After taking into effect of the differences in BMI, glucose and HDL-

cholesterol between groups, differences in the following parameters lost significance 

when compared between groups: carotid amplitude in band 5 (p=0.050), carotid 

amplitude in band 6 (p=0.179), ophthalmic artery RI (p=0.098), central retinal artery 

amplitude in band 4 (p=0.160), central retinal artery mean velocity (p=0.599). All 

other parameters remained significantly different between groups. 

 

Discussion 

 

Clear differences have been demonstrated between the maximum blood velocity 

waveforms captured from a group of young subjects with grade 1 hypertension and  

a group of age and sex-matched healthy controls. These abnormalities have been 

detected in subjects, who until recent years would have been considered to have 

reasonably well controlled hypertension and in whom, even today treatment is not 

always initiated by non-experts in the field.  

 

When mean velocity is considered in isolation, a reduction was detected in subjects 

with hypertension in the carotid artery, no difference from controls in the ophthalmic 

artery, and an increase in the central retinal artery. The findings in the carotid artery 

mimic those found in subjects with diabetes. The PI was reduced in the carotid artery 

in subjects with hypertension, and both resistive and pulsatility indices were reduced 
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in the two smaller arteries studied. The literature on this field is not consistent. 

Although similar findings to those reported here have been described, other authors 

have reported seemingly opposite results. For instance, it has been shown that the 

velocity in the middle cerebral artery, which has many similarities with the retrobulbar 

arteries, is reduced in subjects who have had hypertension for over 5 years404. 

Reduced flow in the ophthalmic and central retinal arteries has been reported also in 

such subjects, and attributed to the effects of increased peripheral resistance405. In a 

study in pregnant women, the PI in the ophthalmic artery was significantly reduced in 

women with chronic hypertension as well as in those with pre-eclampsia when 

compared to healthy women406. The authors report a strong inverse correlation 

between mean arterial pressure and PI (r2 = 0.645), and attribute the pattern seen in 

hypertension to orbital vascular vasodilatation. While some authors report no change 

in ophthalmic artery RI with hypertension407, others still report an increase in both RI 

and PI in the ophthalmic and central retinal arteries405, 408. The reason for the 

discrepancies in these results is not clear, however one possible explanation might 

be related to the fact that there is a degree of vagueness in many of the published 

works in this area as to the precise definition of the indices used. In the present 

study, PI was defined as the difference between peak systolic and end diastolic 

velocities divided by the mean velocity. In other work, authors may have used an 

alternative definition – e.g. in place of end diastolic velocity, some advocate use of 

the minimum velocity – which can sometimes be negative in the case of reversed 

flow. Many modern ultrasound machines output a value for RI and PI with no 

explanation of the formulae used in their derivation, and this may account for the fact 

that many papers on the subject do not include a definition of these indices. What is 
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reported as RI and PI in one paper, may therefore not correspond to the same 

indices in another paper and caution is advised. 

 

The limitations of ultrasound examination of the central retinal artery mentioned in 

the diabetes section still stands in the hypertensive population studied, i.e. Doppler 

studies were technically very difficult. For control subjects, almost without exception 

the end-diastolic velocity was zero – this had the effect of making the RI approximate 

to unity in most subjects. In subjects with hypertension who had a greater blood 

velocity in this vessel, signals were less likely to have zero end-diastolic velocity. 

This would account for the difference in RI between these groups. Again, the use of 

a contrast medium might make comparisons between these two groups more 

meaningful. 

 

When wavelet analysis was used to compare waveforms between groups, significant 

differences were noted in multiple frequency bands in all the vascular territories 

studied. In direct contrast to the pattern seen in subjects with diabetes in whom 

progressively more frequency bands became different between groups as one 

proceeded distally along the vascular tree, most differences noted here were 

apparent in the common carotid artery, with very low p values increasing the chance 

that the differences noted are true. In the study comparing subjects with diabetes to 

controls, the input into the vascular networks was considered very similar between 

groups. It was therefore hypothesized that the changes seen were mediated by wave 

reflections. When comparing a group of subjects with hypertension to normotensive 

controls, one cannot assume that the input into the vascular network is comparable 

between groups, and at the proximal end of the network (common carotid artery in 
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this case), most of the changes seen may well represent the differences in the 

distending blood pressure. 

 

As vessels were studied that were progressively further from the heart, the mean 

velocity reduced from 44.6 cms-1 in the carotid to 17.7 cms-1 in the ophthalmic artery 

and 8.3 cms-1 in the central retinal artery. In tandem with this the number of 

frequency band differences between groups reduced. Although the distending 

pressure in these smaller arteries is still likely to be much higher in the hypertensive 

group, perhaps the differences between groups becomes less dramatic. It might be 

suggested that in the smaller vessels, that the effects of the differing inputs into the 

vascular networks become less important, and that the effect of wave reflection may 

start to play a role in the waveforms recorded. A study in which blood pressure was 

acutely lowered in a group with mild hypertension might help to discern some of 

these possibilities. 

 

Another feasible explanation for the pattern of changes seen here is the possibility 

that the subjects with hypertension had altered arterial mechanics in their large 

vessels (i.e. the common carotid artery). This would explain the difference in the 

patterns observed when compared with the diabetes group, in whom apparent small 

vessel dysfunction seemed to be the most striking abnormality. 
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Section 6 

 

Study of intra-renal arterial waveforms in grade 1 

hypertension   
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Overview of methodology 

 

Full details are given in chapter 2. In brief, 25 subjects with grade 1 hypertension and 

no significant vascular complications were compared with 33 age and sex matched 

controls. All subjects underwent Doppler ultrasound examinations of their right 

kidney. Maximum blood flow velocity waveforms from the smallest visible arteries 

were captured, and analysed using the discrete wavelet transform. Frequency data 

thus obtained were categorized into 11 frequency bands, thus permitting 

comparisons between the groups. Waveforms were also described using time 

domain parameters, and these were also compared. 
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Results 

 

The amplitude was lower for subjects with hypertension than controls in bands 7 

(median 0.63 (interquartile range 0.36-0.98) cms-1 vs 1.37 (0.78-1.74) cms-1, 

p=0.000) and 8 (0.62 (0.51-1.00) cms-1 vs 1.22 (0.77-1.71) cms-1, p=0.03). There 

was a trend towards lower amplitude for subjects with diabetes in bands 1, 9 and 10 

(p=0.052, 0.065 and 0.070 respectively) and towards higher amplitude in band 6 

(p=0.083). No differences were apparent when mean velocity or time domain indices 

were compared. 

 Controls Subjects  
with hypertension 

p value for difference 

 Amplitude -Band 1 
(cms

-1
) 

0.48 (0.04) 0.38 (0.03) 0.052 

Amplitude -Band 2 
(cms

-1
) 

0.75 (0.61-1.01) 0.68 (0.56-0.91) 0.356 

Amplitude -Band 3 
(cms

-1
) 

1.03 (0.91-1.22) 0.93 (0.74-1.27) 0.384 

Amplitude -Band 4 
(cms

-1
) 

1.64 (0.10) 1.53 (0.12) 0.473 

Amplitude -Band 5 
(cms

-1
) 

3.14 (0.17) 3.11 (0.21) 0.913 

Amplitude -Band 6 
(cms

-1
) 

4.05 (0.26) 4.75 (0.31) 0.083 

Amplitude -Band 7 
(cms

-1
) 

1.37 (0.78-1.74) 0.63 (0.36-0.98) 0.000 

Amplitude -Band 8 
(cms

-1
) 

1.22 (0.77-1.71) 0.62 (0.51-1.00) 0.003 

Amplitude -Band 9 
(cms

-1
) 

1.48 (0.86-2.38) 0.98 (0.76-1.68) 0.065 

Amplitude -Band 10 
(cms

-1
) 

1.92 (0.96-2.38) 1.33 (0.74-1.99) 0.070 

Amplitude -Band 11 
(cms

-1
) 

19.64 (1.37) 21.07 (1.16) 0.444 

Mean Velocity (cms
-1

) 
 

22.66 (1.13) 22.94 (1.15) 0.866 

Resistive index 
 

0.53 (0.50-0.59) 0.56 (0.54-0.63) 0.088 

Pulsatility index 
 

0.83 (0.77-1.04) 0.90 (0.85-1.06) 0.139 

 
  

Table 3.17: Comparisons between controls and subjects with hypertension in measures 

obtained on waveforms taken from the right kidney. Data shown are mean (standard error of 

the mean) for variables that underwent parametric analysis, and median (interquartile range) 

for variables that underwent non-parametric analysis. 
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Figure 3.14: Intra-renal Arterial Data  – Hypertension vs Controls (a) Differences 

between controls and subjects with hypertension in amplitude of bands 7 and 8.  (b) 

Differences between controls and subjects with hypertension in resistive index. Centre 

of box = median; extremities of box = interquartile range; whiskers = range.  

 **p<0.01. 

 

(a) 

(b) 
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Effects of confounding  

 

Significant interactions between the confounding variables were tested for before 

performing analysis of covariance. Significantly interacting covariates were dropped 

from the analysis. After taking into effect of the differences in BMI, glucose and HDL-

cholesterol between groups, all parameters remained significantly different between 

groups (i.e. p remained < 0.05). 

 

Discussion 

 

Clear differences have been demonstrated between the maximum blood velocity 

waveforms captured from the intra-renal vessels in a group of young, subjects with  

grade 1 hypertension and  a group of age and sex-matched healthy controls. These 

abnormalities have been detected in subjects, who until recent years would have 

been considered to have reasonably well controlled hypertension and in whom, even 

today treatment is not always initiated by non-experts in the field. Renal function was 

normal in all subjects. Unfortunately, urinary albumin:creatinine ratios were not 

available for analysis. 

 

No differences were detected when mean velocity, RI or PI were compared between 

groups. As in many areas of the literature concerning time domain parameters, the 

literature regarding intra-renal RI and PI in hypertension is confusing. In one study, 

no differences were noted in RI between a group of never-treated subjects with 

hypertension and controls329. In another, the RI was found to be elevated409, and in a 

further study, both RI and PI were reduced when compared to controls410. The 
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interpretation of deviations from normal in these indices is therefore difficult. One 

study reported a significant positive correlation between intra-renal RI/PI and carotid 

intimal medial thickness411, but further studies would be required to confirm this.  

 

When the wavelet transform was applied to waveforms, differences between groups 

were noted in several bands. Statistically significant differences were detected in 

bands 7 and 9, with trends towards significance in bands 1, 6, 9 and 10. The fact that 

multiple bands were different between groups increases the chance that these 

differences represent true effects, and the highly significant p values make type I 

statistical error less likely. As was the case for the retrobulbar circulation, it is difficult 

to be certain as to the cause of the differences seen between groups. One possibility 

is that the differences detected are a reflection of the different inputs into the renal 

vascular networks on account of the different blood pressures between the two 

groups. However, when looking at the circulation of the eye, the differences between 

groups were small when studying the tiny central retinal vessel. Since the vessels 

studied in this section were the tiny inter-lobar arteries in the kidney, it is tempting to 

postulate that the differences detected between groups are caused by differences in 

wave reflections. If this is the case, the changes reported here may be indicative of 

the earliest changes in the microvasculature in hypertensive kidney disease. If 

present, the abnormalities may develop to the stage when microvascular disease is 

clinically detectable in the form of urinary albumin excretion. As reported in detail in 

the introduction, it is well recognised that this strongly influences a subject‟s chance 

of developing not only severe kidney disease in later life, but also markedly 

increases their chance of a macrovascular event. Identification of microvascular 
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abnormalities at such an early stage allows the potential for therapeutic intervention 

with the aim of normalisation. Further studies in this area are warranted.  
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Section 7 

 

Study of forearm vasculature in grade 1 hypertension   



P a g e  | 226 

 

 

Overview of methodology 

 

Full details are given in chapter 2. In brief, 25 subjects with grade 1 hypertension and 

no significant vascular complications were compared with 33 age and sex matched 

controls. All subjects had an assessment of their right radial artery using a pressure 

tonometer.  An automatic computer-based algorithm was used to calculate several 

indices by analyzing the contour of an averaged pressure waveform. A B-mode 

ultrasound examination of the right brachial artery was then made, with video images 

transmitted in real-time from the ultrasound machine to a personal computer. The 

diameter of the artery was measured 25 times per second, and measures of the 

mechanical properties of the artery made based upon diameter excursions in relation 

to blood pressure. Flow-mediated dilatation of the brachial artery was then calculated 

by comparing the arterial diameter before and after a 4.5 minute period of ischaemia 

that was induced by inflating a sphygmomanometer cuff to 50 mmHg above the 

systolic blood pressure. A Doppler ultrasound examination of blood flow in the 

brachial artery was performed: at baseline; with the sphygmomanometer cuff inflated 

after 4 minutes ischaemia; during cuff deflation; and for 30 seconds after cuff 

deflation. Maximum blood flow velocity waveforms were analysed using the discrete 

wavelet transform. Frequency data thus obtained were categorized into 11 frequency 

bands, thus permitting comparisons between the groups. For blood flow post-cuff 

release, 2 separate analyses were made. First, comparisons of the first complete 

pulse following cuff release were made. Second, comparisons were made between 

the averaged frequency band data for the first 10 pulses following cuff release. 

Waveforms were also described using time domain parameters, and these were 

compared in addition. 
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Parameters obtained by analysis of waveforms obtained by radial artery 

applanation tonometry  

 

Pulse pressure was significantly higher in subjects with hypertension (median 56.00 

(interquartile range 50.00-66.00) mmHg vs 47.50 (43.25-51.75) mmHg, p=0.000), as 

was systemic vascular resistance (1529.50 (1378.75-1841.25) vs 1303.00 (1144.50-

1458.00), p=0.001) and total vascular impedance (156.00 (110.50-173.25) vs 108.00 

(96.50-148.50), p=0.009). Stroke volume index was lower in subjects with diabetes 

(mean 44.63 (standard error 1.08) vs 48.62 (1.43), p=0.036) as was large artery 

elasticity index 13.15 (11.13-16.85) ml/mmHg x 10 vs 18.40 (14.55-23.45) ml/mmHg 

x 10, p=0.001). No significant differences were apparent when small artery elasticity 

indices were compared. 

 Controls Subjects  
with hypertension 

p value for difference 

Pulse pressure (mmHg) 47.50 (43.25-51.75) 56.00 (50.00-66.00) 0.000 
Cardiac ejection time 

(ms) 
311.93 (4.03) 310.67 (4.28) 0.831 

Stroke volume (ml/beat) 86.66 (2.62) 83.83 (2.57) 0.450 
Stroke volume index 

(ml/beat/m
2
) 

48.62 (1.43) 44.63 (1.08) 0.036 

Cardiac output 
(l/min) 

5.27 (0.13) 5.60 (0.13) 0.085 

Cardiac output index 
(l/min/m

2
) 

3.05 (2.63-3.18) 2.95 (2.73-3.08) 0.732 

Large artery elasticity 
index (ml/mmHg x 10) 

18.40 (14.55-23.45) 13.15 (11.13-16.85) 0.001 

Small artery elasticity 
index (ml/mmHg x 100) 

7.99 (0.62) 6.15 (0.72) 0.057 

Systemic vascular 
resistance 

(dyne.sec.cm
-5

) 

1303.00 (1144.50-
1458.00) 

1529.50 (1378.75-
1841.25) 

0.001 

Total vascular 
impedance 

(dyne.sec.cm
-5

) 

108.00 (96.50-148.50) 156.00 (110.50-173.25) 0.009 

 
Table 3.18: Comparisons between controls and subjects with hypertension in measures obtained 

by radial tonometry.. Data shown are mean (standard error of the mean) for variables that 

underwent parametric analysis, and median (interquartile range) for variables that underwent 

non-parametric analysis.  
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Figure 3.15: Differences between controls and 

subjects with hypertension in (a) pulse 

pressure; (b) stroke volume index; (c) LAEI; (d) 

SVR; (e) TVI. Centre of box = median; 

extremities of box = interquartile range; 

whiskers = range. LAEI – large artery elasticity 

index; SVR – systemic vascular resistance; TVI 

– total vascular impedance. 

* p<0.05, **p<0.01. 

  

  

 
(e) 

(d) (c) 

(b) 
(a) 
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Parameters obtained by analysis of brachial artery diameter measured in real-

time using B-mode ultrasound 

 

The elastic modulus was significantly higher in subjects with hypertension (mean 

38.39 (standard error 3.24) N/cm2 vs 27.34 (2.58) N/cm2, p=0.009), while brachial 

artery distensibility was significantly impaired in subjects with hypertension (median 

0.00058 (interquartile range 0.00041-0.00080) units vs 0.00085 (0.00057-0.00127) 

units, p=0.009). 

 Controls Subjects  
with hypertension 

p value for difference 

Beta stiffness (units) 
 

30.63 (2.95) 33.83 (2.82) 0.448 

Elastic modulus (N/cm
2
) 

 

27.34 (2.58) 38.39 (3.24) 0.009 

Distensibility index 
(units) 

0.00085 (0.00057-0.00127) 0.00058 (0.00041-0.00080) 0.009 

Compliance (units) 
 

0.00889 (0.00598-0.01695) 0.00764 (0.00574-0.01202) 0.179 

 
Table 3.19: Comparisons between controls and subjects with hypertension in measures obtained 

from B-mode ultrasound of the right brachial artery. Data shown are mean (standard error of the 

mean) for variables that underwent parametric analysis, and median (interquartile range) for 

variables that underwent non-parametric analysis.  

 

  

Figure 3.16 Differences between controls and subjects with hypertension in elastic modulus and 

distensibility index. Centre of box = median; extremities of box = interquartile range; whiskers = 

range.  **p<0.01. 
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Flow mediated dilatation of the brachial artery 

 

Brachial artery diameters were comparable between groups at baseline (p=0.150), 

and no difference was noted between groups when flow mediated dilatation was 

compared (p=0.311). Shear stress was also similar between groups. 

 

 Controls Subjects  
with hypertension 

p value for difference 

Baseline brachial artery 
diameter (mm) 

3.87 (0.12) 4.13 (0.13) 0.150 

Flow mediated dilatation 
(%) 

4.60 (2.94-10.97) 4.83 (3.17-6.39) 0.311 

Mean shear stress  
(dyne cm

-2
) 

8.12 (0.43) 8.28 (0.50) 0.813 

 
 

Table 3.20: Comparisons between controls and subjects with hypertension in measures of 

brachial artery diameter and flow mediated dilatation of the right brachial artery. Data shown are 

mean (standard error of the mean) for variables that underwent parametric analysis, and median 

(interquartile range) for variables that underwent non-parametric analysis.  

 

No significant correlations were detection when these were tested between FMD and 

shear stress, glucose, baseline diameter and blood pressure. 

 
FMD Correlation with: Kendall’s tau p value 

Mean shear stress 0.040 0.693 

Glucose -0.025 0.788 

Brachial artery baseline 

diameter 

-0.099 0.274 

Systolic blood pressure -0.066 0.470 

Diastolic blood pressure -0.042 0.649 

 

Table 3.21: Correlations between FMD and other related indices. 
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Doppler ultrasound interrogation of the brachial artery at baseline 

 

The amplitude was lower for subjects with hypertension than controls in bands 1 

(median 0.66 (interquartile range 0.58-0.92) cms-1 vs 0.90 (0.70-1.30) cms-1, 

p=0.005), 2 (mean 1.55 (standard error 0.11) cms-1 vs 2.06 (0.17) cms-1, p=0.022), 4 

(8.81 (0.75) cms-1 vs 12.12 (0.84) cms-1, p=0.007), 5 (11.18 (0.73) cms-1 vs 13.97 

(0.75) cms-1, p=0.012) and 7 (1.15 (0.88-2.05) cms-1 vs 2.41 (1.88-4.08) cms-1, 

p=0.000). There was a trend towards lower amplitude for subjects with hypertension 

in band 8 (p=0.063). No differences were apparent when mean velocity or RI were 

compared. PI was significantly reduced in those with hypertension (6.06 (4.73-6.78) 

vs 7.08 (5.80-8.48), p=0.006). 

 

Doppler ultrasound interrogation of the brachial artery when a 

sphygmomanometer cuff is inflated on the forearm 

 

The amplitude was higher for subjects with hypertension than controls in band 3 

(median 5.70 (interquartile range 4.60-7.37) cms-1 vs 3.94 (2.45-4.21) cms-1, 

p=0.000). It was lower for those with hypertension in band 7 (3.48 (2.46-4.96) cms-1 

vs 9.99 (5.49-13.39) cms-1, p=0.000). There was a trend towards lower amplitude for 

subjects with hypertension in band 5 (p=0.062). No differences were apparent when 

mean velocity or RI were compared between groups. PI was reduced in those with 

hypertension (10.61 (9.42-12.16) vs 13.73 (10.16-18.43), p=0.005). 
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 At baseline 
 

With cuff inflated 

 Controls Subjects with 
hypertension 

p value for 
difference 

Controls Subjects with 
hypertension 

p value for 
difference 

 Amplitude 
-Band 1 
(cms

-1
) 

0.90 (0.70-
1.30) 

0.66 (0.58-0.92) 0.005 1.15 (0.79-
1.58) 

0.86 (0.73-1.20) 0.122 

Amplitude 
-Band 2 
(cms

-1
) 

2.06 (0.17) 1.55 (0.11) 0.022 2.22 (1.49-
2.84) 

1.86 (1.41-2.64) 0.497 

Amplitude 
-Band 3 
(cms

-1
) 

5.09 (4.04-
6.38) 

4.33 (3.80-5.66) 0.142 3.94 (2.45-
4.21) 

5.70 (4.60-7.37) 0.000 

Amplitude 
-Band 4 
(cms

-1
) 

12.12 (0.84) 8.81 (0.75) 0.007 9.49 (7.41-
12.10) 

9.13 (7.04-12.66) 0.696 

Amplitude 
-Band 5 
(cms

-1
) 

13.97 (0.75) 11.18 (0.73) 0.012 14.80 
(11.30-
19.60) 

10.07 (8.55-
15.38) 

0.062 

Amplitude 
-Band 6 
(cms

-1
) 

11.74 (9.48-
14.41) 

11.69 (10.53-
12.69) 

0.959 11.50 (9.06-
16.03) 

9.93 (8.15-15.09) 0.466 

Amplitude 
-Band 7 
(cms

-1
) 

2.41 (1.88-
4.08) 

1.15 (0.88-2.05) 0.000 9.99 (5.49-
13.39) 

3.48 (2.46-4.96) 0.000 

Amplitude 
-Band 8 
(cms

-1
) 

1.57 (1.13-
2.68) 

1.25 (0.95-2.09) 0.063 6.77 (0.58) 6.65 (0.74) 0.899 

Amplitude 
-Band 9 
(cms

-1
) 

1.97 (1.12-
3.34) 

1.79 (1.07-2.77) 0.433 11.01 (0.63) 10.67 (1.15) 0.780 

Amplitude 
-Band 10 
(cms

-1
) 

2.58 (1.85-
4.70) 

2.03 (1.48-2.96) 0.172 9.14 (5.54-
13.38) 

9.35 (7.09-17.65) 0.387 

Amplitude 
-Band 11 
(cms

-1
) 

10.29 (7.25-
16.59) 

11.21 (9.24-
14.04) 

0.453 24.00 
(20.90-
33.51) 

24.24 (18.47-
28.30) 

0.635 

Mean 
Velocity 
(cms

-1
) 

 

15.30 
(11.71-
19.78) 

14.39 (12.45-
20.10) 

0.946 6.92 (5.31-
8.94) 

7.47 (6.62-8.78) 0.435 

Resistive 
index 

 

1.00 (1.00-
1.00) 

1.00 (1.00-1.00) 0.203 1.00 (1.00-
1.00) 

1.00 (1.00-1.00) 1.000 

Pulsatility 
index 

 

7.08 (5.80-
8.48) 

6.06 (4.73-6.78) 0.006 13.73 
(10.16-
18.43) 

10.61 (9.42-
12.16) 

0.005 

 

Table 3.22: Comparisons between controls and subjects with hypertension in measures obtained 

on waveforms taken from the right brachial artery at baseline and with a sphygmomanometer 

cuff inflated on the forearm. Data shown are mean (standard error of the mean) for variables that 

underwent parametric analysis, and median (interquartile range) for variables that underwent 

non-parametric analysis.  
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(a) (b) 

(c) 

Figure 3.17: Brachial Artery Data (baseline and with cuff inflated) – Hypertension vs Controls (a) Differences 

between controls and subjects with hypertension in amplitude of bands 1, 2, 4, 5 and 7 (baseline); (b) 

Differences between controls and subjects with hypertension in amplitude of bands 3 and 7 (cuff inflated); (c) 

Differences between controls and subjects with hypertension in pulsatility index (baseline) (d) Differences 

between controls and subjects with hypertension in pulsatility index (cuff inflated). Centre of box = median; 

extremities of box = interquartile range; whiskers = range. * p<0.05, **p<0.01. 

 

(d) 
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Doppler ultrasound interrogation of brachial artery blood flow after a 4 minute 

period of ischaemia 

 

Analysis of the first pulse post-cuff release  

 

The amplitude was higher for subjects with hypertension than controls in bands 3 

(median 3.74 (interquartile range 3.15-5.11) cms-1 vs 2.53 (1.86-3.20) cms-1, 

p=0.000), 5 (14.21 (10.69-20.34) cms-1 vs 10.90 (7.77-13.23) cms-1, p=0.019) and 11 

(mean 78.94 (standard error 3.75) cms-1 vs 68.54 (2.70) cms-1, p=0.025). It was 

lower in bands 7 (8.94 (0.83) cms-1 vs 14.23 (1.20) cms-1, p=0.001) and 10 (4.57 

(3.51-8.13) cms-1 vs 14.54 (7.68-18.98) cms-1, p=0.000). There was a trend towards 

higher amplitude for subjects with hypertension in band 9 (p=0.078), and towards a 

higher amplitude in band 1 (p=0.054). There was a trend towards higher mean 

velocity in those with hypertension (p=0.071). Resistive and pulsatility indices were 

similar between groups.  

 

Analysis of the mean of the first ten pulses post-cuff release 

 

The amplitude was higher for subjects with hypertension than controls in bands 3 

(median 4.29 (interquartile range 3.47-4.60) cms-1 vs 2.91 (2.34-3.45) cms-1, 

p=0.000), 8 (mean 4.45 (standard error of mean 0.43) cms-1 vs 3.06 (0.26) cms-1, 

p=0.008) and 9 (9.81 (8.02-12.05) cms-1 vs 5.09 (3.23-7.22) cms-1, p=0.000). It was 

lower in band 7 (3.11 (2.24-3.92) cms-1 vs 8.37 (4.51-17.85) cms-1, p=0.000). There 

was a trend towards lower amplitude for subjects with hypertension in band 10 
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(p=0.097). RI and PI were lower in those with hypertension (0.59 (0.01) vs 0.64 

(0.01), p=0.01 and 0.95 (0.04) vs 1.09 (0.03), p=0.007 respectively). 

 

 First pulse post-cuff release 
 

Mean of first 10 pulses post-cuff 
release 

 Controls Subjects 
with 

hypertension 

p value for 
difference 

Controls Subjects 
with 

hypertension 

p value for 
difference 

 Amplitude 
-Band 1 
(cms

-1
) 

0.90 (0.06) 0.75 (0.04) 0.054 0.96 (0.05) 0.90 (0.06) 0.420 

Amplitude -
Band 2 
(cms

-1
) 

1.56 (1.29-
1.99) 

1.61 (1.51-1.82) 0.647 1.89 (1.52-
2.49) 

1.91 (1.61-2.57) 0.838 

Amplitude -
Band 3 
(cms

-1
) 

2.53 (1.86-
3.20) 

3.74 (3.15-5.11) 0.000 2.91 (2.34-
3.45) 

4.29 (3.47-4.60) 0.000 

Amplitude -
Band 4 
(cms

-1
) 

6.14 (4.97-
8.13) 

7.23 (5.65-9.56) 0.144 6.54 (4.99-
8.83) 

6.89 (6.34-8.29) 0.173 

Amplitude -
Band 5 
(cms

-1
) 

10.90 (7.77-
13.23) 

14.21 (10.69-
20.34) 

0.019 11.54 (9.78-
14.07) 

13.35 (10.61-
15.08) 

0.247 

Amplitude -
Band 6 
(cms

-1
) 

19.20 (11.79-
23.34) 

22.53 (17.61-
26.26) 

0.111 19.11 (14.12-
22.50) 

20.74 (16.55-
24.84) 

0.238 

Amplitude -
Band 7 
(cms

-1
) 

14.23 (1.20) 8.94 (0.83) 0.001 8.37 (4.51-
17.85) 

3.11 (2.24-3.92) 0.000 

Amplitude -
Band 8 
(cms

-1
) 

8.11 (5.29-
12.47) 

8.51 (6.88-16.78) 0.368 3.06 (0.26) 4.45 (0.43) 0.008 

Amplitude -
Band 9 
(cms

-1
) 

11.26 (7.92-
18.71) 

14.91 (9.79-
23.09) 

0.078 5.09 (3.23-
7.22) 

9.81 (8.02-12.05) 0.000 

Amplitude -
Band 10 
(cms

-1
) 

14.54 (7.68-
18.98) 

4.57 (3.51-8.13) 0.000 10.54 (8.54-
12.95) 

8.12 (4.97-10.65) 0.097 

Amplitude -
Band 11 
(cms

-1
) 

68.54 (2.70) 78.94 (3.75) 0.025 109.31 (5.51) 111.68 (5.09) 0.753 

Mean 
Velocity 
(cms

-1
) 

93.32 (3.63) 104.65 (5.20) 0.071 111.81 (5.48) 118.80 (5.92) 0.392 

Resistive 
index 

 

0.66 (0.02) 0.66 (0.02) 0.981 0.64 (0.01) 0.59 (0.01) 0.007 

Pulsatility 
index 

 

1.31 (0.07) 1.32 (0.09) 0.987 1.09 (0.03) 0.95 (0.04) 0.007 

Table 3.23: Comparisons between controls and subjects with hypertension in measures obtained 

on waveforms taken from the right brachial artery after a period of ischaemia. Data shown are 

mean (standard error of the mean) for variables that underwent parametric analysis, and median 

(interquartile range) for variables that underwent non-parametric analysis. 
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(a) 

(b) (c) 

Figure 3.18: Brachial Artery Data (post-ischaemia) – Hypertension vs Controls (a) Differences 

between controls and subjects with hypertension in amplitude of bands 3, 5, 7, 10 and 11 (first pulse); 

(b) Differences between controls and subjects with hypertension in amplitude of bands 3, 7, 8 and 9 

(average of first 10 pulses); (c) Differences between controls and subjects with hypertension in 

resistive and pulsatility indices (average of first 10 pulses). Centre of box = median; extremities of box 

= interquartile range; whiskers = range. * p<0.05, **p<0.01.  
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Effects of confounding  

 

Significant interactions between the confounding variables were tested for before 

performing analysis of covariance. Significantly interacting covariates were dropped 

from the analysis. After taking into effect of the differences in BMI, glucose and HDL-

cholesterol between groups, differences in the following parameters lost significance 

when compared between groups: stroke volume index (p=0.070), elastic modulus 

(p=0.117), distensibility index (p=0.069), brachial artery amplitude in band 1 

(p=0.320), brachial artery amplitude in band 2 (p=0.396), brachial artery amplitude in 

band 4 (p=0.139), brachial artery PI (p=0.148), brachial artery amplitude in band 3 

(cuff inflated) (p=0.067), brachial artery amplitude in band 5 (pulse one post-

ischaemia) (p=0.073), brachial artery amplitude in band 11 (pulse one post-

ischaemia) (p=0.211) and brachial artery amplitude in band 8 (average of first 10 

pulses post-ischaemia) (p=0.108). All other parameters remained significantly 

different between groups. 

 

Discussion 

 

Clear differences have been demonstrated in several of the measures recorded 

between a group of young subjects with grade 1 hypertension and a group of age 

and sex-matched healthy controls. These abnormalities have been detected in 

subjects, who until recent years would have been considered to have reasonably 

well controlled hypertension and in whom, even today treatment is not always 

initiated by non-experts in the field. 
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Concerning the results obtained by radial tonometry, subjects with hypertension 

were shown to have an elevated pulse pressure and measures of systemic vascular 

resistance and total vascular impedance. The finding of elevated pulse pressure in 

this group is, in itself, an indicator of altered arterial mechanics105, 106. The elevated 

indices of resistance and impedance are in keeping with well recognised 

pathophysiological changes in hypertension. The p values for these differences were 

highly significant thus reducing the chance of type I error. 

 

There are several reports in the literature of impaired brachial artery FMD in subjects 

with hypertension412-415. The similarity in FMD between subjects with hypertension 

and controls in this study is therefore surprising. However, most of the evidence in 

this field relates to subjects with much higher blood pressures than those studied 

here. The impact of publication bias with the tendency for only positive studies to be 

published should also be borne in mind. It is postulated that a significant effect of 

hypertension may have been detected if a different control group had been studied, 

since the FMD values reported in the literature are generally higher for healthy 

controls than those reported here. Of note 24% of the control group were active 

smokers compared with only 12% of those with hypertension. As mentioned above, 

a further factor which may explain this result is the fact that time was spent collecting 

Doppler flow waveforms after deflation of the sphygmomanometer cuff. It is possible 

that the maximal dilations were missed during this time period. Since the same 

approach was adopted for both groups however, the results presented above are 

directly comparable and the conclusions drawn are valid. 
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As mentioned above, abnormal FMD is not simply a function of a reduction in the 

bioavailability of NO. Other factors such as induced shear stress and the local 

mechanical properties of the brachial artery play a role. Shear stress was not 

significantly different between groups here, but there were probable differences in 

the mechanical properties of the brachial artery as detailed below. 

 

Considering the waveforms captured from the brachial artery at baseline, significant 

differences were noted between groups. In contrast to the situation reported in type 1 

diabetes where the brachial artery appeared relatively comparable between groups, 

here marked differences (with highly significant p values) between groups were 

noted, with regards to PI and multiple high frequency wavelet transform bands. As 

described previously, differences in waveforms are felt to arise either because of 

variation in the blood flowing into the circulation, or because of variation in reflected 

waves from the downstream circulation. It is thus reasonable to explain the 

differences between groups seen on the basis of the different blood pressures 

between groups. Another feasible explanation for this pattern of change is the 

possibility that the subjects with hypertension had altered arterial mechanics in their 

brachial artery. This would explain the difference in the patterns observed when 

compared with the diabetes group, in whom apparent small vessel dysfunction 

seemed to be the most striking abnormality. In support of this argument, it is 

noteworthy that the measures of large artery elasticity index, elastic modulus and 

distensibility were all significantly „worse‟ (i.e. a tendency to a more rigid vessel). It is 

probable that the combination of different distending pressures between groups and 

differences in the mechanical properties of the brachial artery combined to produce 

the differences seen. The fact that highly significant differences were apparent when 
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waveforms were captured with a sphygmomanometer cuff inflated on the forearm is 

in support of these ideas, and suggests that wave reflection cannot be used to 

explain differences in waveforms obtained in this conduit vessel. 

 

It should be noted that the use of the RI in comparing waveforms captured in the 

brachial artery, both at baseline and with a cuff inflated on the forearm, is very poor 

at discriminating between groups. This is because the end diastolic velocity is zero 

or near zero on most occasions, making the RI close to unity. 

 

Analysis of the first complete waveform obtained after cuff release revealed 

differences between groups in multiple frequency bands, but not in the time domain 

analysis studied. Many of the differences between frequency bands were associated 

with p values close to zero, making these likely to be true differences between 

groups. Analysis of the averaged signal from the first 10 pulses after cuff release 

again revealed highly significant differences between groups in multiple frequency 

bands, but also in RI and PI. As mentioned above, it is felt that analysis of the 

averaged signal is much more meaningful than analysing the first pulse following cuff 

release, because of the technical difficulties in capturing the first pulse accurately.  

 

It was hypothesized for the diabetes group that the changes seen when analysing 

the average 10 pulses following cuff release reflected differences in the 

microvasculature between groups. It is more difficult to use this argument with the 

hypertension data because of the differences in blood pressure and probable 

differences in brachial artery wall properties. However, it is noted that the pattern of 

differences between frequency bands changed post-ischaemia. Differences between 
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groups were noted in bands 3, 8, 9 and 10 that were not apparent at baseline. The 

possibility of reflected waves from the distal microcirculation contributing to these 

differences cannot be ruled out. If it is wave reflection accounting for these changes, 

then it should be noted that this difference is apparent between groups in which no 

difference in FMD was detected. The results may demonstrate the very earliest 

microvascular alterations in hypertension. 
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Section 8 

 

Vascular effects of anti-hypertensive treatment in type 1 

diabetes mellitus    
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Comparison of treatment groups 

 
 
Randomisation resulted in treatment groups that were well matched in terms of sex, 

weight, body mass index, smoking status, alcohol consumption, pulse rate, glucose, 

total cholesterol, HDL-cholesterol, LDL-cholesterol, total cholesterol:HDL ratio, 

triglyceride, renal function, glycosylated haemoglobin and urinary albumin:creatinine 

ratio (p>0.05 for all comparisons). There were no significant differences in the 

proportions taking aspirin or HMG-CoA reductase inhibitors between groups. 

Subjects assigned to treatment with Ramipril were older (median age 35.00 

(interquartile range 28.00-41.00) vs 25.00 (21.50-29.50) years, p=0.005) and taller 

(1.83 (1.72-1.85) m vs 1.72 (1.68-1.78) m, p=0.031). They also had higher systolic, 

diastolic and mean blood pressures (127.00 (124.00-138.00) mmHg vs 119.50 

(113.25-126.00) mmHg, p=0.005; 74.00 (70.00-76.50) mmHg vs 67.50 (59.25-72.75) 

mmHg, p=0.006; 92.00 (88.50-97.00) mmHg vs 85.50 (82.00-88.75) mmHg, p=0.002 

respectively). Since this was a randomised trial, such difference between groups was 

not unexpected.  
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 Ramipril Group Bendroflumethiazide 
Group 

p value for 
difference 

Number 
 

13 16  

Age (years)  
 

35.00 (28.00-
41.00) 

25.00 (21.50-29.50) 0.005 

Sex (% male) 
 

76.9 50.0 0.144 

Weight (kg)  
 

81.00 (72.00-
96.00) 

77.00 (70.00-86.50)  0.292 

Height (m)  
 

1.83 (1.72-1.85) 1.72 (1.68-1.78) 0.031 

Body mass index (kgm
-2

) 
 

26.01 (22.15-
29.28) 

26.08 (24.46-27.30) 0.826 

Current cigarette smoking (%) 
 

7.70 12.50 0.678 

Weekly alcohol intake (units) 
 

3.00 (0-8.50) 6.00 (3.00-11.75) 0.249 

On aspirin (%) 
 

30.80 6.30 0.088 

On HMG-CoA reductase inhibitor 
(%) 

 

38.50 18.80 0.246 

 Pulse rate (beats min
-1

) 
 

71.00 (60.50-
82.00) 

65.50 (53.25-72.75) 0.130 

Systolic blood pressure (mmHg) 
 

127.00 (124.00-
138.00) 

119.50 (113.25-
126.00) 

0.005 

Diastolic blood pressure (mmHg) 
 

74.00 (70.00-
76.50) 

67.50 (59.25-72.75) 0.006 

Mean arterial pressure (mmHg) 
 

92.00 (88.50-
97.00) 

85.50 (82.00-88.75) 0.002 

Glucose (mmol/l) 
 

7.55 (4.05-14.03) 9.40 (3.60-11.40) 0.981 

Total cholesterol (mmol/l) 
 

4.10 (3.60-4.85) 4.85 (3.85-5.20) 0.104 

HDL-cholesterol (mmol/l) 
 

1.30 (1.30-1.60) 1.45 (1.25-1.80) 0.427 

LDL-cholesterol (mmol/l) 
 

2.00 (1.50-2.80) 2.60 (2.05-3.15) 0.134 

Total cholesterol:HDL ratio 
 

2.92 (2.25-3.55) 3.21 (2.37-3.54) 0.483 

Triglyceride (mmol/l) 
 

0.87 (0.66-1.69) 1.15 (0.71-1.42) 0.456 

Proportion with eGFR >60 
ml/min/1.73m

2
 

100 100 1.000 

HbA1c (%) 
 

8.00 (6.70-9.15) 8.25 (8.00-8.78) 0.531 

Urinary albumin:creatinine ratio 
 

0.30 (0.20-1.39) 0.50 (0.20-0.73) 0.727 

 

Table 3.24: Comparisons between groups of subjects with diabetes allocated to each of the two 

treatment arms. Data shown are median (interquartile range). HMG-CoA – 3-hydroxy-3-methyl-

glutaryl-CoA; HDL – high density lipoprotein; LDL – low density lipoprotein; eGFR - estimated 

glomerular filtration rate.   
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Simple haemodynamic parameters 

 
 
Overview of methodology 

 
Full details are given in chapter 2. In brief, 29 subjects with type 1 diabetes mellitus, 

normal blood pressure and no significant vascular complications were randomized to 

receive Ramipril or Bendroflumethiazide for 4 weeks. All subjects had an 

examination of blood pressure at baseline and after the treatment period. 

 
Results 

 
Treatment overall significantly reduced systolic blood pressure (median 117.00 

(interquartile range 111.00-125.50) mmHg vs 123.00 (118.00-129.00), p=0.037) and 

there was a trend to a reduction in diastolic  blood pressure (66.00 (62.5-70.5) 

mmHg vs 70.00 (65.00-74.00) mmHg, p=0.098). Taken separately, Ramipril 

significantly reduced the systolic blood pressure (123.00 (112.50-130.00) mmHg vs 

127.00 (124.00-138.00) mmHg, p=0.034) and there was a trend to a reduction in 

diastolic blood pressure (68.00 (64.00-75.50) mmHg vs 74.00 (70.00-76.50) mmHg, 

p=0.054). Bendroflumethiazide resulted in a non-significant reduction in systolic and 

diastolic blood pressure, but there was no significant difference when the blood 

pressure lowering effect of Ramipril and Bendroflumethiazide were directly 

compared. Neither agent had a significant effect on the pulse rate.  
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 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pulse  
(beats min

-1
) 

 

66.00 (57.75-
75.75) 

71.00 (62.00-
76.50) 

0.274 68.50 (60.25-
81.00) 

71.00 (62.5-
76.50) 

0.284 65.50 (53.25-
72.75) 

71.00 (62.00-
79.50) 

0.079 

Systolic blood 
pressure 
(mmHg) 

123.00 
(118.00-
129.00) 

117.00 
(111.00-125.5) 

0.037 127.00 
(124.00-
138.00) 

123.00 
(112.50-
130.00) 

0.034 119.50 
(113.25-
126.00) 

117.00 
(111.00-
123.75) 

0.470 

Diastolic blood 
pressure 
(mmHg) 

70.00 (65.00-
74.00) 

66.00 (62.5-
70.5) 

0.098 74.00 (70.00-
76.50) 

68.00 (64.00-
75.50) 

0.054 67.50 (59.25-
72.75) 

65.00 (61.50-
68.00) 

0.623 

 
 

Table 3.25: The effect of treatment on blood pressure in subjects with diabetes. Data shown are mean median (interquartile range).  

 

 
 Ramipril Bendroflumethiazide P value for difference 

Change in Systolic blood 
pressure (mmHg) 

-10 (-18.5, -2) -6 (-11, +1) 0.092 

Change in Diastolic blood 
pressure (mmHg) 

-4, (-9.5, +5.5) +1.5 (-6.75, +5) 0.132 

 
 

Table 3.26: The change in blood pressure caused by treatment in subjects with diabetes. Data shown are median (interquartile range).  
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Effects on common carotid and retrobulbar arterial waveforms 

 
 
Overview of methodology 

 
 
Full details are given in chapter 2. In brief, 29 subjects with well-controlled type 1 

diabetes mellitus, normal blood pressure and no significant vascular complications 

were randomized to receive Ramipril or Bendroflumethiazide for 4 weeks. All 

subjects underwent Doppler ultrasound examinations of their right common carotid 

artery, right ophthalmic artery and right central retinal artery at baseline and after the 

treatment period. Maximum blood flow velocity waveforms were captured, and 

analysed using the discrete wavelet transform. Frequency data thus obtained were 

categorized into 11 frequency bands, thus permitting comparisons of waveforms 

before and after treatment. Waveforms were also described using time domain 

parameters, and these were compared in addition. 

 

Results 

 

Common Carotid Artery 

 

Treatment with either antihypertensive agent resulted in no significant changes in the 

amplitude in any of the frequency bands, mean velocity, RI or PI, although there was 

a trend towards an increase in band 5 (p=0.084). Treatment with Ramipril resulted in 

an increase in the amplitude in band 3 (4.68 (4.31-7.19) cms-1 vs 4.48 (3.39-5.21) 

cms-1, p=0.019).  There was a trend towards an increase in the amplitude in band 6 

and the PI after treatment with Ramipril (p=0.075 and p=0.055 respectively). 
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Treatment with Bendroflumethiazide did not cause any significant changes in the 

parameters measured. 

 
 

 

 

 

 

 

 

 

 

  

 

  

 

Figure 3.19: Comparisons between waveforms 

before and after treatment in subjects with 

diabetes – common carotid artery.  Effects of 

Ramipril on amplitude in band 3. Centre of box 

= median; extremities of box = interquartile 

range; whiskers = range.  

* p<0.05 
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Any treatment Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.66 (0.57-
0.75) 

0.64 (0.54-
0.78) 

0.374 0.65 (0.56-
0.77) 

0.68 (0.54-
0.82) 

0.972 0.70 (0.59-
0.76) 

0.60 (0.51-
0.71) 

0.256 

Amplitude -
Band 2 (cms

-1
) 

1.59 (1.39-
1.95) 

1.65 (1.32-
2.11) 

0.495 1.67 (1.57-
2.16) 

1.86 (1.40-
2.30) 

0.753 1.53 (1.33-
1.86) 

1.51 (1.25-
2.12) 

0.394 

Amplitude -
Band 3 (cms

-1
) 

4.48 (3.48-
5.39) 

4.50 (3.88-
6.20) 

0.101 4.48 (3.39-
5.21) 

4.68 (4.31-
7.19) 

0.019 4.41 (3.63-
5.99) 

3.98 (3.55-
6.18) 

0.865 

Amplitude -
Band 4 (cms

-1
) 

6.80 (5.35-
10.01) 

7.32 (5.30-
10.62) 

0.387 6.80 (5.82-
9.87) 

7.58 (6.00-
11.20) 

0.552 7.14 (4.61-
10.01) 

7.13 (4.70-
10.62) 

0.609 

Amplitude -
Band 5 (cms

-1
) 

9.25 (6.43-
10.68) 

9.48 (7.92-
11.22) 

0.084 9.72 (8.43-
11.07) 

10.16 (8.47-
13.11) 

0.133 7.98 (6.35-
10.63) 

8.69 (6.61-
10.09) 

0.256 

Amplitude -
Band 6 (cms

-1
) 

9.65 (8.32-
11.16) 

9.66 (7.89-
12.98) 

0.452 9.65 (7.62-
11.07) 

11.14 (8.63-
14.27) 

0.075 9.54 (8.31-
11.89) 

9.11 (7.88-
10.39) 

0.363 

Amplitude -
Band 7 (cms

-1
) 

1.44 (0.87-
2.32) 

1.15 (0.75-
2.79) 

0.265 1.04 (0.75-
1.93) 

1.15 (0.76-
2.55) 

0.507 1.72 (1.05-
2.58) 

1.07 (0.64-
2.82) 

0.394 

Amplitude -
Band 8 (cms

-1
) 

1.16 (0.96-
1.78) 

1.59 (1.10-
2.45) 

0.246 1.45 (0.99-
1.93) 

1.79 (0.63-
3.98) 

0.422 1.14 (0.88-
1.50) 

1.30 (1.10-
1.81) 

0.281 

Amplitude -
Band 9 (cms

-1
) 

1.41 (1.06-
2.57) 

1.72 (1.13-
2.95) 

0.285 2.10 (0.93-
2.86) 

1.74 (1.15-
5.92) 

0.345 1.33 (1.10-
2.17) 

1.60 (0.87-
2.81) 

0.650 

Amplitude -
Band 10 (cms

-1
) 

2.09 (1.63-
3.13) 

2.29 (1.60-
3.32) 

0.524 2.35 (1.92-
3.13) 

2.31 (1.94-
3.24) 

0.552 1.90 (1.45-
3.31) 

2.05 (1.18-
3.50) 

0.609 

Amplitude -
Band 11 (cms

-1
) 

45.24 (40.42-
52.01) 

47.57 (36.10-
51.34) 

0.785 44.03 (39.70-
51.51) 

47.01 (35.35-
63.50) 

0.422 47.17 (40.52-
53.20) 

48.13 (37.22-
50.89) 

0.211 

Mean Velocity 
(cms

-1
) 

48.69 (43.50-
55.77) 

50.30 (40.08-
55.33) 

0.733 48.81 (43.23-
55.00) 

51.76 (39.05-
59.49) 

0.650 47.97 (43.04-
56.38) 

50.21 (39.78-
52.41) 

0.363 

Resistive index 
 

0.69 (0.67-
0.72) 

0.71 (0.67-
0.74) 

0.158 0.71  (0.69-
0.73) 

0.71 (0.68-
0.75) 

0.249 0.69 (0.65-
0.73) 

0.72 (0.66-
0.74) 

0.427 

Pulsatility index 
 

1.55 (1.37-
1.71) 

1.65 (1.36-
1.95) 

0.122 1.59 (1.43-
1.70) 

1.65 (1.49-
2.00) 

0.055 1.51 (1.35-
1.78) 

1.66 (1.32-
1.76) 

0.776 

Table 3.27: Comparisons between measures obtained on waveforms taken from the right common carotid artery before and after treatment in 

subjects with diabetes. Data shown are median (interquartile range).  
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Ophthalmic Artery  

 

Treatment with either antihypertensive agent resulted in an increase in the amplitude 

in band 11 (median 13.97 (interquartile range 10.21-21.81) cms-1 vs 10.52 (6.93-

17.96) cms-1, p=0.023). There was a trend towards an increase in mean velocity 

(p=0.065). Treatment with Ramipril resulted in an increase in the amplitude in bands 

6 (3.20 (2.60-3.73) cms-1 vs 2.38 (2.03-3.32) cms-1, p=0.011) and 11 (13.32 (9.98-

20.76) cms-1 vs 10.47 (7.60-14.47) cms-1, p=0.013). Treatment with Ramipril resulted 

in a decrease in the amplitude in band 9 (0.41 (0.34-0.56) cms-1 vs 0.79 (0.43-1.01) 

cms-1, p=0.033). Ramipril increased the mean velocity (14.64 (10.88-19.55) cms-1 vs 

12.69 (8.60-15.56) cms-1, p=0.013).  Treatment with Bendroflumethiazide did not 

cause any significant changes in the parameters measured. 
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Table 3.28: Comparisons between measures obtained on waveforms taken from the right ophthalmic artery before and after treatment in subje cts 

with diabetes. Data shown are median (interquartile range).  

  

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.24 (0.20, 
0.29) 

0.22 (0.18-
0.26) 

0.265 0.22 (0.19, 
0.31) 

0.22 (0.18-
0.25) 

0.249 0.25 (0.20, 
0.29) 

0.23 (0.18-
0.29) 

0.532 

Amplitude -
Band 2 (cms

-1
) 

0.57 (0.44, 
0.74) 

0.51 (0.49-
0.70) 

0.633 0.47 (0.42, 
0.74) 

0.50 (0.44-
0.65) 

0.552 0.60 (0.49, 
0.84) 

0.52 (0.49-
0.79) 

0.820 

Amplitude -
Band 3 (cms

-1
) 

1.54 (1.16, 
1.81) 

1.64 (1.29-
2.01) 

0.265 1.44 (1.00, 
1.72) 

1.52 (1.24-
1.96) 

0.221 1.56 (1.21, 
2.14) 

1.81 (1.40-
2.24) 

0.650 

Amplitude -
Band 4 (cms

-1
) 

2.11 (1.63, 
2.67) 

2.34 (1.98-
2.67) 

0.265 1.88 (1.46, 
2.61) 

2.12 (1.83-
2.65) 

0.463 2.31 (1.64, 
2.81) 

2.42 (2.20-
3.11) 

0.427 

Amplitude -
Band 5 (cms

-1
) 

2.47 (1.96, 
3.38) 

2.97 (2.22-
3.36) 

0.509 2.57 (1.92, 
3.38) 

2.96 (2.02-
3.17) 

0.807 2.44 (1.98, 
4.20) 

3.04 (2.27-
3.42) 

0.394 

Amplitude -
Band 6 (cms

-1
) 

2.88 (2.16, 
3.61) 

3.25 (2.55-
4.33) 

0.172 2.38 (2.03, 
3.32) 

3.20 (2.60-
3.73) 

0.011 3.11 (2.34, 
3.94) 

3.30 (2.49-
4.67) 

0.733 

Amplitude -
Band 7 (cms

-1
) 

0.51 (0.32, 
0.94) 

0.39 (0.28-
0.94) 

0.362 0.38 (0.25, 
0.95) 

0.32 (0.25-
0.77) 

0.650 0.57 (0.40, 
1.00) 

0.43 (0.29-
0.96) 

0.460 

Amplitude -
Band 8 (cms

-1
) 

0.51 (0.38, 
0.77) 

0.56 (0.35-
0.86) 

0.585 0.51 (0.32, 
0.66) 

0.42 (0.34-
0.62) 

0.917 0.50 (0.37, 
0.85) 

0.67 (0.40-
0.96) 

0.532 

Amplitude -
Band 9 (cms

-1
) 

0.82 (0.54, 
1.07) 

0.56 (0.37-
1.05) 

0.179 0.79 (0.43, 
1.01) 

0.41 (0.34-
0.56) 

0.033 0.84 (0.55, 
1.29) 

0.91 (0.52-
1.09) 

0.865 

Amplitude -
Band 10 (cms

-1
) 

0.95 (0.59, 
1.29) 

0.85 (0.55-
1.23) 

0.873 0.74 (0.35, 
1.24) 

0.61 (0.47-
1.35) 

0.311 1.04 (0.78, 
1.33) 

1.04 (0.69-
1.24) 

0.427 

Amplitude -
Band 11 (cms

-1
) 

10.52 ( 6.93, 
17.96) 

13.97 (10.21-
21.81) 

0.023 10.94 ( 7.60, 
14.47) 

13.32 (9.98-
20.76) 

0.013 10.48 (6.88, 
23.99) 

15.02 (10.11-
22.22) 

0.307 

Mean Velocity 
(cms

-1
) 

12.67 (8.54, 
17.75) 

14.71 (11.46-
19.84) 

0.065 12.69 (8.60, 
15.56) 

14.64 (10.88-
19.55) 

0.013 12.58 (8.38, 
24.34) 

15.13 (12.08-
22.02) 

0.532 

Resistive index 
 

0.77 (0.69-
0.84) 

0.73 (0.69-
0.78) 

0.349 0.75 (0.70-
0.81) 

0.74 (0.70-
0.80) 

0.530 0.78 (0.68-
0.88) 

0.73 (0.67-
0.75) 

0.427 

Pulsatility index 
 

1.93 (1.53-
2.85) 

1.65 (1.50-
2.06) 

0.255 1.93 (1.60-
2.63) 

1.57 (1.50-
2.17) 

0.600 2.05 (1.39-
2.88) 

1.65 (1.49-
1.95) 

0.334 
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(a) 

(b) (c) 

Table 3.20: Comparisons between waveforms before and after treatment in subjects with 

diabetes – ophthalmic artery. (a) Effects of any treatment on amplitude in band 11. (b) 

Effects of Ramipril on amplitude in bands 3, 9 and 11. (c) Effects of Ramipril on mean 

velocity. Centre of box = median; extremities of box = interquartile range; whiskers = range.  

* p<0.05. 

 

 

* 
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Central retinal artery  

 
 
Treatment with either antihypertensive agent did not cause any significant changes 

in the parameters measured. 
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Table 3.29: Comparisons between measures obtained on waveforms taken from the right central retinal artery before and after treatment in subjects 

with diabetes. Data shown are median (interquartile range).  

 

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

p value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.18 (0.16-
0.23) 

0.19 (0.17-
0.26) 

0.534 0.17 (0.14-
0.22) 

0.19 (0.15-
0.23) 

0.433 0.20 (0.17-
0.25) 

0.23 (0.18-
0.29) 

0.778 

Amplitude -
Band 2 (cms

-1
) 

0.38 (0.31-
0.49) 

0.44 (0.34-
0.49) 

0.638 0.36 (0.29-
0.48) 

0.41 (0.32-
0.46) 

0.480 0.38 (0.32-
0.50) 

0.45 (0.35-
0.50) 

0.925 

Amplitude -
Band 3 (cms

-1
) 

0.67 (0.54-
0.78) 

0.73 (0.55-
0.83) 

0.551 0.64 (0.50-
0.77) 

0.64 (0.55-
0.79) 

0.875 0.68 (0.56-
0.81) 

0.78 (0.53-
0.89) 

0.594 

Amplitude -
Band 4 (cms

-1
) 

0.90 (0.66-
1.12) 

0.99 (0.82-
1.33) 

0.069 0.90 (0.73-
1.13) 

0.94 (0.83-
1.13) 

0.158 0.87 (0.63-
1.14) 

1.00 (0.80-
1.36) 

0.245 

Amplitude -
Band 5 (cms

-1
) 

1.33 (1.05-
1.72) 

1.47 (1.24-
2.13) 

0.069 1.26 (1.04-
1.83) 

1.54 (1.26-
2.04) 

0.209 1.34 (1.05-
1.58) 

1.39 (1.20-
2.13) 

0.198 

Amplitude -
Band 6 (cms

-1
) 

2.20 (1.21-
2.61) 

1.98 (1.49-
2.68) 

0.990 2.00 (1.18-
2.84) 

2.26 (1.43-
2.74) 

0.638 2.39 (1.21-
2.61) 

1.75 (1.60-
2.68) 

0.594 

Amplitude -
Band 7 (cms

-1
) 

0.42 (0.28-
0.62) 

0.34 (0.23-
0.72) 

0.889 0.32 (0.23-
0.44) 

0.38 (0.23-
0.73) 

0.638 0.53 (0.29-
0.72) 

0.31 (0.22-
0.65) 

0.510 

Amplitude -
Band 8 (cms

-1
) 

0.40 (0.29-
0.52) 

0.40 (0.26-
0.63) 

0.809 0.35 (0.26-
0.53) 

0.42 (0.28-
0.64) 

0.754 0.45 (0.32-
0.54) 

0.40 (0.23-
0.60) 

0.925 

Amplitude -
Band 9 (cms

-1
) 

0.52 (0.28-
0.64) 

0.42 (0.29-
0.81) 

0.551 0.40 (0.27-
0.61) 

0.41 (0.29-
0.84) 

0.875 0.52 (0.39-
0.74) 

0.56 (0.29-
0.72) 

0.331 

Amplitude -
Band 10 (cms

-1
) 

0.60 (0.29-
0.88) 

0.64 (0.44-
1.10) 

0.990 0.62 (0.26-
0.82) 

0.64 (0.52-
1.12) 

0.695 0.51 (0.33-
1.00) 

0.57 (0.29-
1.10) 

0.730 

Amplitude -
Band 11 (cms

-1
) 

2.46 (1.45-
5.12) 

2.57 (1.29-
4.75) 

0.869 2.85 (1.46-
8.66) 

3.02 (1.55-
4.64) 

0.433 2.28 (1.41-
4.30) 

1.98 (1.13-
6.53) 

0.638 

Mean Velocity 
(cms

-1
) 

3.71 (2.55-
5.31) 

3.88 (2.27-
6.41) 

0.501 4.39 (2.69-
6.54) 

4.93 (2.34-
6.17) 

0.875 3.10 (2.43-
4.44) 

3.27 (2.21-
7.02) 

0.245 

Resistive index 
 

1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

0.893 1.00 (1.00-
1.00) 

1.00 (1.0-1.00) 0.180 1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

0.285 

Pulsatility index 
 

3.00 (2.04-
3.86) 

3.05 (2.32-
3.81) 

0.809 2.44 (1.08-
3.30) 

2.51 (2.15-
3.90) 

0.239 3.36 (2.72-
4.66) 

3.33 (2.90-
3.81) 

0.221 
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Effects on intra-renal arterial waveforms 

 

Overview of methodology 

 
 
Full details are given in chapter 2. In brief, 29 subjects with well-controlled type 1 

diabetes mellitus, normal blood pressure and no significant vascular complications 

were randomized to receive Ramipril or Bendroflumethiazide for 4 weeks. All 

subjects underwent Doppler ultrasound examinations of their right kidney at baseline 

and after the treatment period. Maximum blood flow velocity waveforms were 

captured from the smallest visible artery, and analysed using the discrete wavelet 

transform. Frequency data thus obtained were categorized into 11 frequency bands, 

thus permitting comparisons of waveforms before and after treatment. Waveforms 

were also described using time domain parameters, and these were compared in 

addition. 

 
 
Results 

 
 
Treatment with either antihypertensive agent resulted in an increase in the amplitude 

in band 6 (median 4.14 (interquartile range 3.79-4.85) cms-1 vs 3.54 (2.88-4.69) cms-

1, p=0.027). The mean velocity was higher post-treatment (21.46 (20.36-25.93) cms-1 

vs 20.82 (17.15-23.94), p=0.004). Treatment with Ramipril resulted in no significant 

changes in frequency bands, although there was a trend towards an increase in 

band 11 (p=0.087). Treatment with Bendroflumethiazide resulted in a decrease in the 

amplitude in band 1 (0.40 (0.33-0.53) cms-1 vs 0.46 (0.40-0.57) cms-1, p=0.017), and 

an increase in band 10 (1.88 (1.00-3.02) cms-1 vs 0.92 (0.53-2.10) cms-1, p=0.020). 
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Bendroflumethiazide increased mean velocity  (21.45 (19.43-26.98) cms-1 vs 20.09 

(16.94-22.16) cms-1, p=0.002). No treatment affected the pulsatility or resistive 

indices. 
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Table 3.30: Comparisons between measures obtained on waveforms taken from the right kidney  before and after treatment in subjects with diabetes. 

Data shown are median (interquartile range). 

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.43 (0.38-
0.56) 

0.42 (0.35-
0.52) 

0.187 0.40 (0.32-
0.65) 

0.43 (0.35-
0.52) 

0.861 0.46 (0.40-
0.57) 

0.40 (0.33-
0.53) 

0.017 

Amplitude -
Band 2 (cms

-1
) 

0.87 (0.71-
1.04) 

0.84 (0.68-
0.89) 

0.127 0.74 (0.67-
1.08) 

0.79 (0.67-
0.93) 

0.345 0.88 (0.74-
1.02) 

0.86 (0.73-
0.89) 

0.156 

Amplitude -
Band 3 (cms

-1
) 

1.22 (0.99-
1.49) 

1.24 (0.94-
1.51) 

0.909 1.20 (1.11-
1.61) 

1.00 (0.94-
1.34) 

0.173 1.24 (0.93-
1.41) 

1.33 (1.11-
1.72) 

0.281 

Amplitude -
Band 4 (cms

-1
) 

1.75 (1.43-
2.21) 

1.73 (1.39-
2.11) 

0.927 1.78 (1.46-
2.25) 

1.67 (1.35-
1.97) 

0.382 1.52 (1.20-
2.19) 

1.90 (1.45-
2.15) 

0.394 

Amplitude -
Band 5 (cms

-1
) 

3.11 (2.50-
3.65) 

3.30 (2.62-
3.58) 

0.909 3.32 (2.79-
3.66) 

3.13 (2.29-
3.53) 

0.116 2.81 (2.35-
3.58) 

3.36 (2.72-
3.81) 

0.427 

Amplitude -
Band 6 (cms

-1
) 

3.54 (2.88-
4.69) 

4.14 (3.79-
4.85) 

0.027 4.19 (2.97-
4.72) 

4.14 (3.97-
4.96) 

0.116 3.38 (2.85-
4.50) 

4.09 (3.54-
4.77) 

0.125 

Amplitude -
Band 7 (cms

-1
) 

0.97 (0.48-
1.58) 

0.73 (0.51-
1.10) 

0.111 1.00 (0.56-
1.77) 

0.60 (0.40-
1.86) 

0.311 0.94 (0.43-
1.58) 

0.77 (0.66-
1.08) 

0.191 

Amplitude -
Band 8 (cms

-1
) 

0.74 (0.52-
1.52) 

0.90 (0.56-
1.62) 

0.362 0.79 (0.55-
1.57) 

0.70 (0.45-
1.86) 

0.861 0.70 (0.50-
1.46) 

0.92 (0.69-
1.54) 

0.281 

Amplitude -
Band 9 (cms

-1
) 

1.10 (0.52-
1.57) 

1.04 (0.69-
2.13) 

0.274 1.14 (0.53-
2.03) 

0.74 (0.67-
2.24) 

0.507 1.07 (0.40-
1.49) 

1.16 (0.77-
2.05) 

0.307 

Amplitude -
Band 10 (cms

-1
) 

1.22 (0.76-
2.30) 

1.74 (0.88-
2.80) 

0.316 2.11 (0.93-
2.76) 

1.61 (0.72-
2.29) 

0.221 0.92 (0.53-
2.10) 

1.88 (1.00-
3.02) 

0.020 

Amplitude -
Band 11 (cms

-1
) 

18.20 (15.78-
21.44) 

20.16 (15.51-
26.90) 

0.145 18.40 (12.03-
27.55) 

20.41 (16.91-
28.35) 

0.087 18.00 (16.37-
21.33) 

19.76 (14.96-
24.06) 

0.820 

Mean Velocity 
(cms

-1
) 

20.82 (17.15-
23.94) 

21.46 (20.36-
25.93) 

0.004 21.94 (16.47-
27.33)  

22.58 (20.36-
25.93)  

0.311 20.09 (16.94-
22.16) 

21.45 (19.43-
26.98)  

0.002 

Resistive index 
 

0.57 (0.53-
0.64) 

0.57 (0.54-
0.61) 

0.295 0.58 (0.49-
0.67) 

0.57 (0.56-
0.60) 

0.807 0.57 (0.54-
0.61) 

0.57 (0.51-
0.62) 

0.211 

Pulsatility index 
 

0.98 (0.86-
1.31) 

0.99 (0.89-
1.10) 

0.425 0.99 (0.74-
1.29) 

0.98 (0.89-
1.04) 

0.861 0.96 (0.89-
1.50) 

1.01 (0.79-
1.13) 

0.363 
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8.3.3 Discussion 

 

  

  

  

(a) (b) 

(c) (d) 

Figure 3.21: Comparisons between waveforms before and after treatment in subjects with 

diabetes – intra-renal arteries. (a) Effects of any treatment on amplitude in band 6. (b) 

Effects of any treatment on mean velocity. (c) Effects of Bendroflumethiazide on amplitude 

in bands 1 and 10. (d) Effects of Bendroflumethiazide on mean velocity. Centre of box = 

median; extremities of box = interquartile range; whiskers = range.  

* p<0.05, **p<0.01. 
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Effects on the forearm vasculature 

 
 
Overview of methodology 

 
 
Full details are given in chapter 2. In brief, 29 subjects with well-controlled type 1 

diabetes mellitus, normal blood pressure and no significant vascular complications 

were randomized to receive Ramipril or Bendroflumethiazide for 4 weeks. All 

subjects underwent the vascular assessments described below at baseline and after 

the treatment period. All subjects had an assessment of their right radial artery using 

a pressure tonometer.  An automatic computer-based algorithm was used to 

calculate several indices by analyzing the contour of an averaged pressure 

waveform. A B-mode ultrasound examination of the right brachial artery was then 

made, with video images transmitted in real-time from the ultrasound machine to a 

personal computer. The diameter of the artery was measured 25 times per second, 

and measures of the mechanical properties of the artery made based upon diameter 

excursions in relation to blood pressure. Flow-mediated dilatation of the brachial 

artery was then calculated by comparing the arterial diameter before and after a 4.5 

minute period of ischaemia that was induced by inflating a sphygmomanometer cuff 

to 50 mmHg above the systolic blood pressure. A Doppler ultrasound examination of 

blood flow in the brachial artery was performed: at baseline; with the 

sphygmomanometer cuff inflated after 4 minutes ischaemia; during cuff deflation; 

and for 30 seconds after cuff deflation. Maximum blood flow velocity waveforms were 

analysed using a discrete wavelet transform. Frequency data thus obtained were 

categorized into 11 frequency bands, thus permitting comparisons between the 

groups. For blood flow post-cuff release, 2 separate analyses were made. First, 
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comparisons of the first pulse following cuff release were made. Second, 

comparisons were made between the averaged frequency band data for the first 10 

pulses following cuff release. Waveforms were also described using time domain 

parameters, and these were compared in addition. 

 

Parameters obtained by analysis of waveforms obtained by radial artery 

applanation tonometry  

 

There was a trend towards a reduction in pulse pressure (p=0.070). Individually, 

Ramipril and Bendroflumethiazide did not significantly change any of the parameters 

measured, although there was a trend towards a reduction in systemic vascular 

resistance with Ramipril (p=0.086). 

 

Parameters obtained by analysis of brachial artery diameter measured in real-

time using B-mode ultrasound 

 

Treatment with either agent resulted in an increase in distensibility index (0.00066 

(0.00047-0.00078) units vs 0.00080 (0.0005-0.0010) units, p=0.024). There was a 

trend towards a reduction in elastic modulus (p=0.050). Treatment with 

Bendroflumethiazide resulted in a decrease in beta stiffness (26.00 (21.27-31.92) 

units vs 35.83 (27.42-45.77) units, p=0.013) and elastic modulus (22.82 (19.30-

31.31) Ncm-2 vs 31.79 (27.53-40.95) Ncm-2, p=0.008), and an increase in 

distensibility index (0.00090 (0.00070-0.00100) units vs 0.00064 (0.00049-0.00074), 

units p=0.003) and compliance index (0.0097 (0.0072-0.0118) units vs 0.0084 

(0.00480-0.01046) index, p=0.017).  
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Flow mediated dilatation of the brachial artery 

 

There was a trend towards a reduction in baseline brachial diameter (p=0.086) when 

all treatment was considered, but no significant change when examined individually. 

Treatment did not significantly change flow mediated dilatation. 
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 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-treatment Post-
treatment 

p value for 
difference 

Pre-treatment Post-
treatment 

P value for 
difference 

Pre-treatment Post-
treatment 

P value for 
difference 

Pulse pressure (mmHg) 55.0 (50.5-
59.0) 

51.0 (48.0-
55.5) 

0.070 57.0 (51.0-
63.5) 

52.0 (48.5-
58.5) 

0.194 52.5 (50.25-
56.75)  

50.5 (45.75-
55.0) 

0.181 

Cardiac ejection time 
(ms) 

296.00 
(287.00-
317.00) 

308.00 
(287.00-
325.50) 

0.984 300.50 
(293.75-
310.25)  

305.50 
(288.50-
314.25) 

0.944 296.00 
(282.00-
335.00) 

314.00 
(279.00-
330.00) 

1.000 

Stroke volume (ml/beat) 92.0 (84.0-
104.0) 

91.0 (77.5-
109.0) 

0.794 88.0 (80.75-
99.25) 

89.0 (78.75-
111.50) 

0.767 95.0 (83.50-
105.50) 

91.0 (74.0-
107.0) 

0.541 

Stroke volume index 
(ml/beat/m

2
) 

46.0 (41.0-
52.0) 

44.0 (41.0-
49.0) 

0.371 43.5 (40.50-
46.75) 

44.0 (39.75-
47.00) 

0.671 50.0 (41.5-
55.5) 

47.0 (42.0-
49.0) 

0.185 

Cardiac output 
(l/min) 

6.0 (5.5-6.5) 6.2 (5.75-6.65) 0.255 6.1 (5.73-6.58) 6.25 (5.75-
6.75) 

0.527 5.70 (5.40-
6.35) 

6.20 (5.70-
6.60) 

0.285 

Cardiac output index 
(l/min/m

2
) 

3.00 (2.90-
3.20) 

3.00 (2.95-
3.25) 

0.193 2.95 (2.88-
3.23) 

3.00 (2.88-
3.20) 

1.000 3.00 (2.90-
3.10) 

3.20 (3.00-
3.50) 

0.122 

Large artery elasticity 
index (ml/mmHg x 10) 

16.70 (14.30-
22.80) 

18.60 (15.25-
21.80) 

0.526 16.45 (13.48-
21.45) 

18.55 (12.95-
23.25) 

0.678 17.90 (14.25-
23.35) 

19.10 (15.40-
22.00) 

0.722 

Small artery elasticity 
index (ml/mmHg x 100) 

7.60 (5.90-
10.60) 

8.50 (6.10-
11.30) 

0.627 7.30 (4.38-
11.78) 

8.50 (6.63-
12.25) 

0.341 7.80 (7.35-
10.60) 

8.50 (5.90-
11.00) 

0.894 

Systemic vascular 
resistance 

(dyne.sec.cm
-5
) 

1155.0 
(1030.0-
1323.0) 

1158.00 
(963.50-
1222.00) 

0.100 1199.00 
(1084.25-
1333.00) 

1162.00 
(904.25-
1240.00) 

0.086 1080.00 
(983.50-
1323.00) 

1132.00 
(1010.00-
1235.00) 

0.374 

Total vascular 
impedance 

(dyne.sec.cm
-5
) 

108.0 (91.0-
126.0) 

100.0 (82.5-
115.5) 

0.211 108.00 (91.50-
141.00) 

106.50 (90.75-
125.50) 

0.594 108.00 (89.5-
130.50) 

99.00 (82.00-
112.00) 

0.131 

Beta stiffness (units) 33.52 (26.08-
43.62) 

26.86 (21.73-
39.96) 

0.133 32.43 (19.20-
42.04) 

32.45 (26.08-
50.77) 

0.695 35.83 (27.42-
45.77) 

26.00 (21.27-
31.92) 

0.013 

Elastic modulus (Ncm
-2
) 30.42 (25.23-

40.95) 
24.69 (19.99-

38.08) 
0.050 29.73 (18.79-

48.04) 
33.50 (22.58-

48.72) 
1.000 31.79 (27.53-

40.95) 
22.82 (19.30-

31.31) 
0.008 

Distensibility 
index(units) 

0.00066 
(0.00047-
0.00078) 

0.0008 
(0.0005-
0.0010) 

0.024 0.00067 
(0.00039-
0.00103) 

0.0006 
(0.0004-
0.0009) 

0.972 0.00064 
(0.00049-
0.00074) 

0.0009 
(0.0007-
0.0010) 

0.003 

Compliance index 
(units) 

0.0075 
(0.0050-
0.0104) 

0.0083 
(0.0053-
0.0114) 

0.206 0.00719 
(0.00492-
0.01036) 

0.0075 
(0.0034-
0.0100) 

0.807 0.0084 
(0.00480-
0.01046) 

0.0097 
(0.0072-
0.0118) 

0.017 

Baseline brachial artery 
diameter (mm) 

4.05 (3.30-
4.47) 

3.90 (3.05-
4.39) 

0.086 4.20 (3.50-
4.43) 

3.94 (3.07-
4.40) 

0.235 3.78 (3.30-
4.54) 

3.59 (2.91-
4.41) 

0.179 

Flow mediated 
dilatation (%) 

3.93 (1.80-
6.53) 

3.89 (2.38-
5.51) 

0.854 3.08 (1.80-
6.46) 

4.02 (2.51-
4.72) 

0.972 4.39 (1.64-
7.87) 

3.87 (1.93-
7.90) 

0.796 

Table 3.31: Comparisons between measures made on forearm vasculature before and after treatment in subjects with diabetes. Data shown are  

median (interquartile range).  
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Figure 3.22: Comparisons between the 

mechanical properties of the brachial artery 

before and after treatment in subjects with 

diabetes. (a) Effects of any treatment on 

distensibility index; (b) Effects of 

Bendroflumethiazide on beta stiffness; (c) Effects 

of Bendroflumethiazide on elastic modulus; (d) 

Effects of Bendroflumethiazide on distensibility 

index (e) Effects of Bendroflumethiazide on 

compliance index. Centre of box = median; 

extremities of box = interquartile range; whiskers 

= range. * p<0.05, **p<0.01. 

 

 

(e) 

(d) (c) 

(b) (a) 
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Doppler ultrasound interrogation of the brachial artery at baseline 

 

Treatment with Bendroflumethiazide resulted in an increase in the amplitude in band 

2 (median 2.00 (interquartile range 1.76-2.68) cms-1 vs 1.71 (1.39-2.01) cms-1, 

p=0.013). No treatment affected the mean velocity, pulsatility or resistive indices. 

 

Figure 3.23: Comparisons between waveforms before and after treatment in subjects with 

diabetes – brachial artery. Effects of Bendroflumethiazide treatment on amplitude in band 

2. Centre of box = median; extremities of box = interquartile range; whiskers = range.  

* p<0.05. 
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Table 3.32: Comparisons between measures obtained on waveforms taken from the right brachial artery at baseline before and after treatment in 

subjects with diabetes. Data shown are median (interquartile range) for variables that underwent non-parametric analysis.  

  

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.97 (0.73-
1.24) 

1.05 (0.89-
1.24) 

0.829 1.13 (0.80-
1.33) 

1.01 (0.76-
1.25) 

0.182 0.94 (0.70-
1.19) 

1.08 (0.91-
1.22) 

0.163 

Amplitude -
Band 2 (cms

-1
) 

1.82 (1.41-
2.45) 

1.99 (1.62-
2.79) 

0.118 2.14 (1.41-
2.51) 

1.98 (1.39-
2.92) 

0.424 1.71 (1.39-
2.01) 

2.00 (1.76-
2.68) 

0.013 

Amplitude -
Band 3 (cms

-1
) 

5.39 (3.97-
7.09) 

5.45 (4.50-
7.14) 

0.848 6.15 (4.04-
7.11) 

5.08 (4.06-
7.78) 

0.155 5.10 (3.97-
7.09) 

5.65 (4.71-
6.75) 

0.379 

Amplitude -
Band 4 (cms

-1
) 

11.18 (9.64-
15.62) 

13.53 (9.47-
15.30) 

0.564 11.65 (9.64-
15.67) 

13.41 (8.88-
14.78) 

0.594 10.41 ( 9.38-
15.03) 

13.53 (10.79-
16.28) 

0.234 

Amplitude -
Band 5 (cms

-1
) 

12.59 (10.15-
17.98) 

15.59 (11.91-
17.89) 

0.456 13.27 (9.83-
18.22) 

16.36 (11.92-
17.42) 

0.859 11.62 ( 10.15-
17.78) 

14.40 (11.61-
19.38) 

0.278 

Amplitude -
Band 6 (cms

-1
) 

11.66 (8.75-
14.55) 

12.39 (9.93-
14.49) 

0.220 11.23 (8.42-
13.79) 

11.61 (9.24-
13.84) 

0.374 11.66 (8.95-
15.07) 

13.28 (10.13-
14.90) 

0.352 

Amplitude -
Band 7 (cms

-1
) 

1.93 (1.35-
3.05) 

1.73 (1.40-
2.42) 

0.387 1.68 (1.23-
2.63) 

1.64 (1.28-
2.48) 

0.657 2.61 (1.43-
3.06) 

1.88 (1.43-
2.36) 

0.535 

Amplitude -
Band 8 (cms

-1
) 

2.06 (1.13-
3.08) 

2.14 (1.33-
2.65) 

0.361 2.55 (1.13-
3.08) 

2.17 (1.60-
2.64) 

0.328 1.56 (1.13-
3.49) 

1.63 (1.16-
2.65) 

0.717 

Amplitude -
Band 9 (cms

-1
) 

2.27 (1.70-
3.32) 

2.36 (1.56-
2.94) 

0.456 2.67 (1.23-
4.07) 

1.98 (1.58-
3.15) 

0.213 2.21 (1.70-
3.17) 

2.46 (1.28-
2.94) 

0.796 

Amplitude -
Band 10 (cms

-1
) 

3.19 (2.41-
5.53) 

2.94 (2.42-
4.11) 

0.102 3.39 (2.46-
5.46) 

3.21 (2.44-
4.11) 

0.155 3.19 (2.19-
5.61) 

2.94 (1.72-
4.35) 

0.326 

Amplitude -
Band 11 (cms

-1
) 

11.70 ( 6.42-
20.34) 

15.54 (8.77-
23.42) 

0.414 10.97 ( 4.65-
19.96) 

15.73 (8.77-
22.73) 

0.286 12.63 ( 7.70-
24.41) 

15.54 (7.45-
23.68) 

0.918 

Mean Velocity 
(cms

-1
) 

15.10 (10.39-
25.48) 

18.51 (13.12-
24.57) 

0.456 14.40 (9.35-
24.92) 

17.57 (12.90-
28.80) 

0.328 15.11 (11.04-
27.29) 

18.79 (15.30-
24.34) 

0.918 

Resistive index 
 

1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

0.779 1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

0.715 1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

0.715 

Pulsatility index 
 

6.26 (4.85-
8.56) 

6.22 (4.91-
7.42) 

0.569 5.89 (4.64-
9.48) 

6.85 (4.91-
7.42) 

0.480 6.71 (4.67-
8.29) 

6.04 (4.78-
7.51) 

0.918 
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Doppler ultrasound interrogation of the brachial artery when a 

sphygmomanometer cuff is inflated on the forearm 

 

Treatment with Bendroflumethiazide resulted in an increase in the amplitude in band 

1 (median 1.07 (interquartile range 0.79-1.52) cms-1 vs 0.99 (0.62-1.36) cms-1, 

p=0.048), 2 (2.33 (1.48-2.69) cms-1 vs 1.90 (1.32-2.31) cms-1, p=0.041), 5 (16.68 

(12.39-24.18) cms-1 vs 13.03 (9.58-21.91) cms-1, p=0.048), 6 (12.04 (8.86-19.56) 

cms-1 vs 8.70 (6.90-11.36) cms-1, p=0.019) and 11 (31.59 (23.34-39.00) cms-1 vs 

21.62 (17.90-30.13) cms-1, p=0.035). No treatment affected the mean velocity, 

pulsatility or resistive indices. 

 

Figure 3.24: Comparisons between waveforms before and after treatment in subjects with diabetes 

– brachial artery (cuffed). Effects of Bendroflumethiazide on amplitude in band 1, 2, 5, 6 and 11. 

Centre of box = median; extremities of box = interquartile range; whiskers = range.  

* p<0.05 
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Table 3.33: Comparisons between measures obtained on waveforms taken from the right brachial artery with a sphygmomanometer cuff inflated on 

the forearm before and after treatment in subjects with diabetes. Data shown are median (interquartile range).   

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

1.17 (0.72-
1.38) 

1.07 (0.84-
1.40) 

0.459 1.22 (1.02-
1.55) 

1.09 (0.90-
1.28) 

0.182 0.99  (0.62-
1.36) 

1.07 (0.79-
1.52) 

0.048 

Amplitude -
Band 2 (cms

-1
) 

2.02 (1.65-
2.62) 

2.16 (1.65-
2.65) 

0.326 2.20 (1.89-
2.65) 

2.14 (1.71-
2.63) 

0.374 1.90 (1.32-
2.31) 

2.33 (1.48-
2.69) 

0.041 

Amplitude -
Band 3 (cms

-1
) 

3.31 (2.93-
4.53) 

3.91 (3.01-
5.09) 

0.382 3.59 (3.09-
4.43) 

3.87 (2.55-
4.97) 

0.534 3.01 (2.78-
4.76) 

4.11 (3.01-
6.21) 

0.056 

Amplitude -
Band 4 (cms

-1
) 

10.28 (8.04-
12.35) 

11.09 (8.60-
13.43) 

0.339 10.94 (9.00-
12.83) 

9.91 (8.08-
13.11) 

0.929 10.11 (7.77-
11.96) 

11.37 (9.40-
13.43) 

0.158 

Amplitude -
Band 5 (cms

-1
) 

13.89 (10.12-
20.65) 

17.29 (12.39-
21.04) 

0.397 16.48 (10.91-
19.93) 

17.30 (11.70-
20.69) 

0.328 13.03 (9.58-
21.91) 

16.68 (12.39-
24.18) 

0.048 

Amplitude -
Band 6 (cms

-1
) 

9.53 (7.44-
15.570 

12.19 (8.62-
18.04) 

0.367 13.01 (8.56-
18.30) 

15.29 (8.13-
17.91) 

0.328 8.70 (6.90-
11.36) 

12.04 (8.86-
19.56) 

0.019 

Amplitude -
Band 7 (cms

-1
) 

9.05 (4.97-
11.49) 

7.00 (5.44-
12.70) 

0.882 9.77 (6.15-
12.22) 

7.03 (5.46-
14.54) 

0.286 7.84 (4.00-
10.76) 

7.00 (5.44-
12.70) 

0.510 

Amplitude -
Band 8 (cms

-1
) 

5.10 (3.26-
6.14) 

5.59 (4.01-
8.34) 

0.510 5.91 (2.92-
9.28) 

5.56 (3.45-
8.28) 

0.594 4.86 (3.41-
5.47) 

5.59 (4.23-
8.70) 

0.124 

Amplitude -
Band 9 (cms

-1
) 

10.23 (7.92-
12.98) 

9.77 (9.13-
14.55) 

0.427 11.08 (8.47-
15.05) 

9.65 (7.74-
15.06) 

0.859 9.46 (7.73-
11.92) 

11.82 (9.44-
14.55) 

0.397 

Amplitude -
Band 10 (cms

-1
) 

9.05 (7.12-
12.26) 

10.42 (7.97-
12.23) 

0.563 8.23 (6.08-
12.97) 

10.21 (8.29-
13.71) 

0.722 9.59 (7.20-
12.26) 

10.49 (6.73-
12.23) 

0.638 

Amplitude -
Band 11 (cms

-1
) 

22.17 (19.81-
29.75) 

28.48 (18.38-
38.96) 

0.158 24.31 (20.21-
30.25) 

23.23 (18.13-
35.40) 

0.859 21.62 (17.90-
30.13) 

31.59 (23.34-
39.00) 

0.035 

Mean Velocity 
(cms

-1
) 

6.65 (5.62-
10.17) 

7.31 (6.17-
8.90) 

0.694 6.65 (6.06-
10.29) 

6.93 (5.78-
7.93) 

0.388 6.85 (5.14-
8.92) 

7.37 (6.26-
9.77) 

0.140 

Resistive index 
 

1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

0.317 1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

0.317 1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

1.000 

Pulsatility index 
 

12.38 (10.48-
18.75) 

13.74 (9.21-
16.96) 

0.501 12.38 (10.24-
19.19) 

14.08 (12.55-
16.96) 

0.937 12.22 (10.19-
16.05) 

12.34 (7.13-
17.01) 

0.433 
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Doppler ultrasound interrogation of brachial artery blood flow after a 4 minute 

period of ischaemia 

 

Analysis of the first pulse post-cuff release 

 

Treatment with Ramipril resulted in a decrease in the amplitude in band 8 (median 

4.67 (interquartile range 2.85-8.77) cms-1 vs 7.27 (5.01-10.56) cms-1, p=0.008), and 

a trend towards a reduction in band 2 (p=0.075). Treatment with 

Bendroflumethiazide resulted in a trend towards an increase in bands 4 and 6 

(p=0.064 and p=0.096 respectively). No treatment affected the mean velocity, 

pulsatility or resistive indices. 

 

 

Figure 3.25: Comparisons between waveforms before and after treatment in subjects with 

diabetes – brachial artery (post-forearm ischaemia).  Effects of Ramipril on amplitude in 

band 8. Centre of box = median; extremities of box = interquartile range; whiskers = range.  

**p<0.01. 
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. 

Table 3.34: Comparisons between measures obtained on the first waveform taken from the right brachial artery after a period of forearm is chaemia 

before and after treatment in subjects with diabetes. Data shown are median (interquartile range).  

 

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.81 (0.65-
1.180 

0.83 (0.68-
1.07) 

0.819 1.00 (0.61-
1.23) 

0.83 (0.63-
1.11) 

0.131 0.76 (0.65-
0.90) 

0.83 (0.68-
1.06) 

0.433 

Amplitude -
Band 2 (cms

-1
) 

1.82 (1.18-
2.24) 

1.65 (1.26-
2.52) 

0.968 1.98 (1.16-
2.68) 

1.43 (1.26-
2.10) 

0.075 1.48 (1.18-
2.06) 

2.04 (1.26-
3.02) 

0.140 

Amplitude -
Band 3 (cms

-1
) 

2.61 (1.79-
4.36) 

2.60 (1.99-
3.56) 

0.696 2.95 (2.04-
4.38) 

2.40 (1.97-
3.12) 

0.213 2.13 (1.46-
4.67) 

2.77 (2.26-
4.37) 

0.594 

Amplitude -
Band 4 (cms

-1
) 

6.32 (4.69-
8.29) 

6.97 (5.26-
7.57) 

0.288 6.56 (5.54-
10.93) 

6.01 (4.99-
7.12) 

0.722 5.53 (4.37-
8.29) 

7.20 (5.83-
8.82) 

0.064 

Amplitude -
Band 5 (cms

-1
) 

11.71 (8.61-
16.90) 

12.66 (9.50-
14.66) 

0.638 13.51 (8.27-
17.10) 

12.85 (8.42-
16.63) 

0.534 10.63 (8.84-
16.24) 

12.26 (11.05-
14.65) 

0.221 

Amplitude -
Band 6 (cms

-1
) 

14.54 (11.68-
20.14) 

17.43 (12.28-
24.93) 

0.253 18.13 (12.50-
24.54) 

17.39 (11.58-
26.47) 

0.859 12.34 (11.22-
15.86) 

17.43 (12.28-
24.93) 

0.096 

Amplitude -
Band 7 (cms

-1
) 

12.42 (7.30-
18.71) 

12.31 (9.46-
15.89) 

0.326 12.85 (7.82-
18.37) 

11.51 (9.55-
17.28) 

0.534 12.42 (6.88-
19.09) 

13.62 (9.46-
15.89) 

0.433 

Amplitude -
Band 8 (cms

-1
) 

7.81 (5.72-
11.05) 

8.18 (3.27-
11.58) 

0.158 7.27 (5.01-
10.56) 

4.67 (2.85-
8.77) 

0.008 7.90 (6.21-
11.49) 

10.88 (7.15-
12.49) 

0.778 

Amplitude -
Band 9 (cms

-1
) 

10.53 (7.51-
14.08) 

11.37( 7.75-
14.91) 

0.904 11.78 (8.12-
13.70) 

11.99 (7.46-
15.13) 

0.657 10.02 (5.79-
15.11) 

11.37 (8.73-
14.91) 

0.875 

Amplitude -
Band 10 (cms

-1
) 

15.42 (10.02-
20.99) 

16.50 (7.23-
24.02) 

0.677 14.95 (11.25-
23.08) 

16.52 (8.60-
24.57) 

0.374 15.76 (7.87-
19.97) 

16.43 (6.05-
24.02) 

0.925 

Amplitude -
Band 11 (cms

-1
) 

66.44 (44.47-
74.19) 

69.88 (63.14-
79.63) 

0.264 65.75 (46.00-
75.20) 

69.39 (61.68-
76.72) 

0.929 66.44 (44.47-
73.27) 

71.08 (63.66-
80.82) 

0.084 

Mean Velocity 
(cms

-1
) 

84.99 (68.58-
111.31) 

94.73 (73.31-
103.82) 

0.638 89.76 (65.87-
111.81) 

93.00 (73.22-
104.17) 

0.575 84.49 (68.57-
95.76) 

95.49 (73.34-
102.52) 

0.300 

Resistive index 
 

0.67 (0.62-
0.73) 

0.68 (0.66-
0.74) 

0.600 0.68 (0.65-
0.74) 

0.69 (0.67-
0.76) 

0.859 0.66 (0.58-
0.71) 

0.68 (0.54-
0.74) 

0.638 

Pulsatility index 
 

1.29 (1.11-
1.58) 

1.38 (1.26-
1.62) 

0.426 1.30 (1.15-
1.66) 

1.52 (1.32-
1.94) 

0.327 1.23 (1.02-
1.61) 

1.38 (0.85-
1.57) 

0.778 
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Analysis of the mean of the first ten pulses post-cuff release 

 

Treatment with either agent resulted in an increase in the amplitude in band 5 

(median 14.19 (interquartile range 10.22-16.20) cms-1 vs 11.08 (9.00-15.47) cms-1, 

p=0.048). Treatment with Ramipril resulted in a reduction in the amplitude in band 6 

(18.63 (13.69-21.96) cms-1 vs 20.09 (15.87-21.42) cms-1, p=0.046). Treatment with 

Bendroflumethiazide resulted in an increase in the amplitudes in bands 5 (13.60 

(10.23-14.87) cms-1 vs 10.29 (8.85-14.00) cms-1, p=0.034) and 11 (109.84 (92.01-

121.68) cms-1 vs 90.97 (73.85-104.30) cms-1, p=0.028). There was a trend towards 

an increase in band 3 with Bendroflumethiazide (p=0.060). Treatment with 

Bendroflumethiazide resulted in an increase in mean velocity (110.52 (93.02, 

121.25) cms-1 vs 93.06 (81.23-107.20) cms-1, p=0.041). No treatment affected the 

pulsatility or resistive indices. 
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(a) (b) 

(c) (d) 

Figure 3.26: Comparisons between waveforms before and after treatment in subjects with 

diabetes – brachial artery (post-forearm ischaemia). (a) Effects of any treatment on 

amplitude in band 5. (b) Effects of Ramipril on amplitude in band 6. (c) Effects of 

Bendroflumethiazide on amplitude in bands 5 and 11. (d) Effects of Bendroflumethiazide on 

mean velocity. Centre of box = median; extremities of box = interquartile range; whiskers = 

range. * p<0.05. 
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Table 3.35: Comparisons between measures obtained on the first ten waveforms taken from the right brachial artery after deflation of a 

sphygmomanometer cuff before and after treatment in subjects with diabetes. Data shown are median (interquartile range) for variables that 

underwent non-parametric analysis.  

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.89 (0.76-
1.28) 

0.88 (0.68-
1.25) 

0.879 1.23 (0.72-
1.59) 

0.92 (0.65-
1.25) 

0.600 0.89 (0.75-
0.96) 

0.85 (0.73-
1.21) 

0.480 

Amplitude -
Band 2 (cms

-1
) 

1.95 (1.43-
2.82) 

1.90 (1.50-
2.67) 

0.811 2.53 (1.55-
3.73) 

1.90 (1.44-
2.40) 

0.173 1.89 (1.33-
2.09) 

1.99 (1.50-
2.81) 

0.480 

Amplitude -
Band 3 (cms

-1
) 

2.79 (2.00-
4.21) 

3.16 (2.49-
3.77) 

0.327 3.16 (2.27-
4.91) 

2.98 (2.43-
3.71) 

0.463 2.57 (1.92-
3.89) 

3.40 (2.42-
3.93) 

0.060 

Amplitude -
Band 4 (cms

-1
) 

6.31 (5.15-
8.06) 

7.26 (5.49-
8.47) 

0.372 7.26 (5.67-
8.18) 

6.87 (4.65-
9.01) 

0.753 5.88 (4.72-
8.11) 

7.40 (5.54-
8.28) 

0.272 

Amplitude -
Band 5 (cms

-1
) 

11.08 (9.00-
15.47) 

14.19 (10.22-
16.20) 

0.048 14.97 (10.62-
16.10) 

15.31 (10.14-
17.50) 

0.753 10.29 (8.85-
14.00) 

13.60 (10.23-
14.87) 

0.034 

Amplitude -
Band 6 (cms

-1
) 

16.23 (12.54-
20.15) 

17.71 (14.46-
20.71) 

0.811 20.09 (15.87-
21.42) 

18.63 (13.69-
21.96) 

0.046 13.22 (12.53-
18.19) 

17.68 (15.12-
20.73) 

0.158 

Amplitude -
Band 7 (cms

-1
) 

9.90 (4.25-
12.86) 

8.93 (6.22-
13.25) 

0.811 8.68 (5.37-
12.44) 

11.25 (5.53-
15.61) 

0.116 10.21 (4.00-
13.37) 

8.33 (5.95-
12.08) 

0.530 

Amplitude -
Band 8 (cms

-1
) 

2.91 (1.90-
3.75) 

3.64 (2.43-
4.19) 

0.879 2.96 (2.06-
3.95) 

3.12 (1.56-
4.42) 

0.345 2.72 (1.85-
3.86) 

3.70 (2.49-
4.18) 

0.530 

Amplitude -
Band 9 (cms

-1
) 

3.40 (2.75-
6.20) 

4.36 (3.43-
7.05) 

0.744 4.16 (2.83-
5.49) 

4.86 (4.02-
6.96) 

0.917 3.32 (2.74-
7.96) 

3.96 (3.21-
7.32) 

0.695 

Amplitude -
Band 10 (cms

-1
) 

9.82 (6.04-
13.39) 

9.17 (6.10-
11.98) 

0.811 9.62 (6.69-
14.89) 

9.35 (5.48-
13.08) 

0.917 10.02 (5.96-
12.15) 

8.84 (6.02-
11.94) 

0.937 

Amplitude -
Band 11 (cms

-1
) 

92.73 (77.06-
110.31) 

106.32 (87.79-
122.16) 

0.122 109.47 (79.81-
120.21) 

103.50 (80.44-
127.61) 

0.345 90.97 (73.85-
104.30) 

109.84 (92.01-
121.68) 

0.028 

Mean Velocity 
(cms

-1
) 

94.06 (82.31-
117.15) 

112.54 (91.30-
121.41) 

0.227 110.09 (82.02-
123.13) 

115.35 (89.20-
125.86) 

0.310 93.06 (81.23-
107.20) 

110.52 (93.02-
121.25) 

0.041 

Resistive index 
 

0.67 (0.60-
0.74) 

0.66 (0.62-
0.69) 

0.658 0.68 (0.66-
0.78) 

0.66 0(.64-
0.68) 

0.735 0.66 (0.60-
0.73) 

0.65 (0.60-
0.69) 

0.875 

Pulsatility index 
 

1.23 (1.00-
1.46) 

1.14 (1.04-
1.37) 

0.968 1.24 (1.13-
1.48) 

1.14 (1.08-
1.37) 

1.000 1.14 (0.98-
1.42) 

1.11 (0.97-
1.37) 

0.937 
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Discussion 

 

In this group of subjects with well controlled type 1 diabetes, one month‟s treatment 

with antihypertensive therapy resulted in several changes in the parameters 

recorded. 

 

Concerning the carotid and retrobulbar circulation, although no changes were noted 

after Bendroflumethiazide administration, Ramipril induced an increase in amplitude 

in band 3 in the carotid artery and changes in bands 6, 9 and 11 in the ophthalmic 

artery. The carotid PI and ophthalmic mean velocity also increased with treatment. 

No changes were noted in the central retinal artery. The precise interpretation of 

these changes is difficult, particularly since most of the changes seen do not 

correspond to a shift towards normality. Since no changes were detected with the 

thiazide diuretic, and since the blood pressure was lowered similarly in both groups, 

it is possible that the changes seen represent some effect of Ramipril on small 

downstream vasculature. If this were true, one would however expect that the 

majority of the difference with treatment would be detected in the central retinal 

artery, however this was not the case. As mentioned above, capturing waveform 

data from this artery is difficult, and suboptimal capturing of the signal may explain 

the lack of treatment effect seen. The p value for the effect of Ramipril on band 3 in 

the common carotid artery signals is unimpressive, making it likely that this 

represents a type I statistical error. 

 

When the intra-renal circulatory parameters are considered, differences were only 

apparent when Bendroflumethiazide was administered, although these differences 
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were not particularly impressive. This is surprising given the evidence for the reno-

protective effect of ACE-inhibitors in diabetes. 

 

The most dramatic results relate to the effect of Bendroflumethiazide on the brachial 

artery. Looking at the parameters concerning the mechanical properties of the artery, 

changes in beta stiffness, elastic modulus, distensibility and compliance were all 

noted, with the effect of increased elasticity being apparent. As mentioned in 

previous sections, it is possible that any differences detected between subjects when 

brachial waveforms are captured at baseline and with a cuff inflated on the forearm, 

reflect large vessel function. In keeping with this idea, Bendroflumethiazide caused 

changes in one frequency band at baseline, and 5 bands when the cuff was inflated. 

This provides some evidence that Bendroflumethiazide treatment appeared to alter 

the mechanical properties of the brachial artery. The mechanism for this is uncertain 

– perhaps it relates to blood volume effects - and it is surprising that changes were 

detected after only 4 weeks treatment. 

 

Looking at the waveforms captured post-forearm ischaemia, treatment with both 

agents resulted in significant changes. The cause of these changes could relate to a 

difference in blood pressure after treatment, a difference in the mechanical 

properties of the brachial artery (particularly in the diuretic group) or an alteration in 

reflected waves from the microcirculation. The possibility of type I statistical error is 

also high since p values were modest. 

 

There is a paucity of data in the literature regarding the effect of therapeutic 

intervention in type 1 diabetes and its effect on blood vessel function. Most studies 
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have been designed to test for a change in FMD. No change in FMD was noted with 

treatment in this study. In subjects with type 1 diabetes, FMD has been reported to 

increase after one month‟s treatment with pravastatin416 or 6 week‟s treatment with 

atorvastatin417. HMG-CoA reductase administration can also increase endothelium-

independent vasodilatation after only 6 weeks418. The effect of angiotensin system 

blockade has been investigated in type 2 diabetes. Treatment with losartan for 4 

weeks resulted in a significant increase in FMD419. 

 

The lack of dramatic change in the blood vessel parameters studied after treatment 

may well represent type II statistical error. It is possible that if larger numbers were 

studied, statistical significance may have been attained for several variables, and 

smaller effects of treatment may have become apparent. It would be interesting to 

study the effect of treatment for a longer period on the outcome measures collected. 

This would potentially allow small vessel remodelling to take place. 

 

It would have been particularly interesting to compare the effects of ramipril to the 

effects of bendroflumethizide directly to look for differing effects of the two agents. 

Drug comparison data is not detailed however since it was deemed that neither 

agent alone produced a particularly dramatic change from baseline. It was felt that if 

a statistical analysis was performed to look for differences between the two agents 

and produced significant results, that there would be a high likelihood of a type 1 

statistical error. 
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Section 9 

 

Vascular effects of anti-hypertensive treatment in grade 

1 hypertension    
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Comparison of treatment groups 

 
 
Randomisation resulted in treatment groups that were well matched in terms of age, 

sex, height, smoking status, alcohol consumption, pulse rate, systolic blood 

pressure, diastolic blood pressure, mean arterial pressure, glucose, total cholesterol, 

HDL-cholesterol, LDL-cholesterol, triglyceride, renal function and, ambulatory blood 

pressure readings (p>0.05 for all comparisons). There were no significant differences 

in the proportions taking aspirin or HMG-CoA reductase inhibitors between groups. 

Subjects assigned to treatment with Ramipril were heavier (median weight 94.00 

(interquartile range 87.00-104.88) kg vs 65.00 (55.25-82.25) kg, p=0.006) with a 

higher body mass index (31.49 (27.93-33.39) vs 24.39 (22.15-28.06) kgm-2, 

p=0.009). They also had a lower cholesterol:HDL ratio 2.81 (2.43-3.97) vs 4.00 

(3.86-5.80), p=0.034). Since this was a randomised trial, such differences between 

groups was not unexpected.  
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 Ramipril Group Bendroflumethiazide 
Group 

p value for 
difference 

Number 
 

8 9 - 

Age (years)  
 

43.00 (35.00-
47.50) 

41.00 (37.50-46.50) 0.743 

Sex (% male) 
 

75.00 33.3 0.096 

Weight (kg)  
 

94.00 (87.00-
104.88) 

65.00 (55.25-82.25) 0.006 

Height (m)  
 

1.78 (1.67-1.87) 1.65 (1.59-1.77) 0.082 

Body mass index (kgm
-2

) 
 

31.49 (27.93-
33.39) 

24.39 (22.15-28.06) 0.009 

Current cigarette smoking (%) 
 

0 22.2 0.168 

Weekly alcohol intake (units) 
 

3.50 (0-9.00) 8.00 (3.50-12.50) 0.245 

On aspirin (%) 
 

0 0 1.000 

On HMG-CoA reductase inhibitor 
(%) 

 

0 0 1.000 

 Pulse rate (beats min
-1

) 
 

63.50 (56.50-
68.50) 

63.00 (57.00-67.00) 0.809 

Systolic blood pressure (mmHg) 
 

147.50 (142.25-
157.00) 

138.00 (129.00-
148.00) 

0.054 

Diastolic blood pressure (mmHg) 
 

87.00 (84.00-
91.75) 

85.00 (81.00-91.00) 0.662 

Mean arterial pressure (mmHg) 
 

111.50 (108.00-
114.50) 

107.00 (95.50-
111.50) 

0.111 

Glucose (mmol/l) 
 

4.45 (4.15-5.20) 4.60 (4.35-4.85) 0.628 

Total cholesterol (mmol/l) 
 

5.55 (4.53-5.95) 4.80 (4.25-5.35) 0.162 

HDL-cholesterol (mmol/l) 
 

1.20 (1.03-1.40) 1.60 (1.15-2.00) 0.066 

LDL-cholesterol (mmol/l) 
 

3.65 (2.75-4.18) 2.60 (2.25-3.15) 0.034 

Total cholesterol:HDL ratio 
 

4.00 (3.86-5.80) 2.81 (2.43-3.97) 0.034 

Triglyceride (mmol/l) 
 

1.35 (1.05-1.76) 0.84 (0.71-1.96) 0.083 

Proportion with eGFR >60 
ml/min/1.73m

2
 

100 100  

24 hour mean daytime 
ambulatory systolic blood 

pressure (mmHg) 

139.00 (137.25-
143.25) 

140.50 (139.00-
144.00) 

0.526 

24 hour mean daytime 
ambulatory diastolic blood 

pressure (mmHg) 

91.50 (85.50-
97.25) 

94.50 (91.00-96.75) 0.398 

 

Table 3.36: Comparisons between groups of subjects with hypertension allocated to each of the 

two treatment arms. Data shown are median (interquartile range). HMG-CoA – 3-hydroxy-3-

methyl-glutaryl-CoA; HDL – high density lipoprotein; LDL – low density lipoprotein; eGFR - 

estimated glomerular filtration rate.   
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Simple haemodynamic parameters 

 
Overview of methodology 

 

Full details are given in chapter 2. In brief, 18 subjects with grade 1 hypertension and 

no significant vascular complications were randomized to receive Ramipril or 

Bendroflumethiazide for 4 weeks. All subjects an examination of blood pressure at 

baseline and after the treatment period. 

 

Results  

 
Treatment overall significantly reduced systolic blood pressure (median 132.00 

(interquartile range 125.00-145.00) mmHg vs 142.00 (136.00-154.00) mmHg, 

p=0.002) and diastolic  blood pressure (82.00 (78.00-85.50) mmHg vs 87.00 (84.0-

91.5) mmHg, p=0.010). Taken separately, Ramipril significantly reduced the systolic 

blood pressure (137.00 (129.75-145.50) mmHg vs 147.50 (142.25-157.00) mmHg, 

p=0.035) and diastolic blood pressure (79.50 (77.25-85.25) mmHg vs 87.00 (84.00-

91.75) mmHg, p=0.012). Bendroflumethiazide significantly reduced systolic pressure 

(127.00 (119.50-142.00) mmHg vs 138.00 (129.00-148.00) p=0.042), and resulted in 

a non-significant reduction in diastolic blood pressure. There was no significant 

difference when the blood pressure lowering effect of Ramipril and 

Bendroflumethiazide were directly compared. Neither agent had a significant effect 

on the pulse rate. 
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 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pulse  
(beats min

-1
) 

63.00 (57.00-
68.00) 

66.00 (58.50-
72.00) 

0.433 63.50 (56.50-
68.50) 

68.50 (58.25-
72.75) 

0.888 63.00 (57.00-
67.00) 

66.00 (58.50-
70.50) 

0.339 

Systolic blood 
pressure 
(mmHg) 

142.00 
(136.00-
154.000) 

132.00 
(125.00-
145.00) 

0.002 147.50 
(142.25-
157.00) 

137.00 
(129.75-
145.50) 

0.035 138.00 
(129.00-
148.00) 

127.00 
(119.50-
142.00) 

0.042 

Diastolic blood 
pressure 
(mmHg) 

87.00 (84.00-
91.50) 

82.00 (78.00-
85.50) 

0.010 87.00 (84.00-
91.75) 

79.50 (77.25-
85.25) 

0.012 85.00 (81.00-
91.00) 

84.00 (79.00-
87.50) 

0.172 

 
 

Table 3.37: The effect of treatment on blood pressure in subjects with hypertension. Data shown are median (interquartile range).  

 

 Ramipril Bendroflumethiazide P value for difference 

Change in Systolic blood 
pressure (mmHg) 

-13 (-20, -2.25) -8 (-21.5, -2.5) 0.885 

Change in Diastolic blood 
pressure (mmHg) 

-7.5 (-11.75, -2.25) -5 (-10.5, +5) 0.359 

 
 

Table 3.38: The change in blood pressure caused by treatment in subjects with hypertension. Data shown are median (interquartile range).  
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Effects on common carotid and retrobulbar arterial waveforms 

 
Overview of methodology 

 
Full details are given in chapter 2. In brief, 18 subjects with grade 1 hypertension and 

no significant vascular complications were randomized to receive Ramipril or 

Bendroflumethiazide for 4 weeks. All subjects underwent Doppler ultrasound 

examinations of their right common carotid artery, right ophthalmic artery and right 

central retinal artery at baseline and after the treatment period. Maximum blood flow 

velocity waveforms were captured, and analysed using the discrete wavelet 

transform. Frequency data thus obtained were categorized into 11 frequency bands, 

thus permitting comparisons of waveforms before and after treatment. Waveforms 

were also described using time domain parameters, and these were compared in 

addition. 

 
Results 

 

Common Carotid Artery  

 

Treatment with either agent resulted in a decrease in the amplitude in band 10 

(median 1.71 (interquartile range 1.21-2.10) cms-1 vs 2.24 (1.45-3.19) cms-1, 

p=0.008). There was a trend for a reduction in amplitude in bands 4 and 8 (p=0.063 

and p=0.098 respectively) and for an increase in band 5 (p=0.070). Treatment with 

either agent resulted in an increase in the resistive and pulsatility indices (0.67 (0.64-

0.72) vs 0.63 (0.61-0.67), p=0.015 and 1.35 (1.22-1.83) vs 1.17 (1.04-1.29), p=0.007 

respectively. Treatment with Ramipril resulted in an increase in the resistive and 

pulsatility indices (0.72 (0.68-0.73) vs 0.63 (0.61-0.72), p=0.018 and 1.83 (1.39-2.00) 
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vs 1.18 (1.05-1.50) p=0.028 respectively). Ramipril resulted in a trend towards a 

reduction in the amplitude in band 10 (p=0.091). Treatment with Bendroflumethiazide 

resulted in a reduction in the amplitude in band 10 (1.48 (0.77-1.79) cms-1 vs 1.71 

(1.30-2.45) cms-1, p=0.021).  

 



P a g e  | 283 

 

 

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.55 (0.44-
0.63) 

0.50 (0.37-
0.64) 

0.469 0.64 (0.61-
0.71) 

0.57 (0.51-
0.87) 

0.612 0.47 (0.36-
0.55) 

0.39 (0.36-
0.49) 

0.678 

Amplitude -
Band 2 (cms

-1
) 

1.41 (1.18-
1.67) 

1.33 (0.99-
1.55) 

0.836 1.48 (1.39-
1.78) 

1.45 (1.32-
1.81) 

0.612 1.19 (0.95-
1.54) 

1.26 (0.97-
1.35) 

0.767 

Amplitude -
Band 3 (cms

-1
) 

3.02 (2.32-
3.96) 

3.25 (2.56-
3.94) 

0.605 4.18 (3.11-
5.28) 

3.74 (3.21-
4.13) 

0.866 2.84 (2.27-
3.02) 

2.76 (2.44-
3.34) 

0.374 

Amplitude -
Band 4 (cms

-1
) 

4.75 (3.30-
5.56) 

4.71 (3.69-
6.66) 

0.063 5.51 (4.56-
7.27) 

5.91 (4.51-
7.42) 

0.310 3.58 (2.88-
5.12) 

4.43 (3.58-
4.77) 

0.139 

Amplitude -
Band 5 (cms

-1
) 

6.18 (5.28-
8.67) 

7.15 (5.98-
9.12) 

0.070 6.25 (6.00-
9.61) 

7.76 (5.51-
10.55) 

0.310 5.32 (4.74-
8.56) 

6.81 (5.98-
7.34) 

0.214 

Amplitude -
Band 6 (cms

-1
) 

9.56 (8.13-
12.13) 

10.21 (7.84-
11.42) 

0.326 9.71 (8.94-
12.34) 

9.99 (6.78-
12.29) 

0.866 8.36 (7.27-
12.30) 

11.14 (7.84-
11.42) 

0.173 

Amplitude -
Band 7 (cms

-1
) 

0.92 (0.76-
1.40) 

0.86 (0.59-
1.79) 

0.836 0.84 (0.80-
1.21) 

1.33 (0.81-
2.36) 

0.612 0.99 (0.66-
1.60) 

0.65 (0.53-
1.50) 

0.515 

Amplitude -
Band 8 (cms

-1
) 

1.12 (0.89-
1.99) 

0.88 (0.68-
1.18) 

0.098 2.16 (1.04-
2.75) 

0.99 (0.82-
1.64) 

0.398 1.00 (0.70-
1.25) 

0.71 (0.58-
0.90) 

0.139 

Amplitude -
Band 9 (cms

-1
) 

1.38 (1.08-
1.46) 

1.06 (0.74-
1.73) 

0.215 1.43 (1.43-
1.46) 

1.46 (0.96-
2.00) 

0.612 1.27 
(0.87,1.52) 

1.02 (0.57-
1.46) 

0.110 

Amplitude -
Band 10 (cms

-1
) 

2.24 (1.45-
3.19) 

1.71 (1.21-
2.10) 

0.008 2.42 (1.69-
4.31) 

2.01 (1.28-
2.61) 

0.091 1.71 (1.30-
2.45) 

1.48 (0.77-
1.79) 

0.021 

Amplitude -
Band 11 (cms

-1
) 

44.34 (39.54-
45.44) 

44.83 (33.86-
52.17) 

0.438 44.39 (39.52-
48.17) 

43.67 (28.81-
49.13) 

0.866 44.29 (37.67-
45.32) 

47.25 (33.86-
59.57) 

0.214 

Mean Velocity 
(cms

-1
) 

43.85 (42.55-
47.73) 

47.00 (35.38-
51.79) 

0.326 4.345 (42.70-
48.24) 

45.48 (30.75-
50.52) 

0.735 44.26 (40.66-
47.68) 

49.02 (35.38-
61.37) 

0.214 

Resistive index 
 

0.63 (0.61-
0.67) 

0.67 (0.64-
0.72) 

0.015 0.63 (0.61-
0.72) 

0.72 (0.68-
0.73) 

0.018 0.63 (0.59-
0.65) 

0.65 (0.60-
0.67) 

0.314 

Pulsatility index 
 

1.17 (1.04-
1.29) 

1.35 (1.22-
1.83) 

0.007 1.18 (1.05-
1.50) 

1.83 (1.39-
2.00) 

0.028 1.15 (1.01-
1.28) 

1.30 (1.11-
1.39) 

0.110 

Table 3.39: Comparisons between measures obtained on waveforms taken from the right common carotid artery before and after treatment in 

subjects with hypertension. Data shown are median (interquartile range). 
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(a) (b) 

(c) (d) 

Figure 3.27: Comparisons between waveforms before and after treatment in subjects with 

hypertension – common carotid artery. (a) Effects of any treatment on amplitude in band 10. (b) 

Effects of any treatment on resistive and pulsatility indices. (c) Effects of Ramipril on resistive and 

pulsatility indices. (d) Effects of Bendroflumethiazide on amplitude in band 10. Centre of box  = 

median; extremities of box = interquartile range; whiskers = range.  

* p<0.05, **p<0.01. 
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Ophthalmic artery  

 
Treatment with either agent resulted in an increase in PI (median 1.49 (1.08-2.04) vs 

1.24 (1.02-1.65), p=0.039). Treatment with Bendroflumethiazide increased the 

amplitude in band 4 (1.45 (1.13-2.44) cms-1 vs 1.34 (0.94-1.94) cms-1, p=0.028) and 

there was a trend towards an increase in band 5 (p=0.060).  

 
 

 

Figure 3.28: Comparisons between waveforms before and after treatment in subjects with 

hypertension – ophthalmic artery. (a) Effects of any treatment on pulsatility index. (b) Effects of 

Bendroflumethiazide on amplitude in band 4. Centre of box = median; extremities of box = 

interquartile range; whiskers = range. * p<0.05 

 

 

 

(a) (b) 
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Table 3.40: Comparisons between measures obtained on waveforms taken from the right ophthalmic artery before and after treatment in subjects 

with hypertension. Data shown are median (interquartile range) for variables that underwent non-parametric analysis.  

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.19 (0.17-
0.25) 

0.19 (0.15-
0.26) 

0.717 0.22 (0.17-
0.28) 

0.24 (0.17-
0.29) 

0.735 0.19 (0.16-
0.22) 

0.18 (0.15-
0.22) 

0.678 

Amplitude -
Band 2 (cms

-1
) 

0.59 (0.44-
0.70) 

0.56 (0.43-
0.84) 

0.836 0.63 (0.43-
0.71) 

0.54 (0.45-
1.00) 

0.398 0.54 (0.39-
0.70) 

0.59 (0.38-
0.73) 

0.374 

Amplitude -
Band 3 (cms

-1
) 

1.18 (0.89-
1.70) 

1.34 (0.99-
2.24) 

0.215 1.27 (0.92-
1.70) 

1.29 (1.05-
2.59) 

0.735 1.03 (0.76-
1.74) 

1.44 (0.85-
1.86) 

0.139 

Amplitude -
Band 4 (cms

-1
) 

1.43 (1.12-
1.96) 

1.74 (1.16-
2.96) 

0.234 1.52 (1.32-
2.15) 

1.88 (1.19-
3.77) 

0.866 1.34 (0.94-
1.94) 

1.45 (1.13-
2.44) 

0.028 

Amplitude -
Band 5 (cms

-1
) 

2.14 (1.82-
2.57) 

2.26 (1.88-
3.60) 

0.196 1.93 (1.81-
3.77) 

2.47 (1.91-
5.10) 

0.735 2.16 (1.63-
2.57) 

2.23 (1.80-
3.15) 

0.066 

Amplitude -
Band 6 (cms

-1
) 

3.76 (3.02-
4.54) 

4.07 (2.77-
5.17) 

0.535 3.68 (3.08-
4.13) 

3.76 (2.90-
6.37) 

0.612 3.85 (2.96-
5.28) 

4.07 (2.64-
5.17) 

0.859 

Amplitude -
Band 7 (cms

-1
) 

0.61 (0.29-
1.13) 

0.51 (0.33-
1.04) 

0.796 0.64 (0.28-
1.83) 

0.77 (0.41-
1.99) 

0.310 0.52 (0.29-
0.94) 

0.33 (0.26-
0.57) 

0.214 

Amplitude -
Band 8 (cms

-1
) 

0.51 (0.33-
0.81) 

0.55 (0.34-
0.76) 

0.642 0.76 (0.39-
1.84) 

0.57 (0.33-
0.98) 

0.237 0.40 (0.31-
0.69) 

0.55 (0.37-
0.74) 

0.859 

Amplitude -
Band 9 (cms

-1
) 

0.71 (0.55-
1.11) 

0.71 (0.36-
1.05) 

0.569 0.98 (0.71-
1.18) 

0.92 (0.43-
1.11) 

0.499 0.64 (0.50-
0.79) 

0.69 (0.33-
0.98) 

0.953 

Amplitude -
Band 10 (cms

-1
) 

0.89 (0.52-
1.24) 

1.08 (0.60-
1.66) 

0.918 0.93 (0.51-
1.24) 

1.21 (0.50-
1.69) 

0.866 0.84 (0.46-
1.78) 

0.89 (0.61-
1.77) 

0.767 

Amplitude -
Band 11 (cms

-1
) 

16.28 (11.94-
21.43) 

15.75 (12.20-
23.88) 

0.469 17.63 (14.26-
21.44) 

15.85 (13.76-
25.99) 

0.398 13.29 (11.13-
22.40) 

15.52 ( 10.78-
21.79) 

0.859 

Mean Velocity 
(cms

-1
) 

16.82 (12.92-
22.28) 

15.28 (10.94-
20.65) 

0.134 19.06 (14.84-
21.95) 

15.60 (14.45-
27.66) 

0.237 14.01 (11.19-
22.55) 

14.92 (10.43-
17.85) 

0.260 

Resistive index 
 

0.65 (0.61-
0.74) 

0.70 (0.61-
0.76) 

0.501 0.63 (0.58-
0.75) 

0.72 (0.61-
0.76) 

0.612 0.68 (0.61-
0.73) 

0.66 (0.63-
0.77) 

0.767 

Pulsatility index 
 

1.24 (1.02-
1.65) 

1.49 (1.08-
2.04) 

0.039 1.09 (1.02-
1.76) 

1.68 (1.11-
1.80) 

0.091 1.34 (1.00-
1.59) 

1.48 (1.02-
2.55) 

0.214 
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Central retinal artery  

 
There was a trend towards an increase in the amplitude in band 4 with 

Bendroflumethiazide (p=0.051).  No other effects were noted.  
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. Table 3.41: Comparisons between measures obtained on waveforms taken from the right central retinal artery before and after treatment in subjects 

with hypertension. Data shown are median (interquartile range). 

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.18 (0.14-
0.20) 

0.20 (0.15-
0.22) 

0.679 0.17 (0.14-
0.20) 

0.22 (0.18-
0.32) 

0.176 0.18 (0.14-
0.21) 

0.16 (0.14-
0.20) 

0.594 

Amplitude -
Band 2 (cms

-1
) 

0.32 (0.26-
0.40) 

0.34 (0.29-
0.43) 

0.918 0.33 (0.26-
0.41) 

0.43 (0.33-
0.52) 

0.310 0.31 (0.25-
0.40) 

0.32 (0.27-
0.34) 

0.441 

Amplitude -
Band 3 (cms

-1
) 

0.47 (0.37-
0.54) 

0.50 (0.44-
0.69) 

0.408 0.52 (0.37-
0.61) 

0.69 (0.44-
1.02) 

0.237 0.43 (0.38-
0.54) 

0.49 (0.42-
0.52) 

0.859 

Amplitude -
Band 4 (cms

-1
) 

0.60 (0.46-
0.72) 

0.63 (0.56-
0.91) 

0.234 0.72 (0.58-
0.83) 

0.80 (0.51-
1.36) 

0.735 0.51 (0.42-
0.63) 

0.63 (0.56-
0.69) 

0.051 

Amplitude -
Band 5 (cms

-1
) 

1.10 (0.83-
1.32) 

1.12 (0.87-
1.85) 

0.679 1.32 (1.11-
2.12) 

1.70 (1.21-
2.45) 

0.735 0.84 (0.82-
1.20) 

0.94 (0.80-
1.23) 

0.374 

Amplitude -
Band 6 (cms

-1
) 

1.98 (1.54-
2.35) 

2.30 (1.65-
2.73) 

0.469 1.95 (1.47-
2.45) 

2.55 (1.70-
3.23) 

0.176 2.00 (1.56-
2.24) 

1.85 (1.45-
2.49) 

0.859 

Amplitude -
Band 7 (cms

-1
) 

0.43 (0.27-
0.55) 

0.36 (0.29-
0.69) 

0.379 0.53 (0.43-
0.70) 

0.69 (0.31-
1.10) 

0.237 0.27 (0.23-
0.48) 

0.34 (0.22-
0.36) 

0.859 

Amplitude -
Band 8 (cms

-1
) 

0.49 (0.30-
0.69) 

0.37 (0.30-
0.59) 

0.326 0.64 (0.31-
0.85) 

0.52 (0.34-
0.94) 

0.866 0.45 (0.27-
0.64) 

0.35 (0.29-
0.44) 

0.260 

Amplitude -
Band 9 (cms

-1
) 

0.46 (0.24-
0.77) 

0.58 (0.45-
0.80) 

0.569 0.65 (0.39-
1.55) 

0.67 (0.49-
1.15) 

0.866 0.42 (0.22-
0.72) 

0.54 (0.36-
0.65) 

0.441 

Amplitude -
Band 10 (cms

-1
) 

0.58 (0.25-
1.27) 

0.58 (0.45-
1.04) 

0.569 0.58 (0.34-
1.92) 

0.80 (0.49-
1.42) 

0.735 0.58 (0.23-
1.23) 

0.47 (0.33-
0.86) 

0.594 

Amplitude -
Band 11 (cms

-1
) 

7.52 (5.33-
8.74) 

5.99 (4.69-
7.54) 

0.501 8.47 (5.89-
9.51) 

6.46 (5.56-
8.14) 

0.499 5.78 (3.57-
7.75) 

4.99 (4.06-
7.25) 

0.678 

Mean Velocity 
(cms

-1
) 

7.93 (5.75-
9.64) 

7.21 (5.30-
8.44) 

0.438 8.52 (6.08-
10.34) 

7.71 (6.09-
8.85) 

0.866 7.73 (4.89-
9.35) 

5.36 (3.96-
8.10) 

0.173 

Resistive index 
 

0.70 (0.56-
1.00) 

1.00 (0.67-
1.00) 

0.255 0.65 (0.55-
1.00) 

1.00 (0.73-
1.00) 

0.345 0.71 (0.54-
1.00) 

1.00 (0.62-
1.00) 

0.463 

Pulsatility index 
 

1.16 (0.85-
1.87) 

1.87 (1.05-
2.51) 

0.179 1.10 (0.85-
1.81) 

1.92 (1.20-
2.30) 

0.400 1.23 (0.79-
2.05) 

1.55 (1.00-
2.63) 

0.260 
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Effects on intra-renal arterial waveforms 

 
Overview of methodology 

 
Full details are given in chapter 2. In brief, 19 subjects with grade 1 hypertension and 

no significant vascular complications were randomized to receive Ramipril or 

Bendroflumethiazide for 4 weeks. All subjects underwent Doppler ultrasound 

examinations of their right kidney at baseline and after the treatment period. 

Maximum blood flow velocity waveforms were captured from the smallest visible 

artery, and analysed using the discrete wavelet transform. Frequency data thus 

obtained were categorized into 11 frequency bands, thus permitting comparisons of 

waveforms before and after treatment. Waveforms were also described using time 

domain parameters, and these were compared in addition. 

 

Results 

 
Treatment with either agent resulted in a trend towards an increase in the amplitude 

in band 4 (p=0.078). Treatment with Ramipril resulted in no significant changes. 

Treatment with Bendroflumethiazide resulted in a trend towards an increase in band 

5 (p=0.066) and a decrease in bands 6, 9 and 10 (p=0.066, 0.066 and 0.051 

respectively). 
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Table 3.42: Comparisons between measures obtained on waveforms taken from the right kidney before and after  treatment in subjects with 

hypertension. Data shown are median (interquartile range). 

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.39 (0.29-
0.45) 

0.31 (0.28-
0.50) 

0.281 0.46 (0.43-
0.60) 

0.50 (0.31-
0.54) 

0.345 0.31 (0.26 -
0.35) 

0.29 (0.25-
0.33) 

0.767 

Amplitude -
Band 2 (cms

-1
) 

0.68 (0.58-
0.93) 

0.77 (0.49-
0.90) 

0.820 0.94 (0.87-
1.74) 

0.91 (0.81-
1.16) 

0.463 0.59 (0.52-
0.66) 

0.64 (0.45-
0.77) 

0.678 

Amplitude -
Band 3 (cms

-1
) 

0.99 (0.75-
1.27) 

1.01 (0.72-
1.21) 

0.820 1.27 (1.08-
1.60) 

1.22 (1.10-
1.32) 

0.753 0.81 (0.71-
0.99) 

0.75 (0.68-
1.01) 

0.859 

Amplitude -
Band 4 (cms

-1
) 

1.47 (1.15-
1.83) 

1.50 (1.25-
1.87) 

0.078 1.85 (1.76-
2.26) 

1.81 (1.22-
2.17) 

0.600 1.24 (0.97-
1.47) 

1.45 (1.25-
1.64) 

0.066 

Amplitude -
Band 5 (cms

-1
) 

3.03 (2.60-
3.61) 

2.76 (2.11-
3.18) 

0.233 3.13 (2.51-
5.23) 

2.75 (2.02-
4.30) 

0.345 2.99 (2.60-
3.18) 

2.77 (2.22-
2.96) 

0.441 

Amplitude -
Band 6 (cms

-1
) 

4.49 (3.82-
5.63) 

3.97 (3.34-
5.09) 

0.140 4.42 (3.45-
5.71) 

4.48 (3.06-
6.05) 

0.917 5.13 (4.02-
5.93) 

3.83 (3.37-
4.82) 

0.066 

Amplitude -
Band 7 (cms

-1
) 

0.71 (0.44-
1.21) 

0.87 (0.39-
1.21) 

1.000 0.70 (0.54-
1.29) 

1.23 (0.90-
1.84) 

0.249 0.75 (0.38-
1.26) 

0.47 (0.32-
0.87) 

0.441 

Amplitude -
Band 8 (cms

-1
) 

0.74 (0.55-
1.23) 

0.68 (0.30-
1.31) 

0.691 0.91 (0.61-
1.16) 

1.34 (0.66-
1.64) 

0.463 0.60 (0.51-
1.28) 

0.51 (0.24-
0.97) 

0.260 

Amplitude -
Band 9 (cms

-1
) 

1.12 (0.82-
2.04) 

0.87 (0.42-
1.57) 

0.307 1.22 (0.99-
1.76) 

1.15 (0.48-
3.01) 

0.600 0.87 (0.63-
2.16) 

0.55 (0.33-
1.42) 

0.066 

Amplitude -
Band 10 (cms

-1
) 

1.54 (1.17-
2.24) 

1.11 (0.65-
1.94) 

0.281 2.27 (1.34-
2.73) 

1.73 (1.10-
3.34) 

0.917 1.44 (0.80-
1.95) 

1.03 (0.44-
1.23) 

0.051 

Amplitude -
Band 11 (cms

-1
) 

20.51 (15.28-
26.99) 

20.82 (15.32-
23.67) 

0.496 17.07 (13.23-
20.78) 

15.78 (13.20-
21.38) 

0.753 22.13 (19.72-
28.48) 

21.08 (18.10-
24.66) 

0.515 

Mean Velocity 
(cms

-1
) 

21.57 (17.65-
26.41) 

21.66 (17.90-
24.84) 

0.363 19.11 (15.72-
24.04) 

19.16 (16.09-
22.73) 

0.917 24.91 (20.96-
28.97) 

21.67 (18.76-
26.39) 

0.214 

Resistive index 
 

0.56 (0.54-
0.64) 

0.57 (0.53-
0.63) 

0.691 0.64 (0.57-
0.72) 

0.64 (0.57-
0.72) 

0.753 0.55 (0.53-
0.57) 

0.54 (0.50-
0.57) 

0.441 

Pulsatility index 
 

0.92 (0.86-
1.06) 

0.92 (0.82-
1.08) 

0.691 1.09 (0.90-
1.53) 

1.09 (0.90-
1.53) 

0.917 0.87 (0.83-
0.92) 

0.89 (0.78-
0.95) 

0.678 
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Effects on the forearm vasculature 

 
Overview of methodology 

 
Full details are given in chapter 2. In brief, 19 subjects with grade 1 hypertension and 

no significant vascular complications were randomized to receive Ramipril or 

Bendroflumethiazide for 4 weeks. All subjects underwent the vascular assessments 

described below at baseline and after the treatment period. All subjects had an 

assessment of their right radial artery using a pressure tonometer.  An automatic 

computer-based algorithm was used to calculate several indices by analyzing the 

contour of an averaged pressure waveform. A B-mode ultrasound examination of the 

right brachial artery was then made, with video images transmitted in real-time from 

the ultrasound machine to a personal computer. The diameter of the artery was 

measured 25 times per second, and measures of the mechanical properties of the 

artery made based upon diameter excursions in relation to blood pressure. Flow-

mediated dilatation of the brachial artery was then calculated by comparing the 

arterial diameter before and after a 4.5 minute period of ischaemia that was induced 

by inflating a sphygmomanometer cuff to 50 mmHg above the systolic blood 

pressure. A Doppler ultrasound examination of blood flow in the brachial artery  was 

performed: at baseline; with the sphygmomanometer cuff inflated after 4 minutes 

ischaemia; during cuff deflation; and for 30 seconds after cuff deflation. Maximum 

blood flow velocity waveforms were analysed using the discrete wavelet transform. 

Frequency data thus obtained were categorized into 11 frequency bands, thus 

permitting comparisons between the groups. For blood flow post-cuff release, 2 

separate analyses were made. First, comparisons of the first pulse following cuff 

release were made. Second, comparisons were made between the averaged 
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frequency band data for the first 10 pulses following cuff release. Waveforms were 

also described using time domain parameters, and these were compared in addition. 

 

Parameters obtained by analysis of waveforms obtained by radial artery 

applanation tonometry  

 

Treatment with either agent resulted in a reduction in pulse pressure (median 49.00 

(interquartile range 44.00-60.00) mmHg vs 56.00 (49.00-63.50) mmHg, p=0.029) and 

systemic vascular resistance (1459.00 (1338.00-1623.25) dyne.sec.cm-5 vs 1553.00 

(1394.75-1833.25) dyne.sec.cm-5, p=0.015). There was a trend towards an increase 

in small artery elasticity index (p=0.059) and towards an increase in total vascular 

impedance (p=0.088). Treatment with Ramipril increased the small artery elasticity 

index (8.30 (7.30-11.10) ml/mmHg x 100 vs 5.50 (2.20-9.00) ml/mmHg x 100, 

p=0.018, and decreased the systemic vascular resistance (1393.00 (1213.00-

1459.00) dyne.sec.cm-5 vs 1499.00 (1387.00-1633.00) dyne.sec.cm-5, p=0.043). 

Bendroflumethiazide reduced the pulse pressure (44.00 (43.00-55.50) mmHg vs 

51.00 (48.50-58.00) mmHg, p=0.028), the cardiac ejection time (294.00 (283.50-

319.00) ms vs 309.00 (295.00-332.50) ms, p=0.021), the stroke volume (81.00 

(68.50-86.50) ml/beat vs 84.00 (71.00-93.50) ml/beat, p=0.044), the stroke volume 

index (42.00 (38.50-51.50) ml/beat/m2 vs 46.00 (41.50-52.00) ml/beat/m2, p=0.043) 

and the total vascular impedance (145.00 (114.50-158.50) dyne.sec.cm-5vs 163.00 

(146.00-187.00) dyne.sec.cm-5, p=0.044).  
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Parameters obtained by analysis of brachial artery diameter measured in real-

time using B-mode ultrasound 

 

Treatment made no significant difference to any of the parameters measured. 

 

Flow mediated dilatation of the brachial artery 

 

Treatment made no significant difference to the baseline brachial artery diameter or 

flow mediated dilatation. 
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 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-treatment Post-
treatment 

p value for 
difference 

Pre-treatment Post-
treatment 

P value for 
difference 

Pre-treatment Post-
treatment 

P value for 
difference 

Pulse pressure (mmHg) 56.00 (49.00-
63.50) 

49.00 (44.00-
60.00) 

0.029 58.50 (54.50-
72.25) 

55.00 (47.50-
74.00) 

0.260 51.00 (48.50-
58.00) 

44.00 (43.00-
55.50) 

0.028 

Cardiac ejection time 
(ms) 

308.50 
(296.25-
319.75) 

310.00 
(286.25-
315.00) 

0.187 308.00 
(297.00-
318.00) 

311.00 (285.00 
(315.00) 

0.933 309.00 
(295.00-
332.50) 

294.00 
(283.50-
319.00) 

0.021 

Stroke volume (ml/beat) 85.00 (75.00-
94.75) 

84.00 (72.25-
92.50) 

0.670 86.00 (74.00-
96.00) 

86.00 (77.00-
104.00) 

0.463 84.00 (71.00-
93.50) 

81.00 (68.50-
86.50) 

0.044 

Stroke volume index 
(ml/beat/m

2
) 

45.00 (42.25-
47.75) 

42.50 (37.75-
50.00) 

0.210 44.00 (43.00-
47.00) 

43.00 (37.00-
47.00) 

0.833 46.00 (41.50-
52.00) 

42.00 (38.50-
51.50) 

0.043 

Cardiac output 
(l/min) 

5.35 (5.13-
5.93) 

5.60 (4.95-
5.90) 

0.775 6.00 (5.30-
6.30) 

5.90 (5.70-
6.60) 

0.865 5.20 (4.85-
5.55) 

5.30 (4.70-
5.65) 

0.634 

Cardiac output index 
(l/min/m

2
) 

2.95 (2.70-
3.00) 

2.95 (2.73-
3.00) 

0.885 3.00 (2.70-
3.00) 

2.80 (2.70-
3.00) 

0.916 2.90 (2.70-
3.05) 

3.00 (2.75-
3.00) 

0.952 

Large artery elasticity 
index (ml/mmHg x 10) 

12.95 (11.60-
15.43) 

14.30 (11.08-
16.98) 

0.140 15.20 (11.90-
18.80) 

16.30 (11.60-
19.60) 

0.310 12.80 (10.10-
13.75) 

13.50 (10.90-
15.25) 

0.173 

Small artery elasticity 
index (ml/mmHg x 100) 

5.40 (2.60-
8.55) 

7.05 (4.98-
9.95) 

0.059 5.50 (2.20-
9.00) 

8.30 (7.30-
11.10) 

0.018 5.30 (3.45-
8.65) 

6.30 (3.85-
7.05) 

0.767 

Systemic vascular 
resistance 

(dyne.sec.cm
-5
) 

1553.00 
(1394.75-
1833.25) 

1459.00 
(1338.00-
1623.25) 

0.015 1499.00 
(1387.00-
1633.00) 

1393.00 
(1213.00-
1459.00) 

0.043 1622.00 
(1410.50-
2001.50) 

1621.00 
(1377.50-
1694.50) 

0.139 

Total vascular 
impedance 

(dyne.sec.cm
-5
) 

158.00 
(130.25-
167.00) 

130.00 
(113.00-
152.50) 

0.088 134.00 (84.00-
161.00) 

114.00 (87.00-
148.00) 

0.866 163.00 
(146.00-
187.00) 

145.00 
(114.50-
158.50) 

0.044 

Beta stiffness (units) 36.49 (21.31-
48.48) 

33.72 (22.60-
43.82) 

0.796 29.81 (19.55-
45.67) 

30.14 (18.13-
58.98) 

0.612 41.75 (28.31-
52.62) 

33.92 (24.10-
43.20) 

0.374 

Elastic modulus (units) 39.31 (25.70-
55.39) 

37.87 (22.05-
47.21) 

0.438 33.45 (22.36-
50.68) 

35.74 (19.40-
62.20) 

0.735 48.12 (30.84-
58.02) 

38.49 (24.20-
41.81) 

0.139 

Distensibility (units) 0.00051 
(0.00036-
0.00080) 

0.0005 
(0.0004-
0.0009) 

0.453 0.00062 
(0.00040-
0.00092) 

0.0006 
(0.0003-
0.0011) 

0.866 0.00042 
(0.00035-
0.00067) 

0.0005 
(0.0005-
0.0008) 

0.192 

Compliance (units) 0.00703 
(0.00489-
0.01257) 

0.0064 
(0.0046-
0.0115) 

0.642 0.01161 
(0.00598-
0.01388) 

0.0082 
(0.0037-
0.0158) 

0.866 0.0070 
(0.0036-
0.0076) 

0.0059 
(0.0046-
0.0103) 

0.260 

Baseline brachial artery 
diameter (mm) 

4.23 (3.54-
4.63) 

3.83 (3.51-
4.43) 

0.236 4.33 (4.01-
4.99) 

4.29 (3.77-
4.54) 

0.441 3.66 (3.40-
4.50) 

3.58 (3.41-
4.15) 

0.374 

Flow mediated 
dilatation (%) 

5.29 (3.71-
6.77) 

4.88 (3.16-
6.20) 

0.758 4.77 (1.90-
6.95) 

4.54 (3.09-
5.81) 

0.674 5.29 (3.95-
7.27) 

5.57 (3.45-
7.89) 

0.515 

Table 3.43: Comparisons between measures made on forearm vasculature before and after treatment in subjects with hypertension. D ata shown 

are median (interquartile range). 
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Figure 3.29: Comparisons between the mechanical properties of the brachial artery before 

and after treatment in subjects with hypertension. (a) Effects of any treatment on pulse 

pressure; (b) Effects of any treatment on SVR; (c) Effects of Ramipril on SAEI; (d) Effects 

of Ramipril on SVR. Centre of box = median; extremities of box = interquartile range; 

whiskers = range. * p<0.05 SVR – systemic vascular resistance; SAEI – small artery 

elasticity index. 

 

 

(a) (b) 

(a) (b) 
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Figure 3.30: Comparisons between the mechanical 

properties of the brachial artery before and after 

treatment in subjects with hypertension. (a) Effects 

of Bendroflumethiazide on pulse pressure; (b) 

Effects of Bendroflumethiazide on cardiac ejection 

time; (c) Effects of Ramipril on stroke volume; (d) 

Effects of Bendroflumethiazide on stroke volume 

index; (e) Effects of Bendroflumethiazide on TVI. 

Centre of box = median; extremities of box = 

interquartile range; whiskers = range. * p<0.05. TVI 

– total vascular impedance. 
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Doppler ultrasound interrogation of the brachial artery at baseline 

 

Treatment made no significant difference to the parameters measured. 
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Table 3.44: Comparisons between measures obtained on waveforms taken from the right brachial artery at baseline before and after treatment in 

subjects with hypertension. Data shown are median (interquartile range) for variables that underwent non-parametric analysis.

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.66 (0.51-
0.85) 

0.68 (0.56-
0.83) 

0.570 0.71 (0.37-
0.97) 

0.68 (0.54-
0.86) 

0.753 0.63 (0.54-
0.83) 

0.68 (0.61-
0.80) 

0.214 

Amplitude -
Band 2 (cms

-1
) 

1.59 (0.93-
1.63) 

1.47 (1.19-
1.72) 

0.733 1.61 (0.88-
1.94) 

1.56 (1.15-
1.87) 

0.753 1.54 (1.08-
1.63) 

1.36 (1.19-
1.72) 

0.953 

Amplitude -
Band 3 (cms

-1
) 

4.00 (3.24-
5.66) 

3.90 (3.41-
6.12) 

0.532 4.15 (2.14-
6.27) 

4.94 (3.02-
6.89) 

0.753 3.97 (3.52-
5.62) 

3.89 (3.59-
5.29) 

0.214 

Amplitude -
Band 4 (cms

-1
) 

7.62 (5.62-
8.83) 

7.69 (6.77-
10.33) 

0.733 8.88 (4.74-
13.04) 

9.26 (7.44-
11.69) 

0.753 7.62 (5.48-
8.58) 

7.13 (6.26-
9.44) 

0.441 

Amplitude -
Band 5 (cms

-1
) 

9.58 (8.62-
11.97) 

11.99 (9.13-
13.55) 

0.211 10.65 (7.90-
16.24) 

13.03 (10.33-
15.46) 

0.600 9.50 (8.32-
11.21) 

11.02 (8.76-
12.41) 

0.139 

Amplitude -
Band 6 (cms

-1
) 

11.52 (10.53-
11.85) 

12.64 (9.85-
14.72) 

0.191 12.03 (9.99-
14.58) 

14.72 (9.27-
17.86) 

0.600 11.07 (10.38-
11.74) 

11.98 (9.85-
13.25) 

0.214 

Amplitude -
Band 7 (cms

-1
) 

1.11 (0.94-
2.05) 

1.76 (0.71-
2.02) 

0.955 1.10 (0.89-
2.13) 

2.01 (1.78-
2.77) 

0.173 1.15 (0.93-
1.77) 

0.73 (0.68-
1.88) 

0.110 

Amplitude -
Band 8 (cms

-1
) 

1.25 (0.95-
1.58) 

1.15 (0.69-
1.49) 

0.865 1.79 (1.14-
2.35) 

1.26 (0.82-
2.33) 

0.917 0.98 (0.63-
1.39) 

1.15 (0.56-
1.43) 

0.859 

Amplitude -
Band 9 (cms

-1
) 

1.32 (1.07-
2.21) 

1.13 (0.95-
1.71) 

0.211 2.18 (1.97-
3.25) 

1.43 (0.95-
3.28) 

0.345 1.18 (0.89-
1.31) 

1.01 (0.91-
1.36) 

0.767 

Amplitude -
Band 10 (cms

-1
) 

2.00 (1.46-
2.64) 

1.75 (1.06-
2.50) 

0.820 2.36 (1.98-
4.58) 

1.89 (0.85-
3.83) 

0.173 1.65 (1.30-
2.17) 

1.75 (1.10-
2.20) 

0.678 

Amplitude -
Band 11 (cms

-1
) 

10.89 (9.24-
14.04) 

10.42 (8.88-
24.09) 

0.363 13.67 (8.65-
26.92) 

10.76 (8.39-
29.87) 

0.463 10.59 (7.98-
12.00) 

10.09 (8.88-
24.09) 

0.594 

Mean Velocity 
(cms

-1
) 

13.60 (12.06-
20.10) 

14.91 (11.89-
25.92) 

0.394 19.76 (13.31-
26.28) 

14.99 (12.18-
33.25) 

0.753 12.71 (10.63-
13.99) 

14.91 (11.39-
25.92) 

0.441 

Resistive index 
 

1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

0.465 1.00 (0.75-
1.00) 

1.00 (1.00-
1.00) 

0.655 1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

0.655 

Pulsatility index 
 

5.91 (5.25-
6.38) 

6.12 (3.99-
6.86) 

0.532 5.84 (1.82-
6.43) 

6.71 (5.15-
7.31) 

0.075 6.06 (5.29 -
6.66) 

5.89 (3.61-
6.42) 

0.678 
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Doppler ultrasound interrogation of the brachial artery when a 

sphygmomanometer cuff is inflated on the forearm 

 

There was a trend towards a reduction in the amplitude in band 6 with Ramipril 

(p=0.091) and for an increase in band 8 (p=0.063). Treatment with 

Bendroflumethiazide resulted in an increased in the amplitude in band 6 (10.27 

(8.96-12.58) cms-1 vs 8.20 (7.62-11.00) cms-1, p=0.028), and a trend towards an 

increase in bands 4, 5 and 10 (p=0.051, 0.086 and 0.066 respectively).  

 

  



P a g e  | 300 

 

 

 

Table 3.45: Comparisons between measures obtained on waveforms taken from the right brachial artery with a sphygmomanometer cuff inflated  on 

the forearm before and after treatment in subjects with hypertension. Data shown are median (interquartile range).  

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.84 (0.73-
1.19) 

0.92 (0.73-
1.24) 

0.717 1.12 (0.62-
1.60) 

0.95 (0.59-
1.26) 

0.128 0.79 (0.75-
1.07) 

0.92 (0.82-
1.20) 

0.594 

Amplitude -
Band 2 (cms

-1
) 

1.78 (1.40-
2.39) 

2.07 (1.65-
2.39) 

0.469 2.25 (1.18-
3.26) 

2.32 (1.64-
2.83) 

0.866 1.62 (1.40-
2.06) 

1.91 (1.65-
2.21) 

0.441 

Amplitude -
Band 3 (cms

-1
) 

5.37 
(3.84,6.44) 

4.96 (3.91-
6.81) 

0.196 6.28 (3.14-
6.69) 

5.47 (3.12-
8.57) 

0.176 5.00 (4.01-
5.72) 

4.65 (3.95-
5.99) 

0.767 

Amplitude -
Band 4 (cms

-1
) 

8.83 (6.12-
11.58) 

10.17 (7.15-
12.71) 

0.605 11.97 (5.38-
23.60) 

11.93 (7.13-
15.01) 

0.310 7.32 (6.43-
9.13) 

8.59 (6.92-
11.29) 

0.051 

Amplitude -
Band 5 (cms

-1
) 

9.39 (7.48-
15.38) 

10.73 (8.52-
15.52) 

0.918 15.82 (9.24-
27.09) 

14.48 (9.04-
19.76) 

0.176 8.67 (7.22-
10.07) 

9.55 (8.52-
13.15) 

0.086 

Amplitude -
Band 6 (cms

-1
) 

9.18 (7.95-
15.09) 

11.06 (8.96-
16.89) 

0.918 15.17 (8.40-
22.23) 

13.91 (7.43-
20.14) 

0.091 8.20 (7.62-
11.00) 

10.27 (8.96-
12.58) 

0.028 

Amplitude -
Band 7 (cms

-1
) 

3.54 (2.22-
5.02) 

4.20 (3.04-
5.65) 

0.326 4.27 (2.01-
5.79) 

4.92 (2.96-
7.76) 

0.499 3.14 (2.29-
4.65) 

3.80 (2.92-
4.37) 

0.374 

Amplitude -
Band 8 (cms

-1
) 

5.21 (4.52-
7.19) 

7.06 (3.96-
9.04) 

0.278 5.40 (2.99-
7.33) 

9.04 (7.48-
9.48) 

0.063 5.02 (4.55-
6.87) 

4.33 (2.99-
7.14) 

0.374 

Amplitude -
Band 9 (cms

-1
) 

9.93 (5.88-
13.11) 

9.17 (6.80-
11.32) 

0.278 12.99 (10.05-
17.13) 

11.32 (8.47-
14.76) 

0.499 8.96 (5.69-
10.81) 

7.85 (6.06-
9.55) 

0.678 

Amplitude -
Band 10 (cms

-1
) 

8.27 (7.09-
16.70) 

14.26 (9.30-
15.54) 

0.326 9.94 (7.13-
17.91) 

15.38 (8.27-
16.94) 

0.612 8.05 (6.54-
12.75) 

11.85 (9.30-
14.39) 

0.066 

Amplitude -
Band 11 (cms

-1
) 

23.56 (18.47-
28.30) 

22.99 (21.05-
25.35) 

0.918 28.44 (23.68-
36.46) 

25.21 (22.41-
33.37) 

0.612 20.56 (17.34-
24.16) 

21.07 (18.75-
23.77) 

0.859 

Mean Velocity 
(cms

-1
) 

7.06 (5.76-
8.31) 

7.01 (6.11-
8.46) 

0.438 7.58 (6.97-
9.29) 

7.74 (5.90-
9.41) 

0.735 6.89 (5.00-
8.14) 

6.62 (6.26-
7.98) 

0.173 

Resistive index 
 

1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

1.000 1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

1.000 1.00 (1.00-
1.00) 

1.00 (1.00-
1.00) 

1.000 

Pulsatility index 
 

10.61 (9.45-
12.28) 

11.31 (10.05-
13.50) 

0.796 11.88 (7.89-
14.53) 

11.90 (11.21-
16.09) 

0.612 10.37 (9.73-
11.62) 

10.17 (9.46-
11.55) 

0.953 
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Figure 3.31: Comparisons between waveforms before and after treatment in subjects with 

hypertension – brachial artery (cuff inflated). Effects of Bendroflumethiazide on amplitude 

in band 6. Centre of box = median; extremities of box = interquartile range; whiskers = 

range.  

* p<0.05. 
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Doppler ultrasound interrogation of brachial artery blood flow after a 4 minute 

period of ischaemia 

 

Analysis of the first pulse post-cuff release 

 

Treatment with Ramipril resulted in a reduction in the amplitude in band 1 (median 

0.65 (interquartile range 0.56-0.94) cms-1 vs 0.80 (0.76-1.13) cms-1, p=0.043). 

Treatment with Bendroflumethiazide resulted in a trend towards a reduction in the 

amplitude in bands 4 and 9 (p=0.066 and 0.086 respectively). 

 

Figure 3.32: Comparisons between waveforms before and after treatment in subjects with 

hypertension – brachial artery (post-forearm ischaemia).  Effects of Ramipril on amplitude 

in band 1 (pulse 1 after cuff release). Centre of box = median; extremities of box = 

interquartile range; whiskers = range.  

* p<0.05. 
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Table 3.46: Comparisons between measures obtained on the first waveform taken from the right brachial artery after a period of forearm is chaemia 

before and after treatment in subjects with hypertension. Data shown are median (interquartile range). 

 

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.76 (0.60-
0.84) 

0.66 (0.56-
0.93) 

0.255 0.80 (0.76-
1.13) 

0.65 (0.56-
0.94) 

0.043 0.63 (0.50-
0.78) 

0.66 (0.54-
0.84) 

0.678 

Amplitude -
Band 2 (cms

-1
) 

1.61 (1.36-
1.78) 

1.62 (1.30-
2.27) 

0.569 1.69 (1.62-
2.47) 

1.48 (1.29-
2.30) 

0.398 1.52 (1.12-
1.69) 

1.76 (1.30-
2.27) 

0.139 

Amplitude -
Band 3 (cms

-1
) 

3.67 (3.13-
5.49) 

3.62 (2.76-
5.43) 

0.379 3.65 (3.42-
6.99) 

5.43 (2.94-
6.57) 

0.866 3.70 (2.67-
5.39) 

3.36 (2.42-
4.08) 

0.110 

Amplitude -
Band 4 (cms

-1
) 

6.89 (5.35-
8.47) 

5.89 (4.71-
7.13) 

0.109 7.03 (4.70-
19.21) 

7.13 (5.17-
14.30) 

0.612 6.75 (5.71-
8.07) 

5.64 (3.88-
6.26) 

0.066 

Amplitude -
Band 5 (cms

-1
) 

13.69 (10.41-
15.53) 

13.53 (10.02-
18.44) 

0.796 14.36 (11.89-
22.04) 

14.22 (11.52-
21.98) 

0.398 12.68 (8.52-
14.78) 

13.50 (7.72-
14.65) 

0.515 

Amplitude -
Band 6 (cms

-1
) 

20.00 (16.75-
25.75) 

20.40 (13.53-
22.03) 

0.134 23.77 (11.64-
37.91) 

21.30 (11.39-
25.44) 

0.398 19.07 (17.29-
22.54) 

18.09 (13.53-
20.87) 

0.173 

Amplitude -
Band 7 (cms

-1
) 

8.75 (7.03-
10.07) 

9.02 (4.99-
12.02) 

0.918 10.00 (7.61-
12.11) 

10.46 (4.58-
13.48) 

0.866 7.79 (5.28-
9.55) 

8.37 (4.99-
10.47) 

0.767 

Amplitude -
Band 8 (cms

-1
) 

8.51 (6.63-
14.65) 

8.33 (5.46-
10.23) 

0.215 8.65 (7.80-
12.57) 

8.74 (5.90-
9.97) 

0.237 7.47 (4.89-
19.04) 

8.33 (4.57-
10.58) 

0.441 

Amplitude -
Band 9 (cms

-1
) 

14.43 (9.01-
28.26) 

14.45 (7.27-
24.94) 

0.163 28.54 (10.80-
33.11) 

23.11 (15.25-
26.28) 

0.612 12.82 (8.01-
17.64) 

11.22 (5.95-
16.55) 

0.086 

Amplitude -
Band 10 (cms

-1
) 

4.39 (3.54-
7.64) 

6.22 (4.44-
11.57) 

0.163 3.69 (3.43-
5.94) 

7.45 (4.17-
13.10) 

0.176 4.74 (3.90-
8.03) 

6.22 (4.16-
9.48) 

0.767 

Amplitude -
Band 11 (cms

-1
) 

80.73 (61.68-
93.98) 

80.53 (63.12-
93.38) 

0.918 86.32 (79.67-
97.84) 

89.17 (67.62-
96.12) 

0.735 63.04 (53.13-
87.90) 

77.13 (57.43-
85.45) 

0.678 

Mean Velocity 
(cms

-1
) 

108.75 (88.63-
118.44) 

98.80 (83.58-
117.01) 

0.334 119.12 
(107.31-
131.11) 

118.03 (85.45-
129.31) 

0.463 89.11 (67.47-
113.65) 

96.12 (68.88-
102.43) 

0.515 

Resistive index 
 

0.66 (0.56-
0.71) 

0.64 (0.57-
0.71) 

0.717 0.66 (0.55-
0.71) 

0.67 (0.52-
0.75) 

0.735 0.66 (0.57-
0.73) 

0.60 (0.58-
0.69) 

1.000 

Pulsatility index 
 

1.20 (0.92-
1.57) 

1.02 (0.80-
1.54) 

0.650 1.15 (0.97-
1.49) 

1.27 (0.65-
1.75) 

0.463 1.24 (0.90-
1.69) 

0.95 (0.83-
1.37) 

0.612 
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Analysis of the mean of the first ten pulses post-cuff release 

 

Treatment with either agent resulted in an increase in the amplitude in band 10 

(median 8.82 (interquartile range 7.11-11.00) cms-1 vs 8.05 (5.13-10.45) cms-1, 

p=0.034). Treatment with Bendroflumethiazide resulted in a trend towards an 

increase in the amplitude in bands 4 and 10 (p=0.091 for both). 

 

  

 

Figure 3.33: Comparisons between waveforms before and after treatment in subjects with 

hypertension – brachial artery (post-forearm ischaemia). Effects of any treatment on 

amplitude in band 10 (average of first 10 pulses following cuff release). Centre of box = 

median; extremities of box = interquartile range; whiskers = range.   

* p<0.05. 
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Table 3.47: Comparisons between measures obtained on the first ten waveforms taken from the right brachial artery after deflation o f a 

sphygmomanometer cuff from the forearm at baseline before and after treatment in subjects with hypertension. D ata shown are median (interquartile 

range).

 Any treatment 
 

Ramipril Bendroflumethiazide 

 Pre-
treatment 

Post-
treatment 

p value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

Pre-
treatment 

Post-
treatment 

P value for 
difference 

 Amplitude -
Band 1 (cms

-1
) 

0.81 (0.69-
1.08) 

0.88 (0.70-
0.97) 

0.480 1.06 (0.75-1.25 0.92 (0.72-
0.98) 

0.345 0.71 (0.65-
0.89) 

0.81 (0.70-
0.98) 

1.000 

Amplitude -
Band 2 (cms

-1
) 

1.88 (1.54-
2.71) 

2.01 (1.70-
2.26) 

0.937 2.73 (1.52-
2.97) 

2.01 (1.63-
2.43) 

0.345 1.82 (1.41-
1.97) 

2.01 (1.70-
2.06) 

0.310 

Amplitude -
Band 3 (cms

-1
) 

4.29 (3.47-
4.58) 

3.79 (3.17-
4.78) 

0.209 4.29 (3.82-
5.40) 

4.54 (3.21-
6.60) 

0.686 4.30 (3.41-
4.57) 

3.71 (2.98-
3.91) 

0.128 

Amplitude -
Band 4 (cms

-1
) 

6.62 (5.95-
7.03) 

7.36 (6.12-
9.26) 

0.583 6.89 (6.63-
1.28) 

8.98 
(6.97,14.06) 

0.686 6.13 (5.50-
6.78) 

6.67 (5.78-
8.51) 

0.091 

Amplitude -
Band 5 (cms

-1
) 

12.46 (10.25-
14.40) 

11.22 (9.60-
14.70) 

1.000 14.41 (12.64-
16.77) 

13.14 (11.16-
24.02) 

0.500 10.61 (8.64-
13.19) 

11.06 (9.33-
11.22) 

0.398 

Amplitude -
Band 6 (cms

-1
) 

19.96 (16.25-
22.30) 

20.05 (15.91-
22.67) 

0.937 22.05 (17.03-
29.83) 

20.49 (17.32-
30.88) 

0.500 19.09 (13.50-
21.02) 

20.05 (14.42-
21.09) 

0.398 

Amplitude -
Band 7 (cms

-1
) 

2.97 (2.16-
3.92) 

2.91 (2.29-
3.78) 

0.480 3.24 (2.56-
7.21) 

3.60 (2.39-
6.51) 

0.686 2.44 (1.92-
3.51) 

2.57 (2.02-
3.02) 

0.612 

Amplitude -
Band 8 (cms

-1
) 

4.24 (3.05-
5.46) 

2.99 (2.71-
4.38) 

0.239 4.77 (4.21-
6.10) 

2.90 (2.65-
4.84) 

0.138 3.18 (2.30-
5.38) 

3.06 (2.69-
4.32) 

1.000 

Amplitude -
Band 9 (cms

-1
) 

10.18 (8.39-
14.38) 

7.56 (5.45-
12.17) 

0.209 11.98 (10.16-
15.31) 

9.98 (4.63-
14.13) 

0.225 9.49 (6.71-
13.57) 

6.46 (5.76-
9.19) 

0.612 

Amplitude -
Band 10 (cms

-1
) 

8.05 (5.13-
10.45) 

8.82 (7.11-
11.00) 

0.034 9.82 (6.82-
13.20) 

10.45 (8.27-
17.83) 

0.225 5.66 (4.70-
8.47) 

8.67 (5.25-
9.36) 

0.091 

Amplitude -
Band 11 (cms

-1
) 

114.16 (87.93-
124.04) 

115.97 (87.41-
129.41) 

0.875 115.66 
(112.85-
139.33) 

129.41 (89.07-
132.66) 

0.500 95.50 (73.16-
122.61) 

114.97 (82.89-
124.58) 

0.612 

Mean Velocity 
(cms

-1
) 

120.50 (91.30-
130.69) 

122.98 (92.39-
1140.54) 

0.730 124.95 
(119.38-
146.90) 

140.54 (94.48-
148.76) 

0.917 101.32 (75.36-
129.48) 

113.38 (88.13-
130.57) 

0.889 

Resistive index 
 

0.57 (0.53-
0.61) 

0.59 (0.53-
0.63) 

0.875 0.58 (0.55-
0.61) 

0.61 (0.53-
0.65) 

0.600 0.56 (0.53-
0.61) 

0.59 (0.53-
0.63) 

0.674 

Pulsatility index 
 

0.87 (0.78-
1.04) 

0.92 (0.82-
1.05) 

0.638 0.88 (0.84-
1.04) 

0.95 (0.82-
1.18) 

0.600 0.85 (0.76-
1.02) 

0.92 (0.77-
1.04) 

0.889 
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Discussion 

 

In this group of subjects with grade 1 hypertension, one month‟s treatment with 

antihypertensive therapy resulted in several changes in the parameters recorded. 

 

Concerning the carotid and retrobulbar circulation, the most pronounced changes 

occurred in the time domain analyses. Combining the effects of Ramipril and 

Bendroflumethiazide, a significant normalisation in RI and PI was found in the 

common carotid artery, and for PI in the ophthalmic artery. Bendroflumethiazide 

administration caused a change in one frequency band only in each of the carotid 

and ophthalmic arteries. Whilst it is tempting to speculate on a pharmacological 

mechanism for these changes, the play of chance may be responsible given the fact 

that changes were not seen in other frequency bands. No changes were noted in the 

central retinal artery after treatment. 

 

FMD did not change with treatment. The fact that none of the mechanical properties 

of the brachial artery changed is in direct contrast to the findings noted with 

Bendroflumethiazide in type 1 diabetes. Since it appeared that differences between 

subjects with hypertension and controls in this vessel were present at baseline, it 

might be suggested that 4 weeks treatment was insufficient to result in any change. 

 

Minor changes were noted in the other parameters measured from the brachial 

artery, but the possibility of these being apparent due to chance alone seems likely 

since no consistent patterns were seen. The fact that the p values obtained for these 
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parameters were not particularly impressive is also in support of the notion that these 

differences are simply type I statistical errors. 

 

The lack of dramatic change in the blood vessel parameters studied after treatment 

may well represent type II statistical error. It is possible that if larger numbers were 

studied, statistical significance may have been attained for several variables, and 

smaller effects of treatment may have become apparent. It would also be interesting 

to study the effect of treatment for a longer period on the outcome measures 

collected. This would potentially allow small vessel remodelling to take place. 

 

Contrary to the finding here of an increase in RI and PI seen in the carotid artery with 

Ramipril, 2 months treatment with an ACE-inhibitor has been reported to decrease 

both indices in the ophthalmic artery408. Treatment  with an angiotensin receptor 

blocker has been reported to change intra-renal RI and PI, particularly in subjects 

with microalbuminuria420-422. 

 

The effects of acute and short-term administration of antihypertensive therapy in 

subjects with hypertension has been reported by other groups. Treatment with the 

ACE-inhibitors benazepril and quinapril have been reported to improve FMD after 

only 2 hours369, 370, although no effects of captopril were noted after this time 

period372. Treatment with an ACE-inhibitor for longer periods has also been shown to 

improve FMD423, 424. However, some null effects have been reported in the literature. 

No effect was seen on FMD when quinapril was administered for 4 weeks425, or 

telmisartan for 3 weeks371. Interestingly, 6 weeks‟ treatment with telmisartan was 

sufficient for an improvement to be demonstrated. A study of a group of well-
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controlled hypertensives who had been on enalapril for at least 1 year showed a 

poorer FMD response when compared to healthy controls426. Concerning treatment 

with a thiazide diuretic, no change was observed in FMD after treatment with 

hydrochlorothiazide for 2 months427. Thiazide/ACE-inhibitor combinations have 

however been shown to have beneficial effects on FMD, both acutely and after 

several months372, 428. 

 

It would have been particularly interesting to compare the effects of ramipril to the 

effects of bendroflumethizide directly to look for differing effects of the two agents. 

Drug comparison data is not detailed however since it was deemed that neither 

agent alone produced a particularly dramatic change from baseline. It was felt that if 

a statistical analysis was performed to look for differences between the two agents 

and produced significant results, that there would be a high likelihood of a type 1 

statistical error. 
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Final Conclusions 

 

1. In a group of apparently well controlled subjects with type 1 diabetes, Doppler 

ultrasound interrogation of the vasculature demonstrated abnormalities in the 

eye, kidney and forearm. It is postulated that the abnormalities are due to 

alterations in the microvasculature at these sites. 

2. Flow-mediated dilatation of the brachial artery was impaired in type 1 diabetes. At 

least part of this effect may be due to a reduction in induced shear stress in this 

population. 

3. In a group of subjects with grade 1 hypertension, abnormalities were detected in 

the carotid and retrobulbar vessels, the kidney and forearm. It is postulated that 

some of the abnormalities seen are due to microvascular dysfunction, although 

changes in larger conduit arteries were apparent in these subjects. 

4. Flow-mediated dilatation of the brachial artery was not impaired in grade 1 

hypertension. 

5. The wavelet transform is an effective method for interrogating Doppler flow 

velocity waveforms, highlighting differences from normality in different disease 

states as well as the effects of therapeutic intervention. 

6. Antihypertensive therapy in type 1 diabetes resulted in changes in the Doppler 

flow velocity waveforms in the carotid, retrobulbar and forearm circulations. 

Bendroflumethiazide caused alterations in the waveforms obtained from the 

kidney, and appeared to alter the mechanical properties of the brachial artery. 

7. Antihypertensive therapy in hypertension resulted in alterations in time domain 

parameters in the carotid and ophthalmic arteries, but few changes in the other 

locations studied. 
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8. Antihypertensive treatment for 4 weeks did not significantly alter flow mediated 

dilatation of the brachial artery in either type 1 diabetes or hypertension. 
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Final Summation 

 

Current guidelines suggest adopting an aggressive approach to the management of 

blood pressure in individuals with hypertension and diabetes mellitus. Treatment is 

now advocated for individuals who, until relatively recently, would have been 

considered to be normotensive. The ability to determine which members of the 

population are at greatest risk would be of great benefit, since treatment could be 

delivered to those in need, whilst minimising the economic impact and incidence of 

adverse drug reactions. Since vascular risk factors exert their damaging effects on 

the walls of blood vessels, many techniques have been developed in an attempt to 

quantify disease at this level. None of these techniques adequately provide 

information about the state of health in the microcirculation however, and it is thought 

that the very earliest pathophysiological changes occur in this section of the 

vasculature. A growing body of evidence links microvascular disease in certain 

„target organs‟ to macrovascular cardiovascular endpoints. Treatments targeted at 

improving microvascular dysfunction seem to convey large benefits for the 

individuals concerned. There is therefore the need for a technique that allows 

disease in microvessels to be detected. 

 

In this thesis, evidence has been presented which demonstrates that analysis of 

Doppler flow velocity waveforms with the wavelet transform can identify differences 

from normality in subjects with diabetes and hypertension considered to have mild 

disease. It is hypothesized that many of these changes represent dysfunction of the 

microvasculature. The technique is also sufficiently sensitive to enable the effects of 

therapeutic intervention to be demonstrated. As further work is carried out in this 
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area, it should become clear whether the wavelet transform has a role to play in the 

detection of the earliest forms of cardiovascular disease in individuals at risk. The 

work presented is in support of the concept of aggressive management of blood 

pressure in the populations studied. 
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Ideas for extension of this research 

 

The method of generating data that can be analysed from the ultrasound machine 

could be improved. At present, the ultrasound system outputs data in graphical form. 

Various techniques are then applied to extract numerical data. It is probable, that the 

accuracy and precision of the data analysed could be improved if there was a way to 

directly export numerical data from the machine. I have been involved in discussions 

with the supplier and manufacturer of the ultrasound machine regarding these ideas. 

 

Rather than reducing the massive amount of information generated by the discrete 

wavelet transform down into data for 11 frequency bands, an artificial neural network 

could be created. If a large enough volume of data could be gathered, this could 

facilitate automated detection of significant differences from normal in a patient with 

vascular disease. 

 

If a larger dataset were collected, correlation analysis could be performed on the 11 

frequency bands for disease and non-disease in each vascular location. If significant 

correlations were present, it would be possible to conduct a principle components 

analysis, and reduce the data down into fewer data elements per subject. This would 

reduce the number of statistical analyses that would be required in analysis, and 

would reduce the chance of a type 1 statistical error. 

 

It would be useful to repeat the treatment part of this study, but with a longer 

treatment period. This would hopefully allow the effects of therapy on vascular 

remodelling to occur. 
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Other physiological measures could be examined in addition to those recorded here. 

Common carotid artery intimal medial thickness measurement would provide 

evidence of structural vascular disease that would augment the wealth of functional 

data already collected. 

 

A series of experiments could be devised in which physiological parameters were 

varied in subjects whilst recording of blood flow continued. The effect of variations in 

respiratory rate and occlusion of downstream arterial branches could thus be 

investigated. 
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List of adverse events and serious adverse events 

 

Serious adverse events 

 

None reported. 

 

Adverse events 

 

1 patient with diabetes developed a dry cough sufficient that they wished to withdraw 

from the study. The patient had been randomised to receive Ramipril. 

 

1 patient with diabetes developed minor leg cramps prompting their withdrawal from 

the study. The patient had been randomised to receive Bendroflumethiazide. Their 

electrolytes and renal function remained normal on the treatment. 


